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[1] Grasslands and savannas around the world have experienced woody plant
encroachment during the past 100 years, but we know little regarding the manner in which
woody plants spread across the landscape. We used soil d13C, aerial photography, and
geostatistics to quantify patterns of woody encroachment in a 160 � 100 m georeferenced
grid subdivided into 10 � 10 m cells in a savanna parkland landscape in southern Texas.
d13C contour maps revealed that centers of closed contours coincided with centers of
woody patches, and that larger woody patches developed from smaller woody plant
clusters that spread laterally and coalesced. Areas where woody patches were expanding
into grassland were characterized by low densities of soil d13C contour lines, and indicated
the direction and extent of woody encroachment. Conversely, areas with high contour
densities represented grassland-woodland boundaries that were temporally stable. Indeed,
aerial photos from 1930, 1941, 1982, and 2003 confirmed that woody patches with low
spatial variability in d13C corresponded to areas where woody plants had encroached
during the past 30–75 years. While aerial photos can only record vegetation cover at
the photo acquisition time, kriged maps of soil d13C allowed us to accurately reconstruct
long-term temporal dynamics of woody plant encroachment into grassland. This approach
can reliably reconstruct landscape-scale vegetation changes in areas where historical
aerial photography or satellite imagery are unavailable and provides a strong
spatial context for studies aimed at understanding the functional consequences of
vegetation change.
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1. Introduction

[2] Grass-dominated ecosystems in many regions around
the world have experienced increased woody plant abun-
dance during the past 100 years [Archer et al., 2001; Asner et
al., 2004; van Auken, 2000]. This woody plant encroachment
has long been a concern of land managers and ecologists
[Fisher, 1950, 1977; Rappole et al., 1986] because it has the
potential to profoundly influence grassland biodiversity,
commercial livestock grazing, hydrology, biogeochemistry
and landscape evolution [Boutton et al., 1999; Nobel, 1997;
Rappole et al., 1986], and could impact ecosystem services
and the livelihoods of almost 20% of the world’s population
[Turner et al., 1990]. In addition, current estimates suggest
that woody plant encroachment may result in the sequestra-

tion of 0.10–0.13 Pg C a�1 in the USA alone, which
represents 20–40% of the current U.S. carbon sink strength
[Houghton et al., 2000; Tilman et al., 2000; Pacala et al.,
2001]. If these estimates are correct, then woody encroach-
ment is certainly playing a significant role in the global C
cycle and perhaps the climate system. Despite the global
significance of this land cover change, we know relatively
little regarding the pattern and extent of this vegetation
change.
[3] In the Rio Grande Plains of southern Texas, subtropical

woodlands dominated by C3 plants have become significant
components of landscapes that were once almost exclusively
dominated by C4 grasslands [Archer et al., 1988; Boutton et
al., 1998]. Historical accounts suggest that this conversion
began in the mid to late 1800s [Johnston, 1963] and coin-
cided with the intensification of livestock grazing and fire
suppression [Archer, 1995; Archer et al., 2001]. In this
region, small discrete woody clusters organized around a
central honeymesquite (Prosopis glandulosa) tree, and larger
groves of woody vegetation (apparently comprised of clus-
ters that have grown together and fused) are embedded in an
herbaceous matrix in uplands. The size, cover and density of
woody plants are influenced by interactions between rainfall
and disturbance (herbivory and fire) as constrained by soils
[Archer, 1995; House et al., 2003; Rodriguez-Iturbe et al.,
1999; Scholes and Archer, 1997].
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[4] Previous studies suggested that the increases of
woody cover were initiated by the establishment of honey
mesquite, an unpalatable, stress-tolerant N2-fixing tree. As
mesquite trees establish and grow, they serve as recruitment
foci, facilitating the recruitment and establishment of other
woody species beneath their canopies [Archer et al., 1988;
Archer, 1995]. Studies conducted at the La Copita Research
Area (situated in the eastern portion of the Rio Grande
Plains of southern Texas) have shown this initiation of
new shrub clusters and the expansion of established clusters
increased woody cover by 150–338% since the 1940s
[Archer, 1995; Archer et al., 2001]. However, we still
know little about the successional processes that lead to
the development of increased woody plant cover in grass-
dominated ecosystems. Understanding vegetation dynamics
at the landscape scale will aid in reconstruction of patterns
of woody plant encroachment in the past, and will help us
predict future changes which may occur on landscapes not
only in this region, but in other grass-dominated regions
around the world where woody encroachment is prevalent.
[5] The natural abundance of stable carbon isotopes in soil

can be utilized to document changes in ecosystem structure
wherever C3 plants are encroaching into C4 dominated
ecosystems, or vice versa [Dzurec et al., 1985; Jessup et
al., 2003;Krull et al., 2005;Derner et al., 2006;Dumig et al.,
2008]. C3 and C4 plants have unique d

