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ABSTRACT 

 

Climate models predict increased frequency and intensity of storm events, but 

it is unclear how extreme precipitation events influence the dynamics of soil fluxes for 

multiple greenhouse gases (GHGs). Intact soil mesocosms (0-10 cm depth) from a 

temperate forested watershed (soils from two forested upland locations, a wetland, and 

a creek bank) were exposed to experimental water pulses with periods of drying, 

forcing soils towards extreme wet conditions under controlled temperature. We used 

automated measurements (hourly resolution) to monitor CO2, CH4, and N2O fluxes, 

coupled with analyses of soil water chemistry (i.e., pH, Eh, Fe, S, NO3
-), and 

microbial community structure characterized with polymerase chain reaction-

denaturing gradient gel electrophoresis (PCR-DGGE). The experiment showed 

unexpected increases in emissions up to 244% for CO2 (Wetland), 50988.4% for CH4 

(Creek) and 55024.3% for N2O (Forest Site 1). The Creek soil produced the largest 

soil CO2 emissions, the Wetland soil the largest CH4 emissions, and the Forest Site 2 

the largest N2O emissions among all soils during the experiment. Using carbon 

dioxide equivalencies of the three GHGs, we determined that the Creek soil 

contributed the most to a 20-year global warming potential (GWP; 30.3%), but Forest 

Site 2 contributed the most to the 100-year GWP (53.7%) as a result of large N2O 

emissions. These results show rapid shifts in total C, total N, microbial community 

structure, and porewater chemistry providing insights on the underlying mechanisms 

and non-linear responses of soil GHGs dynamics following experimental water pulse 

events.
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Chapter 1 

INTRODUCTION 

It is more likely than not that climate change has been brought about by 

anthropogenic activity altering the amount of greenhouse gases (GHGs) in the earth’s 

atmosphere, and that over some land areas it is very likely to increase in frequency, 

intensity, and the amount of precipitation during storms (IPCC 2013). Earth’s 

atmosphere is approximately 0.039% CO2, (Chapin et al. 2011) and atmospheric 

concentrations have increased by 40% since records began in 1750 (IPCC 2013). 

There is an abundance of literature documenting soil respiration of CO2, which is one 

of the best studied GHGs (Schlesinger and Andrews 2000; Borken and Matzner 2009; 

Kim et al. 2012). Other GHGs amount to less than 0.001% of the total volume (Chapin 

et al. 2011). Since 1750 there has been a 150% increase in atmospheric CH4, with the 

most change having occurred since 2007 (IPCC 2013). Anthropogenic contributions to 

increased atmospheric concentrations of CH4 are from fossil fuels, ruminant species, 

and rice cultivation (Sagan and Margulis 1993), which contribute approximately 20%, 

15%, and 10% of CH4 to the atmosphere respectively (Dalal et al. 2008). CH4 is one of 

the least studied GHGs, may be produced biotically, or abiotically, and its production 

in soils occurs under strongly reducing, anaerobic conditions through which 

methanogensis occurs, involves the complete mineralization of organic matter and 

produces CO2 and CH4 (Le Mer and Roger 2001; Chapin et al. 2011; Kim et al. 2012). 

Since 1750 there has been a 20% increase in atmospheric concentrations of N2O 
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(IPCC 2013). High uncertainty and seasonal variability make it difficult to quantify 

N2O emissions, though it has been reported that natural N2O emissions from soils, 

oceans, and the atmosphere combined range from 5.4 to 19.6 TgN of N2O per year 

(IPCC 2013). N2O is produced in soils via nitrification, denitrification, and nitrifier 

denitrification, and increases have been observed following a re-wetting event over 

both natural ecosystems and in agricultural soils (Kim et al. 2012).  

There is a need to further explore the impacts of extreme water pulse events on 

terrestrial ecosystems, and the mechanisms promoting or inhibiting GHG fluxes of 

CO2, CH4 and N2O which thought they exist in the atmosphere as trace gases, 

contribute to increased atmospheric temperature and alterations of the hydrologic 

cycle associated with global warming and climate change (Chapin et al. 2011).  

Several studies have focused on the influence of wetting events, in the form of a pulse, 

on soils which have been dried, to simulate drought conditions, as climate models 

predict for Mediterranean and semi-arid regions (Smith et al. 2003; Muhr et al. 2008). 

Because gas flux responses can occur over such short temporal periods in response to 

a rewetting event, rapid changes in gas flux may not be captured using manual 

measurement techniques (Kim et al. 2012). Automated measurements at high temporal 

frequency are required to detect such short-term changes in soil respiration, but the 

instruments may be limited spatially, and though multi-spatial scale sampling is of 

importance, there is a trade-off between temporal and spatial sampling techniques 

(Savage and Davidson 2003; Kim et al. 2012). In spite of this tradeoff, high temporal 

frequency measurements can help to increase our understanding of the influence of 

biophysical conditions on biogeochemical cycling and GHG production from soils 

(Savage and Davidson 2003; Kim et al. 2012; Savage et al. 2014).   
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Soil moisture is important to biogeochemical cycling in soils, and changes in 

the behavior of soils would impact the types and quantities of greenhouse gas 

emissions, and nutrient cycling (Pilegaard et al. 2006; Cisneros-Dozal et al. 2007; 

Seneviratne et al. 2010; Hall et al. 2013). Both temperature and soil moisture known to 

be influential on the biotic processes which contribute to this soil respiration (Barron-

Gafford et al. 2011). There is potential for extreme events to alter soil moisture in a 

manner which enhances soil contributions of GHGs (CO2, CH4, N2O), and soil 

respiration is strongly dependent on soil moisture conditions, which if altered, could 

exacerbate the problem of rising global temperatures (Wang et al. 2014). That said, 

there are very few studies which have combined measurements of all three GHGs 

(Muhr et al. 2008; Kim et al. 2012; Hall et al. 2013). In the context of global warming 

and climate change, increased instances of extreme water pulse events could alter an 

ecosystem’s ability to function as a carbon sink, or a sink for greenhouse gases 

(Seneviratne et al. 2010). However, extreme events are by their very nature rare, and 

as such capturing soil GHG fluxes is challenging, given the limited opportunities to do 

so (Vargas 2012). Thus it is important to discern how rapid, extreme changes in soil 

moisture might impact GHG fluxes of CO2, CH4 and N2O from soils.  
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Chapter 2 

WATER PULSE EXPERIMENT 

2.1 Introduction to the Experiment 

Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are greenhouse 

gases (GHGs) that contribute to global warming and feedbacks to climate change 

(Hartmann et al. 2013). One consequence of shifting precipitation regimes as a result 

of global environmental change is the increased frequency and intensity of large, 

powerful tropical cyclones (IPCC, 2014). As such, it is critical to understand how 

extreme events such as hurricanes influence ecosystem processes such as lateral 

transport of organic matter (Dhillon and Inamdar 2013) and vertical GHG fluxes 

(Vargas, 2012) around the globe. The production of these GHGs, and the potential for 

soils to behave as sinks or sources of these GHGs, is directly influenced by nutrient 

availability (Erickson and Perakis 2014), redox potential (Eh) (Dalal et al. 2008; Hall 

et al. 2013), temperature, and soil moisture (Davidson et al. 1998; Borken and Matzner 

2009). Heavy rewetting of soils promotes reducing conditions, alters the availability of 

dissolved solutes and rates of C mineralization, and lowers gas diffusivity in soils 

(Fierer and Schimel, 2002; McNicol and Silver, 2014; Vargas, 2012). Therefore, it is 

important to understand the many processes involved in the production and release of 

GHGs from soils following rapid changes in soil moisture (Kim et al. 2012).  

Recent attention has been directed towards the influence of extreme weather 

events on ecosystem processes (Kim et al. 2012; Sutherland et al. 2013; Frank et al. 

2015). By definition, extreme weather events are rare and therefore few direct 

measurements of ecosystem responses to these events exist. This limits our capacity to 
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understand and develop prognostic capabilities for the responses of ecosystem 

processes. Extreme precipitation events rapidly increase soil water content and alter 

dynamics of GHG production in soils, with CO2 being the most studied and well 

understood (Kim et al. 2012). Following rewetting, soil gas fluxes can increase by up 

to 9000% for CO2, 9790% for N2O, and smaller but uncertain responses for CH4 (Kim 

et al. 2012). Many studies have addressed the addition of water to soils with either 

drought-stressed or dry antecedent conditions (Fierer and Schimel 2002; Smith et al. 

2003; Muhr et al. 2008; Borken and Matzner 2009). Wetting of dry soils can increase 

microbial activity within minutes or hours, as soil organic matter is mineralized 

(Borken and Matzner 2009), and anaerobic conditions and decreased diffusivity may 

explain decreases in CO2 fluxes under very wet conditions (Kim et al. 2012; Hall et al. 

2013).  Although one of the most studied terrestrial ecosystem processes is the 

production of CO2 in soils (Schlesinger and Andrews 2000), there are few studies 

which have simultaneously measured CO2, CH4, and N2O fluxes from soils with moist 

or very wet antecedent conditions (McNicol and Silver 2014).  As such, more 

comprehensive understanding of the rapid responses of soils under different moisture 

conditions for multiple GHGs (i.e., CO2, CH4, and N2O) is warranted. 

Automated measurement systems can provide the temporal resolution ideal for 

tracking rapid changes in soil GHG emissions and responses to intense water pulses 

(Vargas et al. 2011; Savage et al. 2014). High temporal frequency measurements could 

discern the times and timescales when different biophysical mechanisms are active 

and relevant to GHG production in soils (Vargas et al. 2012). Because of the cost of 

instrumentation and availability of current technology, most studies have focused on 

CO2 efflux, and few have reported continuous measurements of N2O and CH4 (Savage 
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et al., 2014). Furthermore, there is evidence supporting that the magnitude of GHG 

fluxes are dependent upon spatial heterogeneity and topographic location (Pacific et 

al. 2009; Riveros-Iregui and McGlynn 2009; Leon et al. 2014) and that a tradeoff 

exists between temporal and spatial sampling techniques (Savage and Davidson 2003). 

