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ARTICLE INFO ABSTRACT

Keywords: Globally, prescribed fire, harvesting, and understory mastication, alone and in combination, are common forest
Prescribed fire management practices. Timber commodities, wildlife habitat, wildfire fuel reduction, soil conservation, and
Thinning water quality are frequently targeted and assessed as these practices are utilized. In the 1960s, a study of paired,

Salvage logging

' first-order watersheds was established in coastal South Carolina, USA, to evaluate the long-term impacts of forest
Hurricane Hugo

Silvicult management (i.e. prescribed fire, thinning, mastication of understory vegetation) on water quantity and quality.
1lviculture . . . s e .

Litter Following Hurricane Hugo in 1989, this included salvage logging on one watershed, but not the other. In 2015,
Duff these watersheds were comprehensively evaluated to determine differences in forest species composition, fuels,

Carbon and soil chemistry. Softwood basal area was greater in the managed watershed than in the unmanaged wa-
Nitrogen tershed and hardwood basal area was greater in the unmanaged watershed than in the managed watershed.
Calcium Total fuel mass did not differ between the two watersheds, but 1-hr and 1000-hr rotten fuel mass were greater on
Phosphorus the unmanaged watershed. Ten-hr fuel mass was greater on the managed watershed. Calcium, nitrogen, mag-

Woody debris nesium, phosphorus, potassium, and pH differed between the litter (Oi horizon) and duff (Oe + Oa horizons) of

both watersheds, but carbon only differed in the duff. Mineral soil (Ultisols, 0-10 and 10-20 cm depths) calcium
and phosphorus differed between the watersheds, but pH and the other chemicals did not. Collectively, these
results indicated that: (1) forest management and natural disturbance on these watersheds altered long-term
forest structure; (2) different species compositions and the inclusion or exclusion of salvage logging after
Hurricane Hugo produced different fuel compositions that may potentially impact potential wildfire hazard and
fire behavior; (3) organisms as a primary soil-forming factor were impacted by long-term management, there-
fore, some soil chemical properties were affected. Collectively, these analyses highlighted the broad, long-term
impacts to ecosystem properties and processes that might directly and indirectly result from active forest
management and natural disturbance and the scale of site-specific assessment that might be considered when
landowner objectives are targeted in forest management plans and practices.

1. Introduction

Globally, forests cover approximately 4 million ha, accounting for
approximately 30% of earth’s land surface. As of 2010, 53% of forests
had an existing and active forest management plan (Keenan et al.,
2015). Such management plans, with specific management techniques,
are often implemented to attain specific owner or agency objectives,

such as production of timber and wood commodities or wildlife habitat
(Waldrop and Goodrick, 2012). Globally, prescribed fire and harvesting
are two techniques commonly used in forest management (Johnson and
Curtis, 2001). Understanding spatial and temporal impacts that these
practices induce on ecosystem properties and processes, such as influ-
encing potentially hazardous wildland fuels, soil properties, and water
quality, is an essential part of forest management planning (Oliver and
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Larson, 1996; Johnson and Curtis, 2001).

Potentially hazardous wildland fuels are an international concern
(Flannigan et al., 2013; Keane, 2013; Williams, 2013; Schwilk et al.,
2009). Recent wildfire events in the Amazon, Australia, and the United
States have highlighted some significant dynamics, such as larger fire
events generating higher suppression costs occurring during extended
fire seasons in areas more heavily influenced by human development
(Abatzoglou and Williams, 2016). In many locations, concerns are es-
calated by current climate projections through the year 2100 (Collins
and Knutti, 2013).

Active forest management, which includes implementation of in-
tensive silvicultural practices, may alter the amount and composition of
potentially hazardous wildland fuels (Vander Yacht et al., 2019;
Waldrop et al., 2016; Schwilk et al., 2009). Dominant vegetative types
change over time through ecological succession in the presence or ab-
sence of natural and anthropogenic disturbances (Gilliam and Platt,
1999). Active forest management that favors one successional state over
another or one specific vegetative composition may, in turn, affect both
the total amount and type of fuel available to burn when and if a
wildfire ignition occurs (Tiribelli et al., 2019; Uyehara and Pacala,
2018; Waldrop and Goodrick, 2012).

Worldwide, soil conservation also continues to be a major topic of
concern. Soils serve as a medium for biological productivity (Alcaniz
et al., 2018; Page-Dumroese et al., 2010). As much as soils influence
potential vegetation, vegetation also influences soil resources as one of
the primary soil-forming factors (Jenny, 1941). Therefore, as was stated
previously regarding fuels, as vegetation changes over time through the
natural process of ecological succession, soil physical, biological, and
chemical properties may also change. Potential alterations in soil cal-
cium (Ca), carbon (C), nitrogen (N), magnesium (Mg) phosphorus (P),
potassium (K), or pH may be noted as a result of active forest man-
agement in a given soil type (Hume et al., 2016; Li et al., 2013; Lynham
et al., 1998).

Numerous forests of the southeastern Coastal Plain, USA, are ac-
tively managed today through the use of prescribed burning practices,
alone or in combination, and provide evidence of potential ecosystem
impacts resulting from active forest management (Melvin, 2018;
Mitchell and Duncan, 2009). Significant forest fuel composition and
load changes may occur in longleaf pine (Pinus palustris Mill.) domi-
nated forests if fire return intervals are extended beyond three years
(Glitzenstein et al., 1993), for example. In the absence of frequent
prescribed fire, understory vegetation may rapidly shift from a wire-
grass (Aristida stricta Michx.) dominated composition to one dominated
by woody stems (Noss, 2018). It has been noted that longleaf pine-
wiregrass fuel cells maintained with frequent fire may vary spatially
across the landscape at a scale of 0.25 m? (Loudermilk et al., 2017;
Hiers et al., 2009). At this scale, fire behavior, and any subsequent fire
effects, may be impacted by the intricacy of fuel pattern and orienta-
tion, not to mention other fire environment variables (i.e. fire weather,
microtopography, etc.). This fine-scale fuel complexity characterizes
frequent fire landscapes and points toward additional fuel complexities
that might be identified for fire excluded or infrequent fire landscapes.
Therefore, fuel assessments are a critical consideration of active forest
management.