13C values which are
incorporated into the soil without significant fractionation
during soil organic carbon formation [Boutton, 1996;
Boutton et al., 1998; Fernandez et al., 2003; Wedin et al.,
1995]. In the Rio Grande Plains of southern Texas, all
woody plants have the C3 photosynthetic pathway (d

13C �
�27%) and all grasses have the C4 pathway (d13C �
�13%) [Boutton et al., 1999]. Therefore, soil d13C values
reflect the relative contributions of plant species with C3

and C4 photosynthetic pathways to community net primary
productivity, and should be useful in reconstructing this
vegetation change from C4 grassland to C3 woodland. The
difference between the isotopic composition of the current
plant community and that of the soil organic matter created
by the vegetation change will persist for a length of time
determined by the soil organic matter turnover rate [Boutton
et al., 1998]. Previous studies have demonstrated the useful-
ness of d13C natural abundance for documenting vegetation
change and estimating soil organic carbon turnover rate
[Balesdent et al., 1987; Bernardes et al., 2004; Krull and
Bray, 2005; Liao et al., 2006]. However, most of these
previous studies were conducted at the ecosystem level and
were not spatially explicit. The use of quantitative spatial
methods (e.g., geostatistics) in conjunction with soil d13C
analyses should be a powerful approach for extending
isotopic analyses of vegetation dynamics to the landscape
scale; however, these methodologies have been merged in
only two previous studies [Biggs et al., 2002; van Kessel et
al., 1994].
[6] Use of satellite images or aerial photographs to study

woody plant encroachment and the spatial pattern of
vegetation have received increased attention [Archer et
al., 2004; Fensham and Fairfax, 2003; Laliberte et al.,
2004;Witt et al., 2006]. However, aerial photos are seldom
available prior to 1935, and satellite images useful for
discerning vegetation dynamics at the landscape scale are
generally not available prior to about 1980 [Loveland and

DeFries, 2004]. If spatial patterns of soil d13C can
accurately reconstruct the dynamics of woody plant
encroachment, they can supplement, enhance, or serve in lieu
of aerial photos or satellite imagery to yield direct evidence
for the successional development of woody patches and
provide a strong spatial context for studies aimed at under-
standing the functional consequences of this change in
landscape structure. Therefore, in this study, we used
d13C values of soil organic matter in conjunction with
sequential aerial photography and geostatistics to quantify
the landscape-scale vegetation dynamics in the Rio
Grande Plains of southern Texas. Our objectives were to:
(1) Quantify spatial variation of soil d13C across the
landscape; (2) Reconstruct historical vegetation cover and
estimate the direction of woody plant expansion using soil
d13C kriging maps; and (3) Predict the future evolution of
the landscape based on results from objectives 1 and 2.

2. Study Area

[7] Research was conducted at the Texas AgriLife La
Copita Research Area in Jim Wells County, 15 km SW of
Alice, TX (27� 400 N; 98� 120 W; elevation 80m) in the
eastern Rio Grande Plains of the Tamaulipan Biotic Province.
The climate is subtropical with a mean annual temperature of
22.4�C and mean annual precipitation of 680 mm. Rainfall
maxima occur in May–June and September.
[8] The landscape grades (1–3% slopes) from sandy

loam uplands to clay loam and clay lowlands and elevations
range from 75 to 90 m. This study was confined to upland
portions of the landscape. Upland soils are primarily Typic
Argiustolls with a subsurface argillic horizon; however,
patches of Typic Haplustepts lacking an argillic horizon
are also found in the uplands [Archer, 1995]. The vegetation
is subtropical savanna parkland comprised of a grassland
matrix, with discrete woody clusters (comprised of a single
mesquite tree with up to 15 understory tree/shrub species,
3–10 m diameter), and larger groves (comprised of several
woody clusters that have fused together, 10 to >20 m
diameter) embedded within that matrix. The grasslands
consist mainly of rhizomatous and weakly caespitose C4

grasses, and C3 forbs. Clusters and groves are dominated by
P. glandulosa and Zanthoxylum fagara (lime pricklyash).
Mesquite and several other leguminous trees and shrubs
present in wooded areas are capable of symbiotic N2 fixation
[Zitzer et al., 1996]. Bai et al. [2008] presented detailed
biological characteristics of the dominant woody plants.
Archer [1995] and Boutton et al. [1998] have additional
details on soils, vegetation, and climate.