Thus, measuring GHG fluxes with automated measurements at high temporal 

frequency, while simultaneously accounting for spatial variability, is an important step 

in improving understanding of biogeochemical cycling, and enhancing models of 

GHG emissions from soils.  

 The development of accurate soil process-based models (Davidson et 

al. 2014) rather than empirical models primarily reliant on soil moisture and 

temperature response functions are critically needed (Aber et al. 2000; Vargas et al. 

2011). The next generation of models aim to represent shorter temporal scales, such as 

events (i.e., pulses), while incorporating the role of a shifting microbial community 

and time lags of C cycling, (Vargas et al. 2011; Davidson et al. 2014). To define 

model architecture and parameters, we need robust data sets which include 

measurements of a variety of parameters within soils (e.g., pH, Eh, porewater 

chemistry) and to represent the rapid time scales at which biogeochemical processes 

occur (Bodelier and Laanbroek 2004; Xu and Luo 2012; Kim et al. 2012; Wu et al. 

2015). Few process-based models simulate the production of all three major GHGs 

from natural soils (Zhuang et al. 2004), despite their importance for global 

biogeochemical cycles (Tian et al. 2016); thus, baseline information of concurrent 

responses of GHGs to changing weather conditions is needed across multiple 

ecosystems.  
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The overarching goal of this study was to experimentally investigate how 

extreme changes in water content, applied as pulses, influence GHG fluxes from 

different soils that occur within a forested watershed. We asked two interrelated 

questions: 1) What are the high temporal frequency changes in patterns and magnitude 

of GHG fluxes from soils in response to extreme water events? and 2) How do 

extreme water pulses change the soil chemistry and microbial community structure? 

We hypothesized that repeated extreme water pulses will force soils towards extreme 

wet conditions and consequently would result in a) nonlinear GHG flux responses, and 

b) distinct changes in soil chemistry and microbial community structure among soils. 

The combination of automated measurements of multiple GHGs (i.e., CO2, N2O, and 

CH4) with analysis of porewater chemistry and microbial community structure 

provides novel insight into the underlying mechanisms and dynamic responses of soils 

to extreme weather events. 

2.2 Methods 

2.2.1 Study Site 

The study site is a 12 ha watershed located within the Fair Hill Natural 

Resources Management Area (39°42' N, 75°50' W) within the Piedmont physiographic 

region, located in Maryland, United States. Mean annual precipitation for the study 

site is 1205 mm, with the highest mean monthly temperatures in July, and the lowest 

in January (25.7°C and -0.1 °C, respectively). In less than a decade, the Mid-Atlantic 

region across the United States has experienced three large Tropical Cyclone events 

(Nicole in 2010, Irene in 2011, and Sandy in 2012) (Dhillon and Inamdar 2013).  The 
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forested canopy is primarily deciduous with the dominant species Fagus grandifolia 

(American beech), Liriodendron tulipifera (yellow poplar), and Acer rubrum (red 

maple). This watershed has an elevation range from 252 to 430 meters above sea level. 

Upland forest soils are classified as coarse, loamy, mixed mesic Lithic Dystrudepts in 

the Glenelg series. Valley bottoms contain Oxyaquatic Dystrudepts in the Baille 

series, but include a variety of physical and hydrological features including wetland 

and creek bank soils (Dhillon and Inamdar 2013). 

2.2.2 Soil collection and analyses 

To account for the spatial heterogeneity within the watershed, we collected 

soils from four locations across a topographic gradient (Table 1): an upland forested 

location (Forest Site 1), a downslope forested location (Forest Site 2), a wetland 

(Wetland), and a creek bank (Creek). Soil texture was measured using the hydrometer 

method for particle size analysis. Forest Site 1 soil is a sandy loam (55% sand, 26% 

silt, 18% clay), and Forest site 2 is a loam (45% sand, 35% silt, 20% clay), the 

Wetland soil is a loamy sand (83% sand 15% silt, 2% clay), and the Creek soil is 

sandy (96% sand, 1% silt, 3% clay). To preserve soil structure, intact soil mesocosms 

were collected in duplicate by inserting a 20 cm diameter PVC ring into the upper 10 

cm (O and A horizons) at each one of the four locations during the early growing 

season (June, 2014). All soil mesocosms were immediately transported to a laboratory 

at the University of Delaware and adhered to Teflon planks to prevent water loss and 

to simulate a rise in the water table depth, allowing water accumulation in the soils.  

In addition to the soil mesocosms collected for this experiment, we collected 

additional soil samples from the A horizon at all locations for characterization of total 
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C and N on pre-experimental conditions. At the conclusion of the experiment, the O 

horizon was removed from the soil mesocosms, and the A horizon was directly 

sampled from the experimental soils for comparative total C and N analyses to pre-

experimental conditions. Sampled soils were analyzed using an Elementar Vario 

Isotope Cube (Elementar Analysensysteme GmbH Donaustraße Hanau, Germany).  

2.2.3 Extreme water pulse experiment 

To simulate the delivery of large amounts of water to soils as a result of 

extreme weather events, we conducted a water pulse experiment over a six-week 

period between June and July 2014. Our experimental design utilized an initial large 

water addition event, followed by multiple smaller events, which served to rapidly 

increase and maintain high soil water content throughout the experiment. The aim of 

these treatments was to force soils towards repeated extreme wet conditions (i.e., soil 

saturation) with short periods of drying to test how biogeochemical conditions are 

modified in a short-term timescale (i.e., days to weeks). The repeated pulses led to 

saturated soil conditions (Figure 1a-d), forcing soils to a different redox state, and 

therefore different magnitudes and patterns of GHG fluxes in the experimental soil 

mesocosms. We note that between pulses, the soils never became completely dry (Fig. 

1a-d). 

All soil mesocosms were kept under controlled laboratory conditions at room 

temperature (22° C) and only soil moisture was manipulated to prevent confounding 

effects (Davidson et al. 1998). Soil volumetric water content (VWC) and soil 

temperature were measured using sensors (EC-5, Decagon Devices, Pullman, WA) 

installed at 5 cm depth in the duplicate mesocosms of each soil. Once the intact soil 

mesocosms were fixed to Teflon planks (within hours of collection), we continuously 
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monitored soil temperature and soil moisture for 7 days prior to experimental water 

manipulation pulses. This 7-day period is considered pre-experimental (i.e., baseline) 

control conditions for each soil mesocosms, and is referred to as Phase I during the 

experiment. The experiment had five Phases, which included the pre-experimental 

Phase I, three periods where water pulses were applied (Phases II-IV), and a drying 

period (Phase V).    

Pulses were applied with 18 MΩ●cm ultra-pure water to avoid the introduction 

of exogenous nutrients. Soil mesocosms were exposed to an initial large water pulse 

within a 5 minute period to rapidly reach saturated conditions, marking the beginning 

of Phase II. Thus, Phase II corresponds to an initial extreme pulse (31.8 mm) followed 

by a drying period of 14 days. This was followed by five smaller pulses between 

Phases III and IV. Phase III corresponds to the second pulse (7.9 mm) followed by a 

drying period of 7 days, and during Phase IV, four consecutive pulses were applied at 

24-hour intervals (6.4, 3.2, 3.2, and 6.4 mm, respectively). Phase V corresponds to an 

11 day drying period following the consecutive pulses of Phase IV. Previous work 

involving local precipitation records has reported high precipitation (i.e., >150 mm in 

less than 24 hours) during tropical storm Irene in 2011, which had a rainfall return 

period of 25 years, and moderate events correspond to <60 mm of rainfall (Dhillon 

and Inamdar 2013). 

2.2.4 Microbial community structure analysis 

To represent pre-experimental microbial conditions, we collected triplicate 

small soil cores (10 cm3) from the A horizon at each sampling location in the field 

using modified 10 ml sterile syringes and stored them at -80° C for subsequent 

analysis. Post-experiment triplicate 10 cm3 cores were also collected from the A 
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horizon from each experimental soil mesocosm at the end of Phase V and stored at -

80° C. For analysis, these samples were thawed at room temperature, the triplicate 

samples for each location were homogenized, and DNA was extracted from the 

composites with PowerSoil DNA kits (MOBIO, Carlsbad, CA, USA). 16s rRNA 

genes were amplified with polymerase chain reaction (PCR), and then separated via 

denaturing gradient gel electrophoresis (DGGE) (Kan et al. 2006). This semi-

quantitative technique can determine the presence/absence and the relative abundance 

of major bacterial species (Muyzer et al. 1993; Kan et al. 2006; Haugwitz et al. 2014). 

Using PCR-DGGE allowed us to examine bacterial population structures based on 

banding patterns, and determine if any changes in community structure had occurred 

between the beginning and the end of the experiment for each soil. Bacterial DGGE 

fingerprints were analyzed using GelCompar software (GelCompar II version 6.6.11, 

Applied Maths, Austin, TX.), which utilizes non-metric multidimensional sampling 

(NMDS) to compare the similarity/dissimilarity of bacterial communities among the 

soil samples. 