Silvicultural impacts to southeastern soils have been quite varied as
a result of the soil type impacted, the soil property measured and the
time of that measurement (both seasonally and post-harvest), the type
of mechanized equipment used (if any), and the extent of biomass re-
moved (Coates, 2006; Johnson and Curtis, 2001). Fox et al. (2007)
summarized typical pine plantation management in the southeastern
United States as involving mechanical, chemical, and prescribed
burning site preparation, planting improved seedlings, competition
control, fertilization, thinning, and final harvest. Aust et al. (2019)
described current silvicultural manipulations for wetter sites in the
southeastern Coastal Plain as involving both planted pine and naturally
regenerated hardwoods and a variety of harvesting equipment that is
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intended to minimize soil impacts. Silvicultural manipulations can
clearly affect forest soils in numerous and complex ways.

Soils-related prescribed fire effects have been measured in the
southeastern Coastal Plain and the results vary based upon multiple
factors such as soil type, chemical property in question, fire regime
investigated (i.e. fire frequency, season of burn, fuels, climate), fire
weather (related to specific burn days), time of sampling and sampling
technique, and laboratory techniques utilized (Coates et al., 2018;
Fairchilds and Trettin, 2006; McKee, 1982). In four studies of Coastal
Plain pine forests situated on clay-dominated Ultisols, total nitrogen (N)
was not significantly affected as a result of long-term prescribed fire use
when measured at the 0-16 cm depth in South Carolina and Alabama
(McKee, 1982), 0-20 cm depth in South Carolina (Binkley et al., 1992),
and 0-10 cm depth in Florida (Godwin et al., 2017). Site preparation
prescribed fire also induced no soil N changes at the 0-15 cm depth in
Georgia (Boyer and Miller, 1994). Godwin et al. (2017) noted non-
significant increases in phosphorus (P), calcium (Ca), potassium (K),
and pH as a result of burning, but carbon (C) and magnesium (Mg)
increased significantly. McKee (1982) observed significantly increased
P and Ca at the 0-5 cm (Alabama) and 0-8 cm depths (South Carolina)
as a result of prescribed burning. This author suggested that a lack of
fire might lead to Ca immobilization in the O horizon, subsequently
impacting early successional vegetation, biological richness, and spe-
cies diversity. Soil results indicating increases and non-significant ef-
fects of prescribed fire stand in contrast to broad syntheses of soil-re-
lated wildland fire effects highlighted by Pellegrini et al. (2017) and
Carter and Foster (2004). Both authors suggested that increased fire
frequency may compromise soil productivity and fertility long-term by
reducing soil C and N.

In Coastal Plain South Carolina (USA), a unique study was estab-
lished in the 1960s to determine the long-term implications of active
forest management on ecosystem properties and processes in two paired
watersheds (Amatya and Trettin, 2007; Harder et al., 2006). One wa-
tershed has been managed over the last 50 years and the other has not.
Both watersheds were heavily impacted by Hurricane Hugo in 1989.
Recently, Majidzadeh et al. (2019) observed that water quality was
enhanced on the managed watershed as a result of the long-term in-
clusion of active management practices. In this paper, we would like to
address potential long-term changes in forest composition, forest fuel
loading, and soil chemical properties within these watersheds.

Our hypotheses were:

a. Forest composition has been altered by natural disturbance and
forest management (i.e. hardwood composition is greater on the
unmanaged watershed as a result of ecological succession and
softwood composition is greater on the managed watershed because
silvicultural treatments have promoted softwood dominance)

b. Forest floor and fuel physical properties have been altered by nat-
ural disturbance and forest management (i.e. total fuel loading is
greater on the unmanaged watershed than on the managed wa-
tershed, largely as a result of greater 1000-hr fuels on the un-
managed watershed that remain following Hurricane Hugo)

c. Forest floor and mineral soil chemistry have been altered by natural
disturbance and forest management (i.e. C, N, Ca, Mg, K, P, pH have
been affected by the long-term changes in overstory tree species
dominance between watersheds)

2. Materials and methods

2.1. Study site (Fig. 1 Map, Fig. 2 Photos) (Table 1 disturbance/
management history)

Two paired, experimental, coastal, first-order watersheds within the
Santee Experimental Forest of the Francis Marion National Forest in
Cordesville, South Carolina (USA) were utilized for this study (Fig. 1).
Lands comprising this forest have been used for agriculture and forestry
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Fig. 1. Location of the experimental watersheds (Watersheds 77-managed and 80-unmanaged) utilized for this study on the USDA Forest Service Southern Research
Station’s Santee Experimental Forest, Cordesville, South Carolina (Majidzadeh et al., 2019; Harder et al., 2006).

since the early 1700s (Dai et al., 2013). The unmanaged watershed,
Watershed 80, is a 160-ha watershed that has not been subjected to
forest management practices since 1968 and serves as a control site for
the USDA Forest Service Southern Research Station Center for Forested
Wetlands Research (Amatya and Trettin, 2007). The managed wa-
tershed, Watershed 77, is a 160-ha watershed that has been actively
managed since 1963 with a host of silvicultural practices including
prescribed fire, thinning, and mastication (i.e. mowing of understory
vegetation) (Table 1) (Amatya et al., 2006; Harder et al., 2006). One
large, natural disturbance of note affecting both watersheds equally in
1989 was Hurricane Hugo; approximately 80% of the dominant trees in
both watersheds were broken or uprooted (Hook et al., 1991). No post-
hurricane debris was removed from the unmanaged watershed and no
silvicultural practices were utilized for stand recovery. The managed
watershed has been burned every 2—4 years since 2003. Representative
photographs of both watersheds were taken in 2015 and are shown in
Fig. 2.

