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Abstract

:

Tree/shrub encroachment into drylands is a geographically widespread vegetation change that often modifies soil organic carbon (SOC) storage and dynamics, and represents an important yet uncertain aspect of the global carbon (C) cycle. We quantified spatial patterns of soil δ13C to 1.2 m depth in a subtropical savanna to evaluate the magnitude and timing of woody encroachment, and its impacts on SOC dynamics. Woody encroachment dramatically altered soil δ13C spatial patterns throughout the profile; values were lowest in the interiors of woody patches, increased towards the peripheries of those patches, and reached highest values in the surrounding grasslands. Soil δ13C and 14C revealed this landscape was once dominated by C4 grasses. However, a rapid vegetation change occurred during the past 100–200 years, characterized by (1) the formation and expansion of woody patches across this landscape, and (2) increased C3 forb abundance within remnant grasslands. Tree/shrub encroachment has substantially increased SOC and the proportion of new SOC derived from C3 plants in the SOC pool. These findings support the emerging perspective that vegetation in many dryland ecosystems is undergoing dramatic and rapid increases in SOC storage, with implications for the C cycle at regional and global scales.
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1. Introduction


Arid and semiarid regions (drylands) cover approximately 40% of the Earth’s land surface [1], and support approximately 20% of the human population [2]. Furthermore, dryland soils store approximately 16% of global soil organic carbon (SOC) and represent an important sink for greenhouse gas emissions [3]. However, carbon (C) cycling processes in dryland ecosystems are particularly sensitive to environmental changes [4], and their responses to climate change and land cover/land use require additional clarification to improve our representations of the C cycle at ecosystem, landscape, and global scales [5].



The increase in woody plant abundance in deserts, grasslands, savannas, and other dryland ecosystems around the world is among the most significant ecological changes occurring globally [6,7]. This vegetation change is likely a response to multiple local and global forcing factors, including the intensification of livestock grazing, reduced fire frequency, elevated atmospheric CO2 concentration, and changes in the climate system [7,8,9,10,11,12,13,14,15], and has dramatically altered the dryland C cycle across multiple spatial scales [16,17,18,19]. For example, up to 330 million hectares in dryland ecosystems are currently undergoing woody encroachment in the USA alone [17,20], and this conversion appears to represent 20–40% of the current C sink strength in that country [20,21,22]. However, field studies assessing woody encroachment effects on SOC pool sizes yield inconsistent results, showing net increase in some dryland ecosystems [19,23,24,25], but no net change [26], or even decrease in others [18]. These discrepancies may be due to soil chemical and physical characteristics, the quality of organic matter inputs, climate regimes, and/or land use history [16,18,27]. Since vegetation dynamics can have major effects on C cycling in dryland ecosystems [28], a deeper knowledge of the legacy effect of vegetation change on SOC dynamics is important to gauge this uncertainty and to generate more robust predictions of dryland C budgets.



Stable C isotope ratios (δ13C values) in soils are often used to study vegetation change and SOC dynamics where C3 plants replace C4 plants, or vice versa [29,30,31]. C3 and C4 plant species have distinctive δ13C values in their tissues which are incorporated into soils with relatively little isotope fractionation (1–2‰) during soil organic matter formation [32,33,34,35,36]. Soil δ13C has been applied to deduce vegetation dynamics on timescales of decades with the aid of aerial photography [37], and on timescales of centuries to millennia in association with soil radiocarbon dating [29,31,38]. In addition, where C3-C4 vegetation changes have occurred at known points in time, it has been possible to use the rate at which soil δ13C values change thereafter to estimate and model SOC turnover and dynamics [39,40,41].



The encroachment of C3 woody species into C4 grass-dominated ecosystems provides an ideal platform for the application of stable C isotopic techniques to address changes in soil C cycling processes following vegetation change. As a result, soil δ13C values have been used to document and quantify woody expansion [29,38,42], SOC dynamics [40,41], and erosional processes [41,43]. However, most of these prior studies were carried out at the ecosystem scale, limited to relatively shallow soil sampling, and were not spatially explicit. In dryland systems, heterogeneity of tree/shrub cover is the main characteristic of ecosystem structure, and strongly drives ecosystem function and services across multiple spatial scales [44]. In order to cope with this patchiness, we need to explore ecosystem structure and function at larger spatial scales and in a spatially specific manner [45,46,47]. A few previous studies demonstrated the merits of integrating quantitative spatial analyses and soil δ13C values to study vegetation dynamics following vegetation change at the landscape scale [37,48,49], but their results were constrained to surface soils. Woody plant encroachment into grass-dominated ecosystems substantially amplifies spatial heterogeneity of soil properties both vertically (through the soil profile) and horizontally (across multiple spatial scales) [19,50]. Despite this, we know little regarding the extent to which spatial patterns of soil δ13C are affected by increased woody plant abundance in grasslands, particularly at depth in the profile, and how this might influence the soil C cycle in dryland ecosystems.



