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Abstract. Woody-plant encroachment into grasslands and savannas has been globally widespread during the
past century, likely driven by interactions between grazing, fire suppression, rising atmospheric CO2, and cli-
mate change. In the southernmost US Great Plains, Ashe juniper and live oak have increased in abundance. To
evaluate potential interactions between this vegetation change and the underlying soil parent material on ecosys-
tem biogeochemistry, we quantified soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), and
δ13C of SOC in soils obtained from trenches passing through grassland, juniper, and oak patches on soils lying
atop the respective Edwards and Buda limestone formations in central Texas. Soils on the Edwards formation are
more shallow and have more rock outcropping than those on Buda. The δ13C values of SOC under grasslands
was−19 ‰, whereas those under woody patches were−21 ‰ to−24 ‰, indicating that wooded areas were rel-
atively recent components of the landscape. Compared with grasslands, areas now dominated by juniper or oak
had elevated SOC, TN, and TP storage in soils lying atop Edwards limestone. In Buda soils, only oak patches had
increased SOC, TN, and TP storage compared with grasslands. Woody encroachment effects on soil nutrients
were higher in soils on the Edwards formation, perhaps because root and litter inputs were more concentrated
in the relatively shallow layer of soil atop the Edwards bedrock. Our findings suggest that geological factors
should be considered when predicting nutrient store responses in savannas following vegetation change. Given
that woody encroachment is occurring globally, our results have important implications for the management and
conservation of these ecosystems. The potential interactive effects between vegetation change and soil parent
material on C, N, and P storage warrant attention in future studies aimed at understanding and modeling the
global consequences of woody encroachment.

1 Introduction

Woody-plant encroachment into grasslands, savannas,
deserts, and other semiarid and arid ecosystems is a glob-
ally extensive land cover change that has been occurring dur-
ing the past 150 years (Archer et al., 2017; Sala and Maestre,
2014; Stevens et al., 2017). This important vegetation change
is driven by several potentially interacting local and global
phenomena, including the elimination of naturally occurring
fires, chronic livestock grazing, rising atmospheric CO2 con-

centrations, and climate change (Archer et al., 2017; Rosan et
al., 2019; Stevens et al., 2017; Venter et al., 2018; Zhou et al.,
2019). Rates of increase in woody cover range from 0.1 % to
2.3 %yr−1 in grasslands and savannas throughout the world
(Archer et al., 2017; Deng et al., 2021). These changes in the
relative abundances of woody plants and grasses often have
significant ecological impacts on arid and semiarid ecosys-
tems. For example, increases in above- and belowground in-
puts of organic matter derived from woody plants often alter
soil carbon (C), nitrogen (N), and phosphorus (P) storage,
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cycling rates, and stoichiometric relationships (Barger et al.,
2011; Eldridge et al., 2017; Finzi et al., 2011; Zhou et al.,
2018a).

Little is known regarding how geology might interact with
changes in woody-plant cover to influence ecosystem bio-
geochemistry. Geological factors play key roles in determin-
ing fundamental soil properties, including mineralogy, chem-
istry, and texture, which in turn can be important determi-
nants of soil C, N, and P biogeochemistry (Augusto et al.,
2017; Farella et al., 2020). The reactivity of the soil mineral
phase can change the stabilization potential of soil organic
carbon (SOC) under similar vegetation (Doetterl et al., 2015;
Torn et al., 1997), and clayey soils have greater potential to
retain mineral-derived nutrients and organic matter across a
broad range of soil substrates (Soong et al., 2020). Further-
more, the presence of living organisms (plants and microbes)
in the weathering zone of geological materials can influence
soil formation and properties through (i) mechanical pro-
cesses, (ii) changes in soil pH, and (iii) root and microbial
exudates that influence hydrolysis reactions and chelation
(Anderson, 1988). As plant species can differ greatly with
respect to root distribution patterns, root strength, and root
exudate production (Canadell et al., 1996; Dietz et al., 2020;
O’Keefe et al., 2021), their interactions with parent material
may be different and, thus, have important influences on soil
development and biogeochemistry.

Throughout the Great Plains of North America, the preva-
lence of Juniperus spp. has increased during the past cen-
tury in areas that were previously grass-dominated (Leis et
al., 2017; Smeins and Merrill, 1988; Van Auken and Smeins,
2008). Between 1990 and 2010, rates of Juniperus encroach-
ment reported for this region ranged from approximately 30–
40 km2 yr−1 in Kansas and Oklahoma to 85 km2 yr−1 in Ne-
braska (Meneguzzo and Liknes, 2015; Wang et al., 2018a).
In Texas, Juniperus cover increased at a rate of 441 km2 yr−1

between 1948 and 1982 (Ansley and Wiedemann, 2008).
These dramatic changes in Juniperus cover have been shown
to alter key ecosystem properties such as primary productiv-
ity, evapotranspiration rates, soil water infiltration and per-
colation depth, and pool sizes and flux rates of essential ele-
ments (Jessup et al., 2003; Leite et al., 2020; McKinley and
Blair, 2008; Wang et al., 2018b; Zhang et al., 2023).