The dominant trees on both watersheds were loblolly pine (Pinus
taeda L.), longleaf pine (Pinus palustris Mill.), red maple (Acer rubrum
L.), sweetgum (Liquidambar syraciflua L.), and many oaks (Quercus
spp.). The soils have developed in marine sediments and have drainage
varying from very poorly drained in the riparian zones to moderately
well drained in the uplands. They are defined as aquic Alfisols or
Ultisols, containing argillic horizons (Jayakaran et al., 2014). For the
purposes of this study, we confined our soil sampling locations to Ul-
tisols-only and the following soil series designations: Wahee, Coxville,
Eulonia, and Goldsboro. Sampling location elevation on both water-
sheds was 5.0 m to 21.6 m.

2.2. Sampling

2.2.1. Overstory composition
A randomized sampling grid was established for each watershed in

January 2015. Thirty-six total locations were sampled: 20 on the
managed watershed and 16 on the unmanaged watershed. Sampling
locations within each watershed were approximately 300 m apart. At
each sampling location, a 0.02 ha (13.4 m X 15.2 m) fixed area plot
was established to determine overstory composition and basal area
(Fig. 3). Trees > 5 cm diameter at breast height (DBH) and 2 m tall
were tallied by 5-cm DBH classes and species. Basic categories of
hardwood and softwood for each tree species were utilized to determine
differences in stand composition.

2.2.2. Woody debris and forest floor physical properties

Within the 0.02 ha fixed area plot, Brown’s Planar Intercept Method
(Brown, 1974) was utilized to determine coarse woody debris mass and
forest floor depth. Using this method, as modified by Coates et al.
(2019) and Stottlemyer (2004), three 15.2 m transects were oriented at
a 45° angle along the forest floor surface to tally individual woody
debris particles and generate woody debris mass by diameter and
timelag fuel-size class: 0-0.64 cm (1-hr), 0.65-2.54 cm (10-hr),
2.55-7.62 cm (100-hr), > 7.62 cm (1000-hr) (Fig. 3). Timelag refers to
how an individual fuel-size class responds to changes in relative hu-
midity (Brown, 1974). Using this method, 1-hr and 10-hr fuels were
tallied within the first 1.83 m of each transect, 100-hr fuels were tallied
within the first 3.66 m, and 1000-hr fuels were tallied along the entire
15.2 m transect. A quality rating (sound or rotten) was additionally
recorded for 1000-hr fuels based upon exterior physical properties
(Lutes and Keane, 2006; Maser et al., 1979). If any portion of a 1000-hr
fuel’s texture appeared soft when kicked, for example, that fuel was
classified as rotten.

Estimates of fuel loading in tons acre ™! (W) were derived for each
fuel-size class based upon these equations (Brown, 1974) and converted
to Mg ha™!:

For material with diameter < 7.62 cm W = 2.24[(11.64)(ns#d? * s* asc)/NxL]
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B)

Fig. 2. Images from sites at the (A) unmanaged and (B) managed watersheds,
Santee Experimental Forest, Cordesville, South Carolina, USA.

Table 1

Chronology of forest management practices and natural disturbances on both
the managed (Watershed 77) and unmanaged watersheds (Watershed 80) of the
Santee Experimental Forest, Cordesville, South Carolina, USA (dates added to
Amatya et al., 2006).

Year (s) Description of treatments/disturbances

1963 Watershed 77 established as a managed, treatment watershed

1968 Watershed 80 established as a control, unmanaged watershed

1977-1981 100% of Watershed 77 is prescribed burned at various times over a
5 year period

1989 Hurricane Hugo damages 80% of forests on both watersheds (Sept.)

1990 Watershed 77 is salvage-harvested (entire vegetation harvested and
removed)
Watershed 80 is left untouched

2001 Mastication of understory vegetation occurred on portions of
Watershed 77 (Feb.-Nov.)

2003 Watershed 77 prescribed burned on May 10

2006 Watershed 77 whole-tree thinning of understory in early July

2007 Watershed 77 prescribed burned on June 7

2009 Watershed 77 prescribed burned on April 21

2013 Watershed 77 prescribed burned on March 5

For material with diameter> 7.62 cm: W = 2.24[(11.64)(2 d? x sk a*c)/N*L

where

2.24 = conversion factor of tons acre™! to Mg ha™!

11.64 = conversion factor of volume to tons acre ™!
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Fig. 3. Plot layout for each sampling location (located approximately 300 m
apart) utilized to determine overstory composition, forest floor physical and
chemical properties, and mineral soil chemical properties on the unmanaged
and managed watersheds of the Santee Experimental Forest, Cordesville, South
Carolina, USA.

n = the number of woody fuels tallied per timelag-size class

d = quadratic-mean-diameter of particles (in)

s = specific gravity of fuels (s = 0.70, 0.58, 0.58, and 0.30 for 1-
and 10-hr, 100-hr, 1000-hr sound, and 1000-hr rotten material,
respectively) (Anderson, 1982)

a = non-horizontal angle factor correction factor

¢ = slope correction factor

N = number of transects at each plot (N = 3)

L = length (ft) of sampling plane (L = 6 for 1- and 10-hr fuels;
L = 12 for 100-hr fuels; and L. = 50 for 1000-hr fuels)

Litter depth (cm), duff depth (cm) (when present), and fuel bed
height (cm; defined as the distance from the top of the litter layer to the
top of any coarse woody debris crossing the transect) were measured at
three locations along each 15.2 m transect: 3.7-4.0 m, 7.3-7.6 m, and
12.2-12.5 m. Therefore, plot averages for each variable were based
upon nine individual measurements (three measurements taken along
each of the three transects within each plot). Litter and duff masses
were derived using samples described in Section 2.2.3.