2.2.5 Soil porewater extraction and analysis 

Porewater from each soil was collected 11 times during the 6-week experiment 

between Phases II to V using Rhizon samplers (Soil Moisture Corp.), which were 

inserted at a 45 degree angle into the duplicate soil mesocosms at the onset of the 

experiment, per previous work (Seyfferth and Fendorf 2012). Porewater was collected 

into pre-evacuated and acid-washed vials capped under an oxygen-free atmosphere 

using a needle and stop-cock assembly.  Eh and pH were measured immediately after 

porewater extraction using calibrated probes (Orion 920A+, Thermo Electron 

Corporation, Waltham MA; OrionStar A214 Thermo Scientific, Waltham, MA). An 
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additional 10 mL of porewater was taken from each soil during sampling. This was 

split into two 5 mL aliquots; one 5 mL aliquot was acidified with trace-metal grade 

HNO3 and analyzed for total Fe and S using an ICP-OES (Thermo Intrepid II 

Spectrometer, Thermo Fisher Scientific, Waltham MA), and the remaining 5 mL was 

refrigerated and later filtered through a 0.2 - 

analysis with ion chromatography (Dionex DX500, Sunnyvale, CA) with suppressed 

electrical conductivity.  Chromatographic separation was achieved with an AG18 

guard column and AS18 analytical column using a gradient elution (20.0 mM KOH 

for 0-15 min, 20-45 mM KOH for 15-25 min, and 20.0 for 25.5-30 min) at a flow rate 

of 1.0 mL min-1.  

2.2.6 Greenhouse gas flux measurements 

We continuously monitored soil CO2, CH4, and N2O fluxes from soil 

mesocosms by coupling a LI-8100A (LI-COR, Lincoln Nebraska) with a Picarro 

G2580 analyzer (Picarro Inc, Sunnyvale California). The LI-8100A controlled a 

mutliplexer (LI-8150; LI-COR instruments, Lincoln Nebraska) and 20-cm 

autochambers (8100-104 LI-COR instruments, Lincoln Nebraska), one chamber 

measuring one of each of the Wetland, Creek, Forest Site 1 and Forest Site 2 intact 

soil mesocosms (Supplementary material 1). Each chamber was closed for a total of 6 

minutes, including an observation delay of 1.5 minutes, a dead band of 30 seconds, an 

observation length of 3.5 minutes, and a post-purge of 30 seconds. Additionally, we 

measured soil temperature and soil moisture in duplicate adjacent 20 cm PVC soil 

mesocosms subject to the same water additions and drying. 

Soil gas fluxes were calculated from the output of the Picarro G2580 analyzer 

using an in-house R-script following a known equation to calculate gas fluxes (Steduto 
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et al. 2002). Resulting gas fluxes are reported as µmol m-2 s-1 for CO2, and nmol m-2 

s-1 for CH4 and N2O using the following equation: 

𝑆𝑜𝑖𝑙 𝐺𝐻𝐺 𝐹𝑙𝑢𝑥 =  
𝛿𝑐

𝛿𝑡
 
𝑉

𝑆
 
𝑃𝑎

𝑅𝑇
    Equation 1 

 

where c is the mole fraction of a GHG in μmol mol -1 (either CO2, CH4 or 

N2O), t is the time of each measurement in seconds (i.e., 210 seconds), V is the total 

volume of the system (i.e., LI8100+LI8100M+Picarro+autochamber = 5003.6 cm3), S 

is the surface area of the soil mesocosms (314.16 cm2), Pa is the atmospheric pressure 

inside the chamber in kPa, R is the universal gas constant (8.3×10−3m3 kPa mol−1 K−1), 

and T is the air temperature (K) inside the chamber.  Furthermore, we applied a quality 

assurance and quality control for each calculation of soil GHG fluxes. For each dc/dt 

in equation 1 (i.e., measurements performed during 210 seconds) we fit a linear 

regression for each GHG and proceeded with calculations where the slope was 

statistically significant (P<0.05) and the linear regressions had an r2 > 0.85. If the P-

value of the slope was >0.05, then that specific GHG flux was considered to be zero. 

If the P-value of the slope was <0.05 but the r2 < 0.85, then the measurement was 

replaced as “not a number” (i.e., NaN) because uncertainty was considered to be high. 

Similar quality assurance and quality control protocols have been applied elsewhere 

(Pearson et al. 2016). Continuous time series from all chambers were processed into 1-

hour intervals and filtered with a 3-hour running mean before data analysis. 

2.2.7 Data analysis 

We calculated the percent change in soil GHG fluxes to quantify the relative 

change as a result of each experimental water pulse (Kim et al 2012) (Supplementary 
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materials 2, 3, and 4). For this, we used the mean daily value of a GHG flux from the 

day before a pulse was applied as a baseline (a total of 6 baselines as 6 pulses were 

applied during the experiment). The relative percent change for each GHG flux was 

calculated using hourly data until a next pulse was applied.  Hourly GHG fluxes (Fn) 

were divided by the corresponding baseline (Bn) and multiplied by 100 to give a 

percentage. We subtracted 100 to the resulting number to determine the percent 

increase (if a value >0) or decrease (if a value <0) from each baseline following the 

formula:  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 = ((
𝐹n

𝐵𝑛
) 100) − 100                                 Equation 2 

 

We first explored the linear relationships of CO2, N2O, CH4, pH, Eh, Fe, S, and 

NO3
- across each experimental Phase (II to V) (Supplementary materials 5, 6, 7, and 

8).  Then, we used principal component analysis (PCA) to analyze multivariate 

relationships among variables of porewater chemistry and soil GHG fluxes throughout 

the experiment. A two tailed t-test was used to test for changes in %N, %C and C/N 

ratio between the beginning and the end of the experiment for each soil. 

2.2.8 Greenhouse gas potential from soil emissions 

The cumulative radiative forcing capacity of a GHG relative to that of CO2 

(i.e., CH4 and N2O) is described as the global warming potential, or GWP of that gas 

(IPCC, 2014).  We calculated these as CO2 equivalencies (CO2-eq) contributed by each 

soil for the entire experiment. For each soil we first calculated the daily sums of 

emissions, and converted these fluxes into g m -2 day-1 (Fig. 5). Second, the daily 

sums of each GHG flux were multiplied by both the upper and lower limits for (GWP) 
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for each respective GHG (either CO2, N2O, or CH4), to obtain their CO2-eq (Myhre et 

al. 2013).We report the GWP for each GHG flux by soil as their CO2-eq using both 20-

year and 100-year values accounting for a scenario with climate-carbon feedback 

(Hartmann et al. 2013), (Online Resource 9). Finally, we report the percent of total 

emissions each soil contributed in relation to the cumulative GHG fluxes for the 

entirety of the experiment as a means of quantifying the relative importance of the 

different GHG fluxes from soils along the experiment.  

 

2.3 Results 

2.3.1 Soil temperature and soil moisture 

The mean soil temperature during the experiment was 21.9 ±0.4 °C across all 

soils collected from the topographic locations, illustrating negligible temperature 

variability under laboratory conditions (Table 1). During experimental control Phase I, 

mean VWC was relatively low for the Forest Site 1 (0.28 m3 m-3) and Creek soils 

(0.24 m3 m-3), intermediary for Forest Site 2 soil (0.34 m3 m-3) and relatively high 

for the Wetland soil (0.44 m3 m-3). The water pulse in Phase II and subsequent 

additions (Phase III-IV) substantially influenced VWC dynamics (Fig. 1a-d). 

Maximum VWC was observed after the final water pulse of Phase IV in the Forest 

Site 2 soil (0.47 m3 m-3), and the Creek showed the largest VWC variability due to 

high sand content (Fig. 1b).  

2.3.2 Soil greenhouse gas fluxes 

The highest and lowest soil CO2 fluxes were measured from the Creek soil, 

which had maximum and minimum values of 4.81 µmol m-2 s-1 and 3.50 µmol m-2 s-
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1, respectively (Fig. 1f). The maximum and minimum soil CO2 fluxes for the other 

sites were similar, with respective maximum and minimum values of CO2 fluxes 2.34 

µmol m-2 s-1 and 0.297 µmol m-2 s-1 for Wetland, 2.62 µmol m-2 s-1and 0.514 µmol 

m-2 s-1 for Forest Site 1, and 2.60 µmol m-2 s-1and 0.808 µmol m-2 s-1 for Forest 

Site 2 (Fig. 1e,g,h).   

The soil CO2 flux dynamics showed substantial changes following water pulse 

additions (Supplementary material 2a-t). The greatest increase of CO2 flux was 244%, 

and came from the Wetland soil during Phase V.  The largest percent decrease of CO2 

flux was -195%, from the Creek soil during Phase III. Percent change of CO2 flux in 

Forest Site 2 soil ranged from 58.7% to -43.5% and in Forest Site 1 soil from 129.2% 

to -65.7% (Table 2).  

The highest soil CH4 fluxes were measured from the Wetland soil which 

ranged from 192.7 nmol m-2 s-1 to -2.46 nmol m-2 s-1 (Fig. 1i), and the lowest were 

measured from the Creek soil which ranged from 62.6 nmol m-2 s-1 to -40.4 nmol m-

2 s-1 (Fig. 1f). The maximum and minimum soil CH4 fluxes ranged from 11.9 nmol 

m-2 s-1 to -2.56 nmol m-2 s-1 for the Forest Site 1 soil and 2.80 nmol m-2 s-1 to -4.25 

nmol m-2 s-1 for the Forest Site 2 soil (Fig. 1g,h).  

The largest changes in CH4 flux occurred during Phase V (Table 2, 

Supplementary material 3) when the greatest increase in CH4 flux of 50988.4% was 

observed from the Creek whereas the greatest decrease of -31832.8% was observed 

from the Forest Site 2 soil (Table 3). Percent change in soil CH4 fluxes in the Wetland 

soil ranged from a percent increase of 276.6% to a percent decrease of -14973.7%, and 

in the Forest Site 1 soil from 5726.6% to -2341.9% (Table 3).  
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The highest soil N2O fluxes were measured from Forest Site 2, with a 

maximum of 11.3 nmol m-2 s-1 followed by the Forest Site 1 with a maximum flux of 

10.7 nmol m-2 s-1 (Fig. 1 p, o). The lowest overall fluxes were measured from the 

Wetland soil, which ranged from -0.345 nmol m-2 s-1 to 0.423 nmol m-2 s-1 (Fig. 

1m). The maximum and minimum N2O fluxes from the Creek soil were 1.98 nmol m-

2 s-1 and -0.206 nmol m-2 s-1, respectively (Fig. 1n).  