In the southernmost portion of the North American
Great Plains, the Edwards Plateau spans approximately
100 000 km2 of central Texas and is covered with savannas
and woodlands dominated primarily by the woody species
Juniperus ashei Buchholz (Ashe juniper) and Quercus vir-
giniana Mill. (live oak) as well as grasses and forbs typi-
cal of the southern mixed-grass prairie (Smeins et al., 1976;
Smeins and Merrill, 1988; Taylor et al., 2012). Although ju-
niper and oak have been long-term woody components of this
landscape, juniper populations in particular have increased
markedly during the past century, largely due to reduced fire
frequencies caused by chronic livestock grazing and fire sup-
pression policies (Ansley and Wiedemann, 2008; Bendevis

et al., 2010; Leite et al., 2020; Wilcox et al., 2007; Marshall,
1995). Woody-plant cover in this region increased from 12 %
to 40 % between 1949 and 1990, with over half of this in-
crease attributable to Ashe juniper (Fuhlendorf et al., 1996).
Despite these dramatic vegetation changes, little is known
about how woody encroachment in the Edwards Plateau re-
gion might influence soil storage of C, N, P, and other im-
portant elements. In addition, soils of the Edwards Plateau
are derived from multiple geological formations, and it re-
mains unknown how woody encroachment might alter nutri-
ent stores in soils derived from different parent materials. At
the western edge of the Edwards Plateau, most soils lie atop
the Buda and Edwards geological formations. Soils on the
Edwards formation are shallow with extensive areas of rock
outcropping, whereas those on the Buda limestone are gen-
erally deeper and contain carbonate-rich layers on top of the
hard limestone (Gabriel et al., 2009; Wilcox et al., 2007).

The purpose of this study was to evaluate the long-term
impacts of woody-plant encroachment on the biogeochem-
istry of soil C, N, and P throughout soil profiles lying on top
of the respective Edwards and Buda limestone formations in
juniper–oak savannas of the Edwards Plateau in the southern
Great Plains. To accomplish this, soil samples were collected
to the depth of bedrock from multiple trenches that passed
through both grassland and woody-plant communities. We
used elemental analyses to quantify pool sizes of SOC, total
N (TN), and total P (TP) in soils, and we measured the δ13C
values of those same soils to verify woody encroachment and
to estimate the relative proportions of the respective grass
and woody sources of soil organic matter. Grass species in
the Edwards Plateau generally use C4 photosynthesis, result-
ing in different δ13C values compared with the encroaching
woody species, which use C3 photosynthesis (Boutton et al.,
1998). Changes in the δ13C signatures at different soil depths
can reveal historical shifts in predominant vegetation, possi-
bly due to climatic changes, disturbances, or human activ-
ities (Jessup et al., 2003; Zhou et al., 2019). We tested the
following hypotheses: (1) woody plants are relatively recent
components of grasslands on the western Edwards Plateau;
(2) soils under woody plants will have larger pool sizes of
SOC, TN, and TP than grass-dominated areas; and (3) veg-
etation cover will interact with geological substrate to influ-
ence SOC, TN, TP, and soil inorganic carbon (SIC).

2 Materials and methods

2.1 Site description

Research was conducted at the Texas A&M AgriLife Sonora
Research Station on the western edge of the Edwards Plateau,
Texas (30◦15′ N, 100◦33′W; altitude 670 m). The mean an-
nual temperature was 19.3 ◦C and the mean annual precip-
itation was 476 mm from 2012 to 2020 (Cooperative Cli-
matological Data Summaries, 2022). Summers are hot and
dry with an average July temperature of 30 ◦C, while win-
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ters are mild with an average January temperature of 10 ◦C.
Most precipitation occurs during May–June and September–
October, and precipitation is highly variable between and
within years. The Köppen–Geiger climate classification for
this region is hot arid steppe (Beck et al., 2018).

The Edwards Plateau is an uplifted and dissected lime-
stone plateau (karst topography) with gentle slopes. Soils
in this region are clayey Mollisols with shallow soils on
plateaus and hills and deeper soils on plains and valley
floors (Gabriel et al., 2009; Wiedenfeld and McAndrew,
1968). The predominant soil map units on plateaus and
hills are the Eckrant–Rock outcrop complex and the Prade–
Eckrant complex. These include the commonly occurring
Harper (clayey, smectitic, thermic Lithic Haplustolls), Prade
(clayey-skeletal, smectitic, thermic, shallow Petrocalcic Cal-
ciustolls), and Tarrant soil series (clayey-skeletal, smectitic,
thermic Lithic Calciustolls), all of which lie atop the Ed-
wards formation (Wilcox et al., 2007). These soils contain
large amounts of limestone fragments and limestone out-
crops. Depth to bedrock for these soils was generally< 0.4 m
(Fig. 1 and Figs. S1 and S2 in the Supplement). The clay
content in the top 5 cm of Edwards soil is 30 %–40 % and
increases with depth to almost 50 % at 20 cm depth (Mar-
shall, 1995). The soil map unit commonly occurring on
plains and valley floors is Valera clay, including the Rio Di-
ablo (fine, mixed, superactive, thermic Aridic Haplustolls),
Ozona (loamy, mixed, superactive, thermic, shallow Petro-
calcic Calciustolls), and Mereta (clayey, mixed, superactive,
thermic, shallow Petrocalcic Calciustolls) soil series, which
all lie atop the Buda formation (Wilcox et al., 2007; Gabriel
et al., 2009). These soils are generally deeper than those ly-
ing atop the Edwards formation and contain hard limestone
and a caliche layer on top of the limestone bedrock (Figs. 1,
S1, S2). The caliche layer, typically light in color, can mani-
fest as either the petrocalcic (Bkkm horizon) or the paralithic
(Cr) layer, both potentially cemented or unconsolidated. The
petrocalcic layer is comprised of weathered carbonate and
cements the B horizon with soil particles (Soil Survey Staff,
2014), while the paralithic layer is a residuum from lime-
stone weathering (Rabenhorst and Wilding, 1986a) (Fig. S3
in the Supplement). The clay content in Buda soil is gen-
erally 2 %–5 % lower than that in Edwards soil throughout
0–40 cm profile based on USDA/NRCS data (Official Soil
Series Descriptions (Rio Diablo series), 2022; Official Soil
Series Descriptions (Eckrant series), 2022; Official Soil Se-
ries Descriptions (Valera series), 2022; Official Soil Series
Descriptions (Prade series), 2022). Depth to consolidated
bedrock for Buda soils was approximately 1.5–2 m, while
the depth to the caliche layer was approximately 0.5 m. Al-
though the hard limestone geological formations underlying
both the Edwards and Buda soils have contributed some-
what to the formation of these soils, there is considerable
chemical and physical evidence indicating that these soils are
derived largely from an overlying limestone residuum with
distinctly different attributes than the underlying limestone

(Rabenhorst and Wilding, 1986a, b; Cooke et al., 2007). The
Del Rio Clay, an Upper Cretaceous marly limestone that lo-
cally overlies the Edwards limestone, has been proposed as
the dominant source of these soils (based on texture, miner-
alogy, and Nd isotope composition), at least on the eastern
portion of the Edwards Plateau (Cooke et al., 2007).

