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1 | INTRODUCTION

Daniel L. McLaughlin? |
| J.Morgan Varner®® |

Ryan D. Stewart?® |
Clayton S. Word®> © |

Abstract

Peatland drainage may degrade system resilience to high intensity, soil-consuming
fires. Peat soil fires are unique in that they can smoulder vertically through the soil col-
umn, with a multitude of consequences including large carbon emissions, altered
hydrology, and dramatic shifts in vegetation communities. In this work we developed
and verified a new method to model peat burn depths with readily available water level
and peat hydraulic property data at the Great Dismal Swamp National Wildlife Refuge
(VA and NC, USA). To model peat burn depths across 11 sites in the Great Dismal
Swamp National Wildlife Refuge we combined water table time series data and soil
moisture release curves, developed at multiple depths, with moisture-to-ignition
thresholds. A subset of the results from this empirical modelling approach of peat burn
depth severity were compared against those made using a mechanistic model of soil
moisture, HYDRUS 1-D. By comparing modelled burn depth potentials between these
two approaches for a range of peats, we confirmed that our simpler, water table-based
approach had similar performance to HYDRUS 1-D in drained and degraded peats, like
those found in the Great Dismal Swamp National Wildlife Refuge. A comparative anal-
ysis of modelled burn depths across our study site found that water table position and
peat water holding capacity were the key governing controls on burn depth potential.
Our findings suggest that drainage weakens both short- and long-term controls on peat
burn depths by reducing soil moisture and by decreasing peat water holding capacity.
This new approach offers land managers with an additional tool for assessing risk while

offering insight into the drivers of peatland wildfire severity.
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characterize peatlands develop as net primary productivity outpaces
decomposition, which is limited due to anaerobic conditions and enzy-

Peatlands are a diverse set of wetland ecosystems characterized by
saturated soils and high levels of soil organic matter. Supplying a wide
variety of important ecosystem services, peatlands improve water
quality, provide water storage, and support a diverse array of flora

and fauna (Zedler & Kercher, 2005). The deep organic soils that

matic constraints (Freeman et al., 2001; Limpens et al., 2008). Conse-
quently, peatlands are major carbon (C) sinks, with northern
circumpolar zones alone storing 1460 to 1600 Pg C, or approximately
twice the amount of C in the atmosphere (USGCRP, 2018). In North
America, many peatlands were drained for expanding development
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and agriculture, with an estimated 14.1% of peatlands in the contigu-
ous United States degraded by the mid-1990s (Joosten, 2010).
Decades of drainage have resulted in increased soil oxidation, altered
vegetation communities, and, importantly, greater fire risk (Holden
et al, 2004; Paal et al, 2016; Page & Baird, 2016; Poulter
et al., 2006).

While periodic surface fires are normal in peatlands, threats to
peatland resilience arise as fire severity increases. Compared to other
ecosystems, fires in peatlands are unique in that they can smoulder
vertically down within the soil column, burning considerable quantities
of organic matter (Hawbaker et al., 2016; Reardon et al., 2007). Partic-
ularly severe smouldering fires can consume up to 2 m of peat verti-
cally and can burn for months (Drexler et al., 2017; Sleeter
et al., 2017; Turetsky et al., 2015). The deeper a peat-consuming fire
burns, the larger the C emissions (Poulter et al., 2006). High severity
fires can reduce a system's long-term potential for C sequestration
(Pindilli et al., 2018; Rein, 2015) as they release centuries worth of C
(Kuhry, 1994; Sleeter et al., 2017; Turetsky et al., 2015). Beyond these
global C implications, high severity burns also have dramatic local
impacts, as they can vastly alter local topography and therefore
hydrology (Watts et al., 2015). Deep burns also remove vegetation,
seeds, and buds both above and below ground thereby influencing
the plant community that returns (Matlaga et al., 2010). As such, land
managers are increasingly interested in peatland fire prevention via
hydrologic restoration (Fire Environment Working Group, 2009). Land
managers have also expressed interest about peatland fire prediction
tools that would help identify high risk areas. Both prediction and pre-
vention efforts would benefit from an improved understanding of the
drivers of peat fire severity and potential predictions thereof.

High peat moisture content reduces flammability and diminishes
fire spread (Prat-Guitart et al., 2016; Reardon et al., 2007). Therefore,
both potential for ignition and depth of peat consumption are directly
dependent on dynamic soil moisture regimes. Soil moisture profiles in
peatlands are controlled by both hydrologic inputs and outputs as well
as soil hydraulic properties. Draining a peatland has clear short-term
implications for flammability as it increases the amount of peat
exposed to aerobic conditions, thus reducing soil moisture, and
increasing potential for ignition (Reardon et al, 2007; Schulte
et al., 2019). Sustained drainage can also impact a variety of soil
hydraulic properties (e.g., water retention properties, capillary lengths,
pore size distributions, and hydraulic conductivities) (Schwarzel
et al., 2002; Word et al., 2022) and may therefore act as a persistent
influence on soil moisture regimes and flammability. Beyond the influ-
ence of drainage, these soil hydraulic properties differ both between
peatlands and also within peatlands both laterally and vertically
(Benscoter et al., 2011) and may be impacted by hydrologic restora-
tion efforts. The variation in soil hydraulic properties indicates that
there may be similar variability in soil moisture regimes and associated
smouldering fire risk among and within sites.

Predicting peat fire risk spatially and temporally then requires
site-specific knowledge of soil moisture thresholds for ignition along
with soil moisture observations, or predictions based on soil hydraulic

properties and hydroclimatic forcing. Schulte et al. (2019) quantified

site-specific soil-moisture thresholds for peat ignition and developed
soil moisture release curves (MRCs), which relate tension (i.e., soil
water pressure potential) to moisture content. By combining these
two properties, they made temporal predictions of smouldering igni-
tion probability from water table time series at four sites. Those pre-
dictions, however, were limited to surface ignitions as they relied
upon MRCs developed using surface samples. Characterizing the het-
erogeneity of peat properties at multiple depths would enable predic-
tions of the moisture profile throughout the vadose zone, thereby
allowing for depth of burn predictions.

The water table-based models of soil moisture made by Schulte
et al. (2019) also operated under the unverified assumption that soil
water in the peat profile rapidly returned to a resting state
(i.e., hydrostatic equilibrium). If a peat profile is in hydrostatic equilib-
rium, then the negative tension driven by the relative position of the
water table is the only dynamic factor influencing the overlying soil
moisture profile. That assumption may be inappropriate in systems
where soil water redistribution is slow, as is the case in soils with low
hydraulic conductivities (Dingman, 2015). To evaluate the limits of
this assumption, simultaneous predictions of burn depth potentials
made by the method employed in Schulte et al. (2019) and by
process-based models soil moisture models, such as HYDRUS-1D
(Sim@inek et al., 2006), could be compared. Previous studies in north-
ern peatlands have used HYDRUS to model hydrology in peat with
notable successes (see Kettridge et al., 2015; Mccarter & Price, 2014;
Price & Whittington, 2010).

An assessment in this way would allow for a robust appraisement
of situations where the assumption of rapid hydrostatic equilibration
is, or is not, met.

Our first objective in this study was to predict smouldering depth
potential, both spatially and temporally, in a drained, temperate peat-
land: The Great Dismal Swamp National Wildlife Refuge, located in
Virginia and North Carolina, USA (Figure 1). Our approach to meet
this objective was to: (i) compare burn depth potentials of a water
table-based approach that assumes rapid hydrostatic equilibration
against those generated using HYDRUS and (ii) employ the water
table-based approach, if appropriate, to predict smouldering depth
potentials over time (April 2017-September 2019) at 11 sites across
the Great Dismal Swamp National Wildlife Refuge. The second objec-
tive of our study was to explore how historical drainage affects con-
temporary peat fire risk via changes in hydrology and soil hydraulic
properties.

