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Hydrologic Regime and Soil Property Interactions in a Drained Peatland

Clayton S. Word

ABSTRACT

Globally, peatlands are vulnerable to degradation via drainage, with consequences for
ecosystem structure and function such as increased fire vulnerability, soil oxidation, and altered
vegetation composition. Peatland function is largely dependent on hydrologic regimes and their
influences on the accumulation and properties of peat soil. Therefore, an understanding of soil-
hydrology interactions is needed to inform management in drained peatlands, including
expansive systems such as the Great Dismal Swamp (GDS; Virginia and North Carolina, USA)
where hydrologic restoration is underway. Two physically distinct soil layers have been
observed at GDS, the upper layer thought to be a result of past drainage and the lower layer more
representative of an undisturbed state. To understand the occurrence and consequences of these
distinct layers, we integrated continuous water level data, peat profile characterization, and
analyzed soil physical and hydraulic properties. The transition from upper to lower peat soil
layers typically occurred at depths below contemporary water level observations, suggesting that
the upper layer may be a result of historical drainage with limited recovery following hydrologic
restoration. We also found distinct differences between the properties of the two layers, where
upper layers had lower fiber and organic matter contents and higher bulk densities. Further,
upper layers had higher proportions of macropores, resulting in an overall lower water retention
capacity. These differences in layer properties suggest the upper layer is more susceptible to
drying, increasing fire vulnerability, oxidation, and shifts in vegetation composition that do not

support current management objectives.
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Clayton S. Word

GENERAL AUDIENCE ABSTRACT

Peatlands provide many valuable ecosystem services, including carbon storage, water
quality maintenance, and habitat provision. However, peatlands have been subjected to centuries
of drainage (i.e., lowered water levels) to support timber harvesting, land conversion, and other
land use actions. Drainage and the resulting drier conditions can lead to soil carbon loss,
increased fire vulnerability, and changes in vegetation communities. Additionally, peatland
drainage has consequences for peat soil properties and their role in ecosystem services. In an
effort to restore peatland ecosystem services, hydrologic restoration, usually in the form of water
control structures, is often implemented to reduce drainage and reestablish historical water
levels. To guide restoration practices, research is needed to understand how drained peat soils
respond to such hydrologic management. In this study, we investigated peat soil profiles, current
water level regimes, and soil properties at the Great Dismal Swamp (Virginia and North
Carolina, USA), a drained peatland currently undergoing hydrologic restoration. We found a
visibly distinct upper soil layer, which we suggest developed as a result of past drainage and with
little recovery under restored, wetter conditions. We also found that this upper layer has altered
soil properties and thus is more vulnerable to drying, with implications for ecosystem function
such as fire vulnerability, carbon sequestration and vegetation composition. Together, our
findings will help inform restoration and water level management at GDS and our understanding

of drained peatlands more broadly.
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1. Introduction

1.1 Peatlands: Extent and Function

Peatlands are a type of wetland system characterized by their deep organic soils, having
by definition greater than 30% organic matter and an organic surface layer at least 40 cm deep
(Joosten and Clark, 2002; Soil Survey Staff, 2014). Peatlands vary in their classification
depending on hydrology, species composition, and degree of decomposition (Bridgham et al.,
1996). In the U.S. system of soil taxonomy, peat soils are classified as Histosols and further
categorized based upon their fiber content, such that fibric soils (peats) have > 67% fiber content,
hemic soils (mucky peats) have 33% - 67% fiber content, and sapric soils (mucks) have < 33%
fiber content (ASTM, 2013; Soil Survey Staff, 2014; Kolka et al., 2016; Vasilas et al., 2017).
Peatlands are the most prevalent wetland type in the world, making up 50-70% of all wetlands
(Joosten and Clark, 2002). They exist across large latitudinal gradients, with approximately 80%
of the world’s peatlands located in boreal regions, 15-20% located in the tropics, and less than
5% in temperate regions (Lappalainen, 1996; Rein et al., 2008). Peatlands occupy only 3%, or 4
million km?, of the Earth’s land surface (Joosten and Clark 2002; Xu et al., 2018) but
disproportionately contribute to terrestrial ecosystem services.

Peatlands provide a suite of ecosystem services including carbon sequestration and
storage, water quality and storage, and habitat for unique flora and fauna (Joosten and Clark,
2002). For example, peat soils are responsible for one-third of all terrestrial soil carbon (Yu et
al., 2010; Page et al., 2011; Turetsky et al., 2014), or approximately equal to that of carbon in the
atmosphere (Ciasis et al., 2013). Additionally, peatland soils play important roles in water
quality maintenance (e.g., through elemental storage and removal; Martin-Ortega et al., 2014)

and in flood mitigation and regulation (Bonn et al., 2016). Moreover, the unique conditions of



peat soils (e.g., water-logged, acidic, and nutrient poor) select for highly specialized organisms,
increasing global biodiversity (Minayeva et al., 2016). Such peatland functions are largely
dependent on peat soil profiles and properties that develop with persistent soil saturation (Clymo,
1984; Belyea and Clymo, 2001).

1.2 Peat Soil Properties

Peat formation is a defining and functionally important characteristic of peatland systems
that is driven by soil moisture dynamics and, in turn, influences hydrologic and carbon cycles.
Peat is formed when organic matter inputs exceed the rate of decomposition, as is common in
anerobic wetland soils (Belyea and Clymo, 2001; Mitsch and Gosselink, 2007). The rate of
decomposition within the soil profile is thus largely controlled by water table and associated soil
moisture regimes (Clymo, 1984). The degree of decomposition further serves to influence peat
soil physical properties (e.g., bulk density, fiber content, pore structure) with documented
feedbacks to site hydrology and soil moisture dynamics (Boelter, 1968; Belyea and Clymo,
2001; Verry et al., 2011).

There are also depth-dependent differences in physical and hydraulic properties along the
soil profile that relate to age and degree of decomposition (Fig. 1). That is, organic matter
deposits that occur above the water table experience more frequent aerobic conditions, and thus
have higher decomposition rates, yet are less decomposed than deeper layers due to age (Clymo
et al., 1998). As a consequence, the degree of peat decomposition and thus bulk density typically
increase with depth (Boelter, 1968; Clymo, 1984); whereas total porosity, macroporosity, and
fiber content have been shown to decrease with depth (Boelter, 1968; Verry et al., 2011). With
these gradients in physical properties, there are often coincident gradients in important hydraulic

properties, such as decreases in hydraulic conductivity and increases in moisture retention with



depth (Boelter, 1968, Verry et al., 2011). The combined effects of these properties have
reciprocal feedbacks to soil moisture regimes and thus vegetation communities (Joosten and
Clark, 2002), carbon sequestration rates (Clymo et al., 1998), and vulnerability to peat-
consuming fires (Turetsky et al., 2014). However, peatlands are commonly degraded via
drainage, a widespread disturbance that has consequences for peat soil properties and resulting
ecosystem functions (Holden et al., 2006), calling for both research and restoration efforts
focused on the interactions among hydrologic regimes and soil properties within drained

peatlands.

Property

Depth/Age

Figure 1: Conceptual model of peat soil properties associated with depth, age, and degree of
decomposition. With increasing depth, and thus degree of decomposition, fiber content decreases
and bulk density increases, which in turn affect moisture retention properties such as porosity
and pore size distribution (macroporosity).