The study area lies at the southernmost extent of the Great
Plains, and the contemporary vegetation of the site is typ-
ical of this region. Dominant woody species are live oak
and Ashe juniper. Other less abundant woody species in-
clude Quercus pungens Liebmann (scrub oak), Juniperus
pinchotii Sudw. (redberry juniper), and Prosopis glandulosa
Torr. (honey mesquite). Woody species occur commonly in
small clusters or as isolated individuals within the surround-
ing grassland matrix. Dominant grass species include Hi-
laria belangeri (Steud.) Nash (curly mesquite), Bouteloua
curtipendula (Michx.) Torr. (sideoats grama), Aristida spp.
(three awns), and Nassella leucotricha (Trin. & Rupr.) Pohl
(Texas wintergrass). Grazing in this area was heavy (2–5 ha
per animal unit per year) to moderate (6–8 ha per animal unit
per year) from approximately 1880 to 2010, but the area cho-
sen for this study has been grazed lightly (9–15 ha per an-
imal unit per year) and intermittently for the past 10 years
(Leite et al., 2020). Since 1948, the livestock composition in
these grazed areas has maintained an approximate ratio of
60 : 20 : 20 with respect to cattle, sheep, and goats, respec-
tively (Marshall, 1995).

2.2 Field sampling

In February 2019, using a backhoe, soils were sampled from
three trenches lying atop the Edwards formation and three
lying atop the Buda formation. Trench locations were se-
lected to represent (i) the major geological formations un-
derlying the soils in the study area (Edwards and Buda lime-
stone), based on the USDA/NRCS Web Soil Survey (Web
Soil Survey, 2022), and (ii) the major vegetation types, in-
cluding live oak, Ashe juniper, and herbaceous species oc-
curring on the area. Trench lengths and depths were vari-
able, depending on the depth to bedrock and the distribution
of bare rock at the surface (Table 1). At 2 m intervals along
each trench face, soil samples were collected from multiple
depth intervals (0–10, 10–20, 20–40, 40–70, 70–100, 100–
120, and 120–150 cm), although depth to bedrock sometimes
prevented acquisition of the deeper depths in some trenches,
particularly those atop the Edwards formation. Soil depth in-
tervals were selected to represent soil horizon patterns de-
scribed in USDA/NRCS Web Soil Survey and for compa-
rability with previous studies of the study area. We aimed
for the midpoint within each specified depth range for sam-
pling. For instance, samples were taken at 5 cm for the 0–
10 cm range, 15 cm for the 10–20 cm range, 30 cm for the
20–40 cm range, and so forth. Each sampling point involved
the horizontal insertion of two soil cores (7.6 cm width ×
10 cm length) into the trench face. One core was used for the
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Figure 1. Shown are Trench 1 in Edwards soil (a) and Trench 5A in Buda soil (b) at Texas A&M AgriLife Sonora Research Station on the
Edwards Plateau, Texas. The beige color in panel (a) is limestone. The yellow-whitish layer in panel (b) is the paralithic layer in which the
individual soil particles are aggregated with calcium carbonate.

determination of soil bulk density and root biomass, while
the other was used for pH, elemental concentrations, and sta-
ble isotope analyses. Aboveground vegetation cover within
2 m of each sampling location was mapped and categorized
as grassland, Ashe juniper, live oak, or mesquite based on
dominant vegetation types. In order to characterize the iso-
topic composition of plant inputs to the soil organic matter
pool, approximate equal amounts of live leaves from three
individuals of Ashe juniper, live oak, and the dominant grass
species were collected near each trench. Litter from Ashe ju-
niper, live oak, and dominant grass species as well as stand-
ing dead grass materials were collected from 0.25m×0.25m
plots with three replicates close to each leaf sampling loca-
tion.

2.3 Laboratory analyses

One soil core from each sampling point was oven-dried at
105 ◦C overnight. The core was then passed through a 2 mm
sieve to remove rock fragments and retrieve fine roots for
quantification of root densities. Soil bulk density was mea-
sured and reported on a gravel-free basis (Culley, 1993). The
other soil core was air-dried, passed through a 2 mm sieve to
remove rocks and large organic fragments, and subsampled
for soil pH using a 1 : 2 soil/0.01 M CaCl2 slurry. Another
subsample of the < 2 mm fraction was pulverized in a cen-
trifugal mill (Angstrom Inc., Belleville, MI, USA) and used
to quantify concentrations of SOC, SIC, TN, and TP as well
as the δ13C of SOC. Leaf and litter samples were oven-dried
at 80 ◦C for 48 h and pulverized in a centrifugal mill.