The largest changes to N2O fluxes occurred during Phase II, and came from the 

Forest Site 1 soil which had the greatest percent increase of 55024.3% (Table 2, 

Supplementary material 4), and the Forest Site 2 soil with a percent decrease of -

224510.8%. Percent change in the Wetland soil ranged from 1749.8% to -828.2%, and 

in the Creek soil from 675.1% to -174.3% (Table 4). 

2.3.3 Relationships between soil moisture, porewater chemistry, and 

greenhouse gases 

There were no linear relationships between the mean gas fluxes and mean soil 

moisture across any of the Phases. We did find some linear relationships between 

daily mean GHG fluxes and measured variables of porewater chemistry (pH, S, Fe). 

For example, mean soil CO2 fluxes were negatively related with porewater S in the 

Wetland soil (r2= 0.97, p= 0.01; Online Resource 6) and in the Creek soil (r2= 0.95, 

p= 0.02; Online Resource 7). Mean N2O fluxes were negatively related with 

porewater Fe in the Forest Site 2 soil (r2= 0.93, p= 0.02; Online Resource 8).  In 

addition, mean N2O fluxes in the Wetland soil exhibit a positive linear relationship 

with mean CH4 (r2 0.93, p= 0.02; Online Resource 5) across Phases. 

 Due to the lack of consistency in linear relationships among variables 

we performed PCA for each experimental Phase to examine changes within a 
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multivariate space (Fig. 2). The variance explained by the PC1 varied between 56.5% 

and 39.6% throughout the experimental Phases (Online Resource 10), and the 

variables associated with each principal component changed throughout Phases II-V. 

In general, measurements from each soil remained individually clustered, but during 

Phases IV and V the Forest Site 1 and Forest Site 2 soils values began to converge. 

The Creek soil measurements were strongly associated with porewater pH throughout 

the experiment. Wetland soil measurements were associated with porewater S, and the 

Forest Site 2 soil measurements were associated with soil N2O fluxes across this 

multivariate space (Fig. 2).  

 The highest level of NO3- from porewater samples was found in the 

Creek soil during Phase IV (6.7 mg L-1), while the lowest amount of NO3- in 

porewater was from the Forest Site 2 soil during Phase V (0.04 mg L-1) (Table 1). 

Averaging each soil NO3- concentrations by Phase we found that from Phase II to 

Phase V, the Wetland and Creek soils began with similar levels of NO3- (0.25 mg L-1 

and 0.22 mg L-1; respectively) (Table 1; Online Resource 11), which increased during 

Phase III and IV, and then decreased during Phase V.  

2.3.4 Total soil C, N, and microbial community dynamics 

Pre-experiment total soil carbon varied from a low of 1.8% in the Creek to a 

high of 3.4% in the Forest Site 1. At the conclusion of the experiment the Wetland soil 

had 9.13% C, which was the highest, and the Creek had the lowest, at 1.5 % C (Fig. 

3a). Pre-experiment total soil nitrogen varied from a low of 0.12% in the Creek to 

0.2% in the Forest Site 2. The Wetland soil had 0.53% N at the conclusion of the 

experiment, which was the highest %N of all four soils (Fig. 3b). The Creek soil had 

0.1% N, which was the lowest of the four soils. (Fig. 3b). Forest Site 1 had the highest 
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C:N ratio for pre-experiment conditions and the Wetland had the highest C:N ratio for 

post-experiment conditions (Fig. 3c). Significant differences were found in pre and 

post-experiment % C and % N for the Wetland (t-test; t = -11.92, p<0.001; Fig 3a, t-

test; t = -18.01, p<0.001; Fig. 3b), and for Forest Site 2 (t-test; t = -7.33, p<0.05; Fig. 

3a, t-test; t = -5.75, p<0.05; Fig. 3b). Only Forest Site 2 showed a statistically 

significant difference between its pre-experiment and post-experiment C:N ratios (t-

test; t=-8.66, p<0.001; Fig. 3c).  

Microbial analysis of bacterial community structure was plotted with 

presence/absence data from DGGE fingerprints (Fig. 4a). The NMDS results 

displayed the differences between overall microbial community structures (Fig. 4a). 

The community structures among the four soils prior to the experiment were very 

distinct (open markers for pre-experiment, Fig. 4b), and obvious shifts in community 

structure were observed for all soils after the experiments (closed markers for post-

experiment, Fig. 4b). Forest site 1 and Forest Site 2 soils began with dissimilar 

community structure, but converged at the end of the experiment. Both Creek and 

Wetland soils also experienced rapid community shifts, but the Wetland community 

structure shifted away from all of the other soils (Fig. 4). 

2.3.5 Global warming potential from soil emissions 

From summations of mean daily GHG fluxes we found that the Creek soil 

yielded the highest cumulative concentrations of CO2, at 314 g m-2, and the Wetland 

soil yielded the lowest cumulative concentrations of CO2 at 160 g m-2 (Fig. 5a). CO2 

fluxes generated by all soils over the duration of the experiment equated to 933.5 g m-

2.  Cumulative fluxes of CH4 were highest from the Wetland soil, and equated to 0.57 

g m-2 and the lowest CH4 fluxes were from Forest Site 2 soils, equating to be -0.001 g 
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m-2 (Fig. 5b).  The cumulative fluxes of CH4 over the duration of the experiment, for 

all soils, equated to 1.1 g m-2.  Forest Site 2 soils generated the highest N2O fluxes and 

sum to a total of 0.46 g m-2, while the Wetland soil generated the least, equating to a 

total of 0.002 g m-2 (Fig. 5c). Cumulative fluxes of N2O for each soil over the duration 

of the experiment equated to 0.72 g m-2. 

We examined the global warming potentials from emissions for each soil over 

the duration of the experiment, as CO2-eq (Online Resource 9). For all CO2 emissions 

across measured soils, the Creek soil generated the most (33%), while the Wetland soil 

produced the least (16.7%; Table 5). The Forest Site 1 soil contributed 24.6% of CO2 

and Forest Site 2 soil contributed 25.05% of the total CO2. Of the total CH4 fluxes 

generated during the experiment, the Wetland contributed the most (52.36%) and the 

Forest Site 2 contributed the least, ultimately acting as a net sink (-1.28%; Table 5). 

For N2O fluxes, the Forest Site 2 soil contributed the most (64.68%) and the Wetland 

soil contributed the least (0.44%; Table 5).  

Adding the CO2-eq of CO2, CH4 and N2O together changed the percentages 

each soil contributed to the total CO2-eq (Table 5). Based on a 20-year GWP scenario, 

the Creek had the highest percentage of total emissions (CO2, CH4-CO2-eq, and N2O-

CO2-eq; 30.3%; Table 5), whereas the Wetland soil contributed the least CO2-eq during 

the pulse experiment (16.9%; Table 5). However, based on a 100-year GWP scenario, 

the Forest Site 2 soil contributed the highest percentage of total emissions (53.7% in 

CO2-eq), but the Wetland soil still contributed the least (2.5% in CO2-eq; Table 5).  
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2.4 Discussion 

2.4.1 Greenhouse gas flux dynamics 

The results of this experiment provide new insights into how extreme rewetting 

of soils impact GHG fluxes, and provide a baseline to identify magnitudes, patterns, 

and biogeochemical changes. The high temporal frequency measurements (at hourly 

resolution) served to capture the rapid responses of GHGs to the experimental water 

events. Rewetting led to rapid measurable changes in Eh, microbial community 

structure, and GHG dynamics within each soil. We observed unprecedented shifts in 

GHG fluxes over 1 to 3 orders of magnitude, which to our knowledge, have not been 

previously reported (Kim et al 2012).  These data contribute novel information about 

the unknown potential responses of soils to extreme weather events.  

Experimental water pulses resulted in dynamic changes on soil CO2 fluxes 

between the beginning and end of the experiment across all soils. The differences in 

magnitude of CO2 fluxes from each soil draw attention to the importance of 

topographic position, soil properties, and hydrological patterns to the spatial variation 

of CO2 from soils (Pacific et al. 2009; Riveros-Iregui and McGlynn 2009; Leon et al. 

2014). For example, the Wetland soil had the greatest percent increase of CO2 during 

the experiment (Table 2, Online Resource 2), which was 114.77% higher than the next 

largest increase, from Forest Site 2. The immediate suppression of CO2 fluxes 

corresponding to the application of each water pulse could be explained as a 

consequence of decreased CO2 diffusivity and increased tortuosity (Smith et al. 2003; 

Kim et al. 2012). Although water pulses led to overall lower CO2 fluxes at the end of 

the experiment, they promoted production of CH4 and N2O, which highlights the 
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importance of jointly measuring multiple GHGs to enhance understanding of soil 

GWP following extreme precipitation events.  

Each soil had unique patterns and magnitudes of percent change of CH4 

fluxes, supporting the importance of accounting for spatial heterogeneity and 

topographic position in production of GHGs (Dai et al. 2012). We expected the 

Wetland and Creek soils to act as a source of CH4 as is typical of freshwater wetlands 

(Paul et al. 2006) and inundated river floodplains (Pearson et al. 2016) and we 

expected to see upland forested soils as constant CH4 sinks as found in other studies 

of temperate forests (Smith et al. 2003; Muhr et al. 2008; Erickson and Perakis 2014).  

