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a b s t r a c t

The objective of this study was to examine spatial variability and the effects of forest

ecosystem disturbance, caused by military training, on soil organic matter (SOM) and related

soil properties. Six 5th to 6th order watersheds were sampled at the Fort Benning military

reservation, Georgia, USA. Sampling locations were categorized as either upland or bottom-

land, and sites were classified as low, moderately or severely impacted according to the level

of ecosystem disturbance. Total carbon (C) and nitrogen (N), and extractable iron (Fe) and

aluminum (Al) were greater in bottomland sites. Extractable-cations were affected by

disturbance on upland soil. Severely impacted sites showed lower total C and N concentra-

tions in both landscape positions. This is likely due to the physical disruption of soil

structure due to the traffic of heavy military vehicles, resulting in the removal of forest

floor. This pattern was more evident in upland sites. Conversely, soil properties in the

bottomland sites were less affected by the level of impact.
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1. Introduction

Although the importance of soil spatial heterogeneity is well

recognized, its extent is still poorly understood and docu-

mented for many landscape positions (Gallardo, 2003). Land-

scape position influences primary productivity and vegetation

type due to its effects on incoming solar energy, soil stability,

water regime and nutrient supply. In forest ecosystems,

variable productivity with topographic differences has often

been related to differences in soil properties (Arrouays et al.,

1998). However, because a variety of factors affect growth,

productivity and landscape position are not always directly

associated (Hairston and Grigal, 1991).

Landscape position influences soil properties (Donald et al.,

1993) and biochemical reactions, particularly soil organic

matter (SOM) decomposition and mineralization. The effect of
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landscape position and hydrology on the formation, accumu-

lation, and stability of organic materials has been documented

in the literature (Collins and Kuehl, 2001). Riparian ecosys-

tems, in particular, exhibit high spatial variability, and

differences in slope and drainage along the upland-wetland

transition can occur at either small or large scale (Gallardo,

2003). Hydrology also plays a major role in upland-wetland

transition zones and is often an important factor in determin-

ing SOM mineralization. Mineralization rates are generally

slower in wetlands than upland soils (Craft and Chiang, 2002).

Anaerobic conditions, which induce SOM accumulation as a

result of reduction in biological and chemical process,

frequently occur in wetland soils due to oxygen depletion

(Vepraskas and Faulkner, 2001).

Accumulated SOM also relates to increases in other plant

essential nutrients that are either incorporated into the SOM

mailto:mlas@ufl.edu
http://dx.doi.org/10.1016/j.ecolind.2008.09.006


e c o l o g i c a l i n d i c a t o r s 9 ( 2 0 0 9 ) 7 4 0 – 7 4 7 741
or sorbed to the exchange complex. Species suitability, plant

productivity, microbial population, as well as factors such as

temperature, SOM quality, nutrient bioavailability, soil pH and

the availability of terminal electron acceptors determine the

extent to which organic matter accumulates in a specific

landscape position (Craft, 2001). Cycles of soil saturation

followed by drying cycles also affect SOM decomposition

(Collins and Kuehl, 2001). Oxidation–reduction reactions affect

the dynamics of N, P and S in wetlands. For example,

denitrification is the first reaction that takes place when

oxygen is depleted (Craft, 2001). Soil pH is also affected by

reducing conditions and, after flooding, this parameter can be

increased in acidic soils or decreased in alkaline soils

(Vepraskas and Faulkner, 2001). Since soil pH affects the

availability of soil nutrients, their behavior will be also

influenced by oxidation–reduction conditions.

Soil organic matter plays a major role in nutrient cycling,

and ultimately has critical implications for ecosystems

management. Because SOM can be associated with different

soil chemical, physical and biological processes, it has been

considered one of the most important indicators of environ-

mental quality, and changes in response to land management.