3. Methods

3.1. Study Design and Soil Sampling

[9] A 100 m � 160 m plot consisting of 10 m � 10 m
grid cells was established on an upland landscape (Figure 1)
which included all of the upland landscape elements: clusters,
groves, and grasslands. Elevations within the study area
were determined by terrain surveying and kriging interpola-
tion. Ground control points (n = 48) were established
throughout the study area, and their exact locations deter-
mined by GPS. The relative elevation of one point (Point A)
was set at 0 m. The elevation change from one control point
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to another was measured by field surveying. The absolute
elevation of Point A was determined on USGS 1:24,000-
scale 10-m resolution DEM in UTM projection. Then the
absolute elevations of the other ground control points were
calculated based on their elevations relative to point A.
A topographic map was developed using kriging interpola-
tion based on the elevations of the ground control points in
ArcView GIS Spatial Analyst [Environmental Systems
Research Institute (ESRI), Inc., 1998].
[10] In January 2003, soil samples were collected at two

points selected randomly within each cell, yielding a total of
320 sample points within the grid. All grid sampling points
were generated in a GIS and located in the field using GPS.
At each sample point, two soil cores (15 cm deep � 2.24 cm
in diameter) were taken within 10 cm of each other; one core
was utilized to determine the relative proportions of sand, silt,
and clay by the pipet method [Gee and Bauder, 1986], while
the other core was utilized to determine d13C of soil organic
carbon. Soil sampling was limited to the 0–15 cm depth
increment because mean residence times for soil organic
carbon at this depth range from 36 to 52 years [Boutton et al.,
1998, 1999, 2008], which is appropriate for capturing
changes in soil d13C values resulting from relatively recent
C3 woody plant encroachment into C4 grassland. In contrast,
soil organic matter at depths >15 cm has mean residence
times >150 years, and d13C values at these depths largely
reflect the legacy of the C4 grassland that once dominated this
site [Boutton et al., 1998, 1999, 2008].

3.2. Soil d13C Analyses

[11] Soils were passed through a 2 mm sieve to remove
coarse organic fragments and gravel, dried at 60�C for 48 h,
and ground in a centrifugal mill (Angstrom, Inc., Belleville,
MI). Ground soils were treated with HCl vapor in a
desiccator to remove carbonates [Harris et al., 2001], dried,

and analyzed to determine the d13C of soil organic matter
using a Carlo Erba EA-1108 interfaced with a Delta Plus
isotope ratio mass spectrometer operating in continuous flow
mode (ThermoFinnigan, San Jose, CA).
[12] Carbon isotope ratios are presented in d notation:

d ¼ RSAMPLE � RSTDð Þ=RSTD½ 	 � 103: ð1Þ

where RSAMPLE is the 13C/12C ratio of the sample and RSTD

is the 13C/12C ratio of the VPDB standard [Coplen, 1996].
Precision of duplicate measurements was 0.1% for d13C.

3.3. Aerial Photography and Image Analysis

[13] Black and white aerial photos taken in 1930, 1941
and 1982 and a color-infrared (IR) aerial photo taken in
2003 were used to examine changes in vegetation cover.
Aerial photos were scanned, georeferenced in UTM projec-
tion (1 m resolution), and subjected to an unsupervised clas-
sification using ERDAS Imagine [ERDAS, Inc., 1998]. Forty
classes were first generated based on reflectance value
similarities of pixels. These classes were further grouped into
two categories (woody versus nonwoody) and areas of the
woody patches were calculated in ArcView GIS Spatial
Analyst [ESRI, Inc., 1998]. Ten woody patches comprised
of multiple mesquite trees and other woody species whose
present area is more than 100 m2 (Figure 1 and Table 1)
were selected as representative of invading woody patches to
study the relationship between soil d13C values and vegeta-
tion dynamics revealed by sequential aerial photography.
Normalized Difference Vegetation Index (NDVI) [Rouse et
al., 1973] of the color-infrared (IR) aerial photo taken in
2003was calculated as (NIR�RED)/(NIR + RED), in which
RED and NIR stand for the spectral reflectance measure-
ments acquired in the red and near-infrared regions, re-
spectively. Areas covered by woody plants have higher