The high temporal frequency measurements captured gradual increase and decrease of 

CH4 from the Creek soil, and higher CH4 fluxes (nearly 50 nmol m2 s-1) from the 

Wetland soil at the beginning of the experiment (Fig. 1). Methane fluxes were highest 

for the Wetland and Creek soils during Phase III when porewater S concentrations 

were the lowest (Table 1), therefore providing more favorable geochemical conditions 

for methanogenesis (Paul et al. 2006).  In Phases IV and V we observed an increase in 

S at both soils and a decrease in CH4 emissions. This may be attributed to an increase 

in NO3- which can contribute to shifts in Eh and sulfate reducing conditions (Le Mer 

and Roger 2001), whereby sulfate reducing bacteria may outcompete methanogenic 

microorganisms (Serrano-Silva et al. 2014). The steady increase in CH4 fluxes from 

the Forest Site 1 soil during Phase V with consistent decreases in porewater NO3- 

suggests favorable geochemical conditions for methanogenesis. In contrast, the 

increase in porewater NO3- from Forest Site 2, coupled with higher N2O emissions 

and higher porewater Fe concentrations, indicate biogeochemical conditions favorable 

for NO3- and Fe(III) reduction and unfavorable for methanogenesis.  These 
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observations support findings from previous research where upland forest soils 

decreased their long-term potential as CH4 sinks under very wet conditions resulting 

from reduced drainage (Christiansen et al. 2012).   

The magnitude of percent change in N2O fluxes for Forest Site 1 and Forest 

Site 2 soils are unprecedented among previous reports for rewetting of soils (Kim et al. 

2012; McDaniel et al. 2014). During Phase II we observed large increases of N2O 

fluxes within the both Forest sites just hours after each pulse addition. This may be a 

consequence of available NO3- and labile dissolved organic matter as precursors to 

denitrification leading to rapid and high responses of N2O fluxes (Enanga et al. 2015). 

Denitrification may have been limited in the Creek and Wetland soils as a 

consequence of the low adsorption capacity of NO3- in organic soils (Paul et al. 

2006). Initially, NO3- concentrations were high for both Forest Sites, but these shifted 

over the experiment to comparable levels from the Wetland soil in Phase II. Similar 

patterns of NO3- have also been observed in upland humid tropical forest soils which 

experienced continuous inundation (Hall et al. 2013). Although our discrete porewater 

samples provided snapshots of information about Eh during the experiment, we argue 

that continuous measurements of Eh are required to fully understand the intricacies of 

relationships between the GHGs production in soils and Eh. Past research shows the 

importance of studying the role of redox chemistry to understand the biogeochemical 

drivers of GHG fluxes from soils (McNicol and Silver 2014). Unfortunately, the 

timescales of shifts (e.g., minutes, hours, days) in Eh, coupled to other soil processes, 

remain unclear due to lack of automated Eh measurements in experiments and under 

natural conditions.   
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2.4.2 Relationships among variables 

Although an assumption of linear responses of GHG emissions in soils to 

water content is commonly used (Knapp et al. 2008), overall, we did not find 

significant linear relationships between GHG fluxes, water content, porewater 

chemistry, or other GHG fluxes. This speaks to the complexity of the relationships 

between biophysical conditions and production of GHGs from soils that have 

undergone extreme rewetting events. Arguably, nonlinear models more effectively 

describe complex dynamics of biogeochemical processes (Manzoni and Porporato 

2009). Our results emphasize the importance of these underlying biogeochemical 

mechanisms, and have implications for predictive capabilities, as current empirical 

observations and model architecture may not be suitable to predict GHG emissions 

from soils impacted by extreme weather events (Kim et al. 2012; Frank et al. 2015; 

McNicol and Silver 2015).  

Using a multivariate approach identified shifts on the relative importance of 

biogeochemical variables across the different soil types over the Phases of the 

experiment (Fig. 2). Certain vectors in our PCA were consistently associated with 

specific soil types. For example, the Wetland soil was associated with S; this could be 

explained by the potential presence of sulfate reducing bacteria (Pester et al. 2012; 

Serrano-Silva et al. 2014). Forests soils were consistently associated with N2O, likely 

as a result of their sensitivity to soil conditions which would promote denitrification 

(Pilegaard et al. 2006; Chapin et al. 2011) and therefore the higher levels of N2O 

fluxes from these soils. The Creek soils were consistently associated with the highest 

porewater pH values, which also increased over the duration of the experiment. An 

increase in pH is associated with decreasing electron activity (i.e., lower Eh) 

(Essington 2004; Grybos et al. 2009) and Fe(II) appears at a pH of 6.5 if electron 
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activity is very low (Essington 2004), potentially explaining why observed porewater 

Fe and pH vectors were associated with the Creek soil in Phase III (Fig. 2b). 

At the conclusion of the experiment we observed convergence in multivariate 

space of the two Forest Site soils with a strong association to porewater Fe and N2O 

(Fig. 2d). Higher values of Fe and pH have been found in acidic, waterlogged soils 

associated with reduction of NO3
- and Fe (Grybos et al. 2009). The Wetland soil 

remained associated to S and Eh suggesting that extreme water pulses have little effect 

on its biogeochemistry, as these soils are typically associated with inundated anoxic 

conditions (Zhuang et al. 2004). However, drying of wetland soils greatly impacts 

their biogeochemistry by allowing for rapid turnover of labile organic matter as the 

microbial community shifts to aerobic metabolism (Davidson et al. 2014; McNicol 

and Silver 2015). Unlike the Wetland soil, the Creek soil substantially changed its 

associations in the multivariate space, indicative of sensitivity of its biogeochemistry 

in response to the water pulses. These soils are analogous to floodplains that may 

undergo substantial rewetting and drying events depending on runoff and water level, 

therefore shifting their potential to become sink or source of GHGs along the year 

(Pearson et al. 2016).  

2.4.3 C and N dynamics, and the microbial community 

 Examining shifts of the microbial community structure and C and N dynamics 

provided an additional perspective on the impact of extreme water pulses on soil GHG 

fluxes. Previous studies observed that microbial community structure is sensitive to 

water stress (Davidson et al. 1998; Schimel et al. 2007) and changes in pH (Fierer and 

Jackson 1998) which we observed from our porewater samples (Table 1). Each soil 

began with a distinct microbial community structure, but with extreme wet conditions 
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brought on by water pulse applications, and consequent periods of drying, the 

microbial community structure shifted in different directions (in the multivariate space 

of dimensions 1 and 2; Fig. 4b).  

Long term effects on soil respiration, such as a decrease in CO2 fluxes which 

we observed across all soils, may be a result of decreased metabolic capacity of the 

microbial community under suboxic and anoxic conditions and can be instigated by a 

single rewetting event, which previous research has shown can lead to a decrease in 

respiration by as much as 25% (Schimel et al. 2007). Fluxes of CH4 observed from the 

Forest Site 1 soil at the end of the experiment (Fig. 1k) indicate an active community 

of methanogens. Moreover, the response of N2O fluxes from the Creek, Forest Site 1, 

and Forest Site 2 soils to water pulses (Fig. 1n, o, p) suggests population structure or 

activity changes in nitrogen transforming microorganisms (i.e., nitrifiers and 

denitrifiers). We did not excise the DGGE bands for sequencing, therefore we do not 

identify bacterial species present on DGGE gel. DGGE is a quick fingerprinting 

approach, which provides a “snapshot” on the dominant bacteria from the community 

(Gelsomino et al., 1999; Kan et al., 2006). Most of the minor or rare species will be 

skipped from the fingerprinting approaches such as DGGE. Determining the detailed 

bacterial community changes would require (1) appropriate primers targeting at 

specific groups of bacteria (e.g., methanogens, methanotrophs, nitrifiers, denitrifiers 

etc.) or (2) more detailed bacterial community characterization approaches including 

high throughput sequencing (Jenkins and Gibson 2002).  Future studies targeting 

methanogenic/methanotrophic and nitrifying/denitrifying groups of microorganisms 

could enhance understanding of patterns of CH4 and N2O seen from soils in response 
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to repeated global climate changes such as extreme precipitation events and 

consequently longer flooding periods. 

Differences between total C and N values between the beginning and end of 

the experiment (Fig. 3a,b) indicate rapid changes in organic matter decomposition 

(from the O-horizon) influenced by the additions of water during the experiment. One 

contributing factor may be the transport of solutes from cells, and cell lysis, which are 

both linked to rapid increases of soil moisture and enhanced decomposition, and 

release nutrients into the soil (Fierer and Schimel 2003; Cisneros-Dozal et al. 2007). In 

temperate watersheds, the accumulation of C tends to occur in near-stream zones, 

which may be a limiting factor to denitrifying species (Cirmo and McDonnell 1997) 

and could relate to limited fluxes of N2O from the Wetland and Creek soils. We also 

observed macroinvertebrates (earthworms) in the Forest Site 1 and Forest Site 2 soils 

during collection of A horizon soils for post experimental analysis, which are known 

to stimulate N cycling and decomposition, increase infiltration through creation of 

macropores, and enhance CH4 oxidation (Levia et al. 2011; Serrano-Silva et al. 2014).  

Furthermore, additions of C and N release NO and NO2, which are both toxic to 

methanogenic archaea, and might relate to the inhibited CH4 fluxes we observed 

within the Wetland soil (Kim et al. 2015). While no outside sources of C or N were 

added to our soil mesocosms (O and A horizons) during our experiment, the observed 

increases in percent C and percent N from our Wetland, Forest Site 1, and Forest Site 

2 Soils (Fig. 3), may be due to transfer of C and N from the decomposition of leaf 

litter (O horizon) to the A-horizon during the experiment (Borken and Matzner 2009; 

Chapin et al. 2011), since only the A horizon was sampled in both pre and post 

experiments.  It is known that pulses of water bring dissolved organic carbon sources 
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from leaf litter into soils, and break aggregates, releasing different pools (e.g., labile, 

recalcitrant) of C into deeper horizons (Xu and Luo 2012). The decrease in VWC 

measured in the Wetland soil during Phase V (Fig. 1a) may have allowed for an 

increase in aerobic metabolism, and therefore higher decomposition of labile organic 

matter in the O-horizon that could have transferred C into the A-horizon. 