Generally, soil C and N along with other soil properties such as

extractable cations have been used to assess management

effects on soil quality. Disturbance of vegetation in wetlands,

for instance, increases the rate of organic matter decomposi-

tion (Collins and Kuehl, 2001). Removing the litter layer

accelerates sedimentation/erosion processes, which affect

the C dynamics of forested soils. Since SOM is essential to

ecosystem productivity and regeneration, the maintenance of

adequate levels of SOM should be an integral component of

soil management strategy (Chan et al., 2002).

Our study examined spatial variability in SOM and related

soil properties at the Fort Benning (Georgia, USA) military

reservation, where military training and other concurrent land

uses have created a mosaic of soil and vegetation disturbance

across the landscape. The objectives of this study were to: (i)

evaluate differences in soil properties within and between low-

impacted sites located in different landscape positions that

described a transect from upland to wetland soils, and (ii)

determine the effect of ecosystem disturbance on soil chemical

properties. We hypothesized that total C, N and exchangeable

elements would increase from uplands to wetlands due to the

greater organic matter accumulation in the wetlands. We

expected that disturbance from military and forest operations

would reduce total C, N, P and extractable-cations concentra-

tions in thebetter drained slope positions, but would increase in

the wetlands due to increased depositions from upslope

erosion. Our results documented the relationship between

landscape position and selected nutrient metrics for a forest

disturbance that is not commonly studied, and is intensive and

extensive used for military training.
2. Materials and methods

2.1. Site description

Fort Benning is located in western part of central Georgia,

south of Columbus, GA, USA, and east of Phoenix City, AL,
USA. It occupies 73,533 ha (hectares) in Chattahoochee,

Muscogee, and Marion Counties in Georgia state (USA), and

Russell County in Alabama state (USA). Fort Benning is located

along the Chattahoochee River, just to the south of the Fall

Line, the geological divide between the Appalachian Piedmont

and Coastal Plain geomorphic provinces. The area falls within

the Lower Coastal Plains and Flatwoods section, and is

characterized by the Sand Hills and Coastal Plains, Middle,

Upper Loam Hills ecological units.

Climate is characterized by hot summers and mild winters,

and an average annual rainfall of >1300 mm. The topography

of Fort Benning is nearly level to gently sloping summits,

moderately steep and steep hillsides, and nearly level valleys

along stream channels and other tributaries. Upland soils in

the area are primarily well to excessively drained Ultisols and

Entisols, supporting forests of slash (Pinus elliottii var. elliotti),

longleaf (Pinus palustris), and loblolly pine (Pinus taeda). Sand-

hill communities are associated with excessively drained

ridgetops in the central and northern portion of Fort Benning.

They are underlain by the Lakeland soil series (Typic

Quartzipsamments) and feature longleaf pine, turkey oak

(Quercus laevis), blackjack oak (Quercus marilandica), and post

oak (Quercus stellata). Troup loamy sand (Grossarenic Kandiu-

dults) is the most widespread soil type in uplands of the

central and northern portion of Fort Benning. ‘‘Loam hills,’’

dominated by Nankin sandy clay loam (Typic Kanhapludults),

occur in a broad band across the southern portion of the

installation. Wetlands and hydric soils (principally Bibb sandy

loam [Typic Fluvaquents]) are restricted to foot and toeslope

bottomlands along streams and creeks.

Natural resource management at the site includes forest

management for timber harvest, prescribed burning (3 year

rotation), and wildlife management. Forest impacts at Fort

Benning, besides timber harvesting and planting, also include

military training. Prescribed burning, of variable frequency

and intensity, is used to improve or maintain habitat and

control hardwood regeneration, reduce forest fuel loads, and

prepare the site for regeneration. Burning may also have

impacts on soil pH and susceptibility to erosion.