The primary purpose of this study was to quantitatively characterize the landscape-scale spatial patterns of soil δ13C throughout the entire soil profile, and relate these spatial patterns to vegetation change and SOC dynamics. To accomplish this, soil samples were collected to a depth of 1.2 m and spatially georeferenced within a subtropical savanna landscape where tree/shrub cover increased dramatically during the past 150 years [29,51]. We tested the hypotheses that: (1) The distribution of woody patches within the grassland matrix would strongly influence spatial patterns of soil δ13C values across the landscape and throughout the soil profile, (2) these spatial patterns of soil δ13C will record the pattern of historical vegetation change and reflect the formation and expansion of woody patches in grassland, and (3) grassland to woodland conversion will alter SOC pool sizes and dynamics with respect to C origins in three-dimensional soil space.




2. Materials and Methods


This study was conducted at the Texas A&M AgriLife La Copita Research Area (27°40′ N, 98°12′ W) in the Rio Grande Plains of southern Texas, USA. The climate is subtropical, with a mean annual temperature of 22.4 °C. Mean annual precipitation is 680 mm, with rainfall maxima in May and September. Elevation ranges from 75 to 90 m. Upland surfaces are relatively flat and grade gently (1–3% slopes) into lower-lying portions of the landscape. The site was grazed at moderate to heavy intensities by livestock from approximately 1880–1985 [52], but has been light since 1985. The research area has not been burned for at least the past 35 years.



The dominant soil on upland portions of the landscape is a sandy loam (Typic Argiustoll, Runge series) with a nearly continuous argillic horizon (Bt) beginning at approximately 30 cm; however, gaps in the argillic horizon also occur within the uplands [51,53,54], and these soils classify as Aridic Ustochrepts (Saspamco Series) [55,56]. Soil physical characteristics are provided in Supplemental Table S1.



Upland plant communities have a two-phase pattern [57] comprised of patches of trees and shrubs lying within a grassy matrix. Woody patches include small discrete clusters (<10 m in diameter) and large groves (>10 m in diameter). In this region, woody encroachment is initiated when grassland is colonized by Prosopis glandulosa, a nitrogen fixing leguminous tree, which then facilitates the recruitment of another 15–20 understory tree and shrub species to form discrete clusters [52]. Where the argillic horizon is absent, discrete clusters continue to grow laterally and fuse together to form large groves [51,53,58]. Thus, discrete clusters and grasslands occur where the argillic horizon is present, while groves occur on soils where the argillic horizon is absent. Woody species composition and relative dominance are similar in both groves and discrete clusters, but individual plants are often larger and older in groves than in discrete clusters [29,46,51]. Herbaceous vegetation is largely absent beneath tree/shrub canopies in clusters and groves. Grasslands, clusters, and groves are each distinct ecosystems characterized by different plant species (Table S2) and soil biogeochemical properties and processes [19,29,59,60], and they represent the most common elements of upland landscapes in this region [61].



Previous studies in this same study area have quantified both the δ13C values [29] and the concentrations and pools sizes [24] of soil organic carbon. These studies provided valuable insights regarding vegetation dynamics [37,58], soil organic matter densities [62], and mean residence times of soil organic carbon [40]. However, nearly all of these prior studies were based on patch scale sampling (i.e., samples taken within grassland, cluster, and grove ecosystems), and therefore did not provide a spatially specific landscape-scale perspective. One of our prior studies was conducted within this exact same study area utilizing spatially specific landscape-scale soil sampling, but sampling was limited to the upper 15 cm of the soil profile [37,46]. Thus, the spatially specific and relatively deep (1.2 m) soil samples acquired in this study represent a novel dataset that provides a unique three-dimensional assessment of soil δ13C values and offers new insights regarding our understanding of vegetation change and SOC storage and turnover at the landscape scale.



We utilized a 160 m × 100 m site (Figure 1) that was established in January 2002 on an upland portion of the landscape [37,46]. This 1.6 ha plot was subdivided into 10 m × 10 m grid cells, the corners of which were marked with polyvinyl chloridepoles and georeferenced (Trimble Pathfinder GPS Pro XRS, Trimble Navigation Limited, Sunnyvale, CA, USA) based on the Universal Transverse Mercatorcoordinate system (World Geodetic System (WGS), 1984).



In July 2014, two points were selected randomly for soil sampling in each grid cell, resulting in 320 sample points within the study area (Figure 1b). Vegetation cover at each soil sampling point was classified as grassland (n = 200), cluster (n = 41), or grove (n = 79) based on vegetation type and the canopy size of woody patches. Exact locations of each soil sampling point were determined relative to the georeferenced cell corners. At each soil sampling point, two adjacent soil cores (2.8 cm in diameter and 120 cm in length) were collected. All soil cores were subdivided into 0–5, 5–15, 15–30, 30–50, 50–80, and 80–120 cm depth increments. Leaf and fine root (<2 mm) tissues of all major plant species occurring within the 160 m × 100 m landscape (Table S2) were collected in September 2016.