2.4.4 Global warming potential 

We used the GWP to bring attention to how extreme rewetting events might 

influence the temporal dynamics of multiple GHGs, how distinct soils might 

contribute to global warming, and the role of spatial heterogeneity of soils to 

understand GHG emissions from soils across watersheds and complex terrain. The 

summation of the mean daily GHG fluxes was important because it allowed us to 

calculate the GWP in CO2-eq for each gas from each soil. The dataset generated from 

high temporal frequency measurements allowed us to accomplish this. Although the 

cumulative amounts of CH4 and N2O were smaller than those of CO2 (Fig. 5), the 

different contributions of each soil as influenced by repeated water pulses, and the 

higher GWPs of these GHGs, reinforces the need to explore the potential for changes 

under extreme hydrologic conditions, while accounting for spatial heterogeneity of 

soils within ecosystems (Kim et al. 2012).  

The Creek soil had the most CO2 efflux, the Wetland contributed the most CH4 

efflux, and Forest Site 2 contributed the most N2O efflux. With this information we 

examined the GWP for each soil using the 20-year and 100-year values (Hartmann et 

al. 2013). The Wetland soil was responsible for the lowest GWP in comparison to 

other soils because although CH4 has a higher radiative forcing capacity, it is 

relatively short lived in the atmosphere (Smith et al. 2003). Using 20-year GWP 
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values, we found the Creek contributed the most to the total CO2-eq, as this soil had the 

largest fluxes of CO2, and some CH4 and N2O. In contrast, when using the 100-year 

GWP values, we found that the Forest Site 2 Soil had the largest impact as a result of 

increases of N2O emissions, and highlights the important role of N2O in temperate 

forested ecosystems (Enanga et al. 2015). Calculating the cumulative GWP of multiple 

GHGs from soils was a useful way to visualize the impacts of extreme water pulses on 

each of our soils, and these results emphasize the importance of automated 

measurements to capture rapid changes in soil GHGs emissions.  

2.5 Conclusions 

High temporal frequency measurements of CO2, N2O and CH4 provided the 

ability to explore rapid responses of GHG flux to experimental water addition. We 

observed unprecedented changes in magnitude of GHG fluxes, showing the potential 

for change in soil GHG flux dynamics. The rapid shifts from the beginning to the end 

of the experiment for C, N and microbial community structures indicate that extreme 

water pulses can substantially impact C and N dynamics, and microbial community 

composition at short temporal scales (i.e., < 2 months).  Our results support the need 

for models to account for nonlinear relationship between GHG fluxes and driving 

variables, as well as spatial heterogeneity across landscapes and in complex terrain, 

and incorporate the sensitivity of biogeochemical mechanisms for production and 

consumption of GHGs from soils. Combining automated measurements of CO2, CH4, 

and N2O across different soils provided a new perspective of the full global warming 

potential by GHG emissions from soils following extreme rewetting events. To better 

understand the sensitivity of GHG fluxes to redox, it may be beneficial to incorporate 

automated measurements of Eh in conjunction with automated measurements of all 3 
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GHGs. Finally, we argue that because extreme events are uncommon, the 

opportunities to capture ecosystem responses are limited; therefore experimental 

manipulation is an alternative method by which we can advance our understanding of 

responses to uncommon biophysical conditions.
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TABLES 

Table 1 Mean values of physical and chemical properties (temperature, volumetric water content (VWC), GHGs (CO2, CH4, 

and N2O), redox potential (Eh), pH, and porewater concentrations of Fe, S, and NO3
- ) measured during the 

experiment (Phases I to V) for each soil (Wetland, Creek, Forest Site 1, and Forest Site 2) Numbers in 

parentheses represent +/− 1 standard deviation. 

 

Location Wetland Creek Forest Site 1 Forest Site 2 

Mean 

Values 

by Phase 

I II III IV V I II III IV V I II III IV V I II III IV V 

Temperature (°C) 
21.6 

(0.2) 

21.8 

(0.2) 

21.8 

(0.3) 

21.9 

(0.2) 

21.7 

(0.2) 

22.2 

(0.4) 

21.6 

(0.5) 

21.4 

(0.3) 

21.6 

(0.2) 

21.7 

(0.5) 

22.2 

(0.2) 

22.1 

(0.2) 

22.1 

(0.3) 

22.2 

(0.2) 

21.9 

(0.2) 

22.2 

(0.3) 

22.4 

(0.2) 

22.3 

(0.2) 

22.3 

(0.2) 

22.0 

(0.2) 

VWC (m-3 m-3) 
0.4 

(0.01) 

0.5 

(0.01) 

0.5 

(0.01) 

0.5 

(0.01) 

0.4 

(0.01) 

0.2 

(0.00) 

0.4 

(0.05) 

0.4 

(0.05) 

0.3 

(0.03) 

0.3 

(0.05) 

0.3 

(0.03) 

0.4 

(0.04) 

0.4 

(0.02) 

0.4 

(0.01) 

0.4 

(0.01) 

0.3 

(0.01) 

0.4 

(0.05) 

0.4 

(0.01) 

0.5 

(0.01) 

0.5 

(0.01) 

                     

3
1
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3
2
 

Table 1 continued 

CO2 (μmol m-2 s-1) 
1.6 

(0.4) 

0.7 

(0.4) 

1.0 

(0.4) 

0.8 

(0.4) 

0.9 

(0.4) 

4.4 

(0.4) 

1.2 

(1.2) 

1.8 

(0.8) 

1.7 

(0.5) 

1.7 

(0.4) 

2.3 

(0.1) 

1.1 

(0.4) 

1.2 

(0.4) 

1.3 

(0.3) 

1.5 

(0.5) 

2.2 

(0.1) 

1.5 

(0.2) 

1.3 

(0.2) 

1.3 

(0.2) 

1.3 

(0.2) 

CH4 (nmol m-2 s-1) 
18.6 

(8.7) 

10.9 

(15.6) 

17.8 

(34.7) 

0.0 

(0.1) 

0.9 

(1.3) 

-0.1 

(0.1) 

1.7 

(2.7) 

19.5 

(14.9) 

0.6 

(1.0) 

3.7 

(4.4) 

-1.2 

(0.2) 

0.1 

(1.4) 

0.0 

(0.4) 

0.0 

(0.4) 

3.5 

(3.8) 

-1.6 

(0.2) 

-0.3 

(0.9) 

-0.1 

(0.5) 

0.0 

(0.1) 

0.0 

(0.3) 

N2O (nmol m-2 s-1) 
0.1 

(0.1) 

0.1 

(0.1) 

0.1 

(0.1) 

-0.1 

(0.1) 

-0.1 

(0.1) 

0.4 

(0.2) 

0.1 

(0.2) 

0.5 

(0.5) 

0.8 

(0.6) 

0.1 

(0.1) 

0.1 

(0.1) 

2.8 

(2.7) 

0.8 

(0.3) 

1.2 

(0.3) 

1.1 

(0.8) 

0.0 

(0.1) 

3.8 

(3.1) 

3.7 

(2.2) 

5.9 

(2.7) 

1.4 

(2.0) 

Eh (RMV) N/A 
229.7 

(N/A) 

221.5 

(40.0) 

174.9 

(85.2) 

267.4 

(42.3) 
N/A 

164.5 

(N/A) 

170.8 

(36.2) 

72.4 

(160.0) 

218.8 

(55.9) 
N/A 

257.4 

(N/A) 

239.8 

(20.2) 

85.4 

(181.1) 

244.7 

(42.1) 
N/A 

554.9 

(N/A) 

233.8 

(33.4) 

94.3 

(158.4) 

227.2 

(24.8) 

pH N/A 
5.2 

(N/A) 

5.2 

(0.2) 

4.8 

(0.9) 

5.0 

(0.2) 
N/A 

6.1 

(N/A) 

6.5 

(0.1) 

6.3 

(1.1) 

6.6 

(0.1) 
N/A 

4.9 

(N/A) 

5.3 

(0.3) 

5.3 

(0.8) 

5.3 

(0.1) 
N/A 

4.4 

(N/A) 

5.4 

(0.1) 

5.6 

(0.0) 

5.7 

(0.1) 

Fe (mg L-1) N/A 
21.8 

(N/A) 

0.9 

(1.1) 

0.2 

(0.1) 

1.4 

(2.2) 
N/A 

0.2 

(N/A) 

13.6 

(6.3) 

3.5 

(0.3) 

2.3 

(1.2) 
N/A 

0.5 

(N/A) 

9.5 

(2.6) 

8.4 

(2.3) 

31.6 

(20.8) 
N/A 

1.1 

(N/A) 

15.3 

(4.2) 

8.9 

(3.1) 

31.3 

(4.1) 

S (mg L-1) N/A 
34.9 

(N/A) 

16.7 

(7.9) 

27.8 

(1.3) 

20.3 

(8.1) 
N/A 

10.0 

(N/A) 

2.9 

(0.7) 

4.2 

(0.4) 

5.4 

(1.0) 
N/A 

6.6 

(N/A) 

5.5 

(0.2) 

5.2 

(0.1) 

8.5 

(3.1) 
N/A 

17.9 

(N/A) 

6.3 

(1.0) 

6.4 

(0.7) 

9.7 

(4.5) 

NO3
- (mg L-1) N/A 

1.3 

(N/A) 

1.7 

(0.6) 

2.9 

(0.0) 

3.6 

(2.8) 
N/A 

1.2 

(N/A) 

7.8 

(4.2) 

30.2 

(2.6) 

10.3 

(5.2) 
N/A 

12.2 

(N/A) 

9.2 

(11.2) 

6.7 

(3.4) 

3.9 

(2.6) 
N/A 

23.4 

(N/A) 

1.5 

(0.3) 

1.5 

(0.1) 

3.5 

(2.2) 
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Table 2 Mean, minimum, and maximum values, as well as standard deviation (SD) 

and interquartile range (IQR) of percent change for CO2 fluxes during the 

experiment (Phases I to V) for each soil. 