Figure 1. Color-infrared aerial view of study area. Red areas represent woody vegetation, while light
gray areas represent grasslands. Blue dots indicate soil sampling locations within the 100 � 160 m grid.
Numbered woody patches were evaluated in detail for evidence of expansion in size over time. Yellow
lines indicate the edge of woody patches.
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NDVI values compared to grass/bare soil area [Scanlon et
al., 2002].
3.4. Statistical Analysis and Mapping

[14] Descriptive statistical analyses, correlations, and
regressions were performed using SPSS for Windows,
version 11.5 [SPSS, Inc., 2002]. Dutilleul’s modified t tests
were conducted using PASSAGE [Rosenberg, 2001]. Vario-
gram analyses were conducted usingVARIOWIN [Pannatier,
1996]. All GIS analyses were conducted using ArcView GIS
Spatial Analyst [ESRI, Inc., 1998]. Variogram analysis was
used to determine the spatial autocorrelation pattern for soil
d13C and for soil clay content. The experimental semivario-
gram for the lag distance h was calculated according to:

g hð Þ ¼ 1

2N hð Þ
Xi¼N hð Þ

i¼1

Z Xið Þ � Z Xiþhð Þ½ 	2 ð2Þ

where Z(xi) and Z(xi+h) are the values of measured prop-
erties at spatial location xi and xi+h, N(h) is the number of
pairs with lag distance h. The model we chose was the
spherical model. Nugget variance (C0), range (A), structure
variance (C) and sill (C0 + C) were the parameters used to
interpret spatial structure (Figure 2). The variance at lag
distance zero, called ‘‘nugget’’ variance, is caused by mea-
surement error or variation at scales smaller than the sam-
pling unit. Usually semivariance increases with lag distance
and then levels off to a constant value called the sill. The lag
distance at which the sill is approached is called the range of
the spatial continuity. Beyond the range, the properties can
be considered spatially unrelated. The difference between
the sill and the nugget is called the structural variance. The
ratio of the structural variance and sill, representing the
proportion of the total variance explained by the spatial
structure, reveals the structure strength [Dent and Grimm,
1999]. Kriging was used in ArcView GIS [ESRI, Inc., 1998]
for spatial interpolation of values at unsampled locations
based on sample data and their spatial structure determined
using variogram analysis.
[15] Pearson product-moment correlation coefficients

were determined between soil d13C, soil clay content, ele-
vation, and NDVI. Because spatial autocorrelation in envi-
ronmental variables affects the classical tests of significance
of correlation and regression coefficients, the statistical sig-
nificance of these relationships was determined byDutilleul’s

modified t test [Legendre et al., 2002] which accounts for the
effects of spatial autocorrelation.

4. Results

4.1. Elevation and Soil Texture

[16] Elevation within the sample grid was highest at the
northeast corner (90.67 m) and lowest at the southwest
corner (87.93 m), resulting in a gentle northeast to south-
west slope (Figure 3a). Both clay and silt concentrations in
the soil (0–15 cm) increased by approximately 100% from
the north toward the south, while the concentration of the
sand fraction decreased by approximately 22% in this same
direction (Figures 3b–3d). The omnidirectional semivario-
gram analysis indicated that clay content was spatially
autocorrelated over a range of 120 m, suggesting that spatial
patterns of this variable are controlled by landscape processes
operating at scales comparable to or larger than our sample
grid. Although clay tended to be higher at lower elevations in
this landscape, elevation and clay content were not correlated
(Table 2).
4.2. Descriptive Statistics for Soil d13C Values