All soils from one of the two soil cores were dried at 105 °C for 48 h to determine bulk density, then used to isolate fine (<2 mm) and coarse roots (>2 mm) by washing through sieves. It was not possible to discriminate live vs. dead roots. Roots were dried for 48 h at 65 °C and then weighed. To analyze δ13C of fine roots, 10 cores were selected from each landscape element, and fine roots within the selected 10 cores were composited for each depth increment. This process was repeated three times to achieve three replicates. Composited fine root samples, as well as the leaf and fine root tissues collected directly from individual plant species present in the study area, were pulverized in a Mixer Mill MM 400 (Retsch GmbH, Haan, Germany), and saved for determination of C concentrations and δ13C values.



Soils from the other soil core were air-dried and passed through a 2 mm sieve to remove large organic fragments. Aliquots of each sieved soil sample were dried (48 h at 60 °C) and pulverized in a centrifugal mill (Angstrom Inc., Belleville, MI, USA). Samples were weighed into silver capsules (5 mm × 9 mm), treated with HCl vapor in a desiccator to remove carbonates [63], and then dried. SOC concentrations and δ13C values of acid-treated soil samples were determined using a Costech ECS 4010 elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA, USA) interfaced via a ConFlo IV device with a Delta V Advantage isotope ratio mass spectrometer (Thermo Scientific, Bremen, Germany). The C concentrations and δ13C values of composited fine root samples, leaf, and fine root tissues of each species were determined similarly, but without acid treatment. Carbon isotope ratios are presented in δ notation:


  δ =  (       R  S a m p l e   −  R  S T D      R  S T D      )  ×   10  3   



(1)




where RSample is the 13C/12C ratio of the plant or soil sample and RSTD is the 13C/12C ratio of the Vienna PeeDee Belemnite (V-PDB ) standard. Precision of duplicate measurements was 0.1‰ for δ13C.



The relative proportion of SOC originating from C3 plants was computed using soil δ13C values in a simple mass balance mixing model:


δ13Csoil = f ∗ δ13C3 + (1 − f) ∗ δ13C4



(2)




where δ13CSoil is the measured δ13C value of soil samples, δ13C3 is the mean δ13C value of C3 vegetation, δ13C4 is the mean δ13C value of C4 vegetation, f is the proportion of C derived from C3 vegetation, and 1-f is the proportion of C derived from C4 vegetation [29,33]. Averaged δ13C values of contemporary C3 and C4 vegetation are usually used as proxies for past C3 and C4 vegetation [29]. Measurements of leaf and fine root tissues in this study yielded average δ13C values of −28.2‰ (n = 48) and −12.9‰ (n = 26) for C3 and C4 vegetation, respectively. These values were applied in Equation (1).



It should be noted that this simple mass balance mixing model may be inexact for two reasons. First, the proportion of C with C3 origins (or percentage of C3 vegetation) may be underestimated due to the depth-enrichment of δ13C throughout the soil profile via several proposed mechanisms which are independent from vegetation change [33,35,64], including: (1) The decline in the δ13C value of atmospheric CO2 due to combustion of 13C-depleted fossil fuels since the beginning of the Industrial Revolution (the Suess effect), (2) microbial isotope discrimination during decomposition, and (3) adsorption of 13C-enriched microbial residues to fine mineral particles. Soil δ13C enrichment from the soil surface to deeper in the profile is usually between 1–3‰ [35]; isotopic changes larger than this are likely attributable to a shift from C3 to C4 vegetation. Second, there is evidence suggesting that SOC inputs from C4 plants decompose more rapidly than those derived from C3 plants [65,66,67] potentially resulting in lower soil δ13C values that yield overestimates of the relative proportion of SOC derived from C3 plants. Thus, there appears to be some environmental factors that could yield underestimates of C3-derived SOC, and others that might cause overestimates of C3-derived SOC. However, the data collected in this study do not allow us to evaluate the net influence of these factors on our δ13C values or our estimates of the proportions of SOC derived from C3 vs. C4 sources.



Datasets deviating from normality were log-transformed. A mixed model was used to compare soil variables (i.e., soil δ13C, SOC concentration, and % C derived from C3 vegetation) in different landscape elements. In the mixed model, spatial autocorrelation was considered as a spatial covariance for adjustment [68]. Differences in δ13C values of leaf and fine root tissues in different plant life forms and of composited fine root samples in different landscape elements were assessed using one-way ANOVAs. Post hoc comparisons of these variables were conducted using Tukey’s correction. All statistical analyses were performed in JMP Pro 12.0 (SAS Institute Inc., Cary, NC, USA).