2 | MATERIALS AND METHODS

21 | Studyarea

The Great Dismal Swamp (hereafter GDS) is a 75 000 ha palustrine,
forested peatland in the coastal plain ecoregion of southeastern Vir-
ginia and northeastern North Carolina, USA (36°3549"N,
76°29'26"W). GDS is managed cooperatively between the U.S. Fish
and Wildlife Service's Great Dismal Swamp National Wildlife Refuge
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FIGURE 1 Location of the Great
Dismal Swamp in Virginia and North
Carolina, USA. Peat sample locations
and drainage ditches noted

— Ditches
(O Peat sample sites

= Lake Drummond
Elevation (m)

— 19.98
. -2.09

and the Great Dismal Swamp State Park of North Carolina (National
Wildlife Refuge boundaries shown in Figure 1). Characterized by a
temperate climate, the summers are hot and humid, and the winters
are mild. GDS is largely rain-fed, with a mean annual precipitation of
116.2 cm (USFWS, 2006), which accounts for 92% of all hydrologic
inputs (Eggleston et al., 2018). The main output is evapotranspiration,
at an annual rate of 81.3 cm (USFWS, 2006) which accounts for more
than half of all hydrologic outputs (Eggleston et al., 2018). The water
table in the Dismal Swamp fluctuates seasonally with changing precip-
itation patterns and evapotranspiration rates. Annually, the water
table fluctuates approximately 60 cm between the seasonal high and
low water level. Highest water levels are typically in February and
March before tree leaf-out at the beginning of the growing season.

0 2.38 4.75 9.5 km S

Lowest annual water levels are typically in August and September,
prior to leaf-off (Speiran & Wourster, 2020). Early sections of the
144-mile drainage ditch network that bisects GDS were famously sur-
veyed by George Washington prior to the Revolutionary War in the
late 18th century (Hansen, 2010). However, the majority of the exist-
ing ditch network was constructed in the 1950s and 1960s to lower
water tables and facilitate logging operations (Eggleston et al., 2018;
Speiran & Wurster, 2020). Formerly a species-rich mosaic of forested
wetland community types, GDS is now dominated by maple-gum for-
ests (Acer rubrum—Nyssa spp.) with a less significant contribution from
wetland obligates such as bald-cypress (Taxodium distichum) and
Atlantic white-cedar (Chamaecyparis thyoides) (Ludwig et al., 2021).
Drainage has lowered the water tables, which has likely contributed
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to increased smouldering fire vulnerability, as evidenced by two
recent major wildfires. The 2008 South One and 2011 Lateral West
Fires, burned 1800 ha and 2500 ha respectively and released a com-
bined 1.83 Tg C (Hawbaker et al., 2016). The 2011 fire burned down
47 cm into the peat on average (Reddy et al., 2015). In response, the
US Fish and Wildlife Service currently operates water control struc-
tures in the ditch network to slow drainage and stabilize the water
table. Those hydrologic restoration efforts are aimed at supporting
increased C sequestration, restoring historical forest communities,
and  reducing smouldering  fires
(Balentine, 2020).

vulnerability to deep,

2.2 | Study sites and peat properties

GDS is commonly referred to as a peatland based on the general defi-
nition as a wetland system with a Histosol greater than 40 cm in
depth (Joosten & Clarke, 2002). Hereafter, we refer to the organic rich
soils found in GDS as peats. The sapric peats of GDS often have two
physically distinct strata with mineral soils underlying them and occa-
sionally occurring at the surface (Natural Resources Conservation
Service, 2021). The upper layer has lower organic matter and fibre
contents, higher bulk densities, and lower water retention properties
than the lower layer. Differences between the two layers are attrib-
uted to a history of prolonged peat drainage, as the upper layers are
more regularly exposed to aerobic conditions than the lower layers
(Word et al., 2022).

We acquired previously collected water table data and peat prop-
erties for 11 sites across GDS (site locations indicated in Figure 1).
Water table dynamics were monitored at each site with one vented,
submersible, pressure transducer (either Campbell Scientific CS
450, Campbell Scientific, Logan, UT, USA; In-Situ Level Troll 500, In-
Situ Inc., Fort Collins, CO, USA; or KPSI 500; Pressure Systems Inc.,
Newport News, VA, USA) that collected continuous, hourly data from
27 April 2017 through 17 September 2019. Previous work by Word
et al. (2022) collected peat cores from each site and measured both
total thickness and thickness of each individual stratum (hereafter
Upper and Lower Peat). Samples were analysed to develop MRCs that
relate soil moisture (as percent saturation) to matric potential,
expressed as positive tensions. Specific details on laboratory proce-
dures and the development of soil MRCs can be found in Word et al.
(2022) and are briefly described here. For each of the 11 sites, MRCs
were developed for individual samples at the 25th, 50th and 75th
depth percentiles of each observed stratum, with a maximum of six
depth samples per site (i.e., Upper-1, Upper-2, Upper-3, Lower-1,
Lower-2, and Lower-3). In situations where a stratum was <40 cm
thick, a single depth sample at the layer midpoint (50th depth percen-
tile) was collected. For each depth sample, multiple tensions were
applied using the tension table approach for low tensions (<6 kPa) and
pressure plate approach for higher tensions (>33 kPa). By relating
these applied tensions to their corresponding measured soil moisture
values, MRCs were developed for each depth sample using the Brooks

and Corey (1964) model for water retention.

We also took advantage of soil moisture content thresholds for
50% smouldering probability (Ssmoider) that were previously developed
for three GDS locations with organic soils (see Schulte et al., 2019 for
details). The highest percent saturation that allowed for ignition was
used as a threshold value in the calculations of burn depth potentials
for both the water table-based and HYDRUS approaches described
below. We held the threshold value constant across our sites to iso-
late the impact variable hydrology and soil hydraulic properties had on

variation in wildland fire risk.

2.3 | Water table-based method versus HYDRUS
for burn depth predictions

2.3.1 | HYDRUS

HYDRUS models a one-dimensional soil moisture profile by solving
the Richards equation for unsaturated flow (Richards, 1931) given
meteorological and soil property inputs (Simtinek et al., 2006). We
determined hourly burn depth potentials in the HYDRUS models as
the shallowest point greater than the ssyoiqer threshold. We modelled
burn depth potentials with this process-based model of soil water
redistribution to evaluate the accuracy of the water table-based
method and the limits of the assumption of hydrostatic equilibrium.
HYDRUS was used as a benchmark as it has been shown to be a good
model of soil moisture in peats (Price & Whittington, 2010).

HYDRUS model parameters such as residual soil water content,
saturated soil water content, pore size index, and bubbling pressure
from Word et al. (2022) and saturated hydraulic conductivity (Ksat)
values from Eggleston et al. (2018) were used to model soil profiles.
The one-dimensional profiles were evenly discretized to reflect the
number and depth of samples reported at each site. All HYDRUS
models had a 0.25 cm depth resolution. We gathered meteorological
data from a weather station located at Suffolk Executive Airport,
approximately 4.5 km west of GDS. We used atmospheric boundary
conditions with a surface layer up to 10 m for the upper boundary
condition in HYDRUS and constant flux of O for the lower boundary
condition.

To ensure that our models in HYDRUS were accurately repre-
senting soil moisture profiles in our system, we calibrated hourly mod-
elled water table positions against corresponding water table
observations at a single site (Site 9). The model was calibrated to data
from Site 9 because it has an intermediate soil capillary length (here
used as a singular value to quantify water retention capacity) within
the Upper Peat samples (Figure 2a). Along with hourly precipitation
amounts, meteorological data were used to calculate hourly evapo-
transpiration rates (ET) using the Penman-Monteith (1965) equation.
Adjustments to ET were made to account for differences between
potential evapotranspiration (PET) and ET via the crop coefficient
method (Allen et al., 1998). Adjustments to precipitation were made
to factor in losses due to canopy interception. Our calibration
approach was to tune ET and interception adjustment factors in our

Site 9 model in order to maximize the coefficient of determination
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FIGURE 2 (a)) Comparison of (a)
the Upper and Lower Peat soil

capillary lengths for the 11 sites.