Pulverized leaf tissues, litter, and soils were analyzed for
C and N concentrations and δ13C values by dry combustion
using a Costech ECS 4010 elemental analyzer (Costech An-
alytical Technologies Inc., Valencia, CA, USA) interfaced
via a ConFlo IV with a Delta V Advantage isotope ratio
mass spectrometer (Thermo Scientific, Bremen, Germany) at
the Stable Isotopes for Biosphere Science laboratory, Texas
A&M University. Pulverized subsamples were weighed into
tin capsules to measure the percentage of total C and total
N. For soils, a second subsample was weighed into a silver
capsule and treated with 3 N HCl to remove CaCO3 until no
reaction occurred (Nieuwenhuize et al., 1994). This subsam-
ple was used to measure the concentration and δ13C value of
SOC. Soil inorganic carbon concentrations were computed
as the difference between the measurement of total C derived
from the nonacid-treated soil and organic C derived from the
acid-treated soil. Stable C isotopic ratios were presented in δ
notation according to Eq. (1):

δ =

[
Rsample−RSTD

RSTD

]
× 103, (1)

where Rsample and RSTD are the 13C/12C ratio of the sam-
ple and standard, respectively. The 13C/12C ratios were ex-
pressed relative to the Vienna PeeDee Belemnite (V-PDB)
standard (Coplen, 1994). Precision of duplicate measure-
ments was 0.1 ‰ for δ13C. Soil TP was measured using sul-
furic acid digestion and colorimetry (Dick and Tabatabai,
1977) at the Soil Testing Lab at Kansas State University,
Manhattan, KS.
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Table 1. Geological substrates and physical dimensions of soil trenches.

Trench Geological Average Length Soil series Landscape Coordinates
formation depth (m) (m)

1 Edwards 0.7 30 Harper–Prade Footslope 30◦17′22.6′′ N, 100◦33′33.0′′W
2 Edwards 0.4 8 Tarrant Summit 30◦17′22.4′′ N, 100◦33′12.1′′W
4 Edwards 0.4 14 Tarrant Summit 30◦16′48.4′′ N, 100◦33′37.8′′W
5A Buda 1.5 20 Prade–Ozona Footslope 30◦15′20.1′′ N, 100◦34′21.5′′W
5B Buda 1.4 9 Rio Diablo Toeslope 30◦15′18.9′′ N, 100◦34′19.8′′W
6 Buda 1.4 12 Mereta–Rio Diablo Toeslope 30◦17′00.0′′ N, 100◦32′27.9′′W

The fraction of soil C derived from C4 grasses was calcu-
lated by the mass balance equation Eq. (2):

δ13Csoil = δ
13Cgrass(f )+ δ13Cwoody tissue(1− f ), (2)

where δ13Csoil, δ13Cgrass, and δ13Cwoody tissue are the δ13C
values of soil, C4 grass, and leaf tissues from C3 woody
plants (live oak or Ashe juniper), respectively. The fraction,
(f ), is the proportion of SOC derived from C4 plants and
(1− f ) is the proportion of SOC derived from C3 plants.

2.4 Calculation of soil C, N, and P densities

As woody encroachment often changes soil bulk density
(Hudak et al., 2003; Throop et al., 2012; Throop and Archer,
2008), the quantification of SOC, TN, TP, and SIC densities
in different soil layers was performed on the basis of equiv-
alent soil mass (Fowler et al., 2023). In addition, we lim-
ited our statistical analyses of soil variables to the 0–10, 10–
20, and 20–40 cm depth increments to facilitate comparisons
due to differences in maximum soil depth between trenches.
The estimation of SOC stocks (MgCha−1) was calculated
considering SOC concentrations and soil masses in the 0–
10, 10–20, and 20–40 cm soil layers along with the trench
faces using a cubic spline function (Fuentes et al., 2010; von
Haden et al., 2020; Wendt and Hauser, 2013). Although all
SOC stocks were calculated and compared as equivalent soil
masses, the results were expressed as the 0–10, 10–20, and
20–40 cm soil layers for better clarity. To facilitate compar-
isons between the unequal sampling depth intervals, we con-
ducted our analyses on SOC density (kgCm−3) using the
following expression:

SOC density (kgC m−3)=
SOC stock (MgCha−1)

depth interval (cm)
× 10.

(3)

Total N, TP, and SIC densities were calculated and pre-
sented using the same process.

2.5 Data analyses

The effects of geology (Edwards or Buda formations), veg-
etation type (grassland, Ashe juniper, live oak, or mesquite),
and soil depth on soil chemical and isotopic measure-
ments were analyzed using a three-way analysis of vari-
ance (ANOVA) with repeated measures in a linear mixed-
effects model with restricted maximum likelihood estima-
tions. Trench ID was treated as a random factor. Sampling
locations along the trench face and depth were treated as a
random factor with repeat measurements. Post hoc multiple
comparisons were made using the Tukey adjustment. Depen-
dent variables were tested for the assumption of normality us-
ing the Shapiro–Wilk test and then underwent logarithmic or
square-root transformations when necessary to meet the as-
sumptions of normality before analysis. The significance of
ANOVA outputs was evaluated using an α value of 0.05. All
errors were reported as standard errors. All statistical analy-
ses were performed in R (R Core Team, 2013), including the
nlme package (Pinheiro et al., 2012) for ANOVA. To visual-
ize soil properties in the horizontal and vertical dimensions
along the trench faces, contour maps were developed utiliz-
ing all data from all soil depths. Contour maps were created
using the local weighted regression surface (loess) function
in R.