 % Change  CO2 

 Soil Mean Minimum Maximum SD IQR 
A

ll
 P

h
as

es
 Wetland 25.5 -81.1 244.0 90.4 325.1 

Creek 1.3 -195.8 98.6 56.7 294.5 

Forest Site 1 10.2 -65.7 129.2 53.1 194.9 

Forest Site 2 1.0 -43.5 58.7 25.1 102.2 

P
h

as
e 

I 

Wetland 27.2 -1.3 80.3 29.7 81.6 

Creek 12.6 -10.5 21.7 9.4 32.2 

Forest Site 1 2.5 -7.5 13.4 5.1 20.9 

Forest Site 2 -6.5 -14.6 7.6 5.2 22.2 

P
h

as
e 

II
 Wetland -67.4 -81.1 4.0 18.6 85.1 

Creek -74.0 -97.0 -3.7 25.0 93.3 

Forest Site 1 -53.3 -65.7 -2.1 15.6 63.6 

Forest Site 2 -26.3 -38.1 23.8 17.5 61.9 

P
h

as
e 

II
I 

Wetland 10.0 -58.9 83.5 48.5 142.4 

Creek -7.4 -195.8 34.3 41.4 230.1 

Forest Site 1 11.0 -47.8 70.5 39.9 118.2 

Forest Site 2 -1.3 -23.4 22.5 13.0 45.9 

P
h

as
e 

IV
 Wetland -51.1 -79.5 4.2 22.3 83.7 

Creek -33.9 -86.0 -3.3 18.7 82.6 

Forest Site 1 -30.1 -63.6 0.7 16.1 64.2 

Forest Site 2 -16.7 -43.5 7.1 13.7 50.7 

P
h

as
e 

V
 Wetland 111.5 -4.0 244.0 93.9 248.0 

Creek 56.1 -48.2 98.6 38.1 146.8 

Forest Site 1 56.3 -20.9 129.2 47.8 150.1 

Forest Site 2 24.8 -6.8 58.7 22.8 65.5 
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Table 3 Mean, minimum, and maximum values, as well as standard deviation (SD) 

and interquartile range (IQR) of percent change for CH4 fluxes during the 

experiment (Phases I to V) for each soil. 

 % Change CH4 

 Soil Mean Minimum Maximum SD IQR 

A
ll

 P
h

as
es

 Wetland -826.0 -14973.7 276.6 2226.5 15250.3 

Creek 994.6 -5876.9 50988.4 3946.8 56865.4 

Forest Site 1 443.8 -2341.9 5726.6 1332.3 8068.5 

Forest Site 2 -320.8 -31832.8 2304.0 1980.8 34136.8 

P
h

as
e 

I 

Wetland 45.0 -17.8 265.2 70.6 283.0 

Creek 56.1 -86.5 402.4 90.1 489.0 

Forest Site 1 33.4 -3.9 78.4 26.7 82.3 

Forest Site 2 15.7 -12.2 38.6 14.5 50.8 

P
h

as
e 

II
 Wetland -23.4 -99.8 266.5 105.5 366.3 

Creek -1085.6 -5617.5 1604.2 1560.5 7221.7 

Forest Site 1 -98.5 -460.2 76.2 82.4 536.5 

Forest Site 2 -93.8 -478.6 66.5 76.6 545.2 

P
h

as
e 

II
I 

Wetland -54.3 -103.9 276.6 80.6 380.5 

Creek 54.6 -5876.9 6735.4 1155.1 12612.4 

Forest Site 1 -99.8 -221.1 281.5 47.5 502.5 

Forest Site 2 -83.8 -186.4 455.3 62.9 641.7 

P
h

as
e 

IV
 Wetland -104.7 -266.8 5.2 40.7 272.0 

Creek -91.2 -102.0 -39.9 14.6 62.1 

Forest Site 1 -268.6 -2341.9 384.0 481.8 2725.9 

Forest Site 2 -767.5 -7467.7 2304.0 1493.7 9771.7 

P
h

as
e 

V
 Wetland -2503.9 -14973.7 -20.0 3377.6 14953.7 

Creek 3631.5 -118.5 50988.4 5964.4 51107.0 

Forest Site 1 1614.2 -793.0 5726.6 1863.1 6519.6 

Forest Site 2 -649.7 -31832.8 87.3 3373.5 31920.0 
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Table 4 Mean, minimum, and maximum values, as well as standard deviation (SD) 

and interquartile range (IQR) of percent change for N2O fluxes during the 

experiment (Phases I to V) for each soil.  

 % Change N2O 

  Mean Minimum Maximum SD IQR 

A
ll

 P
h

as
es

 Wetland 54.5 -828.2 1749.8 384.7 2578.0 

Creek 58.8 -174.3 675.1 180.2 849.5 

Forest Site 1 3639.6 -113.2 55024.3 8799.2 55137.4 

Forest Site 2 -13699.9 -224510.8 2687.7 39313.5 227198.5 

P
h

as
e 

I 

Wetland -15.1 -148.4 141.8 67.7 290.2 

Creek 99.4 -49.0 287.7 96.4 336.7 

Forest Site 1 -57.3 -113.2 51.5 43.8 164.7 

Forest Site 2 817.7 -1012.9 2687.7 963.4 3700.6 

P
h

as
e 

II
 Wetland -38.1 -238.8 211.3 88.0 450.2 

Creek -49.2 -150.6 257.3 101.1 407.9 

Forest Site 1 17789.1 -82.9 55024.3 13052.8 55107.2 

Forest Site 2 -61398.7 -224510.8 2066.9 68849.2 226577.7 

P
h

as
e 

II
I 

Wetland 347.7 -489.1 1749.8 521.8 2238.8 

Creek 101.7 -123.5 675.1 222.1 798.7 

Forest Site 1 2205.8 -59.4 19955.0 5279.2 20014.4 

Forest Site 2 -11184.3 -115411.1 394.5 30059.6 115805.6 

P
h

as
e 

IV
 Wetland -245.1 -828.2 713.0 345.7 1541.2 

Creek 171.0 -101.4 637.7 268.0 739.1 

Forest Site 1 14.9 -38.8 168.4 35.6 207.2 

Forest Site 2 160.8 5.2 308.4 80.9 303.2 

P
h

as
e 

V
 Wetland -91.1 -175.7 -2.5 39.2 173.2 

Creek 25.1 -174.3 206.8 94.5 381.2 

Forest Site 1 -18.4 -63.8 192.2 73.4 256.0 

Forest Site 2 -68.6 -99.6 242.7 65.5 342.4 



 

 

36 

Table 5 The percentages each soil (Wetland, Creek, Forest Site 1, Forest Site 2) 

contributed to the global warming potential (GWP) over the entire 

experiment for different combinations of greenhouse gases (CO2, CH4, 

and N2O), illustrating the importance of measuring multiple greenhouse 

gases for 100 year and 20 year global warming potential (GWP) 

scenarios. 

  

100 Year GWP Wetland Creek Forest Site 1 Forest Site 2 

CO2 16.7% 33.6% 24.6% 25.1% 

CH4 78.8% 21.2% 1.9% -2.0% 

N2O 0.8% 2.2% 41.0% 56.1% 

CO2 and CH4 25.2% 32.0% 21.5% 21.4% 

CO2 and N2O 1.7% 4.1% 40.0% 54.2% 

CO2, CH4, and N2O 2.5% 4.2% 39.7% 53.7% 

20 Year GWP Wetland Creek Forest Site 1 Forest Site 2 

CO2 16.7% 33.6% 24.6% 25.1% 

CH4 52.4% 42.9% 6.1% -1.3% 

N2O 0.4% 7.6% 27.3% 64.7% 

CO2 and CH4 20.0% 34.5% 22.9% 22.7% 

CO2 and N2O 13.9% 29.2% 25.1% 31.8% 

CO2, CH4, and N2O 16.9% 30.3% 23.6% 29.2% 
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FIGURES 

 

Figure 1 Time series of hourly data of GHGs (CO2 CH4, and N2O) and volumetric 

water content (VWC) for Wetland (a, e, i, m) Creek (b, f, j, n), Forest Site 

1 (c, g, k, o), and Forest Site 2 (d, h, l, p) soils. Vertical dashed lines 

represent the application of each water pulse. Roman numerals I-V 

denote Phases of the experiment. 
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Figure 2 Principal Component Analysis (PCA) including fluxes of GHGs (CO2 CH4, 

and N2O), measurements of porewater chemistry (Eh, pH, Fe, S, NO3
-), 

and volumetric water content (θ) for all soils during Phases II, III, IV, 

and V (a, b, c, and d). Soils are represented by colored points: Purple 

represents the Wetland, Green represents the Creek, Red represents 

Forest Site 1, and Blue represents Forest Site 2. 
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Figure 3 Means of percent C (a), percent N (b), and C:N ratio (c), for all soil locations 

before and after the re-wetting experiment. Significant differences 

between pre and post experimental conditions for C and N were found in 

the Wetland (**, p<0.001) and Forest Site 2 (*, p<0.05) soils. Forest Site 

2 also showed a significant difference for pre and post experimental C:N 

(**, p<0.001) . Error bars display one standard deviation from the mean. 