(b) Comparison of the Upper and

Lower Peat tension-to-ignition
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between hourly HYDRUS predicted water table positions and water
table observations at Site 9 for a 7-week modelling period (16 June
2017-02 September 2017). We evaluated the final meteorological
calibration values against regionally specific measurements for both
the ET to PET ratio (Barclay Shoemaker & Sumner, 2006; Drexler
et al.,, 2004; German, 2000) and interception (Bryant et al., 2005) to
ensure their appropriateness. These meteorological calibration factors
were applied uniformly to all subsequent HYDRUS models.

Following calibration of meteorological factors, we generated
HYDRUS models for three sites (Sites 2, 5 and 9) for a 7-week model-
ling period (16 June 2017-02 September 2017). These 3 sites repre-
sented a broad range of Upper Peat soil capillary lengths and
therefore water retention properties (Figure 2a). We focused on cap-
turing the range in water retentions because hydraulic properties
were expected to largely determine the limits of the assumption of
hydrostatic equilibrium and thus the appropriateness of the water
table-based approach (described below) or the necessity for the usage
of HYDRUS. Additionally, the sensitivity of the HYDRUS models to
K.t Values was explored, since site-specific K., values were not mea-
sured in Word et al. (2022) and we instead used mean fitted parame-
ters from Eggleston et al. (2018): 1678.9 cm/h in Upper Peats and
30.48 cm/h in Lower Peats. We generated HYDRUS models for Sites
2, 5 and 9 with both the Kj,; typical of their stratum position, and with
the entire profile having Lower Peat K,;, which allowed us to evaluate
the sensitivity of our modelled profiles to variable K, values.

To expand beyond our study system and further test the limits of
the assumption of hydrostatic equilibrium, we generated HYDRUS
models using reported hydraulic properties and Kj,; values from three
different peat types. These three peats were a moderately decom-

posed woody peat (MDWP) and an undecomposed moss peat (UMP)
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o
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5
¢ 100 -
5
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from Verry et al. (2011) and a fen peat (FP) from Simhayov et al.
(2018). The models were run using the same 7-weeks of meteorologi-
cal data applied at the GDS sites.

2.3.2 | Water table-based method

Assuming hydrostatic equilibrium, we determined burn depth poten-
tials as the closest height above the water table that exceeded the
tension required to reach sgmoider (Msmolder, €M) for each depth sample
at each site (see example of hgnoiger in Figure 4c). For each depth sam-
ple at the six sites modelled in HYDRUS (Sites 2, 5, 9, MDWP, UMP,
and FP), hgmoider Was derived from their MRCs (Figure 2b). The soil
profiles for the water table-based method were evenly discretized, as
in the HYDRUS approach to reflect the number of depth samples and
their depths collected at each site. Burn depth potentials could not
skip across depth sample layers (i.e., if a modelled burn did not move
through the entirety of Upper-1, it could not reignite in Upper-2, even
if a position in Upper-2 was further from the water table than hgmolger
for that depth sample).

2.3.3 | Comparison between water table-based and
HYDRUS methods

To enable a direct comparison between the two methods, we esti-
mated burn depth potential with the water table-based approach
using the HYDRUS-simulated water tables at all modelled sites. We
used the HYDRUS-simulated water tables because Sites 2 and 5 had
water table observations above ground surface for the duration of the
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7-week modelling period. To ensure that simulations would be under
a threat of burning, we set initial water table depths equal to the initial
observation depth for Site 9 or hgoiqer fOr each site's Upper-1 sample,
whichever was deeper, to correct for water table observations that
were above the ground surface during the model period. By taking
this approach, we systematically generated initial conditions for our
sites and the three peats from the literature. Hourly modelled burn
depth potentials from the two different approaches were compared
for each modelled peat using Spearman's correlation analyses. We
also compared the frequency of burn events between methods. Dif-
ference in hourly burn depth predictions (Ap,n) were calculated to
separately assess periods when HYDRUS predicted greater (+Apym)
or shallower burn depths (—Ap.m) than the water table-based method
(see example in Figure 4c). Results from this analysis allowed us to
identify situations in which peat properties or climatic events rebuke
the necessary assumption of rapid hydrostatic equilibration for the
water table-based method, thus indicating that the HYDRUS approach
may be more appropriate.

24 | Simulating burn depth potentials across sites
In comparing burn depth simulations from the two approaches, we
found that the water-table based approach was reasonable for our
Upper Peats. Thus, we applied the simpler water table-based
approach across all 11 sites to compare burn depth potentials for the
entire water table record (27 April 2017-17 September 2019). Differ-
ences among sites was assessed using a non-parametric Kruskal-
Wallis test and a pair-wise, post-hoc Wilcoxon rank sum
test (@ = 0.05).

To better understand the factors that influence burn risk, we con-
ducted correlation analyses between site-mean burn depths and site
variables. We identified surrogate variables for short- and long-term

controls, specifically mean water table position for short-term and soil

z
Tl

T

~—

capillary length as an indicator for long-term. Soil capillary length was
calculated via our MRCs following Stewart and Najm (2018). This met-
ric was chosen as it is a single parameter that captures moisture
release functions in soils. Additionally, we tested for collinearity
between these site variables since hydrology explained much of the
variation between the hydraulic properties of peats in Word et al.
(2022). We ran either Spearman's rank correlation or simple linear
regression, depending on the shape of the relationship, and calculated
the coefficients of determination. All statistical tests and comparisons
were done in R 4.0.2 (R Core Team, 2020).

3 | RESULTS

3.1 | Water table-based method versus HYDRUS
for burn depth predictions

Calibration of HYDRUS modelled water tables to observed water
levels at Site 9, was optimized by setting the ratio of ET to PET at
80% and interception loss at 0.11 cm, (Figure 3b, R? = 0.93). This
strong correlation coefficient provided confidence that HYDRUS
applications would accurately represent the soil moisture profiles at
other GDS sites. The minor disagreement between the observed and
modelled values is likely due to the heterogeneity of precipitation
events over such a large area, as evidenced by the mismatch of initial
water table increases around the 1000 h mark and the magnitude
around the 600 h mark (Figure 3a).

The six peats chosen for model comparison varied in their hydrau-
lic properties, namely hgmoider and Kgai, With noticeable influences on
the degree of divergence between methods (Ap,) and the frequency
at which they were under threat of burning (Table 1). When modelled
with the K, values that corresponded with their stratum, Sites 2, 5
and 9 all had a close agreement between methods (median +Ap,m

values <1 cm, p-values 20.94). The strong degree of correlation is

FIGURE 3 (a) Modelled and observed hourly
water tables relative to ground surface for Site
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9. (b) Modelled versus observed water tables for
Site 9, dashed black line is a line of best fit
(R? = 0.93)
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TABLE 1 Comparisons between modelled burn depth potentials from HYDRUS and water table-based methods

Peat hsmotder (cm) Ksat (cm/h) Burn depth p + Apurn (cm) —Apurn (cm) % time at burn risk via HYDRUS

Site 2 1.00 1678.9 1.00 0.3 (0) 0(0) 100

Site 2 1.00 30.48 1.00 0.3(0) 0(0.7) 99.7

Site 9 16.15 1678.9 0.99 0.2(0.1) 0.1(0.7) 99.8

Site 9 16.15 30.48 0.88 1.4 (0.5) 0.9 (4.2) 96.0

Site 5 65.66 1678.9 0.94 0.7 (0.8) 0.1(3.1) 98.3

Site 5 65.66 30.48 0.38 13.4(3.2) 8.3(5.0) 90.7

MDWP 60.34 17.86 0.75 4.1(1.6) 3.2(6.3) 95.7

UMP 171 137.16 0.99 0.2 (0) 0(0) 100

FP 84.85 106 0.92 0.6 (0.6) 0.8 (3.8) 98.1

Note: Reported hgyoger is for the Upper-1 samples, and Upper Peat K, is listed for sites with multiple stratum. Spearman's p from the correlation between
burn depth predictions are noted. Ay, is the difference in burn depth predictions between methods, where +Ap,, denotes HYDRUS burning deeper
than the water table-based method. Medians and standard deviations, in parenthesis, provided for both. Only % time at burn risk is shown for HYDRUS
simulations because modelled water tables remained at depths greater than hgyo14er for all sites, resulting in 100% time at burn risk for water table-based
predictions. MDWP is moderately decomposed woody peat, UMP is undecomposed moss peat both from Verry et al. (2011) and FP is fen peat from

Simhayov et al. (2018).