3 Results

3.1 Soil characteristics

Soil bulk densities were significantly affected by the depth×
geology interaction (Table 2), increasing more rapidly with
depth in Edwards vs. Buda soils (Fig. 2a). Soil bulk densi-
ties were significantly higher beneath grasslands than those
under live oak or Ashe juniper. The extremely high abun-
dance of gravel and rock fragments in Edwards soils under
live oak and Ashe juniper canopies prevented the measure-
ments of bulk density at depths > 20 cm. Soil pH was signif-
icantly affected by both soil depth and vegetation type (Ta-
ble 2), increasing with depth, and it was lower beneath oak
than beneath juniper and grass throughout the 0–40 cm pro-
file (Fig. 2b). Fine-root densities were affected significantly
by the depth × vegetation interaction (Table 2), with higher
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densities in soils beneath oak and juniper canopies than in
grasslands soils below 10 cm depth (Fig. 2c). Soil inorganic
C density expressed, based on equivalent soil mass, was af-
fected by a complex depth × vegetation × geology inter-
action (Table 2). This interaction was attributable to greater
differences between vegetation types on Edwards soils than
on Buda soils as well as to the fact that SIC at the 15 and
30 cm depths was substantially higher than at the 5 cm depths
beneath grassland than beneath oak or juniper vegetation
(Fig. 2d). Lower SIC values beneath oak and juniper on the
Edwards soil were related to lower soil pH values beneath
their canopies; similarly, lower soil SIC values beneath oak
on the Buda soils were also related to lower soil pH.

3.2 δ13C values of soils and litter

Litter δ13C values were −26.7 ‰, −24.7 ‰, and −17.1 ‰
under live oak, Ashe juniper, and grass, respectively
(Fig. 3a). The δ13C of SOC was significantly affected by veg-
etation and soil depth (Table 2). The δ13C values of SOC un-
der grasslands were −19 ‰ and −20 ‰ in the 0–10 cm lay-
ers in Edwards and Buda soils, respectively (Fig. 3a). Soil
δ13C values under woody patches were lower than grass-
lands on both Edwards and Buda soils, ranging from approx-
imately −24 ‰ to −20 ‰. The δ13C of SOC increased with
depth beneath all vegetation types and on both Buda and Ed-
wards soils. The δ13C values gradually increased from the
centers of woody patches to their edges, and they reached
highest values in the grasslands (Figs. S1, S2).

The average δ13C value for C4 grasses was
−16.3 ‰± 0.8 ‰, while the averages for C3 woody plants
were −28.5 ‰± 0.5 ‰ for live oak and −26.8 ‰± 0.4 ‰
for Ashe juniper. These values were applied to a mass
balance equation (Eq. 2) to estimate the relative proportion
of SOC originating from C4 grasses. The fraction of SOC
from C4 grass was approximately 0.5 in the 0–10 cm depth
increment and increased up to 0.7–0.8 in the 20–40 cm depth
increment (Fig. 3b). Soils under oak had significantly less C
derived from C4 grass than juniper on the Edwards soils.

3.3 Soil organic C, TN, TP, and their stoichiometric
ratios

The SOC, TN, and TP densities (kg m−3 soil) on an equiva-
lent soil mass basis) in the upper 40 cm of the profile were
all significantly affected by the vegetation × geology inter-
action (Table 2). Soils beneath live oak and Ashe juniper had
higher SOC and TN than grasslands throughout the profile
on Edwards soils, while only oak had higher SOC and TN
on Buda soils (Fig. 4a, c). The cumulative SOC in the 0–
40 cm profile on Edwards soils was 23.1 and 21.0 kgCm−2

in soils under juniper and oak, respectively, compared with
15.5 kgCm−2 for the grassland (Fig. 4b). In contrast, cu-
mulative SOC on Buda soils was significantly lower, with
14.2, 10.4, and 10.9 kgCm−2 in soils under oak, juniper,

and grassland, respectively. The vertical profiles of TN were
similar to SOC (Fig. 4c). Cumulative TN (0–40 cm) was
greater in Edwards soils (1.35–1.85 kgNm−2) than Buda
soils (0.85–1.12 kgNm−2) and greater under oak vegetation
than under juniper or grassland on Edwards soils (Fig. 4d).
On Buda soils, oak was significantly higher with respect to
cumulative TN (1.1 kgNm−2) than grassland (0.8 kgNm−2).
Soils under oak had higher TP densities (kgP per m3 soil)
than either grassland or juniper throughout the 0–40 cm pro-
file on Edwards soils (Fig. 4e). The cumulative TP in the
0–40 cm profile on Edwards soils was highest beneath oak
(0.254 kgPm−2), followed by grassland (0.210 kgPm−2)
and juniper (0.165 kgPm−2) (Fig. 4f). Buda soils were gen-
erally lower in TP than Edwards soils, and there was no sig-
nificant difference in cumulative TP between the three vege-
tation types in Buda soils.

Soil organic C concentrations (gC per kg soil) were af-
fected by the depth × vegetation × geology interaction,
while TN concentrations were affected by geology and the
depth × vegetation interactions (Table S1 in the Supple-
ment). For both SOC and TN concentrations, soils under
grasslands were the lowest among the three vegetation types
on both Buda and Edwards soils (Fig. S4 in the Supplement).
In addition, SOC and TN concentrations were significantly
higher on Edwards than on Buda soils. The soil TP concen-
tration was affected by the vegetation × geology interaction
(Table S1), with oak on Edwards soils having the highest TP
compared with other vegetation types on either Edwards or
Buda soils (Fig. S4).

Soil C : N ratios were significantly affected by the vegeta-
tion × geology interaction (Table 2), with higher ratios be-
neath oak and juniper than under grassland on Edwards soils
throughout the 0–40 cm soil profile (Fig. 5a). However, on
Buda soils, the C : N ratio was greater under oak and grass-
land compared with beneath juniper throughout the profile.
Soil C : P ratios were significantly affected by the vegetation
× geology × depth interaction due to (i) larger differences
between grasses vs. woody plants in the Edwards than in the
Buda soils, (ii) lower values on the Buda soils than the Ed-
wards soils, and (iii) differences in the depth responses be-
tween the plant species (Fig. 5b). Soil N : P ratios were sig-
nificantly affected by the direct effects of vegetation, geol-
ogy, and depth but were not influenced by any interactions
(Table 2). The N : P ratios were generally higher beneath
woody plants compared with under grasslands, higher in the
Edwards soils compared with the Buda soils, and decreased
with soil depth.