A sample variogram fitted with a variogram model was developed to quantify the spatial structure of soil δ13C in each depth increment using R [69]. Ordinary kriging based on the best fitted variogram model was used to predict soil δ13C values at unsampled locations for each soil depth increment. A kriged map of soil δ13C for each depth increment was generated in ArcMap 10.2.2 (ESRI, Redlands, CA, USA) using the Spatial Analyst tool. Kriged maps of percentage (%) of C derived from C3 vegetation were generated for each soil depth increment in the same way. Woody patches in aerial photographs of this landscape taken in 1930 and 2015 were digitized and areas of each woody patch were calculated in ArcMap 10.2.2. (ESRI, Redlands, CA, USA). To evaluate spatial trends from the centers of woody patches to the grassland matrix, the distance from each sampling point to the nearest woody patch edge was calculated and correlated with soil δ13C. Sample points located in woody patches were assigned positive distances such that larger values indicated sampling points were closer to the centers of woody patches. In contrast, samples located in the grassland matrix were assigned negative distances; thus, more negative values indicated that sample points were more distant from the edges of woody patches.




3. Results


3.1. Woody Plant Encroachment Altered Spatial Patterns of Soil δ13C throughout the Soil Profile


Mean δ13C values of woody plant tissues (leaves = −28.9‰, fine roots = −27.2‰) were similar to those for forbs (leaves = −29.4‰, fine roots = −27.7‰) (Figure 2, Table S2). C3 woody plants and forbs had significant lower mean δ13C values in leaf and fine root tissues than C4 grasses (leaves = −14.1‰, fine roots = −13.4‰) (Figure 2, Table S2). Fine roots had slightly higher δ13C values than leaf tissues (Figure 2, Table S2) for all life-forms. Composited fine root samples from both clusters and groves (woody patches, hereafter) had δ13C values (−27 to −26‰) significantly lower than those from grasslands (−22.5 to −20.9‰) throughout the entire profile (Figure 3). The δ13C of composited fine root samples from woody patches were relatively constant with depth, while those from grasslands decreased slightly with soil depth (Figure 3).



Woody patches had significantly lower soil δ13C values than grasslands throughout the soil profile. Soil δ13C values were significantly lower in groves than clusters, but only in the 15–30 and 30–50 cm depth increments (Figure 3). Soil δ13C values increased with soil depth, reached maximum values between 30–80 cm depth increments, and then decreased slightly in the deeper increments (Figure 3).



The kriged maps indicated that soil δ13C values were lowest in the centers of woody patches (especially for groves), increased towards the boundaries of woody patches, and reached maximum values within the surrounding grassland (Figure 4a–g). This spatial trend apparent in the kriged maps was supported by significant negative correlations between soil δ13C and distance from each sampling point to the nearest woody patch edge throughout the soil profile (Figure 5). However, this spatial pattern of soil δ13C gradually weakened with soil depth (Figure 4a–g). Statistically, the slopes of correlations between soil δ13C and distance from each sampling point to the nearest woody patch edge became lower - with soil depth, and the strengths of these relationships (R2) also weakened with soil depth (Figure 5). In addition, the coefficient of variation (CV) of soil δ13C across this landscape decreased with soil depth from 9.78% in the 0–5 cm increment to 5.57% in the 80–120 cm depth increment (Table S3). Collectively, these results indicate the reduced impact of woody plant encroachment on the spatial variation of soil δ13C in deeper portions of the soil profile across this landscape.




3.2. Vegetation Changes Based on Spatial Patterns of Soil δ13C


In clusters and groves, δ13C values of fine roots (−27 to −26‰) throughout the soil profile were entirely consistent with known values for C3 plants (Figure 2 and Figure 3). In the 0–5 cm depth interval of those same landscape elements, δ13C values of SOC (−24‰) approached those of fine roots, suggesting most of the SOC in that depth interval was derived from the current C3 woody plant cover. However, at depths between 5–120 cm, δ13C values of SOC were much higher (−21.5 to −16.5‰) than those of the associated fine roots, and indicated that only approximately 23 to 56% of the SOC at depths >5 cm was derived from C3 plant sources (Table 1). These patterns indicate that clusters and groves must be relatively recent components of this landscape.



In grasslands, δ13C values of fine roots decreased gradually from −20.9‰ at 0–5 cm to −22.5‰ at 80–120 cm (Figure 3). While δ13C values of fine roots and SOC were similar at 0–5 cm, the δ13C values of SOC were 3 to 6‰ greater than those of fine roots at depths >5 cm. These data indicate that approximately 51% of SOC in the 0–5 cm depth interval was derived from C3 plants, while 17 to 35% of SOC was from C3 sources at depths >5 cm (Table 1). The large isotopic disequilibrium between fine roots and SOC in grasslands indicates that the grasslands were once more C4-dominated than they are currently.