1.3 Peatland Disturbance

Globally, peatlands have lost approximately 486,000 km? of their land area since 1800,

which represents a decrease of 11% in total area (Yu et al., 2010; Kolka et al., 2016). The



primary mode of peatland degradation is through hydrologic alteration via drainage (Gorham and
Rochefort, 2003), where ditch features are commonly used to facilitate forestry, road
construction, and peat harvesting operations (Turetsky and Louis, 2006). The resulting lowered
water tables have documented impacts on biogeochemical processes, fire vulnerability, and
vegetation communities (Joosten and Clark, 2002: Turetsky and Louis, 2006). The consequence
of soil oxidation on carbon storage is widely recognized, with estimates of carbon loss in
disturbed peatlands ranging from to 0.25 — 26 t CO»-C ha'! yr'! (IPCC, 2014). Additionally,
reduced soil moisture in drained peatlands has increased the frequency and extent of smoldering
fires (Turetsky et al., 2014), which can further release large amounts of carbon (Page et al.,
2011) and be extremely difficult to extinguish (Rein et al., 2008). Last, lowered water tables can
favor facultative over obligate wetland species, especially during forest regeneration, degrading
overall vegetation composition (Atkinson et al., 2003).
1.4 Disturbance Effects on Peat Properties

More frequent aerobic conditions from drainage can lead to increased peat soil oxidation,
which initiates a cascade of changes in peat soil properties, particularly in upper soil layers.
Specifically, increased oxidation often leads to increased bulk density, decreased fiber content,
and decreased pore volume (Kechavarzi et al., 2010; Leifeld et al., 2011). Undisturbed upper
peat layers experience more frequent aerobic conditions and thus higher decomposition rates
compared to lower layers, but depth differences in age and thus degree of decomposition
typically result in the profile depicted in Figure 1 (i.e., lower bulk density in upper layers;
Boelter, 1968; Clymo, 1984). Drainage and even further increases in oxidation may alter this
general depth-dependent profile, such as increasing bulk density in upper layers (Kechavarzi et

al., 2010).



Drainage and more frequent soil drying have also been shown to cause peat shrinkage,
which can further affect upper soil properties including permanent changes to soil structure and
associated moisture retention properties (Pdivanen, 1982; Schwirtzel et al., 2002). Peat soil
shrinkage and residual swelling are normal in peatlands and known as “mire breathing”
(Schwirtzel et al., 2002). However, drying-induced shrinkage can become irreversible when
peats are exposed to long-term and intensive drainage events (Schwirtzel et al., 2002; Peng et
al., 2007; Gebhardt et al., 2009). This soil shrinkage can lead to distinguishable changes in pore
structure in upper peat layers (Schwirtzel et al., 2002; Verry et al., 2011), the magnitude and
depth of which are determined by factors such as degree of decomposition and antecedent water
content (Pédivinen, 1982). The resulting altered pore structure can have important consequences
for water retention properties (Schwirtzel et al., 2002, Peng et al., 2007; Peng and Horn, 2007).
Specifically, shrinkage can increase macroporosity, which in turn reduces capillary rise and
increases hydraulic conductivity, while decreasing overall moisture retention (Wallor et al.,
2018). These changes in pore structure and drying-induced hydrophobicity limit the recovery of
peat soil structure with rewetting (Dekker and Ritsema, 1996; Peng et al., 2007; Peng and Horn,
2007). Consequently, peatland drainage can lead to persistent changes in physical and hydraulic
peat properties, further affecting long-term soil moisture regimes and associated ecosystem
functions.

1.5 Peatland Restoration

Globally, drained peatlands are undergoing restoration practices to reestablish historical
hydrologic regimes in an effort to restore desired ecosystem properties and functions. Hydrology
is often restored through the installation of water control structures in ditches, ditch filling, or

plugging of other drainage features (Chimmer et al. 2016). A common goal of reestablishing



previous hydrologic regimes is for peat-forming species, like Sphagnum and Carex spp., to
recolonize and support peat soil accumulation (Gorham and Rochefort, 2003). Water levels are
also managed to enhance regeneration of other obligate wetlands species and to reduce fire
vulnerability (Chimmer et al. 2016). However, potential and irreversible changes in water
retention properties of degraded peat soils represents an important, and largely unrecognized,
challenge for such restoration efforts. Thus, an improved understanding of the occurrence and
consequences of degraded peat soil properties is needed to effectively manage and restore
drained peatland systems.
1.6 Objectives

Here, we examine interactions between hydrologic regimes and soil properties in the
Great Dismal Swamp National Wildlife Refuge (GDS), an intensively drained forested peatland
system located in southeastern Virginia and northeastern North Carolina, USA. Specific
objectives include:

1. Relate thickness of the upper peat soil layer with long-term water levels.

2. Contrast the physical and hydraulic properties of upper and lower peat soil layers.



2. Materials and Methods

2.1 Study Site

This study took place in the Great Dismal Swamp National Wildlife Refuge (GDS), a
drained, forested peatland currently undergoing hydrologic restoration under the management of
the U.S. Fish and Wildlife Service. GDS is located on the border of southeastern Virginia and
northeastern North Carolina (36.6201, -76.5599). Climate at GDS is temperate, characterized by
long humid summers and mild winters. Mean annual precipitation is 128 cm, and mean annual
temperature is 16°C (1981-2018; PRISM Climate Group). GDS has deep, organic-rich soils
mapped as Typic Haplosaprists (Soil Survey Staff, 2020) but is typically described as a peatland
(e.g., Atkinson et al., 2003; Eggleston et al., 2018) following general peatland definitions as
wetland systems with deep (> 40 cm) Histosols (Joosten and Clark, 2002; Kolka et al., 2016).

GDS once extended over more than contiguous 500,000 ha (Osborn, 1919), characterized
by peat depths greater than 4 m and dominated by stands of Atlantic white-cedar
(Chamaecyparis thyoides), bald-cypress (Taxodium distichum), black gum (Nyssa sylvatica), and
swamp tupelo (Nyssa biflora) (Whitehead, 1972; Levy, 1991). Beginning in the mid-18%
century, ditches were installed across GDS to lower water tables and accommodate timber
harvesting (Levy, 1991). The lowered water tables resulted in an increase in aerobic conditions,
increasing peat soil oxidation and subsidence (USFWS, 2006; Chimmer et al., 2016). Further,
lower soil moisture regimes are thought to be responsible for the now widespread dominance of
red maple (Acer rubrum; Whitehead, 1972) and loss of obligate wetland species (e.g., bald-
cypress, Atlantic white-cedar; Atkinson et al., 2003). Lastly, drier conditions have increased
vulnerability to smoldering fire, including two recent wildfires that burned up to 1 m depth of

peat and released approximately 1.70 Tg of carbon to the atmosphere (Sleeter et al., 2017).



In 1973, GDS became a National Fish and Wildlife Refuge (NFWR), and has since been
preserved and managed for habitat and carbon storage functions. Today, GDS occupies 45,000
ha and includes a 240 km ditch network (Atkinson et al., 2003; Eggleston et al., 2018) from over
two centuries of drainage. Since becoming a NFWR, water control structures have been installed
throughout this ditch network to raise water levels, with the goals of increased carbon
sequestration, biodiversity, and reduced fire vulnerability (Wurster et al., 2016). Due to historical
drainage, however, GDS soils have likely been altered and are now characterized by two distinct
layers, an upper peat soil layer (hereafter referred to as upper layer) that has a weak subangular
blocky structure, and a lower peat soil layer (hereafter referred to as lower lower) that that is

more massive and sapric (Soil Survey Staff, 2020) (Fig. 2).