(a) (b)

@ Modeled Water Table

@ HYDRUS Method Burn

75 @ Water Table-Based Method Burn
@ HYDRUS No Burn
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FIGURE 4 Modelled water tables from HYDRUS and corresponding modelled burn depths from both HYDRUS and water table-based
approaches (upper panels). No burn events from the HYDRUS approach shown in black. Difference in hourly burn depth predictions between
methods (Ap,m) (lower panels). (a) Site 2 with layer appropriate K.,:. (b) Site 5 with layer appropriate Ki,:. (c) Site 5 with Lower K, only

predictable for Site 2 given its low water retention, but less expected
for Sites 5 and 9, which had higher capillary lengths (Figure 2a). Site
2 had near complete agreement between the two methods
(Figure 4a), as compared to some minor divergence at Site 5 (when
applying stratum appropriate K.,). That divergence was driven by
diurnal ET and precipitation events (Figure 4b). When modelled

entirely with the K, values reported for Lower Peat (30.48 cm/h),
however, Sites 5 and 9 had much larger Ay, values than Site 2, dem-
onstrating the varying level of influence Ks,; had across sites that dif-
fered in water retention. For sites 5 and 9 there was strong
divergence during drying events when HYDRUS predicted deeper
burn depths (+Apm), reflecting greater and sustained ET-induced soil
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moisture declines. That divergence is also apparent during
precipitation-induced wetting fronts where HYDRUS burn depth pre-
dictions were shallower than the water table-based approach (—Apym)
(Table 1, Figure 4c). The influence of K, on peats with higher water
retention can also be seen in MDWP, which has a low K,; value and
high hsmoider Value and similarly demonstrated a notable degree of
divergence from hydrostatic equilibrium (Table 1). Despite the differ-
ences between model results for peats with high water retention and
low Kt values, the disagreement between model predictions never

exceeded 15 cm for any of the peats (Figure 4c).

3.2 | Simulating burn depth potentials across sites

Water table depths, while exhibiting similar temporal patterns, dif-
fered among sites (e.g., 3 and 9) as did their hourly burn depth poten-
tials (Figure 5). Relatedly, the duration of burning risk varied among
sites, with some under constant risk (e.g., Site 4) and others never at
risk (e.g., Site 5). Further, differences in hgmoiqer Values between depth
samples within a site created some situations where fires would burn
up to a depth sample limit regularly (see horizontal line for Site 4 in
Figure 5), and others routinely vacillating across depth sample bound-
aries (e.g., Site 6). The mean depth of burn was also highly varied, with
some sites burning shallowly on average (e.g., Site 1, mean = 1.6 cm)
and others deeply (e.g., Site 2, mean = 59.6 cm) (Figure 6). Similarly,
some sites exhibited a large range in burn depth potentials (e.g., Site
6, interquartile range = 44.7 cm) whereas others had a much smaller

range (e.g., Site 4, interquartile range = 2.7 cm).

FIGURE 5 Burn depth potentials
modelled by the water table-based
method and observed water tables
relative to ground surface across the
11 sites from April 2017-September
2019. Total depth of Upper stratum
shown. Lower stratum, where
present, are truncated to 1.25 m

9 10 1

Upper Peat
@ Lower Peat
@ Water Table
@ Potential Burn Depth

below ground surface; Sites 1, 2,4,
5,and 11 had no Lower Peat
present. In Site 2, the water table
periodically dropped into the mineral
layer. The discretization of depth
samples is noted with horizontal lines

M
B

The relationship between mean burn depth and mean water table

position was positive, linear, and significant (Figure 7a; R? = 0.92, p-
value <0.001). Mean burn depth also had a positive, non-linear, signifi-
cant relationship with the site-specific Upper-1 soil capillary length
(Figure 7b; Spearman's p = 0.81, p-value = 0.003). Notably, there was
a significant correlation between these two controlling variables
(Spearman's p = 0.81, p-value = 0.003).

4 | DISCUSSION

In this study, we used soil property and hourly water table data to develop
and verify a method of predicting burn depth potentials in the peats of
GDS. We were able to model soil moisture in the vadose zone and predict
depth of burn potentials across 11 sites by combining depth-varying
MRCs and hourly water table data with a known moisture-to-ignition
threshold. This method was validated by comparing results against those
from a more complex, process-based soil moisture model, HYDRUS-1D.
Our findings demonstrate that the water table-based method has similar
performance, particularly for lower water retention soils with high K.t
values. Water table position was the primary control on burn dynamics in
our system, regardless of if a state of hydrostatic equilibrium is assumed or
not. Peat-specific water retention properties also exerted a degree of influ-
ence on burn depths. These findings highlight the impact that drainage,
and hydrologic restoration, may have on peatland fire risk and severity.
Our study adds to the understanding of peat fire drivers and provides land
managers and planners with an approach for assessing wildfire risk and pri-

oritizing hydrologic restoration efforts.
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FIGURE 6 Burn depth potentials
across the 11 sites from April 2017 to
September 2019, with percentage of time
at risk of burning noted above each site
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4.1 | Approaches to model burn depth potential approach to HYDRUS, a process-based model of soil water redistribu-
tion. HYDRUS requires known soil hydraulic properties, meteorologi-
Given the need for accurate yet feasible soil moisture models, we cal data, and a degree of calibration. While peat property data for
sought to create a new, accessible approach. In order to validate our HYDRUS has been used in previous studies for a variety of peat types
modelling method, we compared the simpler water table-based and may be available (Kettridge et al., 2015; Mccarter & Price, 2014;
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Price & Whittington, 2010), we reemphasize the large variability in
hydraulic properties both among and within peatlands (Table 1,
Benscoter et al, 2011) and thus the need for site-specific data.
HYDRUS simulations should be calibrated with measured water level
or soil moisture data for accurate applications (Dettmann et al., 2014).
Similarly, publicly available meteorological data may suffice, but model
error may arise during spatially variable precipitation events in pre-
dominantly rain-fed systems as ours (as demonstrated by the offset of
initial water table increases around the 1000 h mark in Figure 3a).
Adjustments to hydrologic input and output rates (e.g., ET:PET ratios
and interception) may also be necessary depending on study region
and vegetation cover. An additional issue to modelling soil moisture in
peatlands with HYDRUS is that it has been shown to have trouble
describing preferential and non-equilibrium flows during wetting
periods as it fails to account for macropores (Dettmann et al., 2014).
Nonetheless, HYDRUS has been shown to provide a good model of
soil moisture in peats (Price & Whittington, 2010), which made it use-
ful for comparison in our study. In situations where water table data
are not available but meteorological data are, HYDRUS may be the
best method to model moisture regimes in organic soils.

Compared to HYDRUS, coupling known MRCs to water table
data offers a simpler approach and one easier to implement across
sites and time. Employing this method still requires known hydraulic
properties as HYDRUS does, but then solely relies on water table
dynamics without the need for meteorological data, calibration, and
more complex modelling. However, the water table-based method is
only appropriate where hydrostatic equilibrium occurs rather rapidly,
as was the case with our Upper Peats. In situations without rapid
hydrostatic equilibration (i.e., in peats that have relatively low hydrau-
lic conductivities), HYDRUS, or other process-based models may still
be needed, depending on modelling objectives (e.g., accuracy needs
and temporal resolution). Our comparison of methods suggests this
may be the case for some of our Lower Peats (Figure 4c) and peats
like the MDWP (Table 1). The water table-based approach may be
valuable to assess soil moisture in drained peatlands, and future work
should investigate the limits of the assumption of hydrostatic equilib-
rium across a variety of other organic soils.

