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ABSTRACT

Land cover characterization might help land managers assess the impacts of management
practices and land cover change on attributes linked to the maintenance and/or recovery of soil
quality. However, connections between land cover and measures of soil quality are not well
established. The objective of this limited investigation was to examine differences in soil carbon
and nitrogen among various land cover types at Fort Benning, Georgia. Forty-one sampling sites
were classified into five major land cover types: deciduous forest, mixed forest, evergreen forest
or plantation, transitional herbaceous vegetation, and barren land. Key measures of soil quality
(including mineral soil density, nitrogen availability, soil carbon and nitrogen stocks, as well as
properties and chemistry of the O-horizon) were significantly different among the five land
covers. In general, barren land had the poorest soil quality. Barren land , created through
disturbance by tracked vehicles and/or erosion, had significantly greater soil density and a
substantial loss of carbon and nitrogen relative to soils at less disturbed sites. We estimate that
recovery of soil carbon under barren land at Fort Benning to current day levels under transitional
vegetation or forests would require about 60 years following reestablishment of vegetation.
Maps of soil carbon and nitrogen were produced for Fort Benning based on a 1999 land cover
map and field measurements of soil carbon and nitrogen stocks under different land cover
categories.

Key words: soil quality, soil nitrogen, soil carbon, particulate organic matter, ecosystem
recovery, land management, soil management, military land



1. INTRODUCTION

Military land managers are faced with the challenge of using a fixed amount of land for the
purpose of training and troop readiness. Ideally, this mission must be accomplished in a manner
that promotes the sustainability of ecosystems and the maintenance of soil quality; otherwise,
the military mission may be compromised by a degraded landscape and conflicts with regulatory
agencies. Organic matter (or soil carbon) and nitrogen availability are critical components of soil
quality (Doran and Parkin, 1996). Numerous studies (e.g., Compton et al., 1998; Compton and
Boone, 2000; Garten and Ashwood, 2002) indicate that there are land cover differences in
processes related to soil nitrogen availability. However, associations between land cover type
and other measures of soil quality have been less well studied.

Land cover can be readily classified on the basis of remote sensing data that are increasingly
available at multiple spatial scales. Land cover is also amenable to management for enhancing or
restoring soil quality on degraded land. Associations between land cover and soil quality could
be valuable for local and regional assessments of how land cover change potentially reflects
changes in soil quality. However, if land cover characterization is to be used effectively in soil
management, then a better understanding of soil quality under different land covers is needed.
The objectives of this limited investigation was to determine how measures of soil quality differ
among five land cover types at Fort Benning, Georgia, and to develop maps of soil carbon and
nitrogen stocks across the installation based on field measurements.

2. METHODS

Fort Benning is located near Columbus, Georgia. Current land cover is 49% mixed forest, 25%
deciduous forest, 10% barren or developed land, 7% evergreen forest, 6% herbaceous grasslands,
2% shrub land, and 1% water (Jones and Davo, 1997). Most soils at the site are highly
weathered Ultisols derived from coastal plain or alluvial deposits. Sands and loamy sands are
common on upland sites while sandy loams and sandy clay loams are found in valleys and
riparian areas. Human activities that potentially produce soil disturbance include infantry,
artillery, and wheeled and tracked vehicle training, as well as forest management practices.
Further details on the biology, geology, physical setting, and history of Fort Benning are
presented elsewhere (Jones and Davo, 1997).

Forty-one sampling sites were selected using on-the-ground surveillance and a Geographic
Information System that included five major land cover types at Fort Benning: (1) deciduous
forest, (2) mixed forest, (3) evergreen forest or plantation, (4) transitional land, and (5) barren
land. Deciduous forests were comprised of various hardwoods (Quercus, Carya, Acer,
Liquidambar, Liriodendron, Betula, Fagus) while evergreen forests included stands of longleaf
(Pinus palustris), loblolly (P. taeda), shortleaf (P. echinata), slash (P. elliotti) and mixed pines.
The mixed forest type included both pine/hardwood and hardwood/pine stands. Transitional
lands were occupied by herbaceous annual and perennial vegetation and no overstory trees.
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Barren land included training sites and erosional areas more than 95% devoid of surface
vegetation.