Upper Layer

Mineral Soil

Figure 2: Left, 50-cm soil core taken from GDS, highlighting both upper (subangular blocky
structure) and lower (massive structure) peat layers. Right, conceptual schematic of peat layers at
GDS with an upper layer, thought to be an artifact of historical drainage, and a lower layer,
thought to be less disturbed, underlain by mineral substrate. The location of the water table
fluctuates throughout the profile.



2.2 Plot Selection and Layout

To evaluate spatial variation in soil layer depths, water table dynamics, and soil physical
and hydraulic properties within GDS, we established 16 plots (Fig. 3), co-located with existing
water table monitoring wells (managed by GDS staff). Plots were selected under the following
criteria: they existed on peat deposits; had overlapping water level data of at least 2.5 years; and
had no changes to water level management over that time period (i.e., no changes to water
control structures near that plot that would change contemporary hydrologic regime). Each plot
consisted of three subplots, each located 8 m from the well (plot center) on azimuths of 0°, 120°

and 240°. If a subplot location fell on any obstruction (e.g., tree, cypress knees, roots), the

transects were rotated 10° clockwise until there were no longer any obstructions.
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Figure 3: Map of organic soil thickness, plot locations, and ditch networks at the Great Dismal
Swamp National Wildlife Refuge.
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2.3 Objective 1: Relating Soil Profiles to Hydrologic Regime
2.3.1 Soil Profile Characterization

At each subplot, total peat soil depth, layer depth and thickness, and water table depth
from ground surface were measured. Total peat soil depth was measured using a soil rod (Fig.
4A), pushed by hand until refusal by the underlying mineral layer. Individual layer depths and
thicknesses were measured using intact cores from a Russian Sediment/Peat Borer (AMS, Inc.,
American Falls, Idaho, USA) (Fig. 4B). The Russian peat borer takes 50 cm long intact cores,
which were extracted sequentially until all organic layers were represented. Layers were
identified in the field by qualitative characteristics, where upper layers were characterized by
coarse, sub-angular blocky structure and lower layers exhibited a massive muck structure, more
typical of undisturbed Haplosaprists (Figure 2; Soil Survey Staff, 2020). Each layer was then

measured for depth and thickness.

a - 4—Ground
. "’ - . h - surface

) . - ’ Upper
.L/ . - i . . Peat

Total peat depth

S
Figure 4: Subplot soil profile characterization (all subplots) and sampling (one subplot per plot)
including: (A) soil rod for total organic soil depth, (B) Russian peat borer used to characterize
upper and lower soil layers, (C) 5 cm % 5 cm bulk density sampler ring for upper soil layer
sampling, and (D) 5 cm x 25 cm hand core sediment sampler tube for lower soil sampling. Used

with permission from Trevor Amestoy, Research Undergraduate Fellow, Virginia Tech Institute
for Critical Technology and Applied Science.
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2.3.2 Water Table Regime Characterization

Sub-daily (30 minute) water table data (March 2017 to September 2019) at each plot
center were obtained from either the USGS National Water Information System (U.S. Geological
Survey, 2016) or GDS staff, depending on well ownership. To estimate water table depth
regimes at each subplot, we surveyed each subplot’s ground surface elevation relative to ground
surface at the well (i.e., plot center). To do so, a clear rubber hose (0.85 cm in diameter) filled
with water was used as a manometer (FAO, 1985). We then calculated water table depths based
on the difference between the surface elevations at each subplot and the water elevations at the
plot center, assuming a locally flat water table. To validate the assumption of a flat water table,
we compared differences between subplot and plot center water table depths observed at time of
soil characterization versus their surveyed elevation differences, which resulted in a significant
linear relationship (R? = 0.86, p < 0.001) with a slope of 0.94. We then used the water table
depth data to determine several metrics for each subplot, including mean, median, standard

deviation, 25", 75" and 95" percentiles, and cumulative density functions (CDF).

2.3.3 Relationships Between Upper Layer Thickness and Water Table Metrics

To relate soil profiles to hydrologic regimes, we conducted a Spearman’s correlation (o =
0.05) between observed upper layer thicknesses and the suite of water table depth metrics, where
data were checked for normality using the Shapiro-Wilk normality test. For this specific analysis,
we excluded Plot 13, where we did not observe an upper layer (presumably due to a recent soil-
consuming fire; Sleeter et al., 2017). Because some plots did not have a lower layer present, we
conducted these analyses separately for three different plot categories: all plots (except plot 13);
plots with only an upper layer observed; and plots with both upper and lower layers present. We

also used the water table depth CDFs to identify the percentile that coincided with the upper
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layer thickness for each subplot, and then assessed the distribution of these values for each
subplot category. Last, we re-ran this CDF analysis for nine plots with existing water table data
for at least 4.75 years (compared to the 2.5-year record) to extend inferences to longer time
periods.
2.4 Objective 2: Comparing Upper and Lower Layer Properties
2.4.1 Soil Sampling

At one subplot per plot (the 0° azimuth location), soil samples were obtained from the
25%™ 50" and 75" depth percentiles of each observed layer based on characterized soil profiles
(Section 2.3.1). If the observed layer was less than 40 cm thick, then only one sample at the layer
midpoint (50" percentile) was collected. Laboratory analyses for bulk density and hydraulic
properties required intact, field-representative samples. For these samples, two separate sampling
methods were needed due to differences in upper and lower soil structure and position. For all
upper layer samples, a 5 cm diameter x 10 cm long (comprised of two 5 cm segments) Bulk
Density Corer (AMS, Inc., American Falls, Idaho, USA) was used (Fig. 4C), which was
determined most effective at obtaining a representative sample of the coarser upper layer. To
avoid issues of compaction and disturbance we retained only the lower 5 cm segment. For lower
layers, a Hand Core Sediment Sampler (Wildco®, Yulee, Florida, USA) was used to collect
samples in 5 cm diameter x 25 cm long plastic tubes (Fig. 4D), which allowed us to access
deeper soil positions. Once samples were collected, they were wrapped in plastic wrap and stored
at 4°C until further processing and analysis. In the laboratory, lower layer tubes were cut down to
5 cm x 5 cm samples using a rotary hand saw to match the upper layer core dimensions. We also
collected an unconsolidated sample at each sampling depth for destructive laboratory analyses

(organic matter content, fiber content). In the upper layer, the unconsolidated sample was
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collected from the upper 5 cm segment within the bulk density sampler. In the lower soil layer,
the unconsolidated sample was collected from just above the target 5 cm % 5 cm sample that was
cut using a hand saw. Unconsolidated samples were stored in plastic bags until further
processing and analysis.
2.4.2 Laboratory Analysis for Soil Physical and Hydraulic Properties

Collected soil samples were analyzed for the following physical properties: bulk density,
organic matter content, and fiber content. Bulk density (g cm™) was determined using the intact
samples after oven drying samples at 105°C for 24 hours (ASTM, 2008), following hydraulic
property analysis (below). Organic matter and fiber content analyses were conducted using the
unconsolidated grab samples, while the other properties were measured on the intact volumetric
cores. Gravimetric moisture content (W; g/g) of the soils at time of sampling was calculated

using the intact cores by (ASTM, 2020):

M
w=-"2_""2+100 [1]
M,

where My, (g) is the field wet mass of the intact core sample and My (g) is the dry core sample
mass. We then calculated the dry mass of each unconsolidated sample (Mg,; g) using (ASTM,

2013):

My s (2]
My, = |[—— | x100
as [(W n 100)] *

where My (g) is the initial field mass of the unconsolidated sample.