Last, we acknowledge the uncertainty in two key parameters, K¢
and Sgnoiderr We had to rely on previous Kg,; estimates for the
HYDRUS simulations, which were different for our Upper
(1678.9 cm/h) and Lower (30.48 cm/h) Peats. When adjusting K.,
however, it is apparent that the extent of its influence is inherently
linked to water retention. That is, sites with lower retention (e.g., Site
2) were substantially less impacted by adjustments to K,; than high
water retention peats (e.g., Site 5, MDWP) (Table 1). Other studies
using HYDRUS to model peat moisture have similarly found that K,
is a key control in high water retention peats (Kettridge et al., 2015).
Difficulty in quantifying ssmoider Values leads to large uncertainty, as
evidenced by the value from Schulte et al. (2019) applied here
(Ssmolder = 71.2% with a standard deviation of 77.0%). Additional
uncertainty exists around this term as the moisture content required
for extinction of smouldering can be much higher than the limit for
peat ignition (Huang & Rein, 2015). Moreover, substantial variation in

Ssmolder Values exists among peat types (Frandsen, 1997). Regardless
of modelling approach used, the soil moisture threshold is a necessary
parameter for any smouldering predictions, so we stress the impor-

tance of site-specific values where possible.

4.2 | Approaches to model burn depth potential

By applying the water table-based approach to all 11 sites, we were
able to model burn depth potentials over a large area (Figure 1) for a
2.5-year period of water table data (27 April 2017-09 September
2019). Our modelling window for the water table-based approach
was a during a prolonged period of lowered water table elevations,
where the average lake stage position for Lake Drummond was 10 cm
lower than the average for a 17-year period of recorded values
(Figure 8).

Across our sites, the site means and variances of the burn depth
potentials both differed (Figure 6). The variation exhibited by our
11 sites serves to reemphasize that risk assessments should be local
rather than landscape-wide, with implications for a range of manage-
ment efforts in GDS and other peatlands. The standard procedure to
assess peat fire risk in the field is to use point-specific soil moisture
data gathered by handheld sensors (Prior et al., 2020; Robichaud
et al., 2004), which is applicable only for the time of measurement and
not linked to potentially site-varying moisture-to-ignition thresholds.
A stronger understanding of soil moisture dynamics and their specific
ignition thresholds would help land managers plan prescribed burns or
adjust wildfire suppression priorities around easily accessible data
(i.e., water table depth), which has been of interest in wetlands similar
to GDS (Fire Environment Working Group, 2009). Further, knowledge
on how the degree of risk varies spatially would help land managers
prioritize sites for hydrologic restoration. Thus, future work, spanning
a multitude of different peatland types, should compare modelled
burn depth predictions with laboratory or in situ burns to further eval-
uate the utility of modelling approaches.

The second objective was to explain the drivers of burn depth
potential. The variation in water table depths across sites (Figure 5)
ultimately drove their variable burn depth predictions, clearly implicat-
ing contemporary water level regimes as the primary control of smoul-
dering fire risk (Figure 7a). However, the strong influence that
individual peat properties play on burn depth potentials, both among
sites and at multiple depths within sites, further underscores the
importance of site-specific soil data for accurate burn depth and fire
risk predictions (Figure 7b).

The collinearity between the two main controls on peat fire risk,
water retention properties and mean water table position, demon-
strates the multifaceted consequence of drainage. In the short term, a
deeper water table means drier, and therefore more flammable peat.
In the long term, drainage can alter peat pore structure and associated
water retention properties (Peng et al.,, 2007; Peng & Horn, 2007;
Schwirzel et al., 2002). At GDS, previous work suggested that drain-
age resulted in lower water retention and higher macroporosity in

Upper Peat layers (Word et al., 2022). Consequently, we found that
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some of our sites had such poor water retention capacities that the
hsmolder Values in their Upper-1 samples were <1 cm (Figure 2b). A log-
ical extension of the combined impact of these drainage effects would
be that fires in degraded peats at GDS can regularly be expected to
burn down to the water table, which was the assumption historically
made by land managers at similar peatlands but refuted by other stud-
ies (Reardon et al., 2007). That extension (that drained peats may
always be under threat of burning to the water table) may be a conve-
nient shorthand assessment for risk at GDS, and is bolstered by the
findings that sqmoiqer Values for extinction are often greater than that
for ignition (Huang & Rein, 2015). However, that conclusion may not
be universal, as studies in drained northern bogs and fens have
observed lower macroporosities (and therefore higher water reten-
tion) as compared to undisturbed peats (Kennedy & Price, 2005;
Price & Schlotzhauer, 1999). These contrasting results once again
emphasize the importance of site-specific assessments, particularly
where past land use has altered peats.

Considering the observed relationship between water table
position and water retention properties from another perspective,
our results suggest that restored peats at GDS may have fire risks
more similar to undisturbed conditions. If true, hydrologic restora-
tion efforts at GDS, and potentially other peatland systems, could
be an effective strategy to decrease fire vulnerability by enhancing
both the short-term controls (available soil moisture) and long-term
controls (water retention properties). As an example, Site 5 under-
went hydrologic restoration (Balentine, 2020), has a soil capillary
length within the range of the Lower Peats (Figure 2a), and during
our observation window was never under risk of burning (Figure 6).
Moreover, work comparing the properties of Upper and Lower

Peats in GDS found that Upper Peats that experienced consistent

2010 2015 2020

Date

saturation had hydraulic properties more comparable to undis-
turbed Lower Peats (Word et al., 2022). As further evidence, given
that there is a relationship between pore size distribution and Ks;
(Bouma & Anderson, 1973), K,,; for a peat like Site 5 may more
closely align with the Lower Peat value used here (30.48 cm/h), fur-
ther reducing fire risk via slower water redistribution (Table 1).
Given this, we echo the call from Rochefort and Andersen (2017)
that future studies should focus on the response of peat soils to
rewetting efforts. Those investigations should pay particular atten-
tion to the multiple properties (i.e., water retention, soil moisture-
ignition thresholds) that drive peat flammability and if their
responses to rewetting are consistent across different peatland
types. Such coupled restoration and research efforts are vital to
peatland revitalization (Rochefort & Andersen, 2017) and would
have numerous positive benefits beyond reducing wildfire risk
(Zedler & Kercher, 2005).

ACKNOWLEDGEMENTS

This work was funded by the U.S. Fish and Wildlife Service, the
National Fish and Wildlife Foundation, and the Edna Bailey Sussman
Fund. Special thanks to Morgan Schulte, Trevor Amestoy and Karen

Balentine for their help with data collection and in-field support.

CONFLICT OF INTEREST
The authors have no conflicts of interest to report regarding the con-
tents of this research and subsequent manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

51017 SUOLULLOD SATES.1D) 3| dde aU) AQ POULAOD 916 DI YO 88N J0 S3|NI 10} ARIGITBUIIUO /3|1 UO (SUONIPUOD-PLE-SWLBIALIOD" B | W AIRIGIPUIIUO//SANY) SUONIPUOD PUE SIS 1 3U) 39S *[£202/90/60] U0 A1 8UIIUO AB11M “4oe L e1uiBai A Aq 808 T dAU/Z00T OT/10p/LIC Ao |1 ARG pUIUO//SAIY WOJ) POPEO|UMOQ ‘T *EZ0Z ‘S80T660T



12 of 13 Wl LEY

LINK ET AL.

ORCID

Nicholas T. Link "= https://orcid.org/0000-0003-4348-2081
Daniel L. McLaughlin "= https://orcid.org/0000-0001-7394-4780
Ryan D. Stewart "> https://orcid.org/0000-0002-9700-0351
Brian D. Strahm "= https://orcid.org/0000-0002-4025-2304

J. Morgan Varner "= https://orcid.org/0000-0003-3781-5839
Clayton S. Word ' https://orcid.org/0000-0002-6687-4910
Frederic C. Wurster " https://orcid.org/0000-0002-5393-2878

REFERENCES

Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. (1998). Crop
evapotranspiration—Guidelines for computing crop water requirements.
Food and Agriculture Organization of the United Nations.