Each site was treated as a single sampling unit and eight to nine sites were sampled within each
land cover category in March, 2000. Three soil samples were collected at each site. The first
sample (0-20 cm of mineral soil) was collected by hammering a PVC pipe (5.1 cm inner diameter)
into the soil. Two remaining mineral soil samples (0-40 cm) were collected in butyrate plastic
tubes using a soil recovery probe (2.54 cm inner diameter) with hammer attachment (AMS,
American Falls, ID). Soil compression was minimal in the dominantly coarse textured soils at the
study sites. When present, the O-horizon was sampled directly above each point sampled with
the soil probe.

Mineral soil samples taken with the soil probe were cut into 10 cm depth increments and
equivalent depth increments from each site were composited. Soil density (g cm”) was estimated
from the dry mass of soil in each depth increment and the calculated increment volume. O-
horizon samples were oven dried (65 °C) and mineral soil samples were air-dried to a constant
mass. Mineral soil samples were crushed with a rubber mallet to pass a 2 mm sieve prior to
elemental analysis. Carbon and nitrogen concentrations in dry, powdered samples were
determined using a Perkin-Elmer 2400 Series II CHNS/O Analyzer (Perkin-Elmer Analytical
Instruments, Norwalk, CT) and a LECO CN-2000 (LECO Corporation, St. Joseph, MI).

Soil samples collected with the soil probe were used to determine the depth profile and amounts
of soil carbon and nitrogen under different land cover types. Carbon and nitrogen stocks (g m?)
in the O-horizon were calculated as the product of concentration (g C g' or g N g') and dry mass
per unit area (g m”). Carbon and nitrogen stocks (g m?) in each mineral soil increment were
calculated as a product of concentration (g C g' or g N g™), soil density (g cm™), and increment
length (cm).

Soil samples collected using PVC pipes were used for determination of potential net soil nitrogen
mineralization and nitrification in 12-week aerobic laboratory incubations using methods
described elsewhere (Garten and Ashwood, 2002). Portions of these samples were also
physically separated into particulate organic matter (POM) and mineral-associated organic
matter (MOM) (Cambardella and Elliott, 1992) using methods described in other papers (Garten
and Ashwood, 2002; Garten et al., 2003). The total soil carbon stock (to a depth of 20 cm) was
subdivided among POM (corrected for refractory soil carbon), MOM, and refractory soil carbon.
Refractory soil carbon in POM was evaluated using acid-base digestions (see Garten et al., 2003).

Differences among data grouped by land cover category were tested using analysis of variance
(ANOVA). Differences between means were evaluated using Fisher’s least significant difference
(LSD). Unless stated otherwise, statistical significance was indicated by P <0.05. The standard

error (£SE) was used to summarize the variability about each mean.

A 1999 land cover map was obtained for Fort Benning from the University of Georgia’s Natural
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Resources Spatial Analysis Laboratory. The land cover categories, identified on the basis of
remote sensing (LANDSAT), were water, bare ground, non-forest vegetation, pine forest, mixed
forest, and deciduous forest. For the purpose of the spatial analysis, we assumed that non-forest
vegetation corresponded to the land cover category designated “transitional vegetation™.
Measured mean values for soil carbon and nitrogen stocks in the O-horizon and the mineral soil
(0-20 cm) were assigned to the different land cover categories to produce maps illustrating an
hypothesized spatial distribution of soil carbon and nitrogen across Fort Benning.

3. RESULTS AND DISCUSSION
3.1 SOIL DENSITY

At all increment depths, soil density was significantly greater under barren land than under
deciduous or mixed forests on Fort Benning (Table 1). Studies of military training on dry sandy
soils indicate that surface soil compaction caused by heavy, tracked vehicles can persist for
decades (Iverson et al., 1981). Heavy machinery is also used to harvest and establish pine
plantations. Land use that promotes soil compaction is concentrated on those land cover
categories that have the highest soil densities. Barren soils have been created primarily through
disturbance associated with heavy, tracked vehicles. Transitional areas include grassy fields that
are maintained for vehicle maneuvers, parachute jump zones, and areas in early stages of
secondary succession following forest clearing. Deciduous and mixed forests are subject to low-
intensity impacts from infantry (foot or dismounted) training, and their large spatial coverage
(74% of the total land area) probably "dilutes" human activities that could promote soil
compaction throughout Fort Benning.

