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Abstract

Soil moisture gradients along hillslopes in humid watersheds, although indicated by vegetation gradients and by studies using
models, have been difficult to confirm empirically. While soil properties and topographic features are the two general physio-
graphic factors controlling soil moisture on hillslopes, studies have shown conflicting results regarding which factor is more
important. The relative importance of topographic and soil property controls was examined in an upland forested watershed at
the Coweeta Hydrologic Laboratory in the southern Appalachian mountains. Soil moisture was measured along a hillslope tran-
sect with a mesic-to-xeric forest vegetation gradient over a period spanning precipitation extremes. The hillslope transect was
instremented with a time domain reflectometry (TDR) network at two depths. Soil moisture was measured during a severe
autumn drought and subsequent winter precipitation recharge. In the upper soil depth (0—30 cm), moisture gradients persisted
throughout the measurement period, and topography exerted dominant control. For the entire root zone (0-90 cm), soil mois-
ture gradients were found only during drought. Control on soil moisture was due to both topography and storage before drought.
During and after recharge, variations in soil texture and horizon distribution exerted dominant control on soil moisture content
in the root zone (0-90 cm). These results indicate that topographic factors assert more control over hillslope soil moisture dur-
ing drier periods as drainage progresses, while variations in soil water storage properties are more important during wetter
periods. Hillslope soil moisture gradients in southern Appalachian watersheds appear to be restricted to upper soil layers, with

deeper hillslope soil moisture gradients occurring only with sufficient drought.

Introduction

Soil moisture distribution and controls on hillslopes have
long been subjects of inquiry (e.g. Dreibelbis and Post,
1940; Hack and Goodlett, 1960; Helvey er al., 1972;
Dunne et al., 1975; Burt and Butcher, 1985; Boyer ez al.,
1990, Afyuni er al., 1993). Two general physiographic
factors control soil moisture distribution on hillslopes:
soil properties and topographic features. The relative
importance of these controls depends on a complex set
of factors, including rainfall magnitude and frequency,
geologic structure, geomorphic history, and vegetation
type. Few studies, however, have quantified both topo-
graphic features and soil property distribution simultane-
ously; as a result it remains unclear whether topographic
features (Burt and Butcher, 1985; Petch, 1988) or soil
properties (Helvey et al., 1972; Afyuni et al., 1993) pro-
vide more control. Further, it remains unclear how these
controls operate dynamically under various rainfall
regimes.

Ecologists in the Appalachian mountains of North
America have inferred the existence of hillslope soil mois-
ture gradients from hillslope distributions of forest vegeta-
tion (Whittaker, 1956; Hack and Goodlett, 1960; Day and
Monk, 1974). Physical and simulation models have indi-
cated the existence of soil moisture gradients along hill-
slopes in humid temperate watersheds (Hewlett and
Hibbert, 1963; Sloan and Moore, 1984), but field mea-
surement has not verified the existence of such moisture
gradients (Dreibelbis and Post, 1940; Helvey and Patric,
1988). Decades of measurement in the southern Blue
Ridge have been summarised: ‘We conventionally think of
cove sites as wet and upper slopes as drier, but this gen-
eralization did not hold in the study area because there was
no consistent relationship between soil moisture content
and slope position’ (Helvey and Patric, 1988).

The objectives of this study were: (1) to determine
whether significant hillslope soil moisture gradients
exist along steep hillslopes in humid upland forested
watersheds in the southern Appalachian mountains; and
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(2) to determine the relative importance of topographic
and of soil property controls on hillslope soil moisture dur-
ing both dry and wet seasonal conditions.

Methods
SITE SELECTION

The Coweeta Hydrologic Laboratory is in the Coweeta syn-
cline in the eastern part of the southern Appalachian Blue
Ridge. The soils of Coweeta are predominantly Ultisols and
Inceptisols underlain by a deep saprolite layer. Overall
average weathering profile thickness (depth to bedrock) is
about 6 metres (Swank and Douglass, 1975). The major
physical distinction between Ultisols and Inceptisols is
morphological, as their chemical and mineral properties at
Coweeta are very similar (Velbel, 1988).