[17] Soil d13C values (0–15 cm) beneath both clusters
and groves had a mean of �21.10%, while those beneath
grassland patches averaged �18.98% (Table 3). The mean
values of soil d13C beneath woody clusters and grove
patches were higher than those of the current organic matter
inputs (�26 to �28% [Boutton et al., 1998; Bai et al.,
2008]), indicating a proportion of soil carbon beneath pre-
sent C3 woodlands was derived from C4 grasses.
[18] Soil d13C values in grasslands, clusters, and groves

were negatively skewed, indicating the median was less
than the mean with a long tail of small values to the left
(Table 3). However, in general, skewness values are near
zero, indicating an approximately symmetric distribution.
Coefficients of variation for soil d13C values were 4.90% in
grasslands, 11.56% in cluster patches, and 7.82% in groves
(Table 3). The wider range of d13C in cluster and grove
patches (9.56% and 8.68%) also indicated that heteroge-
neity of soil d13C is greater beneath woody plant cover.

4.3. Spatial Patterns of Soil d13C Values
and Their Potential Controls

[19] Variogram analysis was performed to assess spatial
structure of soil d13C values from the 0–15 cm depth

Table 1. Area of the Woody Patches (Groves) in 1930 and 2003a

ID
Area in 1930

(m2)
Area in 2003

(m2)

1 181.7 227.0
2 105.7 148.9
3 227.9 475.7
4 1257.6 2330.3
5 116.8 246.6
6 240.6 348.1
7 143.4 183.1
8 206.0 631.0
9 88.3 181.8
10 91.0 131.7

aUnits in m2. ID numbers correspond to numbered woody patches in
Figures 1, 4, and 6.

Figure 2. Components of a semivariogram.
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interval (Table 4). Because elevation within the grid was
higher at the northeast corner and lower at the southwest
corner (Figure 3a), we used omni-directional, 45� from
north (i.e., parallel to slope), and 135� from north (i.e.,
perpendicular to slope) directional models to examine if
topography caused differences in spatial patterns of soil
d13C. All models were spherical with a clear limit of spatial
correlation (range). The range of the omni-directional model
was 12.6 m, which means that there was no spatial autocor-
relation of soil d13C beyond this distance. The proportion of
the sill explained by spatial dependence [(sill – nugget)/sill],
which indicates the strength of spatial structure at the sam-
pling scale, was 70.3% for the omni-directional model. Soil
d13C had an anisotropic spatial pattern, with stronger
spatial structure [(sill-nugget)/sill = 95.7%] and shorter
range (11.90 m) in the 45� direction (parallel to slope) and
weaker spatial structure [(sill-nugget)/sill = 57.5%] and
longer range (19.09 m) in the 135� direction (perpendicular
to slope). Although this anisotropic pattern appeared to be
related to slope direction, elevation was not correlated with
soil d13C (Table 2). In addition, clay content was not
correlated with soil d13C (Table 2).
[20] Ordinary kriging based on the variogram analysis

provided estimates of soil d13C values for the 0–15 cm
depth increment at locations which had not been sampled,
enabling us to develop a map of soil d13C values across this

landscape. When the kriged map of soil d13C (Figure 4) is
compared visually with aerial photos of the study area
(Figure 5), it is obvious that soil d13C values in woody
patches are lower than those in grassland patches. In fact,
soil d13C values were highly correlated (p < 0.001) with the
NDVI derived from the aerial photo of 2003 (Table 2).

4.4. Patterns of Woody Patch Development

[21] A contour map of soil d13C values for the 0–15 cm
depth increment (Figure 6) obtained by ordinary kriging
revealed the development of woody patches. Centers of
concentric contour lines may represent centers of woody
patches. Woody patches 1, 2, 3, 5, 6, 7, 9 and 10 each
contained one contour center. Patches 4 and 8 both appear
to have developed from at least three discrete smaller
patches based on the existence of three obvious isotopic
centers in each of those wooded areas (Figure 6). Indeed,
aerial photos confirmed that patches 4 and 8 each evolved
from three discrete patches between 1930 and 2003
(Figure 5).
[22] Woody plant expansion into grassland causes a

reduction in soil d13C values as C3 woody plant carbon
is added to a pool of soil organic matter derived largely

Figure 3. (a) Elevation map computed from field survey, and kriged maps of (b) soil clay, (c) silt, and
(d) sand particle size fractions for the 120 � 100 m upland grid at La Copita Research Area in southern
Texas. Soil particle size distributions are for the 0–15 cm depth increment of the soil profile.