2.2.3. Forest floor and mineral soil chemistry

Approximately 1-2 m outside the lower boundary of each 0.02 ha
fixed area plot, three forest floor and mineral soil sampling locations
were established approximately 1 m apart (Fig. 3). Litter (Oi horizon;
including any down-and-dead understory vegetation) and duff
(Oe + Oa horizons) materials (when present) were destructively
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sampled using a 0.3 m X 0.3 m frame. These samples were taken to the
laboratory, oven-dried at 65 °C for no less than 48 hrs, and weighed to
determine the oven-dry mass of each sample. After drying, the three
samples obtained at each location were composited to create one
sample each of both litter and duff per sampling location. These sam-
ples were then ground using a Wiley mill (2 mm).

Mineral soil samples were obtained directly underneath the re-
moved forest floor materials to the 0-10 and 10-20 cm soil depths using
an Oakfield Model H soil probe (Oakfield Apparatus, Fond du Lac, WI,
USA; inner diameter 2.06 cm). In the field, these samples were com-
posited to create one sample for each depth per plot. These samples
were also taken to the laboratory and any rock and root fragments were
removed. The samples were then oven-dried at 65 °C for no less than 48
hrs and hand-sieved to 2 mm.

2.2.4. Laboratory analyses

Laboratory analyses were contracted to Brookside Laboratories in
New Bremen, OH, USA and approximately 30 g of litter, duff, and mi-
neral soil (0-10 and 10-20 cm soil depths) were utilized to determine
concentrations of the following chemical properties: C, Ca, Mg, N, P, K,
and soil pH. Carbon and N were determined by the combustion of
samples and subsequent measurements conducted with the Perkin-
Elmer 2400 Series CHNS/O Analyzer (Nelson and Sommers, 1996). The
additional element concentrations were determined using Mehlich III
methodology (Mehlich, 1984) and subsequent analysis for each element
of interest by ICP-Optical Emission Spectrometry (Boss and Fredeen,
2004). Soil pH was determined using a 1:1 soil to water solution
(McLean, 1982).

2.3. Statistical analyses

All statistical analyses were conducted using JMP® (Version 14, SAS
Institute Inc., Cary, NC, USA). Differences in watershed basal area;
woody debris mass; litter mass, depth, and chemistry; duff mass, depth,
and chemistry; fuelbed height; and mineral soil chemistry were de-
termined using Wilcoxon t-tests for nonparametric datasets. Differences
were declared statistically significant at a = 0.05.

3. Results
3.1. Overstory composition)

Mean total basal area was greater on the unmanaged watershed
(45.6 m? ha~!) than on the managed watershed (34.5 m? ha™h)
(p < 0.01) (Table 2). Further analyses by broad species categories
suggested that mean softwood basal area was greater on the managed
watershed (27.1 m? ha™!) than on the unmanaged watershed (19.0 m?
ha™!) (p < 0.01) and mean hardwood basal area was greater on the
unmanaged watershed (26.6 m? ha~1) than on the managed watershed
(7.4m>ha™ %) (p = 0.02).

3.2. Forest floor and fuel physical properties

Mean total forest floor depth (Oi + Oe + Oa) was greater on the
unmanaged watershed (6.3 cm) than the managed watershed (5.4 cm)
(p = 0.04) (Table 2). Mean litter depth was 4.6 and 4.9 cm for the
unmanaged and managed watersheds, respectively, and did not differ
statistically (p = 0.82). Duff depth was 1.7 and 0.4 cm for the un-
managed and managed watersheds, respectively, and did differ statis-
tically (p < 0.01). Mean fuel bed depth was greater on the unmanaged
watershed (7.8 cm) than the managed watershed (3.2 cm) (p < 0.01).

Mean total fuel mass (forest floor mass + coarse woody debris
mass) was 51.4 and 46.7 Mg ha~! for the unmanaged and managed
watersheds, respectively, and did not differ significantly (p = 0.45)
(Table 2). Mean total forest floor mass (Oi + Oe + Oa) was
25.0 Mg ha™! and 21.5 Mg ha™! for the unmanaged and managed
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Table 2

Basal area (m? ha™'), fuel mass (Mg ha™'), and fuel depth (cm) parameters
measured on the Santee Experimental Forest unmanaged and managed water-
sheds, Cordesville, SC, USA (a = 0.05).

Property Unmanaged Managed Z-test p-value
(n = 16) (n = 20) Statistic
Composition (m> ha—1)
Total Basal Area 456 + 1.8 345 *£ 2.2 3.26 < 0.01
Hardwood Basal 26.6 + 2.4 7.4 = 1.7 —-2.23 0.02
Area
Softwood Basal 19.0 = 2.7 271 * 1.7 4.47 < 0.01
Area
Fuel Mass (Mg ha™')
Total Fuel Mass 51.4 * 5.0 46.7 * 4.6 0.75 0.45
Forest Floor Mass 25.0 = 1.8 215 = 25 1.29 0.19
Litter Mass 125 = 0.9 125 = 1.1 0.05 0.95
Duff Mass 125 = 1.4 9.0 = 2.3 2.23 0.03
Down-and-Dead 26.4 * 4.1 25.2 * 4.3 0.65 0.51
Woody Debris
Mass
1-Hr Fuel 0.6 = 0.1 0.2 = 0.1 4.03 < 0.01
10-Hr Fuel 3.6 * 0.4 5.0 * 0.5 -2.03 0.04
100-Hr Fuel 4.3 = 0.8 5.8 = 0.8 —1.48 0.14
1000-Hr Fuel 17.9 = 3.2 141 = 41 1.70 0.09
1000-Hr Rotten 16.8 = 3.0 10.5 = 3.6 2.26 0.02
1000-Hr Sound 1.2 = 05 3.6 = 21 —-0.61 0.55
Fuel Depth (cm)
Forest Floor Depth 6.3 = 0.6 54 + 0.3 2.01 0.04
Litter Depth 4.6 = 0.4 49 = 0.3 -0.22 0.82
Duff Depth 1.7 + 0.1 0.4 * 0.2 3.83 < 0.01
Fuel Bed Height 7.8 = 0.8 3.2 + 0.3 4.17 <0.01