Balentine, K. (2020). Great dismal swamp NWR design-build water control
structures at GDSNWR. USFWS Report. https://doi.org/10.1017/
CB09781107415324.004

Barclay Shoemaker, W., & Sumner, D. M. (2006). Alternate corrections for
estimating actual wetland evapotranspiration from potential evapo-
transpiration. Wetlands, 26, 528-543. https://doi.org/10.1672/0277-
5212(2006)26[528:ACFEAW]2.0.CO;2

Benscoter, B. W., Thompson, D. K., Waddington, J. M., Flannigan, M. D.,
Wotton, B. M., De Groot, W. J., & Turetsky, M. R. (2011). Interactive
effects of vegetation, soil moisture and bulk density on depth of burn-
ing of thick organic soils. International Journal of Wildland Fire, 20,
418-429. https://doi.org/10.1071/WF08183

Bouma, J., & Anderson, J. L. (1973). Relationships between soil structure
characteristics and hydraulic conductivity. In Field Soil Water Regime
(pp. 77-105). wiley. https://doi.org/10.2136/sssaspecpub5.c5

Brooks, R., & Corey, A. (1964). Hydraulic properties of porous media.
Hydrology Papers, Colorado State University, 1-27. http://www.
citeulike.org/group/1336/article/711012

Bryant, M. L., Bhat, S., & Jacobs, J. M. (2005). Measurements and modeling
of throughfall variability for five forest communities in the southeast-
ern US. Journal of Hydrology, 312, 95-108. https://doi.org/10.1016/j.
jhydrol.2005.02.012

Dettmann, U., Bechtold, M., Frahm, E., & Tiemeyer, B. (2014). On the applica-
bility of unimodal and bimodal van Genuchten-Mualem based models to
peat and other organic soils under evaporation conditions. Journal of
Hydrology, 515, 103-115. https://doi.org/10.1016/j.jhydrol.2014.04.047

Dingman, S. L. (2015). Physical hydrology (3rd ed.). Waveland Press,
Incorporated.

Drexler, J. Z., Fuller, C. C., Orlando, J., Salas, A, Wurster, F. C., &
Duberstein, J. A. (2017). Estimation and uncertainty of recent carbon
accumulation and vertical accretion in drained and undrained forested
peatlands of the southeastern USA. Journal of Geophysical Research: Bio-
geosciences, 122, 2563-2579. https://doi.org/10.1002/2017JG003950

Drexler, J. Z., Snyder, R. L., Spano, D., & Paw, U. K. T. (2004). A review of
models and micrometeorological methods used to estimate wetland
evapotranspiration. Hydrological Processes, 18, 2071-2101. https://
doi.org/10.1002/hyp.1462

Eggleston, J. R., Decker, J. D., Finkelstein, J. S., Wurster, F. C., Misut, P. E.,
Sturtevant, L. P., & Speiran, G. K. (2018). Hydrologic conditions and sim-
ulation of groundwater and surface water in the Great Dismal Swamp of
Virginia and North Carolina. Scientific Investigations Report. https://
doi.org/10.3133/sir20185056

Fire Environment Working Group. (2009). Estimated smoldering potential.
In ‘NC fire effects technical note 01’. North Carolina Forest Service:
Raleigh, NC.

Frandsen, W. H. (1997). Ignition probability of organic soils. Canadian Journal
of Forest Research, 27, 1471-1477. https://doi.org/10.1139/x97-106
Freeman, C., Ostle, N., & Kang, H. (2001). An enzymic “latch” on a global

carbon store: A shortage of oxygen locks up carbon in peatlands by

restraining a single enzymes. Nature, 409, 149. https://doi.org/10.
1038/35051650

German, E. R. (2000). Regional evaluation of evapotranspiration in the ever-
glades. Water-Resources Investigations Report. http://fl.water.usgs.gov

Hansen, B. (2010). Bogged down: The dismal swamp canal. Civil Engineer-
ing Magazine Archive, 80, 46-49. https://doi.org/10.1061/CIEGAG.
0000538

Hawbaker, T. J., Reddy, A. D., Zhu, Z., Wurster, F. C., & Duberstein, J. A.
(2016). Quantifying above and belowground carbon loss following
wildfire in peatlands using repeated lidar measurements. In Proceedings
of the 15th International PEAT Congress, pp. 676-680. http://www.
peatsociety.org/document/quantifying-above-and-belowground-
carbon-loss-following-wildfire-peatlands-using-repeated

Holden, J., Chapman, P. J., & Labadz, J. C. (2004). Artificial drainage of
peatlands: Hydrological and hydrochemical process and wetland resto-
ration. Progress in Physical Geography, 28, 95-123. https://doi.org/10.
1191/0309133304pp403ra

Huang, X., & Rein, G. (2015). Computational study of critical moisture and
depth of burn in peat fires. International Journal of Wildland Fire, 24,
798-808. https://doi.org/10.1071/WF14178

Joosten, H. (2010). The global peatland carbon dioxide picture. Wetland Interna-
tional. http://linkinghub.elsevier.com/retrieve/pii/S0277379111000333

Joosten, H., & Clarke, D. (2002). Wise use of mires and peatlands. Interna-
tional Mire Conservation Group and International Peat Society 304.

Kennedy, G. W., & Price, J. S. (2005). A conceptual model of volume-
change controls on the hydrology of cutover peats. Journal of Hydrol-
ogy, 302, 13-27. https://doi.org/10.1016/j.jhydrol.2004.06.024

Kettridge, N., Tilak, A. S., Devito, K. J., Petrone, R. M., Mendoza, C. A, &
Waddington, J. M. (2015). Moss and peat hydraulic properties are
optimized to maximize peatland water use efficiency. Ecohydrology, 9,
1039-1051. https://doi.org/10.1002/eco0.1708

Kuhry, P. (1994). The role of fire in the development of sphagnum-
dominated peatlands in western boreal Canada. The Journal of Ecology,
82, 899-910. https://doi.org/10.2307/2261453

Limpens, J.,, Berendse, F., Blodau, C., Canadel, J. G. Freeman, C,
Holden, J., Roulet, N., Rydin, H., & Schaepman-Strub, G. (2008). Erra-
tum: Peatlands and the carbon cycle: From local processes to global
implications a synthesis. Biogeosciences, 5, 1475-1491. https://doi.
org/10.5194/bg-5-1739-2008

Ludwig, R. F., McLaughlin, D. L., & Wurster, F. C. (2021). Red maple domi-
nance and community homogenization in a disturbed forested wet-
land. Wetlands Ecology and Management, 29, 599-615. https://doi.
org/10.1007/s11273-021-09808-6

Matlaga, D. P., Quintana-Ascencio, P. F., Menges, E. S., & Pickert, R.
(2010). Fire mediated edge effects in bayhead tree islands. Journal of
Vegetation Science, 21, 190-200. https://doi.org/10.1111/j.1654-
1103.2009.01132.x

McCarter, C. P. R, & Price, J. S. (2014). Ecohydrology of sphagnum moss
hummocks: Mechanisms of capitula water supply and simulated
effects of evaporation. Ecohydrology, 7, 33-44. https://doi.org/10.
1002/ec0.1313

Monteith, J. (1965). Evaporation and environment. Symposia of the Society
for Experimental Biology, 19, 205-234.