Table 2. Pearson Product-Moment Correlation Coefficients (r)

Between Soil d13C, Elevation, Soil Clay Content, and NDVIa

Elevation
(m)

Clay Content
(%) NDVI

Soil d13C (%) 0.15 0.05 �0.52***
Elevation (m) �0.31 0.08
Clay content (%) 0.08

aStatistical significance of correlation coefficients was evaluated using
Dutilleul’s modified t test [Legendre et al., 2002] that accounts for spatial
autocorrelation within the data sets. *** p < 0.001.

Table 3. Descriptive Statistics of Soil d13C Values for the 0–15 cm

Depth Under Different Types of Vegetation Covera

Grassland Cluster Grove

Mean �18.98 �21.10 �21.10
Median �18.90 �21.15 �21.52
Minimum �23.31 �26.59 �25.81
Maximum �16.48 �17.03 �17.13
Standard error 0.07 0.45 0.21
Standard deviation 0.93 2.44 1.65
Coefficient of variation 4.90% 11.56% 7.82%
Sample variance 0.87 5.96 2.72
Skewness �1.07 �0.00 �0.22
Range 6.83 9.56 8.68

aPer mil versus VPDB.

G01019 BAI ET AL.: PATTERN OF WOODY PLANT ENCROACHMENT

5 of 10

G01019



from C4 grasses. The change in soil d13C values should be
greatest near the oldest central portion of a woody patch,
and least near the grassland-woody patch boundary, result-
ing in concentric contour lines on the kriged map of d13C
values (Figure 6). High densities of contour lines (high
gradient steepness) means there is an abrupt boundary
with respect to soil d13C values. Therefore, areas with high
contour densities represent grassland- woodland bound-
aries that have been relatively stable over time. Conversely,
areas where woody patches are encroaching into grassland
should have low densities of soil d13C contour lines (low
gradient steepness). For example, patches 2 and 7 appear to
have been relatively stable given their higher densities of
contour lines near their boundaries with grassland (Figure 6).
In contrast, woody cover appears to have increased signifi-
cantly in patches 4 and 8 based on lower densities of contour
lines near their boundaries with grassland (Figure 6). Raster
calculations based on aerial photos taken in 1993 and 2003
showed that woody cover of patch 7 increased only 28%
while that of patches 4 and 8 increased 85% and 206%,
respectively (Table 1).
[23] The asymmetric shapes of the concentric contour

lines of each patch indicate the anisotropic expansion of the
cluster. In other words, each patch may have variable growth
rates in different directions. Denser contour lines of soil d13C
near the edges of woody patches represent slower woody
invasion into grassland, while sparser contour lines repre-
sented faster woody plant expansion. We estimated the
direction of fastest woody expansion for each patch by
selecting the direction with sparsest contour lines and
indicated them by arrows starting from the center of the
contour lines (Figure 6). Because patches 4 and 8 had more
than one contour center, they had 3 and 2 arrows, respec-
tively. Patch 1 appears to be expanding rapidly to the
southeast and patch 2 appears to be expanding rapidly to
the southwest, suggesting that they may coalesce in the
future. Patch 4 was the result of coalescence of three
expanding discrete clusters, which had different directions
of expansion. Patch 7 was relatively stable with the least
woody expansion. Patch 8 was formed by coalescence of
three smaller patches. Densities of contour lines indicated
that left and lower right ones expanded rapidly to north-
west; while the upper left one remained relatively stable
(Figure 6).
[24] To assess our inferences about the speed and direc-

tion of woody patch expansion based on soil d13C contour
lines, we compared our d13C-based inferences with the
directions of vegetation changes computed from aerial
photos taken in 1930 and 2003 (Figure 6). Directions of
woody patch expansion based on soil d13C were similar to
the expansion directions revealed by aerial photography
for patches 1, 2, 4, 6, 7, and 8. Directional changes in-
ferred from d13C for patches 9 and 10 were not clearly
substantiated by the aerial photos; however, these patches
were located on the edge of the study area and were

therefore sampled incompletely. Aerial photos indicated
patches 3 and 5 expanded largely around the edge in all
directions.