Organic matter content was determined through soil mass loss on ignition at 380°C for 24
hours (ASTM, 2020). Fiber content was determined following ASTM (2013), where samples
were first placed in a 250 mL beaker of 5% sodium hexametaphosphate for at least 15 hours and

then stirred at 240 r min™! for 10 min. This sample solution was poured over a 100-mesh sieve
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and washed with distilled deionized water until the water passing through the sieve ran clear. The
sieve was then placed in a shallow tank of 2% HCI solution for at least 10 minutes and washed
again with distilled deionized water. After washing, any large mineral grains and pieces of plant
material (e.g., roots or wood) greater than 20 mm were removed. The remaining sample was then
washed onto pre-weighed filter paper and placed in a drying oven at 105°C for 24 hours. Fiber
content was determined by taking the dry mass of the fibers divided by the dry mass of the soil
sample.

To determine hydraulic properties for each intact soil sample, we developed moisture
release curves (MRCs) to quantify the relationship between soil water content and matric
potential (expressed here as a positive tension) (Klute, 1986). We constructed MRCs for each
sample by combining tension table approaches (Leamer and Shaw, 1941) for low tensions (1.5,
3, 4.5 and 6 kPa) and pressure plate approaches (Dane and Hopmans, 2002; ASTM International,
2016) for higher tensions (33 and 100 kPa).

The tension table apparatus (Fig. 5) used was designed to the specifications of Leamer
and Shaw (1941). Intact soil core samples (5 cm X 5 cm) were saturated for 24 hours, weighed,
and placed onto the tension table. Tensions were generated by adjusting the height of the leveling
device (E) relative to the middle of the soil cores (G). Four tensions (1.5, 3, 4.5 and 6 kPa) were
applied in increasing order. For each tension, samples were allowed to equilibrate for 24 hours
on the tension table, weighed, and then re-saturated to repeat the process for the following

tension.
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Figure 5: Diagram of the tension table used (redrawn from Leamer and Shaw, 1941): (A) wood
base, (B) pipe nipple, (C) plastic mesh, (D) blotter paper, (E) leveling device, (F) water supply,
and (G) soil sample. Used with permission from Trevor Amestoy, Virginia Tech Institute for
Critical Technology and Applied Science, Research Undergraduate Fellow.

For tensions greater than 10 kPa, the pressure plate extraction method (Dane and
Hopmans, 2002; ASTM International, 2016) was used to induce tensions. Using the same intact
core samples from the tension table experiment, samples were saturated for 24 hours, weighed
and placed on a ceramic plate (10 kPa rated plate) within the pressure chamber. Two pressures
(33 and 100 kPa) were applied in increasing order. After samples reached equilibration (i.e.,
water no longer drained from the sample under the given tension), they were removed from the
chamber, weighed and re-saturated for the following pressure application. Following the final
pressure, samples were oven-dried at 105°C for 24 hours and Mg was determined.

For each tension applied (via both tension table and pressure plate methods), volumetric

water content (VWC; g/cm®) was determined using:

o(h) = (M)x 100 3]

t
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where 6 (h) is VWC at a measured tension (%), M), (g) is the mass of the sample at the measured
tension, and 7; (cm?) is the total sample volume.
The total porosity, ¢, of each sample was calculated as the percentage of total volume

filled by volume of water at saturation and thus equal to VWC at saturation (&):

Ms — My [4]

A variation of the Brooks and Corey (1964) model for water retention was used to
develop MRCs using determined VWC at each applied tension. The function is reduced to:

0229, [5]

o(h) = (6, + 6,) (%)

where parameters /4, (bubbling pressure), ) (pore size index) and O, (residual water content) were
optimized, minimizing the sum of squared residuals.

From the MRCS, a suite of hydraulic properties was derived including microporosity,
macroporosity, plant available water content, specific yield, field capacity, and soil capillary
length. Macroporosity is defined as the proportion of pores that drain under gravity and are ca. >
80 um (Brady and Weil, 2010). Using the Young-Laplace equation, we solved for pore radius (7)
of drained pores at MRC-modeled tensions (4):

. = “2v(cosa) [6]
Pwgh

where v is surface tension, o is contact angle, pyw is the density of water, and g is gravity. The 4 =
15 cm tension equated to an approximate pore radius of 95 pum, so in this study we used that
tension to distinguish macropores (r > 95 um) from micropores (r < 95 pum) (Luxmore, 1981).
Macroporosity (@) as a percentage of total porosity was then calculated using modeled VWC

loss at h =15 (6;5):
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Om = % x 100 7l

Microporosity as a percentage of total porosity was then determined by subtracting the known
macroporosity percentage from 100.

Plant available water (PAW) was determined as the difference in MRC-modeled VWCs
between tensions representing field capacity (33 kPa; Romano and Santini, 2002) and permanent
wilting point (1500 kPa; Brady and Weil, 2010) and was reported as a percentage. Specific yield,
defined as the amount of water loss under gravity (33 kPa), was calculated as the difference
between modeled VWCs at saturation and field capacity and also reported as a percentage
(Romano and Santini, 2002). Capillary length (1) (cm) was calculated using parameters 4, and n
from the modeled MRCs using (Stewart and Abou Najm, 2018):

A= hpn/(1—n) [8]
2.4.3 Comparisons Between Upper and Lower Soil Layer Properties

To evaluate differences in soil properties between layers, we conducted independent two-
sample t-tests (o = 0.05) on each observed property between the upper and lower layers. First,
each data set was tested for normality using the Shapiro-Wilk test (o0 = 0.05). If the data followed
a normal distribution, an F-test was conducted to test for equal variances between the two data
sets. If the variances were equal, then a two-sample student’s t-test was performed. If the
variances were unequal, a Welch’s t-test was conducted instead. If the data sets were found to
not follow a normal distribution, then a nonparametric Wilcoxon sum rank test was performed.

Depending on sample size, we also compared some properties (specifically bulk density,
fiber content, organic matter and total porosity) among sampling locations within the upper layer

using a one-way analysis of variance (ANOVA) (o = 0.05). We tested ANOVA assumptions of

normal distribution by using the Shapiro-Wilk (a = 0.05) test on ANOVA residuals, and
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common variance using the Bartlett test of homogeneity (o0 = 0.05). If the ANOVA did not meet
one or both of the test assumptions, the Kruskal-Wallis rank sum test was used as a non-
parametric alternative. Within-layer statistical tests were not conducted on the lower layer due to
the low sample size at some of the sampling locations.