Although the exact time at which woody species began to encroach into this landscape remains unknown, a comparison of aerial photographs taken in 1930 and 2015 (Figure 1a,b) provides some chronological perspective. Raster calculations showed that total woody cover for the 160 m × 100 m landscape increased 16.7% (2672 m2) during the past 85 years (Table 2, Figure 1a,b). All groves identified in the aerial photograph taken in 2015 were already present in the 1930 aerial photo (Figure 1a,b); however, the grove cover across this landscape increased from 2649 m2 to 4375 m2, accounting for 10.7% of the increase in total woody cover (Table 2). Compared to 1930, 89 new clusters were identified in the aerial photograph taken in 2015 (data not shown). This leads to an increase of cluster cover from 693 m2 to 1649 m2, accounting for 6.0% of the increase in total woody cover (Table 2).




3.3. SOC Sources Inferred from Spatial Patterns of Soil δ13C


SOC concentrations in clusters and groves were higher than those in grasslands (Table 1), and were correlated negatively with soil δ13C values throughout the soil profile (Figure 6). These relationships were exponential in the 0–5 and 5–15 cm depth intervals, but became linear at depths >15 cm (Figure 6). Soil δ13C values were generally intermediate between values characteristic of contemporary C3 and C4 plants (Figure 2a,b and Figure 3), indicating SOC was derived from a mixture of both C3 and C4 sources. Proportions of SOC derived from C3 sources underneath woody patches were significantly higher than those underneath grasslands throughout the entire soil profile (Table 1), and much of this C3-derived C originated from woody plants, especially in the uppermost 15 cm of the profile (Table 1). In grasslands, approximately 50% of the SOC was derived from C3 forbs in the 0–5 cm depth increment (Table 1). Spatial patterns of the proportion of SOC derived from C3 plants were reversed from those of soil δ13C, and showed higher values inside the woody patches and lower values in the remnant grassland matrix throughout the soil profile (Figure 4h–m).





4. Discussion


The increased abundance of C3 trees and shrubs into the original C4 grassland delivers 13C-depleted plant materials to soils (Figure 2a,b and Figure 3), altering patterns of spatial heterogeneity in soil δ13C throughout the soil profile. This alteration is particularly evident in the 0–15 cm depth interval (surface soils, hereafter) where spatial patterns of soil δ13C resembled strongly the current plant community cover across the landscape, especially the spatial distribution of groves (Figure 4a–g). The δ13C values of SOC in surface soils gradually increased from the center to the edge of woody patches, and reached highest δ13C in the grassland matrix (Figure 4a–g and Figure 5). This spatial trend is due to the fact that woody plants near the centers of groves and clusters are older than those near the woody patch-grassland boundary [29,52]; thus, soils near the middle of woody patches have been accumulating 13C-depleted woody plant residues for a longer duration than soils near the edges of the woody patches [19,58,70]. These results are in accord with prior studies showing that changes in C3-C4 dominance of plant communities alter surface soil δ13C across multiple spatial scales [37,48,49,58].



Our results also show that changes in soil δ13C spatial patterns were evident to a depth of 1.2 m following the conversion from grasslands to woody patches, although to a lesser extent deeper in the soil profile (Figure 4b–g and Figure 5, Table S3). The gradually diminishing influence of woody encroachment on spatial patterns of δ13C deep in the soil profile is likely due to the fact that: (1) Root biomass, as the primary source of SOC [71,72,73], decreases exponentially with soil depth as shown in this (Figure S1) and other studies [19,74]; and (2) soil δ13C was significantly negatively correlated with root density (kg m−3) throughout the profile (Figure S2). Despite such dramatic decreases with depth, mean root densities of woody patches were still twice as large as those of grasslands in the 80–120 cm soil depth interval (Figure S1), as woody species in dryland ecosystems generally have greater rooting depths than grass species [75]. The deposition of 13C-depleted organic matter via root turnover of woody species, though in reduced quantity in subsurface soils, has nonetheless differentiated soil δ13C between woody patches and grasslands (Figure 3) and amplified patterns of spatial heterogeneity in δ13C of subsurface soils across this landscape (Figure 4b–g). These findings emphasize the importance of studying biogeochemical properties and processes in subsurface soils, particularly when changes in rooting characteristics accompany vegetation changes.



The δ13C values of SOC indicate that vegetation changes have occurred across this entire landscape. The dramatic increase in soil δ13C from the 0–5 to 15–30 cm soil depth increment under woody patches (Figure 3) and the fact that most of the new C derived from C3 woody plants is concentrated in surface soils (Table 1) suggest that woody patches are recent components of this landscape. This inference is well supported by the facts that: (1) radiocarbon-derived mean residence times for SOC are 52 yrs and 280 yrs for the 0–15 and 15–30 cm depth increments, respectively [29]; and (2) tree-ring analyses indicate that the maximum ages of dominant trees (i.e., P. glandulosa) found in groves and clusters are <130 yrs [24,29,76]. Raster calculations based on aerial photographs taken in 1930 and 2015 indicate that groves are actively expanding and clusters are continuously forming across this landscape (Figure 1a,b, Table 2). Simulations based on transition probabilities [51] and spatial analyses of subsurface soil texture [53] also suggest that the current landscape is in a transitional stage in the succession from grasslands to closed-canopy woodlands. The dramatic increase in woody cover observed in this site is consistent with other studies suggesting that woody plant encroachment is a globally extensive phenomenon in arid and semiarid regions [6,7,14,17].