2.2. Sampling design

Six 5th to 6th order watersheds were sampled between June

and August of 2000 at the Fort Benning military reservation:

Bonham Creek (January), Sally Branch (March), Halloca Creek

(May), Randall Creek (June), Wolf Creek (June), and Shell Creek

(August) (Fig. 1). These experimental watersheds were

selected based on a combination of criteria: (1) documented

level and type of military activity or impact, (2) land

management practices, such as selective or clear cutting of

trees, (3) visual assessment of impacts of ecosystem dis-

turbance, including use of aerial photographs and ground

observations, and (4) accessibility for sampling.

The experimental watersheds represent a range of anthro-

pogenic impacts, which have resulted from both military and

resource management activities. Sampling locations were

oriented along elevation gradients (normal to elevation

contours), and encompassed the full ecological spectrum

from uplands to riparian wetlands to receiving streams. There

were a total of 300 soil sampling locations throughout six



Fig. 1 – Schematic representation of the six watersheds of

the study site in Fort Benning (Georgia, USA) military

reservation.
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different watersheds. A trimble global positioning system

(GPS) was used to obtain coordinates of each sampling station.

Sampling sites were categorized as either upland (summit and

backslope) or bottomland (foot and toeslope). Site impacts

included military tank training, clear cut forests, planted new

pine stands, fire management, erosion, sedimentation, and

little or no visible signs of impact. All sites were classified as to

their level of impact. Severe-impacted uplands were defined

as areas with little or no vegetation cover, or recent clear cuts;

moderate-impacted upland regions as logged areas, fire

management sites, and areas with moderate use for infantry

training (significant disturbance of understory vegetation);

low-impacted uplands were defined as areas that had no

visible signs of disturbance. Severe-impacted bottomlands

were defined as those with a high degree of sedimentation;

moderate-impacted bottomlands as areas characterized by

low levels of sedimentation and erosion; and low-impacted

bottomlands as areas that had no visible signs of disturbance.

From each sampling location, five soil samples (0–20 cm

depth) were collected and composited from a 1-m2 plot using a

1-in. diameter soil probe. Field sampling included triplicate

samples at 20% of the sites to determine within-site

variability. Samples were immediately stored in a cooler with

ice until brought back to the laboratory. At the laboratory,

visible live roots and other plant material were removed by

sieving, after which each sample was mixed thoroughly. The

composite samples were transferred to air-tight polyethylene

containers and then stored in a refrigerator at 4 8C where they

remained until further analysis.

2.3. Chemical analysis

Soil pH was determined in a 1:1 soil:water suspension. Total

carbon (TC) and total nitrogen (TN) were measured by

combustion (Nelson and Sommers, 1996) using a Carlo-Erba

NA-1500 C.N.S. analyzer (Haak-Buchler Instruments, Saddle-
brook, NJ). Total P was determined using the ashing method

(Anderson, 1976), followed by analysis of P by automated

ascorbic acid method (EPA Method 365.4). For water-extrac-

table carbon (WEC) and water-extractable P (WEP), approxi-

mately 6 g (oven-dry equivalent) of field-moist soil were

weighed into 40 mL polyethylene centrifuge tubes. Thirty

millilitres of de-ionized distilled water was added to each tube

and placed horizontally onto a shaker for 1 h. The sample was

then centrifuged for 10 min at 6000 rpm and 21 8C. A 0.45-mm

pore-size membrane filter was used in conjunction with a

vacuum filtration system to filter the supernatant. Filtered

samples were preserved with sulfuric acid and stored at 4 8C.

The solution was analyzed for total carbon using a Dorman

DC-190 TOC analyzer (Rosemount Analytical Inc., Santa Clara,

CA), and P as above. Mehlich-1 extractable cations were

determined by the extraction of 5 g dry soil in 20 mL 0.0125 M

H2SO4, 0.05 M HCl for 5 min, followed by filtration through

Whatman # 42 filter paper and analyses were performed by

ICP-AES (PerkinElmer Plasma 3200, PerkinElmer, Wellesley,

MA) (EPA method 200.7). For oxalate-extractable Al, Fe and P

approximately 0.5 g dry ground soil were equilibrated with

30 ml of 0.2 M ammonium oxalate +0.2 M oxalic acid and

shaken in the dark for 4 h. Solution was centrifuged, filtered in

the dark through 0.45-mm filter, and Al, Fe and P concentra-

tions were determined using ICP-AES (PerkinElmer Plasma

3200, PerkinElmer, Wellesley, MA).