We also assessed relationships among all observed physical and hydraulic properties
using two different analyses. First, we used a nonmetric multidimensional scaling (NMDS) in R
(R Core Team, 2016), using ‘metaMDS’ function in the ‘vegan’ package (Oksanen et al., 2019).
Soil property data were input as processed and then scaled to normalize using the Wisconsin
double standardization. The analysis was conducted using the Bray-Curtis dissimilarity method,
and a stress test was used to determine goodness-of-fit. The resulting property vectors were fit to
the axes using the ‘envfit’ function to show each parameter’s relationship in ordination space.
Second, we explored correlations among all soil properties using a Spearman’s rank correlation

(0= 0.05).
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3. Results

3.1 Relating Upper Layer Thickness to Hydrologic Regime

Peat soil depth, horizon distribution, and hydrologic regime varied across the Great
Dismal Swamp plot network (Fig. 6). Total peat soil depths ranged from 34 cm to 283 cm across
all plots. Of the 16 plots sampled, eight had both upper and lower layers present whereas seven
plots had only an upper layer present. Plot 13 was located in the fire scar where we only
observed the lower layer likely because the upper layer was consumed in recent fires. Upper and
lower layer thicknesses were variable across plots, ranging from thick upper layers with thin
lower layers (e.g., Plot 9) to thin upper layers with thick lower layers (e.g., Plot 10). There was
also variability in layer thicknesses among subplots within plots, which typically exceeded
subplot variation in ground surface elevation, as seen by comparing error bars in Fig. 6. Plots
experienced variable hydrologic regimes, ranging from very wet sites with daily water tables
existing above the ground surface (i.e., inundated conditions) for much of the year (e.g., Plots 4
and 8), to dry sites with limited inundation (e.g., Plots 3 and 6), to sites with more variable water
table regimes (e.g., Plots 9 and 10). Notably, water tables only crossed the bottom boundary of

the upper layer in seven of our 16 plots: Plots 2, 3, 6, 7, 9, 10, 12.
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Figure 6: Mean ground surface elevation, total peat soil depth, and upper and lower layer
thicknesses across subplots (n = 3) for each surveyed plot, with error bars (1.5 x standard
deviation) denoting variation among subplots. Boxplot (blue) of 2.5-year continuous water table
depths at each plot located to the right of each plot’s soil profile.

We found significant correlations between several water table metrics and upper layer
thickness, noting that analyses were conducted using three subplots per plot while excluding the
recently burned plot 13 (Table 1). When pooling all subplots, there were significant and positive
correlations for 25, mean, median and 75" percentile water table depths, indicating that drier
sites typically exhibited thicker upper layers. An example regression (Fig. 7) displays this
general relationship (via mean water table depth), as well as the range of observed water table
depths and upper layer thicknesses across all subplots. For plots with only an upper layer present,
significant correlations were found for all water table depth metrics, except for standard

deviation. However, there were no significant correlations for the eight plots with both an upper

and lower soil layer present.
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Table 1: Spearman’s correlations between sub-plot upper layer thicknesses and water level depth
metrics for: all plots; plots with only an upper soil layer present; and plots with both upper and
lower layers present. Bold values denote significant correlations (p < 0.05).

Water Table Metrics (m)
25t Mean Median 75" 95t St. Dev.
All Plots (n = 45) 0.43 0.44 0.46 0.41 0.27 -0.16
Upper Only (n =21) 0.49 0.49 0.49 0.49 0.45 0.35
Upper and Lower (n=24) 0.33 0.29 0.31 0.16 -0.10 -0.39
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Figure 7: Upper soil layer depth versus mean water table depth for all subplots. Subplots with
both upper and lower layers (n = 24) are shown in red, and subplots with only an upper layer (n =
21) are shown in blue. Linear regression statistics correspond to analysis of all plots.

Using water table depth CDFs, we also quantified the water table depth percentile that
coincided with the upper layer bottom boundary at each subplot (an example of this analysis is
presented in Figure 8). However, 26 subplots (out of a total of 45) never experienced a water
table below the bottom boundary of the upper layer over the 2.5-year record (Fig. 6), precluding
such an analysis for these subplots. For the remaining 19 subplots, the depths of intersection

between water tables and layer boundaries corresponded to relatively deep water tables. For each
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pooled category (all plots, upper and lower, and upper layer only), the mean depths of
intersection occurred at the 86™ percentile of water table depth, whereas the median probability
for each category ranged from the 87" (for plots with both upper and lower layers) to 92"
percentile (for plots with only an upper layer; Fig. 9). Only three subplots had upper layer
boundaries occur at depths with water table probability values lower than the 80" percentile.
Together, these results indicate that the bottom boundary of the upper layer occurred at
extremely deep water tables (for 19 subplots) or below observed water tables (for 26 subplots)
over the 2.5-year record. Lastly, we repeated this analysis for nine plots (27 subplots) with
available water table data for 4.75 years and found similar results. For these subplots, 12 never
experienced water tables below the bottom boundary of the upper layer, compared to 17 when
assessing their 2.5-year record. For those that did, the upper layer bottom boundary occurred on
average at the 90" water table depth percentile (data not shown), thus extending the general

finding to longer time periods and more variable hydrologic regimes.
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Figure 8: Example of a cumulative density function (CDF) at Plot 6 for subplot water table
depths over the 2.5-year record. Subplot upper layer thicknesses are indicated by the vertical
lines, showing that the bottom layer of the upper layer intersected water table depths representing
the 96" (subplot A), 96™ (subplot B), and 90" (subplot C) percentiles.
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Figure 9: Distributions of water table depth percentiles that coincided with the upper layer
bottom boundary for the 19 subplots (out of a total of 45) where observed water tables
intersected the bottom boundary. Distributions are shown for the three plot categories: all plots,
plots with upper and lower layers, and plots with only upper layers.

3.2 Soil Physical and Hydraulic Properties

We found significant differences in all of the quantified soil physical properties between
the upper and lower layers (Fig. 10, left). The upper layer had a higher bulk density, with a mean
0f 0.17 g/ecm? (0.06 g/cm® — 0.26 g/cm?), than the lower layer (mean = 0.11 g/cm?; range 0.07
g/em?® — 0.16 g/cm®). We also found a lower percentage of organic matter in the upper layer
(mean = 89.6%; range = 65.7% — 99.9%) compared to the lower layer (mean = 93.3%, range =
49.4% — 97.7%). Similarly, fiber content was lower in the upper layer (upper layer mean =
11.3% vs. lower layer mean = 16.7%). Property variation among sampling locations within each
layer was far less than that between layers (Fig. 10, right). Indeed, in the upper layer, we found
no significant differences in physical property values for within-layer sampling locations, further
indicating distinct differences in layer properties as opposed to gradients along the soil profile.
We note, however, that limited sample size precluded within-layer statistical comparisons for

lower layer samples.
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Figure 10: Distributions for peat (A) bulk density, (B) organic matter, and (C) fiber content
between layers (left) and within layers (right). Pairwise comparisons, denoted by letters, were
significant (p < 0.01) between layers. ANOVA results, denoted by letters, were not significant
within layers (p <0.01)
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Constructed moisture release curves (MRCs) (n = 43) revealed generally lower water
holding capacities in upper layers than lower layers. As an example, Figure 11 demonstrates
lower VWCs in the upper layer across all tensions and that the upper layer also drained more

rapidly (i.e., declines in VWC) with increasing tension, particularly at lower tension values.
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Figure 11: Moisture release curves (MRCs) generated from the Brooks and Corey (1964) water
retention model for plot 11. The light line represents an MRC from the upper soil layer, and the
dark line represents an MRC from the lower soil layer. The lower layer held more water at
saturation (tension = 0 cm) and retained more water over the same tensions than the upper layer.
The example here is consistent with findings from all other constructed MRCs.