3.2 SOIL NITROGEN AVAILABILITY

Extractable soil ammonium, at the beginning of aerobic laboratory incubations, was significantly
greater under mixed and deciduous forest stands than under barren land (F, ,, = 2.8; P <0.05). In
contrast, extractable soil nitrate was significantly greater under barren land than under forests
(F,,,=4.7, P<0.01). Concentrations of extractable soil ammonium and nitrate under transitional
vegetation were intermediate between those for barren soils and soils under mixed and deciduous
forest cover (Table 2).

Potential net nitrogen mineralization (F, ,, = 4.8; P <0.01) and nitrification (F,,, = 3.5; P <0.05)
in surface mineral soils differed among the various land cover types (Table 3). Variation in soil
nitrogen transformations at Fort Benning was complex, but the results indicated greater soil
nitrogen availability under deciduous forests, mixed forests, and transitional vegetation than
under evergreen forests and barren land. Most of the potential net nitrogen mineralization in
laboratory incubations terminated in nitrate production, however there was a pronounced lag in
the onset of net nitrification under forest soils that was not observed in soils under barren land
and transitional vegetation. High concentrations of extractable soil nitrate in barren soils were
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consistent with the absence of a time lag in the onset of net nitrification, and may indicate a pool
of unused nitrogen that originates from atmospheric deposition.

Table 1. Mean (+SE) soil density (g cm”) under different land cover categories at Fort

Benning, Georgia*

Land cover category
Soil depth Barren | Transitional | Evergreen Mixed Deciduous
(cm) land forest forest forest F-valuet
0-10 1.642 1.370 1.32b 1.16¢ 1.10° 18.5
+0.02 +0.06 +0.06 +0.04 +0.04 (P <0.001)
10-20 1.71a 1.602b 1.43be 1.34¢ 1.34¢ 6.1
+0.03 +0.05 +0.10 +0.06 +0.05 (P <0.001)
20-30 1.72a 1.612b 1.52be 1.36b¢ 1.41¢ 4.4
+0.03 +0.08 +0.09 +0.08 +0.04 (P<0.01)
30-40 1.682 1.573b 1.603b 1.39b 1.47b 2.7
+0.03 +0.09 +0.06 +0.08 +0.06 (P <0.05)

* Means in the same row with different alphabetic superscripts are significantly different

T degrees of freedom (df) = 4,36 for each F-value, except 30-40 cm where df = 4,33

Table 2. Mean (+SE) concentrations (ug N g soil) of extractable (2 M KCl) ammonium-
and nitrate-N from surface (0-20 cm) mineral soil samples under different land cover

categories at Fort Benning, Georgia*

Land cover category
Ff)nn of Barren | Transitional | Evergreen Mixed Deciduous
nitrogen land forest forest forest F-value
NO,-N 0.682 0.38ab 0.13b 0.18b 0.13b 4.7
+0.23 +0.07 +0.03 +0.04 +0.03 (P<0.01)
NH,-N 0.372 1.482b 1.32ab 2410 2.12b 2.8
+0.16 +0.36 +0.22 +0.74 +0.60 (P<0.05)
Inorganic N 1.052 1.852 1.452 2.582 2.262 1.6
+0.32 +0.35 +0.23 +0.77 +0.61

* Means in the same row with different alphabetic superscripts are significantly different




Table 3. Mean (+SE) potential net soil nitrogen mineralization (ug N g" soil) during a
12 week aerobic laboratory incubation and potential net nitrification (ug N g' soil)
during the first six weeks (phase 1) and the second six weeks (phase 2) of aerobic
laboratory incubations of surface (0-20 cm) mineral soil*