Quality assurance (QA) and quality control (QC) measures

were implemented for laboratory and field-sampling meth-

ods according to Florida Department of Environmental

Protection approved QA/QC protocol, as described in the

University of Florida Wetland Biogeochemistry Laboratory

(WBL) Comprehensive Quality Assurance Plan (#910051).

Laboratory procedures included running 10% of samples in

triplicate to determine within-sample variability. During

instrument analysis, analytical replicates and matrix spikes

were conducted on 10% of the samples. The analysis also

included running known reference standards and calibra-

tion standards as checks on standard curve and instru-

mentation quality.

2.4. Statistical analysis

Analysis of variance was used to test for differences among

watersheds, landscape positions (bottomland and upland) and

impact levels (SAS Institute Inc., 1999). All variables were

tested for the normal distribution and constant variance

assumptions of analysis of variance using the PROC CAP-

ABILITY test and the residual plots, respectively (SAS Institute

Inc., 1999). All data that did not conform to the normality and

homogeneity assumptions were appropriately transformed

based on the results of the Box–Cox transformation procedure

(Box and Cox, 1964) before they were statistically analyzed.

Means of the various parameters were compared using the

Tukey’s studentized range (HSD) test (Tukey, 1949) at a

significance level of 0.05 (P � 0.05). For the first objective, only

low-impacted sites were used since we intended to char-

acterize the soil properties of the landscape when not under

anthropomorphic stress. For the second objective all data,

including sites with indicated moderate and high impact, were

used in the analysis.
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3. Results and discussion

3.1. Landscape characterization for the six watersheds

Because the transects ranged from upland to bottomland soils,

flooding affected drainage conditions and, consequently,

influenced soil properties. Soil properties for low-impacted

areas varied considerably across the six watersheds (Table 1).

Coefficients of variation ranged from 0.71 (oxalate-extractable

Al) to 1.97 (Mehlich-1 extractable Fe).

Total C and N, and extractable-cations (Ca, Mg, K, Fe and Al)

varied across the landscape gradients. Both Mehlich-1- and

oxalate-extractable Fe were the most variable soil properties,

probably due to the differences in soil drainage conditions, and

consequently, oxidation–reduction regimes. Soil saturation

promotes the reduction of Fe3+ to the soluble Fe2+ form,

resulting in iron migration (Osher and Buol, 1998; Vepraskas

and Faulkner, 2001). The oxidation state of Fe greatly influences

nutrient availability, and in some terrestrial ecosystems it can

be the dominant process (Silver et al., 1994). Iron complexes,

such as Fe–phosphates, are solubilized under flooding condi-

tions whereas Al is not affected by changes in soil redox

potential, due to its ability to form a complex with soil organic

carbon (SOC) (Darke and Walbrigde, 2000). The hypothesis that

Al chemistry is less affected by drainage conditions was

evidenced by the lowest coefficient of variation found for

oxalate-extractable Al relative to oxalate-extractable Fe

(Table 1). Oxalate-extractable P and Mehlich-1-extractable P

showed high variability, probably because both Fe and Al

control P sorption in soils (Darke and Walbrigde, 2000).