4 Discussion

4.1 Evidence of vegetation change

The δ13C values of surface soils (0–10 cm) beneath juniper
(−21 ‰) and oak (−23 ‰) canopies are higher than those
obtained for litter (juniper = −25 ‰; oak = −27 ‰) and
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Table 2. Results of the ANOVA testing for the effects of soil depth, vegetation, geology, and their interactions on soil attributes. The
abbreviations used in the table are as follows: SOC – soil organic carbon; TN – total nitrogen; TP – total phosphorous; C : N – C : N ratio;
C : P – C : P ratio; N : P – N : P ratio; BD – bulk density; SIC – soil inorganic carbon; and “Fine roots” – fine-root (< 2 mm) density. Asterisks
denote significant changes: ∗ p < 0.05; ∗∗ p < 0.01; and ∗∗∗ p < 0.001. ns represents nonsignificant results.

SOC TN TP SIC δ13C C : N C : P N : P BD pH Fine roots

(kg per m3 soil) (‰) (gcm−3) (gm−3)

Depth (D) ns ns ns *** *** ns *** *** *** ** ns
Vegetation (V) *** *** * *** *** ns *** *** ** *** ns
Geology (G) *** *** *** ns ns ns * * ns ns ns
D × V ns ns * ** ns ns ns ns ns ns *
D × G * * * ns ns ns ns ns * ns ns
V × G *** *** ** *** ns ** * ns ns ns ns
D × V × G ns ns ns * ns ns * ns ns ns ns

Figure 2. Vertical changes in (a) soil bulk density, (b) pH, (c) fine-root biomass density, and (d) soil inorganic carbon (SIC) density beneath
grass, juniper, and oak in soils derived from the respective Buda and Edwards formations. The extremely rocky nature of the soil below 20 cm
depth beneath oak and juniper canopies precluded measurements of bulk density and root density in the Edwards trenches. Results are given
as the mean ± standard error of the mean. Data are plotted at the midpoints of the depth increments.

fresh leaf tissue (juniper = −27 ‰; oak = −29 ‰) obtained
for these C3 woody species. This isotopic disequilibrium be-
tween soils and current organic matter inputs is even more
marked in the 10–20 and 20–40 cm depth increments. This
suggests that a considerable proportion of SOC beneath ju-

niper and oak stands was derived from C4 grasses and that
this landscape was once a more open C4-dominated grass-
land. Mass balance calculations based on plant and soil δ13C
values (Eq. 2) indicate that approximately 45 %–55 % of
SOC at 0–10 cm and 70 %–90 % of SOC at 20–40 cm is de-
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Figure 3. Change in (a) δ13C of litter (above dashed line) and soil as well as change in (b) the fraction of SOC derived from C4 grass
beneath juniper and oak in soils derived from the respective Buda and Edwards formations calculated using mass balance. Results are given
as the mean ± standard error of the mean. Data are plotted at the midpoints of the depth increments.

rived from C4 grass in soils atop both Buda and Edwards
limestone (Fig. 3b). It should be noted that the absolute ac-
curacy of these mass balance calculations could be affected
by historical changes in the δ13C values of atmospheric CO2
(Graven et al., 2017), isotopic fractionation during soil or-
ganic matter decay (Mainka et al., 2022), and differential de-
composition of C3 vs. C4 plant tissues (Wynn et al., 2020).
However, these uncertainties are not large enough to alter
the conclusion that C3 juniper and oak trees are more recent
components of this landscape compared with C4 grasses. Our
findings that woody plants are relatively recent components
of this landscape are consistent with other studies on the
Edwards Plateau and other portions of the southern Great
Plains region based on direct observations of plant com-
munity changes through time (Briggs et al., 2002; Smeins
and Fuhlendorf, 1997; Van Auken, 2008), δ13C values of
SOC (Jessup et al., 2003), and sequential remote-sensing im-
agery (Wang et al., 2018a). A notable increase in woody
cover has been observed in Edwards Plateau. From 1986 to
2020, woody cover in these regions increased from 7.6 % to
19.3 %, corresponding to an average annual increase of 0.8 %
(Leite et al., 2023). This rate is comparable to observations
in South Texas and Oklahoma, where annual increases in ju-
niper cover averaged 0.5 %–1.5 %yr−1 (Barger et al., 2011;
Archer et al., 2001; Fowler and Simmons, 2009; Wang et al.,
2018a).

4.2 Soil C, N, and P concentrations and densities

Vegetation cover, geology, and soil depth have interacted to
significantly alter the horizontal and vertical distribution of
soil C, N, and P concentrations and densities within the soil
profile (Tables 2, S1; Figs. 4, S4). The most consistently sig-
nificant factor influencing soil C, N, and P concentrations and
densities was the interaction between vegetation type and ge-
ology. This interaction was due to larger differences in soil

C, N, and P between vegetation types on the Edwards forma-
tion compared with the Buda formation. Soil organic C, TN,
and TP concentrations and densities were generally higher
under oak and juniper canopies than under grasslands within
all depth increments (Figs. 4, S4). In addition, the cumulative
amounts of SOC, TN, and TP present throughout the entire
0–40 cm depth were always greater in soils atop the Edwards
formation compared with those atop the Buda limestone for
all three vegetation types (Fig. 4), with the exception that TP
under juniper was lower in soil atop the Edwards formation.
We speculate that the higher concentrations of C, N, and P
in soils atop the Edwards limestone could be attributed to
two factors: (1) the higher clay concentration which offers a
higher C storage capacity (Six et al., 2002; Basile-Doelsch
et al., 2020) and (2) the shallow depth to bedrock (approxi-
mately 40 cm) in Edwards soil that constrains root and litter
inputs to a limited soil volume. In contrast, depth to bedrock
on the Buda formation can be > 1 m, providing a signifi-
cantly greater soil volume in which root and litter inputs can
be distributed, thereby reducing C, N, and P concentrations
and densities. However, it should be noted that Ashe juniper
roots have been shown to achieve rooting depths of 10 m and
live oak roots can reach 20 m by exploiting cracks and fis-
sures in the bedrock on the Edwards Plateau (Jackson et al.,
1999).