Selection criteria for the experimental site were
approached using the inference made by ecologists by
selecting a hillslope with a distinct mesic-to-xeric vegeta-
tion gradient. The hillslope was further selected so that
soil moisture was isolated as the only probable environ-
mental gradient affecting vegetation distribution. Other
criteria included a hillslope with relatively continuous
slope, a lack of rock outcrops and control on environmen-
tal variables other than soil moisture that could distribute
vegetation. A hillslope fitting the criteria was found on the
lower western side of Watershed 2 (WS 2), approximately
200 metres north of the weir. The selected hillslope was
fairly short at 84.7 metres in length (plan view). Visual
inspection, later confirmed by vegetation stem-mapping,
indicated that forest vegetation changed from a mesic
Rhododendron maximum-Tsuga canadensis-Quercus  alba
association near the stream to a xeric Kalmia latifola-Pinus
rigida-Quercus prinus association on the ridge. The hillslope
had an eastern aspect and an elevation change of roughly
60 metres. The slope of the study transect was relatively
smooth and possessed a steepness typical for watershed
slopes at Coweeta (Table 1). Solar radiation received dur-
ing the day was uniform from cove to ridge due to a rela-
tively low opposing hillslope. Near sunset, the ridgetop
received more solar input than the cove. With an elevation
change of just 60 metres and a nearly constant solar input,
variation in temperature along the hillslope was negligible.
Two soil series for lower WS 2 were previously identified:
Fannin (fine-loamy, micaceous, mesic Typic Hapludult)
on upper slopes and Cullasaja-Tuckasegee (fine-loamy,
oxidic, mesic Typic Haplumbrept) near the stream
(Thomas, 1996). Both series are mostly sandy loam to
sandy clay loam and are derived from mica gneiss parent
material, so mineralogical differences that can cause vege-
tation changes (Strahler, 1972) were minimal. In summary,
other environmental gradients (temperature, incident radi-
ation, soil type) that distribute vegetation were relatively
constant. The existence of a strong vegetation gradient,
coupled with the absence of other environmental controls
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on vegetation, indicated a high probability of a soil mois-
ture gradient on this hillslope.

EXPERIMENTAL DESIGN AND SAMPLING

A transect approximately perpendicular to the stream was
established along the center of the hillslope using.survey
level and rod. A time domain reflectometry (TDR) net-
work was installed vertically through two depths (0—30 cm,
0-90 cm) along the transect. The 0-30 cm depth was
chosen to represent upper horizons (O, A, BA) (Gaskin et
al., 1989); the 090 cm depth was chosen to represent the
approximate root zone (McGinty, 1976). Sample plots
were placed at 5 m intervals through the first 40 m and
then every 10 m to ridge. Sample plots were also placed
on the streambank and at the divide, giving a total of 14
plots. A plot consisted of 2 depths, each with 3 replica-
tions, for a total of 6 sample points. Three replicates have
been shown to be sufficient to estimate mean soil moisture
content for 5 m plots with no more than a 3% error
(Kamgar et al., 1993). A sample point consisted of two 3-
mm diameter stainless steel welding rods (i.e. TDR rods)
set 5 cm apart and inserted vertically. Litter was removed
during rod emplacement and then replaced. Approx-
imately 2 cm of each rod was left above the surface for
connection to the TDR meter (Trase 6050XI, Soil
Moisture Equipment Corporation). The TDR method
uses an empirically-determined polynomial relationship
between dielectric constant (K,;) and water content (6) of
a soil, which is essentially independent of soil type, den-
sity, salt content, and temperature for a wide range of soils
(Topp et al., 1985). Knowing time (#) to reflection, the
dielectric constant of soil material is given by K, = (¢#/ L)?,
where ¢ is speed of light and L is length of TDR rods
(Trase manual). Recent work has called for calibration of
TDR to individual measurement sites and for visual inter-
pretation of TDR traces to avoid automated meter inter-
pretation errors (Gray and Spies, 1995). Individual sites
were not calibrated in this work, because of studies that
have calibrated the TDR method to within 1.3% for a
wide range of soils, including sandy loams and sandy clays
loams prevalent in the Coweeta Basin (Topp ez al., 1980,
1985). Recalibration for anomalous soils has sometimes
resulted in differing y-intercepts, yet it has not resulted in
significant slope differences (Gray and Spies, 1995). While
it is possible that absolute moisture contents in the present
study had errors due to not calibrating for each of the 42
sites, relative moisture changes would not have been
affected. In all cases in this study, TDR traces were inter-
preted manually by the same individual. A backup TDR
meter (Tektronix 1502B) was also used; this measured an
equivalent distance to reflection. Soil moisture using this
meter was determined by K, = (S/L)?, where S is mea-
sured distance to reflection (F.N. Dalton, pers. comm.,
1990). Close agreement (within 1%) was found for several
comparisons between Trase and Tektronix metres.



Table 1. Hillslope physiographic characteristics. Each value below is the mean of three independent replicates, with standard devia-
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tions shown in parentheses.

Dist*  Slope Dy Org[%] Horizon depth®[cm] ‘
[m] [°] [g cm73] 0] A (0} A BA B BC

0 33(3.8) .81(.03) 20(.48) 11(1.3) 7(3.6) 11(6.7) 15(8.2) 17(7.1) 27(25.)