3.2. Relationship between soil properties and landscape
position

Most of the parameters were significantly affected by the

landscape position. Only Mehlich-1-extractable P, K and Ca,

and water extractable P concentrations were not affected by
Table 1 – Selected soil chemical properties across the wetland

Soil property Units Mean Minimum value Max

pH 5.0 3.8

Total N g kg�1 1.58 0.15

Total C g kg�1 29.58 3.30

Total P mg kg�1 166.7 24.25

NH4 mg kg�1 8.05 0.45

WEC mg kg�1 93.27 5.49

WEP mg kg�1 0.21 0.016

Fe(m)
b mg kg�1 196.32 7.24

Al(m) mg kg�1 472.47 28.69

P(m) mg kg�1 1.26 0.19

Ca(m) mg kg�1 286.87 3.48

Mg(m) mg kg�1 91.47 1.34

K(m) mg kg�1 46.35 2.56

Fe(o)
c mg kg�1 6946.2 143.62

Al(o) mg kg�1 2284 468 1

P(o) mg kg�1 65.6 7.72

a Untransformed means of data from six watersheds. WEC = water-extra
b

(m) = Mehlich 1-extractable Fe, Al, Ca, Mg e K.
c

(o) = oxalate-extractable Fe, Al and P.
landscape position (Table 2). Mehlich-1 and oxalate extrac-

table Fe and Al concentrations were higher in bottomland soils

whereas Mehlich-1-extractable Mg concentration was higher

in upland soils (mean Ca concentration was also higher in

upland soils, though not statistically significant). Mean soil pH

was slightly lower in bottomlands than in the upland soils. If

erosion or lateral solution transport were effectively taking

place in upslope positions, both soil pH and extractable

cations would likely be higher in bottomlands. Yet, soil pH was

higher at upland positions than bottomland sites, suggesting

that lateral water transport was not a significant hydrologic

process at this landscape position and lateral transport of

weathered solutes was minimal (Donald et al., 1993). This

interpretation is supported by the nearly uniform concentra-

tion of Mehlich-1-extractable Ca and K across the landscape,

in conjunction with higher Mehlich-1-extractable Mg in

upland positions relative to bottomland positions.

Bottomlands were found to contain higher Mehlich-1-

extractable Fe, Al, and oxalate extractable Fe, Al and P. This

trend is consistent with the findings of Brubaker et al. (1993),

and suggests that leaching from uplands may not be the major

process controlling the dynamics of exchangeable nutrients.

In forest ecosystems, pH is influenced by soil profile devel-

opment, and usually the most acidic part of the profile occurs

where the surface horizon is thickest (Donald et al., 1993) due

to depth to carbonates. The extractable elements did not

follow the same pattern of SOM, suggesting that SOM was not

significantly affecting nutrient retention and supply.

Total C and N concentrations were significantly greater in

the bottomland sites than in upper landscape positions, being

about 3.6 and 4.6 times higher than in uplands (Table 1).

Similar association of landscape position and soil total C was

found by Arrouays et al. (1998). The authors suggested that

slope is usually the main factor controlling C stores with local

variability due to differences in water regime, and conse-

quently the rate of SOM decomposition. Particularly in

permeable sandy soils (such as soils of this study), water
-upland gradienta.

imum value Coefficient of variation Number of samples

7.8 0.12 187

13.66 1.50 187

275.4 1.44 186

939.0 0.86 187

103.6 1.76 187

922.2 1.36 186

2.95 1.56 187

2529.7 1.97 187

2598.4 1.04 187

33.89 1.99 187

2106.3 1.43 187

694.51 1.37 183

204.97 0.86 187

92187.4 1.84 187

0,547 0.71 187

487 1.24 187

ctable C, WEP = water-extractable P.



Table 2 – Effect of landscape position on selected soil chemical properties (numbers represent mean values of
untransformed data W standard deviation).