Land cover category
N production Barren | Transitional | Evergreen | Mixed | Deciduous
(ug N g soil) land forest forest forest F-value
Net soil N 1.792 9.93bc 5.41ab 11.08bc 12.83¢ 4.8
mineralization +1.01 +£1.97 +2.25 +2.77 +1.80 (P<0.01)
Net nitrification 1.012 4.51b 1.052 0.842 1.432 3.5
(phase 1) +0.43 +1.45 +0.85 +0.53 +0.35 (P <0.05)
Net nitrification |  0.812 5.56b 3.422 6.53b 9.60b 4.0
(phase 2) +0.70 +1.10 +125 | +2.42 +2.17 | (P<0.01)

* Means in the same row with different alphabetic superscripts are significantly different

3.3 O-HORIZONS

At Fort Benning, both the dry mass and chemistry of the O-horizon differed significantly among
land cover types (Table 4). For nonbarren land cover categories, O-horizon dry mass and
nitrogen stocks were greatest under deciduous forests and least under transitional vegetation.
The O-horizon C:N ratio was significantly elevated under evergreen and mixed forest stands.

Net soil nitrogen mineralization is affected by litter quality (Scott and Binkley, 1997). Low O-
horizon C:N ratios under deciduous forests and transitional land covers may promote greater net
soil nitrogen mineralization (Table 3). High O-horizon C:N ratios under evergreen forests may
reduce net soil nitrogen mineralization by promoting microbial immobilization of nitrogen.

3.4 MINERAL SOIL CARBON AND NITROGEN

Data from different forest types were combined for a depth profile analysis of mineral soil
carbon and nitrogen because mineral soil carbon and nitrogen stocks at Fort Benning were not
significantly different among the three forest categories. The depth profiles indicated that
creation of barren land by heavy, tracked vehicles and/or erosion, results in a substantial loss of
soil carbon and nitrogen (Table 5). For each depth increment examined, soil carbon and nitrogen
stocks under barren land were significantly less than those under other land covers. On average,
in the surface (0-20 cm) mineral soil, there was more than an 80% loss of C and more than a 60%
loss of N under barren land.



Table 4. Mean (£SE) dry mass, carbon and nitrogen concentrations and stocks, and C:N
ratios in the O-horizons under different land cover categories at Fort Benning, Georgia*

Land cover category
O-horizon Barren |Transitional| Evergreen | Mixed | Deciduous
property land forest forest forest F-valuef
Dry mass 0.02 894b 1053b 1152bc 1821¢ 7.4
(gm?) +474 +123 +128 £193 | (P<0.001)
Carbon -- 18.32 40.1b 37.5¢ 30.2¢ 33.9
(%) £2.2 +1.5 +1.6 +1.2 (P <0.001)
Nitrogen -- 0.54a 0.542 0.72b 0.79b 10.3
(%) +0.05 +0.03 +0.02 +0.06 | (P<0.001)
Carbon stock -- 1362 413b 422bc 536°¢ 15.4
(gCm?) +59 +39 +37 +31 (P <0.001)
Nitrogen stock -- 5.32 5.72 8.3a 14.9b 5.1
(gNm?) +3.0 +0.8 +1.0 +2.4 (P<0.01)
C:N ratio - 34.5a 76.5b 52.1¢ 39.92 25.1
+4.2 +4.3 +2.3 +3.9 (P <0.001)

* Means in the same row with different alphabetic superscripts are significantly different
T df = 3,27 for each F-value, except for O-horizon dry mass where df = 4,36

Table 5. Mean (£SE) soil carbon and nitrogen stocks as a function of soil depth under
different land cover categories at Fort Benning, Georgia

Soil carbon stock (g C m?) Soil nitrogen stock (g N m™)
Soil depth Barren Transitional Forest Barren Transitional Forest
(cm) land land

0-10 292 £106 | 1616 £188 | 1658 £126 | 21.1 +4.6 | 86.8 £16.1 | 81.7 £8.2
10-20 238 £92 963 £103 767 £61 193+52 | 493+74 | 404 +4.2
20-30 185 +68 528 +61 560 +61 14.8 +4.3 38.2+7.3 353 4.0
30-40 148 £60 364 £30 425 +49 14.4 +£3.9 32.1 5.1 31.2+29

Partitioning of soil carbon stocks is important because various soil carbon pools may exhibit
different sensitivities to a change in land cover. Soil carbon partitioning also reveals the potential
for soil carbon and nitrogen change as a result of disturbance or land cover change. Carbon stocks
in POM (F,,,=9.9; P <0.001), MOM (F, ,, = 14.2; P <0.001), and refractory (F,,, = 4.8; P
<0.05) soil fractions differed significantly among various land cover types at Fort Benning (Table
6).