Similar studies in other portions of the southern Great
Plains and the western US have also shown that juniper
and/or oak encroachment into grasslands results in higher
soil nutrient storage (Fernandez et al., 2013; Jessup et al.,
2003; McKinley and Blair, 2008; Shawver et al., 2018). Fur-
thermore, our results are broadly consistent with prior studies
around the world showing that tree/shrub encroachment into
grasslands, savannas, deserts, and other arid/semiarid ecosys-
tems generally results in increased concentrations and pool
sizes of soil C, N, P, and other essential elements (Archer et
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Figure 4. Vertical changes in (a) soil organic carbon (SOC), (c) total nitrogen (TN), and (e) total phosphorus (TP) density (kgm−3) beneath
grass, juniper, and oak in soils derived from the respective Buda and Edwards formations. Data are plotted at the midpoints of the depth
increments. Cumulative SOC (b), TN (d), and TP (f) values in the full 0–40 cm profile are shown, with significant differences indicated by
asterisks: ∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p < 0.001. Results are given as the mean ± standard error. Different letters represent significant
differences between vegetation types (p < 0.05) within specific geological formations.

al., 2017; Barger et al., 2011; Blaser et al., 2014; Eldridge et
al., 2011; Zhou et al., 2017, 2018b, 2021).

The increases in soil C, N, and P stores under woody
canopies following their invasion into previously grass-
dominated areas is likely a consequence of multiple factors.
First, rates of aboveground net primary productivity in ar-

eas encroached upon by woody plants can be as much as
400 % higher than those in adjacent open grasslands at sites
across the Great Plains and western North America (Knapp
et al., 2008). Although there are currently no comparative
data on rates of primary production in open grasslands vs.
regions experiencing juniper–oak encroachment in the Ed-
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Figure 5. Changes in the (a) soil C : N ratio, (b) soil C : P ratio, and (c) soil N : P ratio with soil depth beneath grass, juniper, and oak
canopies on the respective Buda and Edwards formations. Results are given as the mean ± standard error of the mean. Data are plotted at the
midpoints of the depth increments.

wards Plateau, rates of gross primary productivity have been
shown to be 55 % higher following juniper invasion com-
pared with open grasslands across the state of Oklahoma
(Wang et al., 2018b). Second, root biomass densities in the
top 40 cm of the soil profile in our study area were approx-
imately 1.7 times larger under juniper and oak patches than
under grasslands on both the Edwards and Buda limestones
(Fig. 2c). Finally, above- and belowground woody-plant tis-
sues have been shown to be biochemically more recalci-
trant than grass tissues due to their higher concentrations of
suberin, cutin, and syringyl- and vanillyl-lignin subunits (Fil-
ley et al., 2008; Boutton et al., 2009). In addition, juniper tis-
sues contain high concentrations of terpenoids (Adams et al.,
2013) and oak tissues are enriched in tannins (Mole, 1993);
these secondary compounds have the potential to limit the
activity of decomposer organisms in the soil environment
(Hättenschwiler and Vitousek, 2000). Collectively, the higher
rates of above- and belowground organic matter inputs cou-
pled with the biochemical recalcitrance of organic matter de-
rived from woody plants likely favors soil organic matter ac-

cumulation and larger stores of soil C, N, and P beneath oak
and juniper canopies.

Soil inorganic carbon densities ranged from approximately
10 to 50 kgCm−3 across all samples (Fig. 2d) and com-
prised, on average, 40 % of the soil total carbon (i.e., SIC
+ SOC) stores (Figs. 2d, 4a). These values are consistent
with prior assessments of SIC in this region (Smith et al.,
2014). The SIC densities were significantly influenced by the
vegetation × geology × depth interaction, with differences
between the vegetation types being more accentuated atop
Edwards limestone and with values under grassland declin-
ing with depth at a more rapid rate than those under woody
plants. The SIC densities were generally lower beneath oak
and juniper compared with grassland areas (Fig. 2d). This is
consistent with previous studies showing that woody-plant
encroachment into grasslands leads to significant reductions
in SIC via soil acidification (Liu et al., 2020). We suggest
that the lower SIC densities beneath woody-plant canopies
may be a consequence of larger pools of SOC and higher
root densities under oak and juniper, which generate higher
concentrations of soil CO2 via organic matter decay and root
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respiration. The increased infiltration rates due to a higher
root density may export bicarbonate and further enhance car-
bonate weathering (Leite et al., 2023; Wen et al., 2021).
Those higher soil CO2 concentrations would favor carbonic
acid (H2CO3) production, which would react with calcium
carbonate (CaCO3) to form bicarbonate (HCO3

−) that can
then dissociate in soil solution and release CO2 from the soil
(Ramnarine et al., 2012; Wilsey et al., 2020; Hong and Chen,
2022). We acknowledge that factors such as topographic po-
sition and the presence of carbonate-rich horizons may also
contribute to complex interactions between soil depth, vege-
tation, and geology in shaping SIC profiles on Edwards and
Buda soils. Our interpretations of SIC profile were based
on the assumption that the extent and timing of woody en-
croachment are consistent across soils atop the Edwards and
Buda limestones in the Edwards Plateau. Given that SIC is
among the largest pools in the global carbon cycle (940 Pg C;
Eswaran et al., 2000) and that SIC is particularly abundant in
arid and semiarid regions where woody-plant encroachment
is prevalent, SIC loss to the atmosphere following encroach-
ment may be an important impact on the carbon cycle (Liu
et al., 2020) and should be considered when evaluating the
biogeochemical consequences of land cover changes in these
regions.