Soil property Units Bottomland Upland

pH 4.9 � 0.6b* 5.2 � 0.19a

Total N g kg�1 2.6 � 3.0a 0.57 � 0.29b

Total C g kg�1 47.3 � 56.1a 12.9 � 6.55b

Total P mg kg�1 231.1 � 175.5a 105.6 � 61.3b

NH4 mg kg�1 12.6 � 19.2a 3.7 � 2.4b

Water extractable C mg kg�1 135.1 � 167.2a 53.6 � 44.7b

Water extractable P mg kg�1 0.24 � 0.4a 0.18 � 0.2a

Fe(m)
a mg kg�1 344.2 � 503.7a 56.1 � 103.2b

Al(m) mg kg�1 718.0 � 603.2a 239.7 � 109.0b

P(m) mg kg�1 1.2 � 3.5a 1.3 � 0.9a

Ca(m) mg kg�1 139.3 � 152.8a 426.712 � 518.6a

Mg(m) mg kg�1 51.5 � 62.4b 131.0 � 159.3a

K(m) mg kg�1 40.5 � 29.1a 51.9 � 47.3a

Fe(o)
b mg kg�1 12006.5 � 16828.8a 2202.1 � 2347.6b

Al(o) mg kg�1 2777.3 � 1986.7a 1816.4 � 968.5b

P(o) mg kg�1 92.5 � 99.0a 29.9 � 28.1b

* means within the same row followed by the same letter are not significantly different (P � 0.05).
a

(m) = Mehlich-extractable cations and.
b

(o) = oxalate-extractable cations.
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content may vary greatly with small changes in slope

positions as observed by Hairston and Grigal (1991), and this

trend could greatly influence the organic matter mineraliza-

tion rate. The latter authors observed that C concentration was

1.6 times greater on the lower slope positions than on the

upper sites. Besides water regime, SOC accumulation in

bottomland sites has also been associated with differences

in vegetation (Koerner et al., 1997). Litter production and

decomposition differences among typical vegetation commu-

nities in lower and upper landscape positions were reflected in

distinctive rates of SOC decomposition (Donald et al., 1993).

Water extractable C and ammonium (NH4
+) concentrations

were respectively, 2.5 and 3.4 times higher in bottomland soils

than in uplands. These results are consistent with those of

Verchot et al. (2002), who observed higher NH4
+concentration

in low landscape positions. However, Craft and Chiang (2002)

did not observe this trend in NH4
+concentration across a

wetland-upland continuum. In our study, soil NH4
+ was highly

correlated with SOM content.

There was a positive correlation between total C and N

in upland sites; however, no correlation was observed in

bottomlands (Fig. 2). In upland soils there was a strong linear
Fig. 2 – Relationship between total carbon (TC) and total nitrogen

for TC and TN in bottomland and upland landscape positions (
relationship between total C and total N, and total C alone

accounted for >71% of the variation in total N. The distinctive

response found in each landscape position was possibly due to

the differences in C concentration and quality (bioavailability).

The C:N ratio was 26% greater in uplands (average = 26.4) than

bottomlands (average = 19.6). Based on the critical C:N ratio of

20:1 (Tisdale et al., 1985; Craft and Chiang, 2002), the C:N ratio

of upland soil could be a indication of N limitation. On the

other hand, the smaller C:N ratio found in bottomlands

suggests sufficient N available for microbial activity. More-

over, WEC, which can indicate the availability of the C source,

was 40% lower in uplands than in bottomlands (Table 2). This

further suggested that in bottomlands, SOC content is not only

higher, but it is also more bioavailable. In the upland positions,

C-substrate limitation may have occurred, resulting in a lower

N retention within the soil. In general, greater N immobiliza-

tion may occur in soils with higher SOC content than soils with

less organic matter due to limitation of reduced C substrate to

microbial metabolism (Barret and Burke, 2000). Mineralization

and immobilization processes tend to be greater in bottom-

land positions, and changes in both soil C concentration and

quality across the landscape may be critical regulators of N
(TN) in bottomland and upland sites. Note scale differences

a and b).
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cycling (Verchot et al., 2002). In this particular site, it is likely

that the process regulating C and N cycling in upland and

bottomland positions are distinctive.