watersheds, respectively, and was not significantly different between
the watersheds (p = 0.19). Mean litter mass followed this trend with
12.5 Mg ha~! on both watersheds (p = 0.95). Mean duff mass differed,
however, with 12.5 Mg ha™! on the unmanaged watershed and
9.0 Mg ha~?! on the managed watershed (p = 0.03).

Mean coarse woody debris mass (1-hr + 10-hr + 100-hr + 1000-hr
fuels) did not differ by watershed (p = 0.51), with 26.4 Mg ha~! and
25.2 Mg ha™! on the unmanaged and managed watersheds, respec-
tively. Differences were detected for some of the individual time-lag,
fuel-size classes, however. Mean 1000-hr fuel loads did not differ be-
tween the watersheds (17.9 Mg ha™?! for the unmanaged watershed,
14.1 Mg ha~? for the managed watershed; p = 0.09), but differences
were detected based upon 1000-hr fuel soundness. Mean rotten 1000-hr
fuel loads were greater on the unmanaged watershed (16.8 Mg ha™!)
than on the managed watershed (10.5 Mg ha™ 1 (p = 0.02), but the
mean for sound 1000-hr fuel loads did not differ (1.2 Mg ha~! on the
unmanaged watershed, 3.6 Mg ha~! on the managed watershed;
p = 0.55). Mean 100-hr fuel loads did not differ by watershed
(4.3 Mg ha™! on the unmanaged watershed, 5.8 Mg ha~' on the
managed watershed; p = 0.14). Mean 10-hr fuel loads were greater on
the managed watershed than on the unmanaged watershed
(3.6 Mg ha™! for the unmanaged watershed, 5.0 Mg ha™! for the
managed watershed; p = 0.04) and mean 1-hr fuel loads were greater
on the unmanaged watershed than on the managed watershed
(0.6 Mg ha™! for the unmanaged watershed, 0.2 Mg ha™! for the
managed watershed; p < 0.01).

3.3. Forest floor and mineral soil chemistry

Significant difference determination for chemical properties be-
tween the watersheds was similar for the forest floor materials: mean
values were higher on the unmanaged watershed for all properties
(p < 0.05) except litter C (p = 0.13) (Tables 3 and 4). Differences in
mineral soil chemical properties were not as uniform for the 0-10
(Table 5) and 10-20 cm (Table 6) soil depths. Mean total P and Ca were
significantly greater on the unmanaged watershed at both the 0-10
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Table 3

Mean litter (Oi Horizon) chemical property values ( + standard error) for the
managed and unmanaged watersheds on the Santee Experimental Forest,
Cordesville, SC, USA (a = 0.05).
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Table 6

Mean mineral soil chemical property values ( + standard error) at the
10-20 cm soil depth for the managed and unmanaged watersheds on the Santee
Experimental Forest, Cordesville, SC, USA (o = 0.05).

Chemical Managed Unmanaged Test p-value Chemical Managed Unmanaged Test p-value
Property (n = 20) (n = 16) Statistic Property (n = 20) (n = 16) Statistic

pH 3.88 (0.04) 4.32 (0.11) 3.45 < 0.01 pH 4.33 (0.03) 4.48 (0.08) 1.31 0.19

P (mg kg™ 1) 13.05 (0.68) 21.94 (1.36) 4.50 < 0.01 P (mg kg™ 1) 3.75 (0.20) 7.63 (0.83) 4.00 < 0.01
Ca (mg kgfl) 351.50 (29.34) 675.00 (80.83) 3.93 < 0.01 Ca (mg kgfl) 249.40 (35.26) 497.94 (101.54) 2.23 0.03
Mg (mg kg™ 1) 98.05 (5.04) 168.44 (12.07) 4.06 < 0.01 Mg (mg kg™ 1) 55.50 (6.93) 50.56 (8.48) —0.40 0.69

K (mg kg™ 1) 57.85 (2.96) 96.25 (5.19) 4.63 < 0.01 K (mg kg™ 23.20 (1.45) 24.75 (1.55) 0.83 0.41
N% 0.85 (0.04) 1.04 (0.03) 3.49 < 0.01 N% 0.07 (0.01) 0.09 (0.01) 1.30 0.19
C% 46.05 (0.31) 46.56 (0.35) 1.53 0.13 C% 1.18 (0.14) 1.30 (0.21) 0.10 0.91

Table 4

Mean duff (Oe + Oa Horizon) soil chemical property values ( + standard error)
for the managed and unmanaged watersheds on the Santee Experimental
Forest, Cordesville, SC, USA (a = 0.05).

Chemical Managed Unmanaged Test p-value
Property (n = 10) (n = 16) Statistic

pH 3.88 (0.04) 4.18 (0.08) -3.12 < 0.01
P (mg kgfl) 14.80 (0.99) 21.44 (1.34) —2.85 < 0.01
Ca (mg kgfl) 411.00 (46.30) 849.69 (83.40) —-3.35 < 0.01
Mg (mg kg™ 1) 55.20 (4.46) 111.81 (10.54) -3.35 < 0.01
K (mg kg™ ") 43.10 (2.94) 84.19 (5.31) —-3.93 <0.01
N% 0.93 (0.06) 1.32 (0.07) —-3.03 < 0.01
C% 34.14 (2.10) 39.34 (1.42) -213 0.03

(both p < 0.01) and 10-20 cm soil depths (soil P, p < 0.01; soil Ca,
p = 0.03).