Natural Resources Conservation Service. (2021, July 7). Web Soil Survey.
https://websoilsurvey.sc.egov.usda.gov/

Paal, J., Jurjendal, 1., Suija, A., & Kull, A. (2016). Impact of drainage on vege-
tation of transitional mires in Estonia. Mires and Peat, 18, 1-19.
https://doi.org/10.19189/MaP.2015.0MB.183

Page, S., & Baird, A. J. (2016). Peatlands and global change: Response and
resilience. Annual Review of Environment and Resources, 41, 35-57.
https://doi.org/10.1146/annurev-environ-110615-085520

Peng, X., & Horn, R. (2007). Anisotropic shrinkage and swelling of some
organic and inorganic soils. European Journal of Soil Science, 58, 98-
107. https://doi.org/10.1111/j.1365-2389.2006.00808.x

51017 SUOLULLOD SATES.1D) 3| dde aU) AQ POULAOD 916 DI YO 88N J0 S3|NI 10} ARIGITBUIIUO /3|1 UO (SUONIPUOD-PLE-SWLBIALIOD" B | W AIRIGIPUIIUO//SANY) SUONIPUOD PUE SIS 1 3U) 39S *[£202/90/60] U0 A1 8UIIUO AB11M “4oe L e1uiBai A Aq 808 T dAU/Z00T OT/10p/LIC Ao |1 ARG pUIUO//SAIY WOJ) POPEO|UMOQ ‘T *EZ0Z ‘S80T660T


https://orcid.org/0000-0003-4348-2081
https://orcid.org/0000-0003-4348-2081
https://orcid.org/0000-0001-7394-4780
https://orcid.org/0000-0001-7394-4780
https://orcid.org/0000-0002-9700-0351
https://orcid.org/0000-0002-9700-0351
https://orcid.org/0000-0002-4025-2304
https://orcid.org/0000-0002-4025-2304
https://orcid.org/0000-0003-3781-5839
https://orcid.org/0000-0003-3781-5839
https://orcid.org/0000-0002-6687-4910
https://orcid.org/0000-0002-6687-4910
https://orcid.org/0000-0002-5393-2878
https://orcid.org/0000-0002-5393-2878
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1672/0277-5212(2006)26%5B528:ACFEAW%5D2.0.CO;2
https://doi.org/10.1672/0277-5212(2006)26%5B528:ACFEAW%5D2.0.CO;2
https://doi.org/10.1071/WF08183
https://doi.org/10.2136/sssaspecpub5.c5
http://www.citeulike.org/group/1336/article/711012
http://www.citeulike.org/group/1336/article/711012
https://doi.org/10.1016/j.jhydrol.2005.02.012
https://doi.org/10.1016/j.jhydrol.2005.02.012
https://doi.org/10.1016/j.jhydrol.2014.04.047
https://doi.org/10.1002/2017JG003950
https://doi.org/10.1002/hyp.1462
https://doi.org/10.1002/hyp.1462
https://doi.org/10.3133/sir20185056
https://doi.org/10.3133/sir20185056
https://doi.org/10.1139/x97-106
https://doi.org/10.1038/35051650
https://doi.org/10.1038/35051650
http://fl.water.usgs.gov
https://doi.org/10.1061/CIEGAG.0000538
https://doi.org/10.1061/CIEGAG.0000538
http://www.peatsociety.org/document/quantifying-above-and-belowground-carbon-loss-following-wildfire-peatlands-using-repeated
http://www.peatsociety.org/document/quantifying-above-and-belowground-carbon-loss-following-wildfire-peatlands-using-repeated
http://www.peatsociety.org/document/quantifying-above-and-belowground-carbon-loss-following-wildfire-peatlands-using-repeated
https://doi.org/10.1191/0309133304pp403ra
https://doi.org/10.1191/0309133304pp403ra
https://doi.org/10.1071/WF14178
http://linkinghub.elsevier.com/retrieve/pii/S0277379111000333
https://doi.org/10.1016/j.jhydrol.2004.06.024
https://doi.org/10.1002/eco.1708
https://doi.org/10.2307/2261453
https://doi.org/10.5194/bg-5-1739-2008
https://doi.org/10.5194/bg-5-1739-2008
https://doi.org/10.1007/s11273-021-09808-6
https://doi.org/10.1007/s11273-021-09808-6
https://doi.org/10.1111/j.1654-1103.2009.01132.x
https://doi.org/10.1111/j.1654-1103.2009.01132.x
https://doi.org/10.1002/eco.1313
https://doi.org/10.1002/eco.1313
https://websoilsurvey.sc.egov.usda.gov/
https://doi.org/10.19189/MaP.2015.OMB.183
https://doi.org/10.1146/annurev-environ-110615-085520
https://doi.org/10.1111/j.1365-2389.2006.00808.x

LINK ET AL.

Wl LEY 13 of 13

Peng, X., Horn, R., & Smucker, A. (2007). Pore shrinkage dependency of
inorganic and organic soils on wetting and drying cycles. Soil Science
Society of America Journal, 71, 1095-1104. https://doi.org/10.2136/
$s5aj2006.0156

Pindilli, E., Sleeter, R., & Hogan, D. (2018). Estimating the societal benefits
of carbon dioxide sequestration through peatland restoration. Ecologi-
cal Economics, 154, 145-155. https://doi.org/10.1016/j.ecolecon.
2018.08.002

Poulter, B., Christensen, N. L., & Halpin, P. N. (2006). Carbon emissions
from a temperate peat fire and its relevance to interannual variability
of trace atmospheric greenhouse gases. Journal of Geophysical
Research, 111, 1-11. https://doi.org/10.1029/2005JD006455

Prat-Guitart, N., Rein, G., Hadden, R. M., Belcher, C. M., & Yearsley, J. M.
(2016). Propagation probability and spread rates of self-sustained
smouldering fires under controlled moisture content and bulk density
conditions. International Journal of Wildland Fire, 25, 456-465. https://
doi.org/10.1071/WF15103

Price, J. S., & Schlotzhauer, S. M. (1999). Importance of shrinkage and com-
pression in determining water storage changes in peat: The case of a
mined peatland. Hydrological Processes, 13, 2591-2601. https://doi.
org/10.1002/(SICI)1099-1085(199911)13:16<2591::AID-HYP933>3.
0.CO;2-E

Price, J. S., & Whittington, P. N. (2010). Water flow in sphagnum
hummocks: Mesocosm measurements and modelling. Journal of
Hydrology, 381, 333-340. https://doi.org/10.1016/j.jhydrol.2009.
12.006

Prior, L. D., French, B. J., Storey, K., Williamson, G. J., & Bowman, D. M.
J. S.(2020). Soil moisture thresholds for combustion of organic soils in
western Tasmania. International Journal of Wildland Fire, 29, 637-647.
https://doi.org/10.1071/WF19196

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Reardon, J., Hungerford, R., & Ryan, K. (2007). Factors affecting sustained
smouldering in organic soils from pocosin and pond pine woodland
wetlands. International Journal of Wildland Fire, 16, 107-118. https://
doi.org/10.1071/WF06005

Reddy, A. D., Hawbaker, T. J., Wurster, F., Zhu, Z, Ward, S,
Newcomb, D., & Murray, R. (2015). Quantifying soil carbon loss and
uncertainty from a peatland wildfire using multi-temporal LiDAR.
Remote Sensing of Environment, 170, 306-316. https://doi.org/10.
1016/j.rse.2015.09.017

Rein, G. (2015). Coal and Peat Fires: A Global Perspective in Smoldering-
peat megafires: The largest fires on earth, pp. 1-11. https://doi.org/
10.1016/B978-0-444-59510-2.00001-X

Richards, L. A. (1931). Capillary conduction of liquids through porous
mediums. Journal of Applied Physics, 1, 318-333. https://doi.org/10.
1063/1.1745010

Robichaud, P. R, Gasvoda, D. S. Hungerford, R. D., Bilskie, J.,
Ashmun, L. E., & Reardon, J. (2004). Measuring duff moisture content
in the field using a portable meter sensitive to dielectric permittivity.
International Journal of Wildland Fire, 13, 343-353. https://doi.org/10.
1071/WF03072

Rochefort, L., & Andersen, R. (2017). Global peatland restoration after
30 years: Where are we in this mossy world? Restoration Ecology, 25,
269-270. https://doi.org/10.1111/rec.12417

Schulte, M. L., Mclaughlin, D. L, Wurster, F. C, Varner, J. M,
Stewart, R. D., Aust, W. M., Jones, C. N., & Gile, B. (2019). Short- and
long-term hydrologic controls on smouldering fire in wetland soils.
International Journal of Wildland Fire, 28, 177-186. https://doi.org/10.
1071/WF18086

Schwirzel, K., Renger, M., Sauerbrey, R., & Wessolek, G. (2002). Soil physi-
cal characteristics of peat soils. Journal of Plant Nutrition and Soil Sci-
ence, 165, 479-486. https://doi.org/10.1002/1522-2624(200208)
165:4<479::AlD-JPLN479>3.0.CO;2-8

Simhayov, R. B., Weber, T. K. D., & Price, J. S. (2018). Saturated and unsat-
urated salt transport in peat from a constructed fen. The Soil, 4, 63-
81. https://doi.org/10.5194/s0il-4-63-2018

Simanek, J., Van Genuchten, M. T., & Sejna, M. (2006). The HYDRUS Soft-
ware Package for Simulating the Two-and Three-Dimensional Move-
ment of Water, Heat, and Multiple Solutes in Variably-Saturated
Media Technical Manual.