It is well known that C and N cycling is strongly related,

however, it is still unclear how this relationship is influenced

by slope positions. Water content and redox potential in

different landscape positions are important determinants of

nutrient dynamics in soils. Because drainage is typically

impeded in wetland soils, anaerobic respiration dominates,

which results in slow decomposition rates and organic matter

accumulation. In contrast, upland soils are usually well

drained and most organic matter decomposes aerobically.

As a result, soil organic matter is usually lower in upland soils

than wetlands (Ponnamperuma, 1972; Schlesinger, 1997). Craft

and Chiang (2002) observed an increase in total N across the

wetlands-uplands gradient, but differences in total C were not

found. Hairston and Grigal (1991) observed significant differ-

ences in soil N concentrations; however, these parameters did

not consistently vary with topography.

Soil P, depending on the measured form, was influenced by

landscape position. Total P increased from upland to wetland;

however Mehlich-1 and water-extractable P showed no

topographic effect (Table 2). Because the accumulation of

SOC in bottomland sites and the slow rate of decomposition

(Craft, 2001), recalcitrant organic P can accumulate in the

lower landscape position. Nevertheless, the amount of labile P

was not affected by landscape positions, since Mehlich-1 and

water-extractable P concentrations were respectively similar

in both uplands and bottomlands. Even though upland soils

contained less total P than bottomlands, a greater proportion

is found in labile forms.

Oxalate-extractable P concentration, which is related to P

bound to Fe and Al oxides, was significantly higher on

bottomland positions. This pattern was similar to those found

for oxalate-Al and Fe. According to Craft and Chiang (2002),

although oxalate-extractable P may account for 50% to 82% of

the total P in mineral soils, they did not observe a trend
Fig. 3 – Effects of ecosystem disturbance level on selected
between Fe- and Al-bound P and landscape position. Our

results indicated that both oxalate-extractable Fe and Al

concentrations increased along the upland-wetland gradient.

The N:P ratio is used to investigate nutrient limitation, and

can be used as a diagnostic value (Koerselman and Meuleman,

1996). The N:P ratio varied from 20.5 in bottomland to 4.8 in

upland soils, suggesting that in wetlands there was a

decreasing P availability relative to N. At N:P ratios higher

than 16, as observed in bottomland sites, community biomass

is P-limited (Koerselman and Meuleman, 1996). This observa-

tion supported the results found by (Craft and Chiang, 2002),

who stated that the source of nutrient limitation is different

across the landscape, and in general upland soils may exhibit

N limitation, while in wetlands P limitation is more important

(Craft and Chiang, 2002).

3.3. Effect of forest ecosystem disturbance on soil
properties

Military training significantly affected soil properties, with the

greatest effect evident on upland sites (Figs. 3 and 4). Soil

chemical properties of the uplands (with the exception of pH

and water-extractable C and P) were significantly affected by

disturbance on upland soils, whereas only total N and

Mehlich-1-extractable Fe were affected by disturbance in

wetland areas.

Total C content decreased by 37% and 47% from low to

severely impacted bottomland and upland sites, respectively

(Fig. 3a). The decrease in total C content of the severely

disturbed sites possibly caused by physical disruption of soil

structure due to traffic of heavy military vehicles and soil

compaction, which consequently resulted in erosion. Thus,

the decrease in soil C concentration in severely impacted sites

was more likely a result of moving soil from the site rather

than an increase in organic C mineralization. The results are

consistent with to those of Bauhus et al. (2002), who observed

reduction of SOC concentration in severely disturbed forest
soil chemical properties of the forest ecosystem (a–e).



Fig. 4 – Changes in extractable cations in response to military disturbance (a–f).
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ecosystems, where the topsoil was either removed or mixed

with subsoil. Total C in the bottomlands did not show

significant differences with impact level, probably due to

the high variability (coefficient of variation ranged between

73% and 118%).