Table 6. Mean (+SE) carbon stocks (g C m”) in particulate organic matter (POM-C),
mineral-associated organic matter (MOM-C), a refractory part of POM (REF-C), and
surface mineral soil (0-20 cm) under different land covers at Fort Benning, Georgia*

Soil carbon Land cover category
fraction Barren Transitional land Forest F-value

POM-C 732 462b 474b 9.9
+26 +75 +53 (P<0.001)

MOM-C 421a 1790b 1716b 14.2
+157 +236 +132 (P<0.001)

REF-C 34a 297b 247b 4.8
+19 +54 +45 (P<0.05)

Total 5292 2548b 2433b 19.9
+197 +257 +169 (P<0.001)

* Means in the same row with different alphabetic superscripts are significantly different

Based on other studies (e.g., see Garten and Ashwood, 2002), carbon in mineral-associated
organic matter is expected to have a longer turnover time than carbon in particulate organic
matter. Based on acid-base digestions, one-third of the carbon in particulate organic matter was
refractory. We are unable to provide a precise chemical analysis of this refractory carbon, but it
has chemical properties similar to charcoal (Garten et al., 2003) and probably originates from
controlled ground fires that are regularly used for forest management at Fort Benning.

3.5 MAPS OF SOIL CARBON AND NITROGEN STOCKS

Figure 1 illustrates the hypothesized spatial distribution of soil carbon and nitrogen stocks at
Fort Benning based on field measurements under different land cover categories and a 1999 land
cover map. The highest O-horizon and surface mineral soil carbon stocks tend to occur in areas
adjacent to stream drainages (e.g., Wolf Creek, Randal Creek, and Upatoi Creek in the northern
part and Oswichee Creek in the southern part of the Fort Benning). Training areas in the
northeastern corner and developed areas on the eastern edge of the installation are characterized
by the lowest O-horizon carbon and nitrogen stocks. In the present maps (Figure 1), the
hypothesized distribution of soil nitrogen is complex with no apparent higher stocks along
streams and creeks, but high nitrogen stocks occur under herbaceous cover on transitional land.
Nitrogen fixing plants, which are more prevalent in successional herbaceous communities than
under forest cover, may contribute to greater soil nitrogen storage on transitional lands.



4. CONCLUSION

Although limited in scope, this small study indicates that military land managers at Fort Benning
might infer differences in some measures of soil quality, like soil nitrogen availability and O-
horizon properties, based on characterization of land cover. However, other measures (like soil
carbon stocks) were similar under non-barren land cover categories indicating that ecosystem
type was less useful for inferring some aspects of soil quality than the mere presence of
perennial vegetation. Land cover change at barren sites on Fort Benning will probably require
human intervention to accelerate recovery of soil quality for ecosystem rehabilitation. Following
reestablishment of vegetation on barren sites and at an average rate of soil carbon accumulation
beneath perennial vegetation, approximately 33 g C m” yr"' (Post and Kwon, 2000), it would take
about 60 years for soil carbon stocks at barren sites to reach current day levels under transitional
vegetation or forest cover (Table 5). This predicted rate of recovery is consistent with an
apparent slow accumulation of soil carbon stocks in particulate organic matter along a 100 year
old pine chronosequence at Fort Benning, Georgia (Garten et al., 2003).

O- ng'2 O- gNm'2
Horizon ] Void Horizon ] Void
/o — o
[ 126 = 53
Bl 413 B s,
B 422 B g3
Il 536 B 40
Mineral ¢ Mineral ;
Soil & gCm-=2 Soil 2 gNm-=2
(0-20 cm) 1 Void (0-20 cm) [ Void
: [ 529 : 1 40
= 2548 B 107
B 2716 B 124
Bl 299 Bl 13
Bl 3163 137

Fig. 1 Hypothesized spatial distribution of soil carbon and nitrogen stocks at Fort
Benning based on the assignment of field measurements to an installation land cover
map from 1999
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