4.3 Soil stoichiometry

Ecosystem C, N, and P cycles are strongly coupled through
the processes of primary productivity, respiration, and de-
composition such that a change in the abundance of one el-
ement generally results in proportional changes in the other
two elements. However, because the P cycle also has a sig-
nificant inorganic geochemical component, the behavior of P
in the soil environment can become less tightly coupled to
that of C and N, resulting in shifts in stoichiometric ratios
that can have important consequences for ecosystem struc-
ture and function (Finzi et al., 2011). In this study, soil C : N
ratios were affected by the vegetation × geology interaction
(Fig. 5a, Table 2). On the Buda limestone, soils beneath grass
and oak had higher C : N ratios (12–13) than those under ju-
niper (10–11) throughout the profile. On the Edwards forma-
tion, soil C : N ratios were higher under juniper and oak (12–
13) than under grasslands (11). These differences are likely
a response to the C : N ratios of the dominant plant species.
Prior studies at this site and elsewhere around the western US
have shown that the C : N ratios of leaves and roots of woody
plants (oak species = 29–34; juniper species = 43–52) are
higher than those of grasses (22–23) (Berner and Law, 2016;
Marshall, 1995; Pregitzer et al., 2002). Thus, increased soil C
and N storage beneath woody plants may be a consequence
not only of their biochemical composition (as discussed ear-
lier) but also of their more recalcitrant elemental composi-
tion.

Soil C : P and N : P ratios were influenced by vegetation
cover, geology, and soil depth (Fig. 5b, c; Table 2). These ra-
tios were generally lowest in grassland soils, indicating that
woody encroachment increased SOC and TN relatively more
than TP. Similar changes to soil C : N : P stoichiometry have
been documented following woody encroachment in a sub-
tropical savanna in southern Texas (Zhou et al., 2018a). Soil
C : P and N : P ratios were also higher in soils atop the Ed-
wards formation compared with those on the Buda limestone,
likely due to higher root biomass densities in the Edwards
soils (Fig. 2c) which elevate soil C and N inputs. It is unclear
why soil TP does not increase proportionally along with soil
SOC and TN where woody plants have encroached. How-
ever, ecosystems are generally P-limited and have relatively
low P inputs from atmospheric deposition (Mahowald et al.,
2008) and the weathering of parent material (Prietzel et al.,
2022), and these constraints may limit the ability of plants to
acquire P in the same relative proportion as they acquire C
and N.

Recognizing that the altered soil nutrient dynamics
have far-reaching ecological consequences, the impact of
woody encroachment might extend beyond biogeochemical
changes. For instance, the modification of microclimatic soil
conditions and the suppression of herbaceous diversity under
woody canopies could influence broader biodiversity (Archer
et al., 2017). Furthermore, the disparity in soil nutrient avail-
ability between soils under canopies and nutrient-deprived
interspaces (Figs. S1, S2) may escalate the risk of soil ero-
sion in drylands (Puttock et al., 2014; Ravi and D’Odorico,
2009; Wilcox et al., 2022). These considerations, while be-
yond the primary scope of our current investigation, high-
light the multifaceted impacts of woody-plant encroachment
on arid and semiarid ecosystems.

5 Conclusions

This study investigated the impact of Juniperus ashei and
Quercus virginiana encroachment on soil C, N, and P sto-
ichiometry in mixed-grass prairies on the Edwards Plateau
of central Texas, considering the influence of underlying ge-
ological variations between soils lying atop two different
limestone parent materials – the Buda and Edwards forma-
tions. Stable C isotope ratios (δ13C) of soil organic matter
revealed that 45 %–90 % of soil C in the 0–40 cm depth in-
terval beneath juniper and oak stands was derived from C4
plants, confirming that these woody plants were recent com-
ponents of the landscape. The vegetation and geology inter-
action significantly influenced soil C, N, and P levels, with
higher values under juniper and oak canopies compared with
grasslands as well as on soils derived from the Edwards for-
mation, possibly due to higher clay content and limited soil
volume due to the shallow depth to bedrock (approximately
40 cm). Conversely, the deeper Buda formation (> 1 m) al-
lowed more extensive root and litter distribution, resulting in
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lower element concentrations. Soil C : N, C : P, and N : P ra-
tios were generally higher under woody-plant canopies com-
pared with grasslands, indicating that woody encroachment
increased SOC and TN relatively more than TP. While C and
N consistently increased – likely because of their close link-
age during primary production, respiration, and decomposi-
tion – P trends deviated, reflecting influences from geochem-
ical processes. Our results are broadly consistent with prior
studies around the world showing that tree/shrub encroach-
ment into grasslands, savannas, deserts, and other arid/semi-
arid ecosystems generally results in increased concentrations
and pool sizes of soil C, N, and P as well as changes in
their stoichiometric relationships. Our study also suggests
that the magnitude of these changes may be influenced by
attributes of the geological formations that underlie the soils.
Given the geographic extent of woody encroachment at the
global scale, our results suggest that soil conservation prac-
tices might need to be tailored according to the underlying
geology. Interactions between vegetation change and geol-
ogy warrant consideration in future studies, and they could
play a role in efforts aimed at improving the prediction and
modeling of soil C, N, and P storage in grasslands, savannas,
and other dryland ecosystems.
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