MRC:s also yielded specific soil hydraulic properties to further explore water retention
differences between upper and lower soil layers. We found lower total porosities in the upper soil
layer, ranging from 63.0% to 93.0% (mean = 83.3%), compared to the lower layer (mean =
93.2%, range = 78.0% — 101%) (Fig. 12A). Porosity values over 100% are attributed to sampling

error when calculating the volume of the sample core. We also analyzed within-layer variability
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of total porosity in the upper layer and found no significant differences among sampling
locations (Appendix, Fig. 15); sample size precluded such statistical comparisons for the lower
layer sampling locations. When evaluating pore size structure, characterized by microporosity
and macroporosity, we found a significantly higher proportion of macropores in the upper layer
(mean = 30.9%, range = 11.5% — 63.0%) compared to lower layers (mean = 17.2%, range =
8.8% — 31.8%) (Fig. 12B). Consequently, microporosity was lower in upper layers (mean of
69.1% in upper layers versus 82.8% in lower layers), indicating lower moisture retention
capacity. For the remaining quantified hydraulic properties, we found significant differences
between layers in plant available water (PAW), capillary length, and field capacity, but not for

specific yield (Table 2).
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Figure 12: Distribution of (A) total porosity and (B) macroporosity (blue) and microporosity
(green) between soil layers. Pairwise comparisons, denoted by letters, for total porosity,
microporosity and macroporosity were significant (p <0.01).
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Table 2: Sample size (n), mean, and standard deviation (sd) of soil hydraulic properties for upper
and lower soil layers, along with p-values from pairwise comparisons.

Upper Lower
n mean(sd) n mean(sd) p-value
Total Porosity (%) 27 833(74) 16 93.2(6.1) <0.01
Microporosity (%) 27 69.1(13.2) 16 82.8(5.9) <0.01
Macroporosity (%) 27 309(13.2) 16 17.2(5.9) <0.01
Plant Available Water (%) 27 12.5(3.9) 16 18.4(3.0) <0.01
Specific Yield (%) 27 40.1(7.0) 16 39.1(8.4) 0.69
Capillary Length (A ,cm) 27 1.7(2.3) 16 553.3) <0.01
Field Capacity (Gr) 27 43.3(10.6) 16 54.1(9.4) <0.01

The nonmetric multidimensional scaling analysis (NMDS) using physical and hydraulic
soil properties resulted in a two-dimensional solution with a stress of 0.07 (Fig. 13, Table 3).
Physical properties were largely described by Axis 2, with increasing bulk density opposing fiber
content and organic matter content. Hydraulic properties were more described by Axis 1, where
increasing water retention properties (i.e., capillary length, PAW, and microporosity) opposed
macroporosity. The ordination shows grouping of upper and lower layers; however, this
grouping reveals larger separation along Axis 1, which is largely described by hydraulic

properties.
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Figure 13: Nonmetric multidimensional scaling (NMDS) analysis with two dimensions to
visualize peat property parameters with vectors present in the axes. Arrows show the direction of
increasing parameter gradient, and lengths are proportional to the correlation between the
parameter and ordination. BD = Bulk Density, Theta.FC = Field Capacity, Micro.Pore =
Microporosity, Macro.Pore = Macroporosity, Total.Pore = Total Porosity, Lambda = Capillary
Length, PAW = Plant Available Water, Fiber = Fiber Content, Sy = Specific Yield.

Table 3: Factor averages of soil properties in the NMDS axes. Columns Axis 1 and Axis 2 show
correlation coefficients of soil properties with each axis and give direction to the vectors. R?
values quantify the degree to which the ordination space affects the variable distribution, and is
proportional to vector length. P-values show significance of soil properties on ordination of
observations (points).

Axis 1 Axis 2 R? P

Bulk Density -0.08 0.99 0.76 <0.001
Organic Matter -0.37 -0.93 0.11 0.06

Fiber Content 0.11 -0.99 0.89 <0.001
Total Porosity 0.98 0.19 0.55 <0.001
Microporosity 0.96 0.29 0.97 <0.001
Macroporosity -0.96 -0.29 0.97 <0.001
Plant Available Water 0.95 -0.31 0.89 <0.001
Specific Yield -0.49 -0.87 0.45 <0.001
Capillary Length (A) 0.98 -0.22 0.76 <0.001
Field Capacity (Gr) 0.80 0.60 0.81 <0.001
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Consistent with findings from the NMDS analysis, we found significant correlations
among physical soil properties, with negative correlations between bulk density and fiber content
(Table 4). Similarly, there were significant negative correlations between macroporosity and
several other hydraulic properties, including total porosity, microporosity, plant available water,
capillary length and field capacity. However, there were no significant correlations between
physical and hydraulic properties, indicating that variation in physical properties within and
between layers does not explain observed variation in water retention properties.

Table 4: Spearman’s correlation matrix of soil property variables. Bold values indicate a p-value
of <0.05. BD = Bulk Density, OM = Organic Matter, FC = Fiber Content, TP = Total Porosity,

Micro = Microporosity, Macro = Macroporosity, PAW = Plant Available Water, Sy = Specific
Yield, A = Capillary Length, . = Field Capacity

BD oM FC TP Micro Macro PAW S, A G

BD 1

OM -0.30 1

FC -0.80 0.28 1

TP -0.16 0.11  0.17 1

Micro -0.05 0.11  0.10 0.74 1

Macro 0.05 -0.11 -0.10 -0.74 -1 1

PAW -025 -0.09 026 0.80 0.8  -0.85 1

Sy -023  -028 020 -0.19  -0.69 0.69 -0.27 1

A -024 -0.06 025 0.71 090 -090 095 -043 1

& 0.12 023 -0.09 0.76 0.93 -0.93 0.69 -0.73 0.72 1
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4. Discussion

In this work, we sought to explore hydrologic controls on upper layer thickness, contrast
upper and lower layer soil properties, and relate these to implications for drained peatland
restoration and management. To do so, we coupled continuous water level data with soil profile
characterization and analyzed soil samples for their physical and hydraulic properties. Our
findings highlight that the thickness of upper layers varies among and within plots and likely
developed during periods of deep water tables, suggestive of past drainage effects as opposed to
contemporary water level controls. We also found significant differences in properties of upper
and lower soil layers, with lower moisture retention capacity in upper layers, and thus
implications for soil moisture regimes and associated functions. Together, our findings will help
inform restoration and water level management at GDS and our understanding of drained

peatland soil-water interactions more broadly.

4.1 Hydrologic Controls on Upper Soil Layer Thickness

Hydrologic regime exerts strong controls on peat soil layer thicknesses and distributions
by influencing decomposition rates within the soil profile. For example, in undisturbed
peatlands, the mean summer water table influences the transition between the more aerobic,
younger, and less decomposed upper layers and the persistently saturated, older, and more
decomposed lower layers (Ingram, 1978; Clymo, 1984). However, peatland drainage can further
increase the frequency (and depth) of aerobic conditions, permanently altering upper layer
structure and properties (Schwirtzel et al., 2002; Gebhardt, 2009: Verry et al., 2011). Indeed, the
USDA NRCS soil survey (Soil Survey Staff, 2020) details that after drainage at our study site,
GDS, upper peat layers formed a weak subangular blocky structure. GDS experienced ditching

and draining for ca. 200 years before the U.S. Fish and Wildlife Service began installing water
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control structures to raise water tables to their historical levels. Yet, the extent to which upper
layer thicknesses respond to contemporary water levels remains largely unknown both at GDS
and other restored, previously drained peatland systems.

We explored relationships between current water table regimes and upper soil layer
thickness across 45 sampling points (15 plots, each with 3 subplots), capturing variation across
spatial (ca. 45,000 ha) and temporal (2.5-year, sub-daily water levels) scales. When
characterizing soil profiles, visual differences between upper and lower layers were clear, where
upper layers were subangular blocky and coarse in texture, underlain by a more massive sapric
lower layer. These observations are consistent with Soil Survey (2020) descriptions of an upper
layer structure due to previous drainage. Moreover, upper layers appeared to be homogenous
throughout their profile, with distinct and abrupt boundaries between upper and lower layers.
This contrasts undisturbed peat profiles, where depth-dependent gradients in properties are
apparent (Boelter, 1968; Ingram, 1978; Clymo, 1984), further supporting the notion that upper
layer structure and depth resulted from altered hydrologic regimes.