Isotopic measurements indicate that the grassland component of this landscape has been dynamic as well. In grasslands, δ13C values of subsurface soils (>15 cm) (−17.0 to −15.5‰, Figure 3) are comparable to average δ13C values of SOC in soils covered by pure C4 grass communities (−16.1 ± 2.2‰) throughout the world, as summarized by Victoria et al. (1995) [31]. Our simple mass balance mixing model revealed that the relative proportion of SOC derived from C3 plants in subsurface soils was less than 27% (Table 1), strongly suggesting that this landscape was once dominated primarily by C4 grasses. Previous radiocarbon measurements at this same site show that this subsurface soil carbon has mean residence times ranging from 270 ± 40 yrs at 15–30 cm to 1480 ± 35 yrs at 90–120 cm [29], indicating that this landscape was strongly C4-dominated prior to approximately 200 yrs ago. However, δ13C values of SOC in the surface soil were −20.7‰ at 0–5 cm and −18.2‰ at 5–15 cm, indicating that 35–51% of SOC was C3-derived at these depths. The SOC mean residence time derived from radiocarbon measurements was 75 ± 4 yrs for the 0–15 cm soil depth [29]. This isotopic shift in grassland surface soils can only be attributed to an increase in C3 forbs because C3 grasses are not a component of the grassland flora at this site, and because the root systems of trees/shrubs within clusters and groves do not extend more than 2 m beyond the woody patch boundaries [54]. Collectively, these δ13C and 14C measurements show that grasslands in this study area have experienced an increase in C3 plant species inputs within the last 75–200 yrs. This estimate is coincident with historical accounts indicating this site has been grazed continuously by domestic livestock since the mid to late 1800s [51,52]. Since cattle in this region feed preferentially on C4 grasses, this gives co-occurring C3 forbs (many of which are unpalatable) a competitive advantage and allows them to increase their biomass and productivity within the grassland matrix [29,77,78].



It should be recognized that inferences regarding C3-C4 vegetation changes derived from soil radiocarbon and δ13C values can be problematic, and may be affected by: (1) The gradual increase of soil δ13C with increasing soil depth due to organic matter decay [33,35,64], (2) the possibility that some C3 forbs in the contemporary vegetation might be deep-rooted and capable of depositing 13C-depleted soil organic matter in subsurface soils (Figure 3), and (3) the difficulty of obtaining accurate estimates of soil ages [79]. However, these results provide a record of vegetation change that is broadly consistent with historical records, aerial photos from the 1930s to the present, and the ages of the trees that currently dominate wooded areas [29].



Although our prior studies [29,52] indicate that woody encroachment in this region began approximately 150 yrs ago, it is difficult to isolate a single mechanism as the primary cause. This vegetation change coincides temporally with the onset of heavy livestock grazing and reduced fire frequency in the area [51,52], both of which simultaneously created a competitive imbalance favoring woody plants over grasses. However, atmospheric CO2 concentrations began rising exponentially from 290 ppm in 1880 to 410 ppm today. Since C3 plants generally have higher photosynthetic rates and water use efficiencies under elevated CO2 while C4 plants are less responsive [80], this change in atmospheric composition could also be a factor favoring the physiological performance of C3 woody plants to a greater extent than C4 grasses [6,8,9,13]. In addition, both mean annual rainfall and mean annual temperature have increased at our study area between the years 1890–2019. During that time interval, mean annual rainfall increased by approximately 7 mm per decade from 625 to 700 mm yr−1, and mean annual temperature increased by approximately 0.1 °C per decade from 21.4 °C to 22.7 °C [81]. Several other studies have found evidence that woody encroachment is favored by greater precipitation [10,82]. Hence, livestock grazing, reduced fire frequencies, elevated CO2, and climate change are each powerful environmental forcing factors that have become increasingly important during the past 150 yrs, and have likely interacted to influence tree-grass dynamics at ecosystem to regional scales [83].



Our data have also demonstrated that this dramatic vegetation change from relatively open C4 grassland to a savanna parkland configuration during the past 150 yrs has significantly impacted SOC storage and dynamics. The increasing abundance of both woody plants and forbs has increased the proportion of C derived from C3 vegetation (Table 1) and altered the three-dimensional spatial patterns of SOC derived from C3 plants across the landscape and throughout the soil profile (Figure 4h–m). Though the inherent lability of C3 vs. C4 biomass inputs is still unclear, C derived from C3 vegetation appears to decompose more slowly than that derived from C4 plants in mixed C3-C4 soils due mainly to lignin content and/or mean size of particulate organic matter [65,67]. Previous studies at this site also revealed that grassland to woodland conversion increased the proportions of biochemically recalcitrant lignin subunits and aliphatic compounds present in SOC [62,84,85]. Thus, SOC sequestration potential per unit of organic matter input might be higher for C3 woody vegetation compared to C4 grasslands.