Similarly to total C, total N decreased as the disturbance

level increased; however, there were no significant differ-

ences between the total N content of the moderate and low-

impacted upland sites (Fig. 3b). In bottomlands, total N

decreased by up to 80% from low to severe impacted sites,

whereas in upland this reduction was about 50%. Total N

was a more sensitive indicator of disturbance in bottomland

than total C, probably because impacts have changed the

water regime in this landscape position (Perkins et al., 2007)

and, in response, N dynamics was affected. Total P

concentrations were higher on low disturbance upland

sites; however, in moderate and severe impacted sites total

P was similar (Fig. 3c). No differences in total P in response

to ecosystem disturbance level were observed for the

bottomland sites.

In contrast to SOC, WEC increased 43% in severely

impacted uplands (Fig. 3d) even though total C was signifi-

cantly reduced. In bottomlands site, however, no differences

in WEC were observed. It can be inferred that even though the

SOC concentration in the upland sites was lower in highly

disturbed sites, a greater percentage was present in labile

forms. Similar results were observed by Qualls et al. (2000),

who observed that fluxes of dissolved organic C were higher in

disturbed sites following forest harvesting. It is likely that

military-related disturbance of the ecosystem caused the

removal of much of the original C through erosion. In addition,

changes in C inputs to the soil (more from herbaceous

vegetation due to increasing proportion of understory where

the forest canopy has been thinned) altered the ratio of WEC to

total C, and resulted in increased decomposition rate. In

addition, impact by military activities may have also shifted
the C dynamics in the ecosystems, resulting in different

pathways in response to ecosystem disturbance.

Water extractable P (WEP) increased with increase in

ecosystem disturbance level. As observed for C, the impacts of

the ecosystem disturbance enhanced the availability of P,

expressed as water-soluble forms (Fig. 3e). The effect of

ecosystem disturbance on P retention mechanisms, in con-

junction with the equilibrium adsorption of dissolved organic

C (Qualls et al., 2000), possibly caused the increase in WEP. In

addition, differences due to the nature of the SOM inputs from

vegetation and plant fragments may have also contributed to

the increase in WEP in high impacted sites.

Mehlich-1 extractable-cations (Ca, Mg, K, Fe and Al), with

the exception of P were affected by disturbance of the

upland soil (Fig. 4). In general, the highest concentration of

extractable-cations concentrations occurred at locations

with low disturbance followed by moderate- and severe-

impacted sites. The decreasing trend of extractable-cation

concentrations from low to severely impacted sites could be

explained by the removal of forest floor in severely disturbed

sites (Arocena, 2000). This pattern was more evident in

upland sites because military training resulted mainly in

degradation and erosion of topsoil. As mentioned above, the

bottomland landscape position exhibited few changes with

level of impact, and they were for total C and N and Mehlich-1

extractable Fe. Soil pH was 4.9, 5.2, and 5.4 for the low,

moderate, and severe impacted bottomland sites. In contrast,

soil pH in the upland sites was 5.3 and did not vary according

to the disturbance level.
4. Conclusions

Landscape position significantly affected soil properties of the

Fort Benning (Georgia, USA) military reservation. Total N, C,

and P, NH4, WEC, Mehlich-1 extractable Fe and Al, and oxalate
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extractable Fe, Al concentrations were all greater in the lower

landscape positions. Disruption of soil structure and erosion

caused by intensive military training decreased the concen-

trations of total C, N and P and extractable cations in the

upland sites. For the bottomland sites, however, only total C

and N, and Mehlich-1 extractable Fe concentrations were

affected by disturbance. The effects of forest ecosystem

disturbance seemed to vary according to differences in soil

property and landscape position. Transport of cations from

uplands and subsequent sedimentation in bottomland sites

was likely not the main mechanism explaining changes in soil

properties in response to military training. Therefore, more

research is needed to understand landscape mechanisms and

relationships between the various chemical and physical

factors. Some of the observed changes in soil chemistry may

be useful as indicators of ecosystem change, and may help to

identify management decisions to prevent or reverse soil

quality degradation.
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