5 27(7.8) .86(.07) 16(5.2) 8(0.7) 6(0.0) 8(2.0) 9(2.5) 23(15.) 30(16.)
10 42(1.2) .89(.14) 16(1.1) 8(0.3) 7(1.0) 7(2.1) 6(1.5) 7(2.1) 36(26.)
15 28(5.7) .85(.08) 16(1.6) 9(1.6) 7(2.5) 8(2.9) 10(4.0) 32(8.7) 25(8.1)
20 28(4.4) 91(.07) 15(1.3) 9(0.8) 6(0.6) 9(1.0) 8(1.5) 22(16.) 39(22.)
25 28(2.3) .94(.10) 13(1.5) 8(0.5) 3(0.6) 7(0.6) 7(3.8) 68(3.1) 4(4.6)
30 32(4.0) 94(.13) 14(2.3) 6(2.1) 6(0.6) 9(1.2) 8(4.2) 36(15.) 29(13)
35 34(1.2) .87(.06) 13(4.2) 8(0.8) 8(1.0) 8(1.5) 9(3.6) 28(16.) 35(15.)
40 33(2.1) .91(.06) 12(.78) 9(0.4) 10(1.5) 6(2.3) 6(1.0) 17(8.5) 45(8.5)
50 37(3.5) .96(.05) 16(2.6) 8(0.3) 7(2.0) 7(0.0) 7(1.0) 21(7.8) 46(5.9)
60 37(1.5) .96(.09) 17(4.9) 8(0.3) 8(1.2) 5(1.0) 10(3.1) 14(5.3) 51(3.8)
70 33(1.5) .86(.19) 27(12.) 12(0.6) 8(3.8) 5(1.2) 5(0.6) 9(7.4) 62(2.6)
80 25(1.5) .92(.15) 47(8.2) 11(0.7) 6(1.5) 3(0.6) 4(2.0) 18(3.1) 56(6.7)
85 22(6.2) .96(.10) 37Q2.7) 15(2.4) 6(1.0) 3(1.2) 3(1.2) 11(7.5) 46(14.)
Dist? Clay[%] Sand[%]
[m] A BA B BC A BA B BC

0 22(3.2) 313.1) 25(2.6) 26(2.1) 55(3.5) 48(2.3) 51(3.9) 53(1.7)

5 29(3.9) 314.1) 29(6.8) 27(3.3) 50(4.7) 46(2.0) 47(1.9) 56(1.4)
10 27(4.4) 28(3.3) 30(4.2) 21(5.5) 51(5.1) 48(4.7) 48(4.1) 56(3.0)
15 26(2.2) 27(5.7) 29(1.6) 26(6.3) 53(3.0) 47(7.0) 45(1.7) 52(3.1)
20 24(3.5) 31(0.7) 35(1.2) 25(4.4) 54(3.1) 47(0.6) 45(3.1) 52(3.9)
25 29(2.2) 31(0.9) 34(1.3) - 26(0.3) 49(3.3) 47(3.1) 44(3.5) 50(2.1)
30 25(1.7) 31(5.5) 29(0.5) 30(2.7) 52(3.5) 46(6.3) 48(0.5) 49(2.2)
35 25(4.4) 27(3.5) 29(3.9) 26(0.9) 52(3.4) 52(4.5) 53(3.0) 54(1.2)
40 25(1.8) 29(1.3) 34(0.5) 26(5.3) 52(2.4) 49(1.5) 45(1.5) 56(2.3)
50 24(3.4) 29(2.4) 29(7.4) 26(5.0) 52(4.4) 48(3.9) 47(9.1) 53(1.7)
60 21(3.2) 24(1.3) 27(4.6) 27(2.8) 56(4.5) 53(0.6) 53(5.1) 52(1.9)
70 21(6.2) 29(3.3) 37(1.9) 24(9.4) 60(7.6) 49(3.9) 43(4.0) 54(12.)
80 22(3.2) 29(5.3) 34(2.0) 28(5.1) 56(0.5) 47(3.8) 46(3.2) 51(2.2)
85 19(0.7) 26(2.5) 23(5.1) 22(4.0) 59(0.2) 49(3.8) 58(7.0) 57(3.2)

@ measured horizontally from stream
® measured vertically

All TDR rods were in place by 10 November, 1991; the
first sample was taken on 11 November. Samples were col-
lected intermittently depending on rainfall (16- samples in
30 days) through the period of precipitation recharge. A
collection period lasted 2-2.5 hours. With a few exceptions
due to rain or meter failure, collections were conducted
within 3 hours of noon. After recharge, collection was con-
ducted less frequently, with a final sample on 3 February,
1992.

PHYSIOGRAPHIC VARIABLES

Indices of topographic and soil variation were used to con-
trast the relative importance of controls on soil moisture

distribution. For humid watersheds in relatively steep ter-
rain, topographic factors are a primary control on stream-
flow (Hewlett and Hibbert, 1967; Wood et al., 1990). Soil
moisture at a point is positively related to the cumulative
upslope watershed area draining to that point, or upslope
source area (4). Soil moisture at a point is also inversely
related to local slope angle (tanf3). Based on these obser-
vations, Beven and Kirkby (1979) developed an index of
topographic similarity that could be applied at any given
point on a watershed surface:

Topographic Index = In(a/tanf) (l)v

Such indices that explain cumulative topographic effects
have been used to classify areas within a watershed by
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