In order to further interpret the observed increases in SOC concentration under woody patches, we separated the SOC pool into proportions of new C derived from woody plants vs. old C with herbaceous origins using a mass balance approach [19]. Though substantial proportions of SOC derived from woody plants were observed throughout the soil profile, new C derived from woody plants was concentrated in surface soils (Table 1). Previous studies using a chronosequence approach with an age series of woody patches at this study site found that SOC concentrations in surface soils increased linearly at 10–30 g C m−2 yr−1 with increasing stand age over durations exceeding 100 years [24,86]; and, dynamic simulation models have predicted that it may take ca. 400 yrs after woody plant encroachment for SOC saturation in surface soils [87]. In addition, no evidence for SOC saturation in surface soils following woody proliferation has been demonstrated in other ecosystems [23,70]. Thus, it is likely that newer C derived from woody plants will continue to accumulate in surface soils as existing woody patches grow older and expand, and as new patches develop on the landscape. The exponential relationships between soil δ13C and SOC concentration in surface soils also indicate that soils in woody patches have not yet reached the maximum for SOC or the minimum for δ13C (Figure 6). In contrast, soil δ13C and SOC concentration in subsurface soils were linearly related (Figure 6) and new C derived from woody plants represented <20% of the SOC pool (Table 1), suggesting that subsurface soils have great potential to accumulate new C derived from woody plants [19]. As most previous studies have focused on surface soils only [16,23,24,25,27], results from this study suggest that woody encroachment into grasslands and other dryland ecosystems may represent an even larger sink for atmospheric CO2 when the potential for SOC sequestration in subsurface soils is considered [19].



Woody plant cover is now increasing at rates of 0.1 to 2.3% yr−1 in grasslands, savannas, deserts, and other dryland ecosystem types throughout the world [6,16], and often has significant ecological, economic, and cultural impacts [7]. However, efforts to restore encroached systems back to their original grass-dominated configuration may be hampered by significant ecological and environmental changes at ecosystem and global scales that have occurred simultaneously with woody encroachment. For example, rising temperatures, altered rainfall regimes, and increasing atmospheric CO2 concentrations may differentially affect competitive abilities of C3 woody plants and C4 grasses [8,9,10,11,80,83]. These global changes may override or hamper local management efforts aimed at restoring grasslands. In addition, woody encroachment often dramatically alters belowground ecosystem properties such as root biomass and distribution patterns [54], C and nutrient storage and dynamics [16,17,19,27,40], the size and activity of the soil microbial biomass pool [88], and the biodiversity and metabolic potential of soil microbial and animal communities [89,90,91]. Collectively, these profound global and ecosystem scale changes may be externally and internally reinforcing the woody encroached state, making it difficult to restore encroached ecosystems back to the grass-dominated configurations that once dominated these areas. In fact, most efforts to reduce woody cover achieve limited success and the results are short-lived and generally persist for <10 yrs, indicating that woody-encroached grasslands are alternate stable states [7]. Although considerable effort has been invested to understand the ecological causes and consequences of globally widespread woody plant encroachment into grass-dominated ecosystems, there is now growing recognition that we need to broaden our perspectives and approach woody encroachment as a social-ecological phenomenon in order to enhance our ability to adapt to, prevent, reverse, or otherwise manage this ongoing land cover change [92,93].