5. Discussion

5.1. Overall Landscape Pattern of Soil d13C
[25] Descriptive statistics revealed that grassland soils

(0–15 cm) had a d13C value (mean ± SE) of �18.98 ±
0.07%, while cluster and grove soils had d13C values of
�21.10 ± 0.45% and�21.10 ± 0.21%, respectively (Table 2).
These values were consistent with previous studies in the same
area [Boutton et al., 1998, 1999; Liao et al., 2006]. These data
indicated that at least some of the spatial variability of soil d13C
was related to vegetation cover, and that variability was slightly
higher in the woody patches than in the grassland. However,
spatial statistics are needed to further explore the nature of this
variability.
[26] The omni-directional variogram analysis showed that

the range of soil d13C was 12.6 m, indicating that values were
no longer autocorrelated at distances >12.6 m. Similarly, in
one of the few geostatistical studies of spatial variability of
soil d13C, Marriott et al. [1997] found that the patch size
of soil d13C in a temperate grassland was 13.5 m based on
variogram models. In the present study, soil d13C had an
anisotropic spatial pattern, with stronger spatial structure
[(sill-nugget)/sill = 95.7%] and shorter range (11.90m) parallel
to the slope and weaker spatial structure [(sill-nugget)/sill =
57.5%] and longer range (19.09 m) perpendicular to the slope
(Table 4). Although these data suggest that topography
(or one of its correlates) could be influencing the spatial
pattern of soil d13C, there was no direct correlation between
elevation and soil d13C (Table 2).
[27] Topography could potentially impact d13C values of

soil organic carbon by influencing soil texture, which can
regulate plant community composition [McAuliffe, 1994]
and soil organic matter turnover rates [Jolivet et al., 2003;
Telles et al., 2003]. The clay fraction is particularly impor-
tant in determining soil organic carbon turnover rates

Figure 4. Kriged map of soil d13C (%) for the 0–15 cm
depth increment of the soil profile in the 120� 100 m upland
grid at La Copita Research Area in southern Texas.

Table 4. Parameters for Best Fitted Semivariogram of Soil d13C for the 0–15 cm Depth

Model
Range
(m)

Nugget
(%)

Sill
(%)

(Sill – Nugget)/Sill
(%)

Omni-directional spherical 12.60 0.62 2.09 70.3
45� spherical 11.90 0.11 2.58 95.7
135� spherical 19.09 0.71 1.67 57.5
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through its role in the formation of stable organomineral
complexes and the formation of microaggregates [Kaiser
and Guggenberger, 2003; McCarthy et al., 2008]. At the
spatial scale of our study, soil clay content was not corre-
lated with either elevation or soil d13C (Table 2). However,

the strong correlation between soil d13C and NDVI may
mask any potential relationship between clay and d13C. In
an effort to factor out the influence of NDVI, the correlation
between d13C and the residuals of the regression of clay
against NDVI was evaluated. This correlation was not sig-

Figure 6. Soil d13C contours (at 0.4% intervals) for the 0–15 cm depth interval superimposed on the
vegetation change map calculated from aerial photos for the 120 � 100 m upland grid at La Copita
Research Area in southern Texas. Red color represents increase in woody plant cover from 1930 to 2003.
Yellow color represents woody vegetation cover in 1930. Arrows suggest the direction in which woody
plant cover appears to be increasing at the most rapid rate in each patch.

Figure 5. Aerial photos taken in 1930, 1941, 1982, and 2003 illustrate vegetation cover change for the
120 � 100 m upland grid at La Copita Research Area in southern Texas. Lighter areas are herbaceous
vegetation; darker areas are woody vegetation.
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nificant (data not shown), further substantiating that clay
content has no apparent role in explaining spatial patterns
of d13C values of organic carbon in the upper 15 cm of the
soil profile at the landscape scale. This does not rule out
the possibility that clay content may influence soil d13C at
smaller spatial scales, or that subsurface clay content may
influence the d13C of surface soils through effects on plant
community composition.
[28] Visual assessment of the kriged map of soil d13C

(Figure 4) and aerial photographs (Figures 1 and 5) revealed
the strong resemblance between the spatial pattern of soil
d13C and vegetation cover. Also, correlation analysis re-
vealed that soil d13C was negatively correlated with NDVI,
such that areas with lower soil d13C values corresponded to
areas with C3 woody plant cover. These findings are con-
sistent with previous studies documenting the strong con-
trolling effects of C3-C4 plant cover on soil d13C variability
[Biggs et al., 2002; van Kessel et al., 1994].