Distinct upper and lower layers allowed us to clearly quantify upper layer thicknesses at
each subplot and then relate those to measured water table regimes. We found some significant,
albeit weak to moderate, relationships between upper layer thickness and several water table
metrics (Table 1). However, the bottom boundary of the upper layer was generally much lower
than the mean water table. This result again stands in contrast to undisturbed peat soils, where
the mean summertime water table often serves as the dividing line between layers (Clymo,
1984). For example, in Figure 6 (highlighting Plots 5, 11, 14 and 15), we would expect to
observe water tables near the transition between upper and lower layers, yet this did not occur

over the course of the 2.5-year water level observational period. Further, we found that of our 45
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subplots, only 19 experienced a (sub-daily) water table below the upper soil layer (Fig. 6), and
for those that did, only extremely deep water table conditions (mean water table probability =
86 percentile) coincided with the bottom boundary of the upper layer (Fig. 9). Furthermore, this
finding remained the same when extending water table records to 4.75 years, indicating that the
majority of contemporary water table depths occur above the bottom boundary of the upper
layer.

The potential implications of our findings are twofold. First, as the water table largely
controls peat decomposition and resulting layer formation (Ingram, 1978; Clymo, 1984), there is
an expected relationship between upper layer depth and water table depth, similar to observations
of drained and undrained peatlands made by Whittington and Price (2006). Thus, the observation
that upper peats at GDS are typically deeper than most (if not all) recently observed water tables
suggests that upper layer thicknesses are an artifact of historical drainage as opposed to
contemporary water tables. Second, our findings suggest that the resulting upper layer is
persistent with little recovery under wetter conditions. In support, Peng et al. (2007) and Peng
and Horn (2007) documented irreversible structural changes to organic soils during drying and
wetting cycles, detailing pronounced shrinkage and associated increases in large pores during
drying but only minor swelling and recovery upon rewetting. Similarly, Gebhardt et al. (2009
and 2012) documented irreversible shrinkage in peat soils, with permanent changes to their
physical (increasing bulk density) and hydraulic (increasing hydraulic conductivities) properties.
Consequently, water management efforts at GDS and other drained peatlands should consider
potential and persistent changes in upper soil properties that may impact soil moisture regimes

and associated functions.
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4.2 Differences in Soil Physical and Hydraulic Properties

We found significant differences in physical properties (bulk density, organic matter, and
fiber content) between layers at GDS. Our findings are inconsistent with typical undrained
peatland soil profiles, but instead are supportive of our field observations (i.e., distinct and coarse
upper layer) and suggestive of consequences of drainage and increased aerobic conditions.
Typically, we expect to find age- and depth-dependent gradients in soil properties, where bulk
density increases and organic matter and fiber contents decrease with depth (Boelter, 1968) (Fig.
14A), driven by greater degrees of decomposition (Belyea and Clymo, 2001). However, we
found the opposite at GDS, with lower fiber and organic matter contents and higher bulk
densities in the upper layers (Fig. 14B). While upper layers in undisturbed peat soils also
experience more frequent aerobic conditions than lower levels, they are less decomposed due to
younger age (Clymo, 1984). Lower fiber content and organic matter in upper layers at GDS
suggest drainage-induced increases in oxidation and decomposition that outweigh the effect of
longer residence times in lower layers. As bulk density is strongly linked to degree of
decomposition (Boelter, 1968), our findings further suggest that upper layer properties have been
altered and reflect increased oxidation from historical drainage. As shown elsewhere, drained
peats generally have higher bulk densities and lower organic matter content than their
undisturbed reference peats (Kechavarzi et al., 2010; Leifeld et al., 2011), indicative of higher

decomposition.
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Figure 14: Conceptual models of A) undisturbed peat property profiles versus B) observed peat
property profiles at GDS. Increased decomposition and soil shrinkage in upper layers as a result
of historical drainage have altered typical depth/age relationships at GDS.

Notably, we also found a lack of the property gradients, especially in the upper layer, that
typically characterize peat profiles. That is, there were no significant differences in physical
properties among upper layer sampling positions (Fig. 10), indicating that the entire layer had
been exposed to a similar set of environmental conditions (i.e. more frequent aerobic conditions).
This contrasts typical peat profile gradients (Fig. 14A) and results in a new conceptualization
characterizing soil profiles at GDS and likely other drained peatlands (Fig. 14B).

In addition to increased oxidation, peat soils can also experience irreversible shrinkage
during intense drainage events, affecting soil hydraulic properties such as porosity and pore size
distribution (Schwirtzel et al., 2002, Peng et al., 2007; Peng and Horn, 2007; Gebhardt et al.,
2012). Concurrent with observed physical properties, we found significant differences in pore
volume and pore size distribution between upper and lower layers. Specifically, we observed

lower total porosities (Fig. 12a), and higher macroporosities and thus lower microporosity in
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upper layers (Fig. 12b), consistent with findings by Wallor et al. (2018). Under extreme and
more frequent drying events, organic-rich soils can experience persistent shrinkage-induced
changes to soil structure that decrease total pore volume, but result in an overall increase in
macroporosity (Peng et al., 2007; Peng and Horn, 2007). These shrinkage-induced changes to
pore structure can result in lower moisture retention capacity and further influence feedbacks to
hydrologic regimes. Indeed, compared to lower layers, upper layers had significantly lower
values for several MRC-derived metrics, including PAW and field capacity (Table 2), where
increased macroporosity lowers overall moisture holding capacity (Holden and Burt, 2003). Our
findings are also consistent with Wallor et al. (2018), showing that shrinkage reduces soil
capillary length in upper soil layers.

We note, however, that higher macroporosities and associated hydraulic conductivities
typically characterize the upper layer of undisturbed peat profiles (Clymo, 1984), but contend
that shrinkage has resulted in further increases compared to undisturbed conditions (Gebhardt et
al., 2009; Gebhardt et al., 2012). As support of shrinkage potential with drying, we analyzed our
soil cores for saturated mass loss at each MRC tension point and found that lower layer samples
lost ca. 11% of saturated mass over the entire range of tensions compared to ca. 6% from upper
layers (Appendix, Table 5). Such saturated mass loss during drying is indicative of volume
changes (i.e., shrinkage), and larger losses to lower layer samples suggests that the upper layer
has experienced more shrinkage prior to our MRC analysis. These findings are further supported
by similar work conducted by Schwirtzel et al. (2002) and Wallor et al. (2018), both of whom
found greater shrinkage in undisturbed peats than drained peats during MRC analysis.

Last, while degree of decomposition and associated changes in physical properties,

namely bulk density, can also lead to changes in hydraulic properties (Boelter, 1968, Verry et al.,
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2011), we found that changes in soil structure (e.g., increased macroporosity) had the strongest
effect on water retention. That is, through NMDS analysis we found that hydraulic properties
were largely described by Axis 1, where increasing water retention properties opposed
macroporosity (Fig. 13, Table 3). Further, upper and lower layers were generally grouped by
Axis 1 (and thus hydraulic properties), and we found no correlations between physical and
hydraulic properties (Table 4). In short, we suggest that both increased decomposition and
shrinkage affect, and potentially in different ways, specific peat properties, but that untangling
those influences remains a research challenge.
4.3 Consequences for Management

We found that as a consequence of historical drainage, a distinct upper soil layer was
formed and may permanently exist across GDS. This upper layer exhibits distinct physical and
hydraulic properties that are uniform with depth and may have important implications for
ecosystem functions. GDS uses water control structures in an effort to restore historical water
levels and achieve management goals, such as restoring forest communities, reducing soil
subsidence and oxidation, and decreasing fire vulnerability (Wurster et al., 2016). Our findings
highlight important considerations for such efforts, namely to recognize the potential influence
of altered upper layer properties on soil moisture regimes and associated management goals.