4. Discussion

4.1. Forest management has altered stand density, species composition, and

fuels

This long-term, paired watershed experiment was developed in the
1960s on the Santee Experimental Forest in Cordesville, SC, USA. These
watersheds were originally selected for a paired study because their
structural and functional attributes were similar. Therefore, this as-
sessment is based upon an assumption of initial similarity across eco-
system components between the watersheds when the paired study was
originally established. Additionally, this investigation focused on si-
milar soil series representing only one soil order (Ultisols) present on
both watersheds. Since the 1960s, differences in management strategy
have resulted in significant differences in species composition, density,
and structure between the watersheds. Management activities have
decreased total basal area and increased softwood basal area on the
managed watershed, while total and hardwood basal area increased in
the unmanaged watershed. Forest management practices are often im-
plemented to maintain specific, desired densities and stocking (Waldrop

Table 5

Mean mineral soil chemical property values ( + standard error) at the 0-10 cm
soil depth for the managed and unmanaged watersheds on the Santee
Experimental Forest, Cordesville, SC, USA (a = 0.05).

Chemical Managed Unmanaged Test p-value
Property (n = 20) (n = 16) Statistic

pH 4.40 (0.03) 4.40 (0.09) —0.66 0.51

P (mg kgfl) 6.85 (0.36) 11.75 (0.87) 5.19 < 0.01
Ca (mg kg™ ") 200.40 (23.02)  455.75 (78.37) 3.22 < 0.01
Mg (mg kg™ ") 41.80 (4.70) 48.38 (5.50) 1.05 0.29

K (mg kg_l) 27.80 (1.81) 32.31 (2.36) 1.69 0.09
N% 0.13 (0.01) 0.15 (0.02) 0.89 0.37
C% 2.87 (0.23) 2.96 (0.34) —-0.10 0.92

and Goodrick, 2012). It has been shown in similar forests of the
southeastern Coastal Plain that a reduction in management activities
may lead to increased hardwood cover, often in as little as 10 years
from the time that management ceases (Noss, 2018).

The impact of management on stand density and species composi-
tion is linked to alterations in fuel arrangement and composition on
these watersheds, as well. Mean height of down-and-dead woody debris
was 4.6 cm higher and duff depth was 1.4 cm greater on the unmanaged
watershed. This increase in duff depth was followed by increased duff
mass on the unmanaged watershed. This is a significant consideration
given more recent research suggesting overstory mortality in long-un-
burned forests is often impacted by duff disturbance and consumption
when burned (Kreye et al., 2014). Feeder roots often permeate and
expand in the duff layer in unburned forests. When those roots are
damaged by fire, immediate or often delayed mortality may occur
(Kreye et al., 2017). While total fuel mass was not significantly different
between the watersheds, individual woody fuel components were sig-
nificantly different, including greater 1-hr and rotten 1000-hr fuels on
the unmanaged watershed and greater 10-hr fuels on the managed
watershed. Given the damage Hurricane Hugo caused in 1989 on these
watersheds and the lack of salvage logging on the unmanaged wa-
tershed, the increase in rotten 1000-hr fuel loads is logical. Often 1-hr
fuel loads increase immediately post-burn in prescribed fire units due to
top-kill of saplings, seedlings, and understory species (Waldrop et al.,
2010). This is not a universal truth, however, and fuels may vary quite
drastically across a given landscape (Vander Yacht et al, 2019;
Loudermilk et al., 2017). The increase in 10-hr fuels on the managed
watershed may be a result of decreased stand density and increased
exposure of pine canopies to wind and ice. Significant wind and ice
storms occurred in this region in 2012, 2013, and 2014 and this may be
reflected in these values.

Given the expected increase in wildland fire activity in the south-
eastern region under the continued influence of climate change (Vose
et al., 2018), the shift in these fuel dynamics should not go unnoticed.
The presence of fuel loads and the availability of those fuel loads to
burn are two separate considerations. Even though a given fuel particle
is present in a forest stand, this does not indicate that the fuel particle is
available to burn. Size and fuel moisture are two factors that must be
considered regarding fuel availability (Drury et al., 2014; Keane, 2013).
If a severe wildfire were to occur on the unmanaged watershed during
particularly dry conditions, for example, increased smoldering and
glowing combustion might occur where duff loads are significant. In
that instance, increased smoldering and heating might occur for a
longer period of time, leading to increased 1000-hr fuel heating and
consumption, creating a potential scenario for increased overstory
mortality when compared to a potential wildfire ignition in the man-
aged watershed. If complete duff consumption were to occur, mineral
soil would be exposed and any subsequent precipitation might lead to
increased erosion, sedimentation, and water temperature. Aquatic ha-
bitat might also be affected as a result of these changes (Hahn et al.,
2019; Bladon et al., 2014).
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Beyond wildfire hazard considerations, Coastal Plain pine forest
coarse woody debris compositions may significantly impact wildlife
habitat and health. Owens et al. (2008) found that amphibian and an-
uran capture rates were greatest in plots where coarse woody debris
had not been removed in the Sandhills region of South Carolina, USA.
Other species, however, did not respond positively to additions of
coarse woody debris and the authors hypothesized that some of the
dominant amphibians and snakes found in the study area were adapted
to burrowing in sandy soil or finding appropriate habitat in the forest
floor. In another study of shrew abundance in the southeastern Coastal
Plain, Davis et al. (2010) found that the abundance of 2 shrew species,
Blarina carolinensis (Bachman) and Sorex longirostris (Bachman), were
influenced by coarse woody debris presence on the landscape. Abun-
dance of both species was least in locations where debris was removed.
Abundance of another shrew species, Cryptotis parva (Say), was not
impacted by debris loads. Additionally, Horn and Hanula (2008) found
that arthropod abundance decreased as a result of short-term coarse
woody debris removal in loblolly pine stands in South Carolina. The
authors suggested that red-cockaded woodpeckers (Picoides borealis
Vieillot) and other bark-foraging birds might be impacted by this po-
tential prey reduction.