Sleeter, R., Sleeter, B. M., Williams, B., Hogan, D., Hawbaker, T., & Zhu, Z.
(2017). A carbon balance model for the great dismal swamp ecosys-
tem. Carbon Balance and Management, 12, 2-20. https://doi.org/10.
1186/s13021-017-0070-4

Speiran, G. K., & Wurster, F. C. (2020). Hydrology and water quality of the
great dismal swamp, Virginia and North Carolina, and implications for
hydrologic-management goals and strategies: U.S. Geological Survey
Scientific Investigations Report 2020-5100, 104 p. https://doi.org/10.
3133/sir20205100

Stewart, R. D., & Najm, M. R. A. (2018). A comprehensive model for single
ring infiltration I: Initial water content and soil hydraulic properties. Soil
Science Society of America Journal, 82(3), 548-557. https://doi.org/10.
2136/ss5aj2017.09.0313

Turetsky, M. R., Benscoter, B., Page, S., Rein, G. Van Der
Werf, G. R., &amp; Watts, A. (2015). Global vulnerability of peatlands
to fire and carbon loss. Nature Geoscience, 8, 11-14. https://doi.org/
10.1038/nge02325

USFWS. (2006). Great dismal swamp National Wildlife Refuge and Nanse-
mond National Wildlife Refuge Final Comprehensive Conservation
Plan July 2006. USFWS.

USGCRP. (2018). Second state of the carbon cycle report (SOCCR2): A sus-
tained assessment report [Cavallaro, N., G. Shrestha, R. Birdsey, M. A.
Mayes, R. G. Najjar, S. C. Reed, P. Romero-Lankao, and Z. Zhu (eds.)].
U.S. Global Change Research Program, Washington, DC, USA, 878.
https://doi.org/10.7930/SOCCR2.2018

(2011). Physical properties of organic soils. In R. K. Kolka,
S. D. Sebestyen, E. S. Verry, & K. N. Brooks (Eds.), Peatland biogeochemis-
try and watershed hydrology at the marcell experimental forest (pp. 135-
176). Boca Raton, FL: CRC Press. https://doi.org/10.1201/b10708-6

Watts, A. C., Schmidt, C. A., McLaughlin, D. L., & Kaplan, D. A. (2015).
Hydrologic implications of smoldering fires in wetland landscapes.
Freshwater Science, 34, 1394-1405. https://doi.org/10.1086/683484

Word, C. S., MclLaughlin, D. L., Strahm, B. D., Stewart, R. D., Varner, J. M.,
Woaurster, F. C., Amestoy, T. J., & Link, N. T. (2022). Peatland drainage
alters soil structure and water retention properties: Implications for
ecosystem function and management. Hydrological Processes, 36, 1-
12. https://doi.org/10.1002/hyp.14533

Zedler, J. B, & Kercher, S. (2005). Wetland resources: Status, trends, eco-
system services, and restorability. Annual Review of Environment and
Resources, 30, 39-74. https://doi.org/10.1146/annurev.energy.30.
050504.144248

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Link, N. T., McLaughlin, D. L., Stewart,
R. D., Strahm, B. D., Varner, J. M., Word, C. S., & Wurster, F. C.
(2023). Hydrologic-based modelling of burn depth potentials
in degraded peat soils. Hydrological Processes, 37(1), e14808.
https://doi.org/10.1002/hyp.14808

51017 SUOLULLOD SATES.1D) 3| dde aU) AQ POULAOD 916 DI YO 88N J0 S3|NI 10} ARIGITBUIIUO /3|1 UO (SUONIPUOD-PLE-SWLBIALIOD" B | W AIRIGIPUIIUO//SANY) SUONIPUOD PUE SIS 1 3U) 39S *[£202/90/60] U0 A1 8UIIUO AB11M “4oe L e1uiBai A Aq 808 T dAU/Z00T OT/10p/LIC Ao |1 ARG pUIUO//SAIY WOJ) POPEO|UMOQ ‘T *EZ0Z ‘S80T660T


https://doi.org/10.2136/sssaj2006.0156
https://doi.org/10.2136/sssaj2006.0156
https://doi.org/10.1016/j.ecolecon.2018.08.002
https://doi.org/10.1016/j.ecolecon.2018.08.002
https://doi.org/10.1029/2005JD006455
https://doi.org/10.1071/WF15103
https://doi.org/10.1071/WF15103
https://doi.org/10.1002/(SICI)1099-1085(199911)13:16%3C2591::AID-HYP933%3E3.0.CO;2-E
https://doi.org/10.1002/(SICI)1099-1085(199911)13:16%3C2591::AID-HYP933%3E3.0.CO;2-E
https://doi.org/10.1002/(SICI)1099-1085(199911)13:16%3C2591::AID-HYP933%3E3.0.CO;2-E
https://doi.org/10.1016/j.jhydrol.2009.12.006
https://doi.org/10.1016/j.jhydrol.2009.12.006
https://doi.org/10.1071/WF19196
https://doi.org/10.1071/WF06005
https://doi.org/10.1071/WF06005
https://doi.org/10.1016/j.rse.2015.09.017
https://doi.org/10.1016/j.rse.2015.09.017
https://doi.org/10.1016/B978-0-444-59510-2.00001-X
https://doi.org/10.1016/B978-0-444-59510-2.00001-X
https://doi.org/10.1063/1.1745010
https://doi.org/10.1063/1.1745010
https://doi.org/10.1071/WF03072
https://doi.org/10.1071/WF03072
https://doi.org/10.1111/rec.12417
https://doi.org/10.1071/WF18086
https://doi.org/10.1071/WF18086
https://doi.org/10.1002/1522-2624(200208)165:4%3C479::AID-JPLN479%3E3.0.CO;2-8
https://doi.org/10.1002/1522-2624(200208)165:4%3C479::AID-JPLN479%3E3.0.CO;2-8
https://doi.org/10.5194/soil-4-63-2018
https://doi.org/10.1186/s13021-017-0070-4
https://doi.org/10.1186/s13021-017-0070-4
https://doi.org/10.3133/sir20205100
https://doi.org/10.3133/sir20205100
https://doi.org/10.2136/sssaj2017.09.0313
https://doi.org/10.2136/sssaj2017.09.0313
https://doi.org/10.1038/ngeo2325
https://doi.org/10.1038/ngeo2325
https://doi.org/10.7930/SOCCR2.2018
https://doi.org/10.1201/b10708-6
https://doi.org/10.1086/683484
https://doi.org/10.1002/hyp.14533
https://doi.org/10.1146/annurev.energy.30.050504.144248
https://doi.org/10.1146/annurev.energy.30.050504.144248
https://doi.org/10.1002/hyp.14808

	Hydrologic-based modelling of burn depth potentials in degraded peat soils
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study area
	2.2  Study sites and peat properties
	2.3  Water table-based method versus HYDRUS for burn depth predictions
	2.3.1  HYDRUS
	2.3.2  Water table-based method
	2.3.3  Comparison between water table-based and HYDRUS methods

	2.4  Simulating burn depth potentials across sites

	3  RESULTS
	3.1  Water table-based method versus HYDRUS for burn depth predictions
	3.2  Simulating burn depth potentials across sites

	4  DISCUSSION
	4.1  Approaches to model burn depth potential
	4.2  Approaches to model burn depth potential

	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