Solid bars indicate pre-experimental values. Patterned bars indicate post-

experimental values. 
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Figure 4  DGGE gel (a) showing differences in bands (arrows) for pre and post 

experiment conditions, labeled by soil (Wetland, Creek, Forest Site 1, 

and Forest Site 2), and Non-metric Multidimensional Scaling (NMDS) 

plots of bacterial community structure based on presence/absence of 

DGGE banding patterns (b). Shifts in Microbial Community Structure 

between the beginning (open markers) and end (closed markers) of the 

experiment were shown from samples of Wetland (triangles), Creek 

(diamonds), Forest Site 1 (squares), and Forest Site 2 (circles) soils. 
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Figure 5 Cumulative mean daily concentrations of CO2 (a), CH4 (b), and N2O, given 

as g m-2, for the Wetland (solid line), Creek (dashed line), Forest Site 1 

(dotted line) and Forest Site 2 (dash-dotted line) soils. The cumulative 

amounts are total summations of each gas, for each soil, generated during 

the experiment. The cumulative amounts of each greenhouse gas, 

generated over the whole of the experiment, can then be converted into 

CO2 equivalences (CO2-eq), which illustrates the global warming 

potentials as CO2-eq for each soil.  
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Chapter 3 

FUTURE APPLICATIONS AND POLICY IMPLICATIONS 

This experiment provided unique insight to GHG flux dynamics for CO2, CH4, 

and N2O from soils which were subjected to extreme inundated conditions through 

repeated water pulses. High temporal frequency measurements successfully monitored 

these rapidly changing conditions in soil moisture, and GHG fluxes, and discrete 

measurements of porewater and soils for chemical and microbial analysis. Future 

experiments would also benefit from coupling near-continuous, high temporal 

frequency measurements with soil moisture and temperature, and should also include 

continuous measurements of Eh. Furthermore, such datasets could be useful for 

modeling applications, which would be able to simulate potential changes to GHG 

fluxes as a result of extreme hydrologic events.  

The impacts of extreme events are often threshold based, and highly nonlinear 

(Frank et al. 2015). An extreme weather event is defined as such if it breaches a 

threshold of observed values for a particular reference period of time. The water 

pulses administered during the experiment led to abnormally wet conditions within 

soils, although they did not replicate the amount of rainfall from a specific storm 

event. Although historic measurements could have been used to apply an equivalent 

amount of water deposited during large storms, such as hurricane Irene, it was decided 

that to avoid overflow of water from mesocosms, and thus loss of water, dissolved 

solutes, and soil, that we reduced the size of the pulses, while also creating and 

maintaining the extreme wet conditions.  
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Soil sampling locations were selected to explore the potential for change 

among different soils, and account for the wide range of natural variation present 

within our study site. The requirement for a continuous power supply for these 

instruments, the limitations of extension cable lengths which reach 16m, and the high 

cost of instrumentation presented a challenge for replication of measurements in our 

experimental design. Furthermore, this multiplexed system can only activate 

measurements for one chamber at a time. Thus, the experiment focused on changes at 

high temporal frequency, rather than a traditional experimentalist approach involving 

high spatial replication. We also utilized 20cm diameter soil collars for our 

mesocosms, in favor of smaller cores, and increasing the number of automated 

chambers used during the experiment.   

We were also unable to account for the natural hydrologic connectivity of soils 

along the topographic gradient from which we sampled. Other experiments have 

prevented the lateral flow of water and transport of solutes while exploring the 

influence of water on GHG fluxes from soils (Xu and Luo 2012), and although 

influence of lateral transport of solutes is important and occurs naturally (Creed and 

Beall 2009), it was unrealistic for us to do so in this  experiment. This was due to the 

necessary arrangement of mesocosms in the laboratory and the manner in which our 

instruments measure. Each chamber must form a seal over the PVC collars to properly 

measure gas concentrations and calculate gas flux, without which accurate automated 

high temporal frequency chamber measurements are rendered impossible. Creating an 

artificial gradient would have required a large removal of soils from the sampling 

location, which would have been disruptive to both the watershed and the soils, and 

would not have allowed us to maintain intact mesocosms. It would also increase the 
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risk of an improper placement of soil collars, leading to lateral diffusion of GHGs, and 

an underestimation of GHG fluxes (Görres et al. 2015).  

Policy solutions and management strategies to mitigate the impacts of extreme 

events on GHG fluxes from soils should be proactive, pragmatic, and equitable. The 

relationship between societal interactions with an ecosystem requires communication 

between scientists and policymakers. Additionally, any policy decisions made with 

regards to attempts to mitigate GHG fluxes from soils should ensure that they meet the 

needs of, recognize, and include the knowledge and voices of vulnerable populations 

(e.g.: resource-based communities, and indigenous peoples) (Lynn et al. 2011). In 

light of the unprecedented changes in magnitude of GHG fluxes observed in this 

experiment, it is possible that extreme events could inhibit CO2 fluxes, but promote 

fluxes of CH4 and N2O which due to the unique GWP of each gas (IPCC 2007) could 

exacerbate global warming. The “Fraction Attributable Risk” or FAR method 

describes the proportion of the probability of an extreme event occurring due to 

increased concentrations of atmospheric GHGs, and has also been used in analysis of 

northern-hemisphere rainfall (McGee et al. 2013). Perhaps using this as a metric for 

exploring feedback of soil GHG flux responses to extreme events addition to GWP 

would be useful in future studies.  
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Appendix 

SUPPLEMENTARY MATERIALS 

Supplementary material 1 – Examples of changing concentrations of CO2 (a), 

CH4 (b) and N2O (c), in parts per million, from the Picarro G2508 during 

measurements. These concentrations were used to calculate gas fluxes for each 

greenhouse gas using equation 1.  
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Supplementary material 2 – Percent change of CO2 for each soil, by Phase. 

Wetland soil, phases I-V (a-e); Creek soil, phases I-V (f-j); Forest Site 1 soil, phases I-

V (k-o); Forest Site 2 soil phases I-V (p-t). 
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Supplementary material 3 – Percent change of CH4 for each soil, by Phase. 

Wetland soil, Phases I-V (a-e); Creek soil, Phases I-V (f-j); Forest Site 1 soil, Phases 

I-V (k-o); Forest Site 2 soil Phases I-V (p-t). 
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Supplementary material 4 – Percent change of N2O for each soil, by Phase. 

Wetland soil, Phases I-V (a-e); Creek soil, Phases I-V (f-j); Forest Site 1 soil, Phases 

I-V (k-o); Forest Site 2 soil Phases I-V (p-t). 
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Supplementary material 5 – Relationships between greenhouse gases for each 

of the soils. Error bars represent one standard deviation. Mean gas fluxes for each 

Phase were calculated and used to generate the five points for each panel. Only one 

combination of greenhouse gases for the Wetland soil had a significant (p<0.05) linear 

relationship (c). 
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Supplementary material 6 – Relationships between greenhouse gas fluxes and 

different variables for porewater chemistry from the Wetland soil. Error bars represent 

one standard deviation. Mean values for Phases II-V were used, as porewater samples 

were not extracted in Phase I of the experiment. Only CO2 and Sulfur showed a 

significant (p<0.05) linear relationship (j). 
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Supplementary material 7 – Relationships between greenhouse gas fluxes and 

different variables for porewater chemistry from the Creek soil. Error bars represent 

one standard deviation. Mean values for Phases II-V were used, as porewater samples 

were not extracted in Phase I of the experiment. Only CO2 and Sulfur showed a 

significant (p<0.05) linear relationship (j). 

 



 

 

59 

 

Supplementary material 8 – Relationships between greenhouse gas fluxes and 

different variables for porewater chemistry from the Forest Site 2 soil. Error bars 

represent one standard deviation. Mean values for Phases II-V were used, as porewater 

samples were not extracted in Phase I of the experiment. Only N2O and Iron showed a 

significant (p<0.05) linear relationship (i). 
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Supplementary material 9 – Global Warming Potential values as CO2 

equivalencies (CO2-eq) of GHG fluxes in g m-2, using 20 and 100 year Global 

Warming Potential values for each of the four soils (Wetland, Creek, Forest Site 1, and 

Forest Site 2) for the entire length of the experiment. 

 

 CO2 g m-2 CH4  (CO2-eq) g m-2 N2O (CO2-eq) g m-2 

 20 and 100 Year GWP 

20 Year  

GWP 

100 Year  

GWP 

20 Year  

GWP 

100 Year  

GWP 

Wetland 155.94 49.15 116.18 0.84 109.38 

Creek 314.07 40.22 31.26 14.6 309.66 

Forest Site 1 229.62 5.7 2.81 52.11 5917.68 

Forest Site 2 233.88 -1.2 -2.9 123.69 8089.43 
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Supplementary material 10 – Loadings from principal component analysis 

including eigenvalues for Component 1 and Component 2, as well as the loadings for 

porewater chemistry (pH, Eh, Fe, S, and NO3
-), greenhouse gas fluxes (CO2, CH4, and 

N2O), and volumetric water content (θ). 

 

Eigenvalues Phase II Phase III  Phase IV Phase V 

 Eigenvalue Percent Eigenvalue Percent Eigenvalue Percent Eigenvalue Percent 

1 5.08 56.45 3.56 39.58 4.04 44.94 3.66 40.63 

2 3.03 33.64 1.83 20.34 2.31 25.62 1.72 19.16 

Loadings Phase II Phase III  Phase IV Phase V 

 PC1  PC2 PC1 PC2 PC1 PC2 PC1 PC2 

CO2 0.98 0.14 0.68 0.65 0.81 0.18 0.77 0.19 

N2O 0.98 0.01 -0.03 0.18 -0.04 0.88 -0.18 0.82 

CH4 -0.56 0.51 0.73 -0.22 0.51 0.20 0.59 -0.21 

pH -0.88 -0.42 0.90 -0.28 0.89 -0.04 0.87 0.12 

Eh 0.92 0.24 -0.48 0.62 -0.48 0.07 -0.33 -0.31 

NO3- 0.99 -0.01 0.41 0.66 0.83 -0.42 0.69 -0.17 

Fe -0.41 0.90 0.50 -0.36 0.10 0.93 -0.30 0.69 

S -0.25 0.93 -0.68 0.28 -0.75 -0.56 -0.63 -0.58 

θ 0.17 0.92 -0.81 -0.47 -0.92 0.34 -0.92 0.13 
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Supplementary material 11 – Porewater concentrations for Nitrate (NO3
-) from 

samples drawn from the Wetland (solid line, open squares), Creek (dotted line, open 

circles), Forest Site 1 (short dashed line, open upward triangles), and Forest Site 2 

(long dashed line, open downward triangles) soils. 

 