4.2. A soil-forming factor was altered by management

Differences in litter and duff chemistry were noted between the
watersheds for all of the chemical properties assessed, with the excep-
tion of litter C. Based upon these results, it would appear that the in-
crease in hardwoods within the unmanaged watershed was related to
higher pH, Ca, K, Mg, N, and P in the litter and duff. Litter materials in
this study were not separated by species and no quantitative analysis of
litterfall was conducted to determine species-specific litterfall.
Therefore, any interpretation of differences is based upon a generalized,
relative species mixture determined by the basal area differences be-
tween hardwood and softwood species. Species-specific litter chemistry
differences have been noted in studies conducted throughout the world,
however (Xue et al., 2019; Alexander and Arthur, 2014; Yanai et al.,
2012; Hattenschwiler et al., 2008; Vitousek, 1982). Species-specific N
differences that might be related to this study may include values for
pine needle litter (0.4%; Krishna and Mohan, 2017) and red maple
(0.8%; Yanai et al., 2012), for example. Watershed tree species com-
position has been affected by 50 years of forest management and nat-
ural disturbance on these watersheds. Therefore, changes in species
dominance have impacted a primary soil forming factor: organisms
(Jenny, 1941). This change is most likely reflected not only in the
presence of the litter and decomposing understory biomass that
changed as a result of intensive management and natural disturbance,
but also in the microbial communities dependent upon these materials
and patterns of immobilization that might be related to these commu-
nities.

Of the forest floor chemical properties that differed between the
watersheds, only mineral soil P and Ca remained significantly different
as depth increased beyond the forest floor. It seems likely that these
differences are related to the litter chemistry differences previously
noted. Speculatively, both sites have similar soil orders and parent
materials and different rooting and uptake patterns of differing species
may have influenced cycling of these two bases. Differences did exist at
both depths (0-10 and 10-20 cm) for both P and Ca. Phosphorus levels
for the managed watershed soils were approximately 58% and 49% of
the P levels for the unmanaged watershed soils at the 0-10 and
10-20 cm depths, respectively. Calcium levels for the managed wa-
tershed soils were approximately 44% and 50% of the unmanaged
watershed soils at the 0-10 and 10-20 cm depths, respectively.
Phosphorus levels for both soils at both depths might suggest a potential
P limitation for vegetative growth (< 0.005%). The P and Ca mineral
soil results did not agree with McKee (1982) who found significant
increases in both mineral soil P and Ca as a result of burning at the
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0-5 cm soil depth in Alabama and 0-8 cm soil depth in South Carolina.
Godwin et al. (2017) also found non-significant increases in both Ca
and P at the 0-10 cm soil depth in Florida. In both of these studies, the
authors documented similar shifts in relative overstory species com-
position between burned and unburned locations (i.e. increased hard-
wood presence in unburned locations). However, the specific hardwood
species present between these locations likely differed with those found
at the Santee watersheds. Additionally, in McKee (1982) and Godwin
et al. (2017), soils were sampled at different post-fire times than the
Santee watersheds. For example, McKee (1982) sampled his Alabama
location 4 months post-fire. On the Santee watersheds, soil sampling
was conducted 2 years after the last prescribed burn. Any potential
pulses that might be expected within the first year after fire (Boerner,
1982; Wells et al., 1979) were most likely mitigated 2 years post-fire on
the Santee watersheds.

When comparing the Santee watershed results to those of other
studies, the inherent variability and complexity of soil responses can
also not be understated. For example, the lack of significant differences
for Mg at the 0-10 cm depth between the Santee watersheds did not
agree with either Godwin et al. (2017) (0-10 cm depth, fire increased
Mg) or McKee (1982) (0-8 cm depth Alabama, biennial dormant fire
decreased Mg; 0-5 cm depth South Carolina, annual dormant fire in-
creased Mg). Similar to Godwin et al. (2017) and McKee (1982), non-
significant differences in K were observed on the Santee watersheds at
both depths. McKee (1982) documented changes in soil pH as a result of
annual growing season burns in South Carolina at the 0-5 cm soil
depth, but this was not reflected in the Santee watershed results or
those shared by Godwin et al. (2017).

The non-significant changes in mineral soil N found on the water-
sheds did agree with similar results stated by other researchers in
Coastal Plain Ultisols, regardless of fire frequency or sampling time
post-burn (Godwin et al. 2017, Boyer and Miller, 1994; Binkley et al.
1992; McKee, 1982). In a similar study of long-term prescribed fire use
in sandy surface soils of the southeastern Coastal Plain (Entisols and
Spodosols), Coates et al. (2018) also noted that prescribed fire alone did
not drastically impact mineral soil C or N at the 0-10 or 10-20 cm soil
depths sampled one year post-fire when compared to unburned soils.
The results from these studies contrast the C and N assertions made by
Carter and Foster (2004) and Pellegrini et al. (2017). In their work,
Carter and Foster (2004) cautioned that long-term active management,
including prescribed fire, might limit southern pine forest productivity
through reductions in mineral soil C and N. Pellegrini et al. (2017), in a
study of 48 sites globally, noted that increased wildland fire frequency
might reduce mineral soil C and N. In their results, Pellegrini et al.
(2017) did note that prescribed fires in needleleaf forests subjected to
prescribed burning might be the exception to their findings. On the
Santee Experimental Forest, litter C and both litter and duff N were
significantly less in the managed watershed, but those results were not
present at either mineral soil depth. As noted earlier, investigations of
prescribed fire and harvesting impacts on soil properties are influenced
by the time since the last treatment was implemented. This study pro-
vided a unique opportunity to explore these dynamics 2 years since the
last prescribed burn was conducted, therefore the potential direct, im-
mediate impacts of the last prescribed burn should have been mediated.