5. Conclusions


Vegetation dynamics across this landscape, especially the encroachment of C3 woody plants into the remnant grassland matrix, have created a heterogeneous landscape structure that is reflected in the spatial variation of soil δ13C throughout the soil profile. Results from this subtropical savanna, which may be analogous to other dryland ecosystems in southwestern U.S., Africa, South America, and Australia, showed that vegetation across this landscape is experiencing dramatic changes characterized by a significant increase in abundance of both C3 woody plants and forbs in a system that was once dominated primarily by C4 grasses. While there are uncertainties regarding the impact of woody encroachment on SOC storage, our results show that SOC has increased significantly following encroachment, and we provide δ13C evidence to show that this new SOC accrual is derived from C3 woody plants. Although most of the SOC derived from woody plants has accrued in the upper 30 cm of the profile, new woody plant carbon could be readily identified throughout the entire 1.2 m soil profile, emphasizing the importance of quantifying deep-soil C following ecosystem change. Given the geographic extent of woody encroachment at the global scale, we suggest that this vegetation change has important implications for predicting and modeling soil C dynamics in dryland regions.
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Figure 1. Aerial photographs of the study area from 1930 (a) and 2015 (b). In the 1930 photo, black areas indicate woody clusters and groves, while lighter grey areas are grassland. In the 2015 photo, dark red areas denote woody clusters and groves, while pink and grey areas represent grassland. Green dots in 2015 indicate the locations of soil samples. Grove edges in 2015 are highlighted with black lines. The 1930 photo was published in Bai et al. (2009) [37] and is reproduced with permission from the American Geophysical Union. 
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Figure 2. The δ13C values (‰) of leaf (a) and fine root (b) tissues for different plant life forms occurring on the landscape. Box plots summarize the distribution of points for each variable within each plant life form. The central box shows the interquartile range, median (horizontal solid line in the box), and mean (horizontal dotted line in the box). Lower and upper error bars indicate 10th and 90th percentiles, and points above or below the error bars are individuals above the 90th or below the 10th percentiles. Number of samples: Grasses, n = 13; forbs, n = 9; woody plants, n = 15. For more details, see Table S2. 
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Figure 3. The δ13C values (‰) of soil (solid symbols, solid lines) and composited fine root samples (hollow symbols, dashed lines) for grasslands, clusters, and groves throughout the 1.2 m profile. Significant differences (p < 0.05) between means of landscape elements are indicated with uppercase letters for fine root samples, and lowercase letters for soil samples. Number of soil samples: Grassland = 200, cluster = 41, and grove = 79. The δ13C values (‰) of composited fine root samples for different landscape elements are based on three replicates. 
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Figure 4. Classified vegetation map based on aerial photograph taken in 2015 (a) and kriged maps of soil δ13C values (‰) (b–g) and % of C derived from C3 plants (h–m) across this 1.6 ha landscape and in each soil depth increment. 
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Figure 5. Correlations between soil δ13C values (‰) and distance (m) of each sampling point to the nearest woody patch boundary within each depth increment (panels a–f). Distances >0 indicate sample points within woody patches, whereas distances <0 indicate sample points within the grassland. 
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Figure 6. Correlations between soil δ13C (‰) and SOC concentration (g C kg−1 soil) at the 0–5 (a), 5–15 (b), 15–30 (c), 30–50 (d), 50–80 (e), and 80–120 cm (f) depths within the soil profile. Note that scales are different for both x and y axes. 
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Table 1. Soil organic carbon (SOC) concentration (g C kg−1 soil), percentage (%) of SOC derived from C3 plants, and percentage (%) of new SOC derived from woody plants in grasslands, clusters, and groves. Significant differences between landscape elements are indicated with different superscript letters. Values are means ± standard errors (SE). Number of samples: Grassland = 200, cluster = 41, and grove = 79.
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Depth (cm)

	
SOC (g C kg−1 soil) *

	
% SOC Derived from C3 Plants

	
% of New SOC Derived from Woody Plants **




	

	
Grassland

	
Cluster

	
Grove

	
Grassland

	
Cluster

	
Grove

	
Cluster

	
Grove






	
0–5

	
6.7 ± 0.1 c

	
17.0 ± 1.4 b

	
22.1 ± 1.4 a

	
51.1 ± 0.6 b

	
74.2 ± 1.4 a

	
72.7 ± 1.1 a

	
60.5 ± 3.6 a

	
62.3 ± 3.1 a




	
5–15

	
5.4 ± 0.1 b

	
8.2 ± 0.5 a

	
8.8 ± 0.3 a

	
35.1 ± 0.5 b

	
55.9 ± 1.5 a

	
55.6 ± 1.1 a

	
37.6 ± 2.8 a

	
38.9 ± 2.0 a




	
15–30

	
5.1 ± 0.0 b

	
6.0 ± 0.2 a

	
6.3 ± 0.1 a

	
20.5 ± 0.5 c

	
30.8 ± 1.5 b

	
35.0 ± 1.1 a

	
15.4 ± 2.2 b

	
21.8 ± 1.7 a




	
30–50

	
5.0 ± 0.1 a

	
5.3 ± 0.1 a

	
5.3 ± 0.1 a

	
16.9 ± 0.4 c

	
22.7 ± 1.0 b

	
29.0 ± 1.2 a

	
8.0 ± 1.4 b

	
17.4 ± 1.7 a




	
50–80

	
3.5 ± 0.0 b

	
3.9 ± 0.1 a

	
3.9 ± 0.1 a

	
19.5 ± 0.4 b

	
24.5 ± 0.8 a

	
26.5 ± 0.8 a

	
7.2 ± 1.1 a

	
10.2 ± 1.2 a




	
80–120

	
2.3 ± 0.0 b

	
2.6 ± 0.1 a

	
2.9 ± 0.1 a

	
27.0 ± 0.4 b

	
30.8 ± 0.9 a

	
32.0 ± 0.8 a

	
6.5 ± 1.5 a

	
8.4 ± 1.3 a








* Data from Zhou et al. [60]. ** Data from Zhou et al. [50]. 
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