5.2. Formation of Wooded Landscape Elements
Revealed by Soil d13C
[29] Previous studies have hypothesized that the groves,

larger woody patches in the upland savanna, were formed
through coalescence of expanding discrete clusters [Archer,
1995; Scanlan and Archer, 1991; Wu and Archer, 2005]. In
this study, the kriged map of soil d13C and the sequential
aerial photographs both provided strong evidence in support
of the proposed mechanism of grove formation by coales-
cence of clusters (Figure 6). Previous studies at La Copita
Research Area proposed that rates of cluster development
and patterns of distribution were regulated by subsurface
(>15 cm) variations in clay content and by variations in
annual rainfall [Archer, 1995; Scanlan and Archer, 1991].
Therefore, each woody patch may have variable growth
rates in different directions due to the influences of edaphic
and hydrological factors. In our study, we found the
asymmetric shapes of the concentric contour lines indicated
the anisotropic expansion of clusters. McAuliffe [1994]
found edaphic features such as soil texture controlled the
vertical movement and distribution of soil water, in turn
affecting the distribution of woody plants in arid and semi-
arid environments. Archer [1995] suggested variations in
annual rainfall and subsurface clay content (>15 cm) might
regulate the rate of woody expansion. Wu and Archer
[2005] suggested that rainfall, topography and soil texture
were factors potentially influencing woody cover changes.
However, the exact mechanism of the anisotropic expan-
sion of woody clusters is still unclear. Therefore, contour
maps of soil d13C may provide a strong spatial context for
future studies aimed at understanding the factors regulating
the rates of cluster development and patterns of woody
plant distribution.

5.3. Future Landscape Evolution

[30] Landscape-scale analyses of soil d13C may also
afford glimpses of future landscape evolution. Some of the
present discrete clusters appear destined to coalesce and form
larger groves. For example, patches 1 and 2 seem likely to
coalesce because they are actively expanding toward each
other, as revealed by the contour map of soil d 13C (Figure 6).
Some woodland margins have been relatively stable over the

past 50–70 years, indicating that the grasslands at those
margins may continue to remain open in the future. Simu-
lations using transition probabilities suggested the present
landscape may develop into closed-canopy woodland within
the next 180 years [Archer, 1995]. Wu and Archer [2005]
suggested in order to accurately predict the future rate and
pattern of changes in woody abundance, rainfall-topography-
soil texture relationships and scale-dependent mechanisms
needed to be considered. Our study confirmed that different
woody patches may have different expansion rates in the
future.
[31] These results could also have implications for eco-

system management practices aimed at controlling woody
plant abundance in grasslands. Because the fate of faster
growing pioneer clusters may have a greater impact on
woody cover increases than the establishment of new
clusters [Scanlan and Archer, 1991], removal of faster
growing clusters may slow or reverse the trend toward a
closed-canopy woodland in the future.

6. Conclusions

[32] Woody plant cover has increased since the 1930s in
the Rio Grande Plains of southern Texas. Geostatistical
analyses showed that soil d13C values in the 0–15 cm depth
increment were autocorrelated within a range of 12.6 m.
Spatial patterns of soil d13C were strongly related to vegeta-
tion (primarily woody versus grassland cover), but were not
correlated with elevation or soil texture at the scale examined.
A contour map of soil d13C confirmed that the large upland
groves were formed in the past by coalescence of expanding
discrete clusters, and revealed that some clusters are currently
growing rapidly toward each other and might coalesce into
groves in the near future. This pattern of woody patch de-
velopment was substantiated by sequential aerial photo-
graphs taken during the past 80 years. Kriged maps of soil
d13C allowed us to reliably reconstruct landscape-scale
spatial pattern and temporal dynamics of woody plant en-
croachment into grassland, suggesting this approach can be
applied to reconstruct changes in woody cover in areas where
historical aerial photography or satellite imagery are not
available. These kriged maps of soil d13C can also provide
a strong spatial context for future studies aimed at under-
standing the functional consequences of this change in
landscape structure. The marriage of soil d13C analyses with
geostatistical methods and aerial photography represents a
powerful approach for studying vegetation dynamics at the
landscape scale, and can be employed in any ecosystem
where C3-C4 vegetation changes have occurred. We suggest
that it may be feasible to expand this approach to the regional
scale by employing similar techniques in conjunction with
satellite imagery.
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