4.3. Management implications

Throughout the southeastern Coastal Plain and around the globe,
silvicultural manipulations similar to those implemented on the Santee
Experimental Forest watersheds have been and will continue to be
applied. These silvicultural activities are used to fulfill numerous
management objectives, including but not limited to the development
or enhancement of wildlife habitat, wildfire hazard reduction, un-
desired vegetation control, and provision of ecosystem services, such as
water quality (Waldrop and Goodrick, 2012). Evaluations of long-term
management regimes are often lacking, particularly ones that include
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prescribed fire and analyses of soil properties. In this regard, this study
provided a beneficial assessment of potential changes in soil chemical
properties in response to long-term management. Additionally, many
ecosystems are impacted by hurricanes and other natural disturbances
and this study location provided valuable insight regarding potential,
long-term ecosystem responses to such events.

This study was, however, limited in its scope. It is only one eva-
luation of one management regime in one location within the south-
eastern Coastal Plain, USA. Soils were confined to one predominant soil
order, Ultisols, which is not representative of every soil within these
watersheds, the expansive Coastal Plain region, nor other regions
globally. Ultisols do, however, account for approximately 8-9% of
Earth’s ice-free land surface, supporting approximately 18% of the
world’s population (Binkley and Fisher, 2013). Therefore, the emphasis
on Ultisols is novel and merited. The number of samples was also
limited to 16 and 20 in the unmanaged and managed watersheds, re-
spectively. Additional sampling on these watersheds may have ac-
counted for greater potential variability between the watersheds. In
light of these limitations, it should be stated that these results must be
compared to those of other studies within the appropriate context.

It should also be noted that a companion study was conducted on
these watersheds in 2015 at the same exact sampling locations to de-
termine differences in potential organic matter export from collected
litter and duff materials (Majidzadeh et al., 2019). Results from this
study suggested that dissolved organic carbon (DOC), total dissolved
nitrogen (TDN), and ammonium (NH,*-N) were higher in water ex-
tracts originating from the unmanaged watershed litter and duff ma-
terials than the managed watershed litter and duff materials
(p < 0.01). In the field, water samples originating in these watersheds
were also collected in 2015 (Majidzadeh et al., 2019). Dissolved organic
carbon and TDN were higher in the unmanaged watershed samples for
most of the sampling period for these analyses and these results were
correlated with forest floor thickness in the unmanaged watershed.
During most of the year, haloacetonitrile and trihalomethane, two
known disinfection by-product (DBP) precursors that may be related to
increased incidence of bladder cancer, rectal cancer, and negative birth
outcomes in humans (Plewa et al., 2002; Zeng et al., 2016), were also
lower in the managed watershed. These results led the authors to sug-
gest that long-term forest management might best promote long-term
water quality and human health. In a recent synthesis study of these
watersheds, Amatya and Trettin (2019) concluded that active man-
agement had no significant impact on streamflow.

In total, these results suggested that natural disturbance and long-term
management practices have developed two unique and separate forested
ecosystems within the southeastern Coastal Plain that contained their own
unique properties. While most vegetative species were present in both
watersheds, their relative presence differed. Therefore, other ecosystem
properties may have been altered, such as soil chemistry, as management
influenced a primary soil-forming factor: organisms. Both watersheds, as a
result of active and inactive management, represented unique ecosystems.
In that regard, both watersheds reflected viable management strategies
that might be used to promote different ecosystem attributes for poten-
tially different landowner objectives. The techniques practiced on the
managed watershed closely aligned with those that might be used to
achieve and maintain a fire-adapted community and conditions suited for
specific wildlife species, for example. Alternatively, parcels might be
managed similarly to the unmanaged watershed to promote a different
species composition and habitat conditions that favor other wildlife spe-
cies. Depending upon the attribute of greatest interest or potential man-
agement constraints, a landowner or forest manager might informatively
choose one management intensity over another.

5. Conclusions

Results from this paired watershed study suggested that natural
disturbance and long-term forest management have altered vegetative
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species composition, fuel loads, and soil chemical properties in the
southeastern Coastal Plain, USA. Since the early 1960s, no active
management has been conducted on one watershed and a combination
of salvage harvesting, thinning, mastication, and prescribed fire has
been used on the other watershed. The unmanaged watershed con-
tained greater total tree basal area, greater hardwood basal area, less
softwood basal area, greater 1-hr fuels, less 10-hr fuels, and greater
1000-hr rotten fuels than did the managed watershed. Litter and duff
pH, C (duff-only), Ca, K, Mg, N, and P were significantly greater on the
unmanaged watershed and Ca and P were greater in the unmanaged
watershed Ultisols at the 0-10 and 10-20 cm soil depths. Differences in
soil properties between the watersheds were most likely related to an
alteration in organisms as a primary soil-forming factor. A recent water
quality study conducted at these same locations suggested that a host of
water quality variables were enhanced on the managed watershed.
Collectively, results from these watersheds suggested that the long-
term, active forest management regime utilized on the managed wa-
tershed created a unique ecosystem with distinct attributes. Overall,
this study highlighted some of the potential effects that intensive sil-
vicultural options offer to landowners, having different objectives and
potential constraints, and how one management regime might be se-
lected over another to target specific species compositions, wildlife
habitat components, and ecosystem services.
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