Lowered water tables and altered peat soil properties in drained peatlands have increased
the frequency and extent of smoldering peat fires (Turetsky et al., 2014), which are largely
controlled by soil moisture regimes (Frandsen, 1997; Schulte et al., 2019a). Our work highlights
the vulnerability of upper soil layers to drying even under relatively low tensions (and thus water
table depths), emphasizing the need to manage water levels at GDS to reduce fire risk. While the

goal of USFWS is to re-wet GDS to historical water levels, these findings suggest that even
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higher water tables may have to be maintained to achieve sufficient soil moistures to reduce fire
vulnerability. Typically, peatlands are protected from deep burning peat fires as the soil-moisture
feedbacks that develop with depth and decomposition maintain conditions that are too wet to
sustain deep smoldering (Turetsky et al., 2014). However, our observation of a homogenous
upper, and often thick, layer with lower moisture retention likely increases the probability of
smoldering, subsurface peat fires. Moreover, increased bulk densities associated with soil
shrinkage, implies that if the upper layer does ignite, more organic material per unit volume is
going to be consumed when compared to undrained peatland fires, highlighting an important
consequence for carbon emissions. Indeed, two large fires recently burned at GDS, the 2008
South One Fire and the 2011 Lateral West Fire, which burned over 2,400 ha each and together
consumed approximately 1.7 Tg of carbon (Sleeter et al., 2017). Soil moisture thresholds are
often used for smoldering peat fire prediction, typically relying on weather variables to estimate
surface soil moistures (F. Wurster, GDS Hydrologist, personal communication). As
demonstrated by Schulte et al. (2019a), however, constructed MRCs and in situ water table data
can be used for alternative, and likely more informed, surface soil moisture predictions. Our
work extends this possibility by constructing different MRCs with depth, providing a framework
for predictions of both surface ignition and burn depths from water table data.

Drainage at GDS has increased peat oxidation and subsidence, with important
consequences for carbon storage and emissions (Drexler et al., 2017). As peat accumulation is
the defining and functionally important characteristic of peatland systems, reducing subsidence
and increasing accumulation is considered the most important aspect of restoration practice
(Chimmer et al., 2016). Concurrent with conclusions about water management when considering

fire vulnerability, our findings suggest that a higher than typical water table may be needed to
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achieve target surface moisture regimes in order to accumulate peat. Coupling derived MRCs
with available water table models, such as the one developed by Eggleston et al. (2018), offers a
potentially useful tool for informing decisions regarding water control management to maintain
desired soil moisture regimes and enhance peat accumulation.

Vegetation composition change as a result of drainage at GDS and other peatlands has
also been well documented. At GDS, communities have shifted from a mosaic of obligate
wetland species to a more homogenous community dominated by facultative species, particularly
red maple (Whitehead, 1972; Atkinson et al., 2003). Raising water tables to exclude facultative
species can be effective (Vann and Megonigal, 2002) and indeed is a primary goal of current
water level management at GDS. To that end, Schulte et al. (2019b) documented decreases in
maple importance with increased wetness at GDS, indicating that higher water tables may help
reduce red maple dominance and enable regeneration of more obligate wetland species. While
some sites at GDS may be currently wet enough to support obligate species growth, our work
shows that the ability for upper soil layers to rapidly dry likely allows aerobic conditions to
persist at some times of the year and further support red maple dominance. Again, this may
suggest a need to maintain water levels even higher than previous regimes, while also
incorporating additional restoration efforts such as plantings and selective cuttings (Joosten and
Clark, 2002; Quinty and Rochefort, 2003; Chimmer et al. 2016).

Lastly, the ultimate goal of peatland restoration is for peat formation to resume, often
through encouraging the growth of peat-forming species like Sphagnum spp. (Gorham and
Rochefort, 2003). Sphagnum is characterized by its moisture retention abilities, hence why it is
recognized as a key building block of peatlands (Rochefort, 2000). Slowly, as new peat forms,

positive ecohydrological feedbacks can establish, further enhancing peat formation (Rochefort,
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2000). Sphagnum regeneration may be important at places like GDS because peat shrinkage via
drainage is often permanent regardless of re-wetting efforts (Gebhardt et al., 2009). Thus,
restoration at GDS and other drained peatlands may result in a soil profile that has an active
Sphagnum surface layer underlain by newly formed “undisturbed” peat, but where the relic
drained upper layer remains as a buried horizon. However, as peat growth and accumulation
rates are extremely slow, estimated to be about 1 m every 1,000 to 2,000 years (Clymo, 1991),
this now buried layer may remain close to surface; the extent to which it may act to disrupt soil
moisture profiles and even act as a subsurface conduit for smoldering fire remains largely

unknown.

4.4 Conclusions and Future Work

Our work highlights the consequences of drainage on organic soils in a temperate
forested peatland. We sought to explore hydrologic controls on soil layer distributions and
differences in their physical and hydraulic properties. Our work: 1) suggests that altered peat
properties resulted from past drainage with little recovery under wetter conditions and ii)
documents consequences of both oxidation and soil shrinkage on hydraulic properties, with
implications for contemporary soil moisture regimes and associated ecosystem functions.

Our work points to management and research needs at GDS and drained peatlands
globally. First, managers could integrate MRC-derived hydraulic properties and water table data
to predict soil moisture profiles over time and space. Such predictions could guide water level
management to accomplish restoration goals, like increased carbon sequestration or specific
vegetation composition. Further, soil moisture models could contribute to fire prediction efforts
by integrating soil moisture burn thresholds (Schulte et al., 2019b) to predict both ignition

probability and potential burn depths. Additionally, long term studies of peat properties are
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needed to assess drained peat response to hydrologic restoration (i.e., if they recover or remain
buried under new peat accumulation). Last, we focused on a temperate, forested peatland with a
specific type of organic soil, which may not be representative of other peatlands. This highlights
the need for similar work to be conducted across the diversity of peatland systems, from boreal
to tropical peatlands, to understand how differences in peat characteristics can influence their

response to drainage and subsequent restoration.
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6.0 Appendix

Table 5: Mean percent change (with standard deviation, sd) in saturated mass loss following
tensions for upper and lower soil layers. Cores were not saturated after the 100 kPa tension.

Saturated Mass Loss (%)

Tension (kPa) Upper Lower
n mean (sd) n mean (sd)
1.5 27 0.87 (1.67) 16 1.36 (2.82)
3 27 1.58 (1.98) 16 2.25 (3.66)
4.5 27 2.26 (2.22) 16 3.44 (3.80)
6 27 3.37(2.91) 16 3.24 (2.79)
33 27 5.96 (3.85) 16 11.45 (7.32)
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Figure 15: Distribution of total porosity within the upper layer at the upper (1), middle (2) and
lower (3) sampling locations. ANOVA results, denoted by letters, were found not to be
significant (p < 0.05).
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