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Abstract  22 

Woody encroachment is increasingly threatening savanna ecosystems, but it remains unclear 23 

how this is driven locally by tenure and management systems. In South Africa, communal land 24 

is mainly managed under continuous grazing, while commercial land is under rotational 25 

grazing. We hypothesize that woody encroachment has increased since the end of the 26 

Apartheid era in 1994, when rotational grazing systems changed to continuous grazing ones in 27 

communal land. To test this hypothesis, we sampled six subsites in each of three replicates of 28 

these tenure systems in the savannah biome, South Africa, and monitored the degree of 29 

woody encroachment and effects on soil using remotely-sensed normalized difference 30 

vegetation index (NDVI), dendro-ecology, and grid-based soil analyses. The results confirmed 31 

that there has been a positive greening trend over the past 25 years in communal areas due to 32 

the higher degree of woody cover, especially for tree height classes between 50 and 150 cm. 33 

These trees corresponded to Senegalia tree ages between 10 and 25 years. The higher woody 34 

cover in communal areas was accompanied by height-dependent elevated nutrient and 35 

organic matter concentrations that increased in the topsoils by up to a factor of 1.5 relative to 36 

the freehold systems. Isotopic analyses identified debris of C3 bushes and trees as main carbon 37 

input into the soil of communal areas, where the δ13C value of -20.1‰ was significantly lower 38 

than it was at private farms (-19.2‰). Isotopic values also indicated that this carbon input took 39 

place beyond the edges of the bush canopy. We conclude that the tenure-based management 40 

system in the communal areas has promoted woody encroachment, with the associated 41 

changes in soil properties homogenizing the savanna system.  42 

 43 

  44 
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1. Introduction 45 

Savannas cover up to 20 percent of the Earth’s terrestrial surface and are home to 20 percent 46 

of the Earth’s population (Eldridge et al., 2011). Mostly used as rangelands, great parts of 47 

these areas have experienced a vegetation change towards a significant encroachment of trees 48 

and shrubs over the past 100-200 years. Encroachment means that (mostly) indigenous woody 49 

species replace palatable perennial grass species (van Auken, 2009; Angassa and Oba, 2010; 50 

Daryanto and Eldridge, 2010; Archer et al., 2017). Such an  increase of woody species in 51 

density, cover, and biomass has been observed in numerous field (Moleele and Perkins, 1998; 52 

Sandhage-Hofmann et al., 2015; Dougill et al., 2016) and satellite-based studies around the 53 

world (D'Odorico et al., 2012; Saha et al., 2015; Huang et al., 2018). Current estimates indicate 54 

that approximately 10–20 percent of drylands are affected by encroachment (Stevens et al., 55 

2017b). Absolute encroachment rates range between 0.0 and 3.3 percent woody cover year-1, 56 

with differences among regions; for example, encroachment rates in Africa were 2.5 times 57 

higher than they were for Australia (Barger et al., 2011; Archer et al., 2017; Stevens et al., 58 

2017a).  59 

Woody encroachment appears to result from multiple global and local drivers and interactions 60 

between them (Wigley et al., 2010; Eldridge et al., 2011; O'Connor et al., 2014; Archer et al., 61 

2017), although it is still difficult to generalize about causes at regional scales. As a worldwide 62 

phenomenon, there is a consensus that global drivers, such as elevated CO2 concentrations in 63 

the atmosphere, can promote growth of woody species via the C3 photosynthetic pathway 64 

(Archer and Stokes, 2000; Stevens et al., 2017a). Also, climate warming or changed 65 

precipitation patterns have been discussed as prominent drivers for woody encroachments 66 

(Knapp et al., 2008; D'Odorico et al., 2012). However, as the world’s population grows, regional 67 

drivers such as cattle numbers, grazing practices, and changes in fire management are 68 

changing and are likely to contribute to woody encroachment (Valone et al., 2002; Archer et 69 
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al., 2017). Among these, non-adapted rangeland management practices with overgrazing and 70 

associated spreading of bush seed by the animals has been assumed to particularly promote 71 

woody encroachments (Reid et al., 2008; Teague et al., 2011; Sandhage-Hofmann et al., 2015). 72 

Losses of grass cover provide new spaces and resources (nutrients, water) for the 73 

establishment of woody plants (February et al., 2013; Archer et al., 2017; Hempson et al., 74 

2017). Furthermore, perennial grass composition is replaced by annual grass species, which are 75 

less competitive against shrubs (Oomen et al., 2016). To counteract such management-76 

induced woody encroachment from continuous grazing, it may be helpful to use a rotational 77 

rangeland management practice at which soil and vegetation recover in camp-based systems 78 

(Teague et al., 2011; Roche et al., 2015; Sandhage-Hofmann et al., 2015).  79 

In South Africa, extensive livestock ranching is mainly practiced on two different land-tenure 80 

systems, both closely related to two different rangeland management practices: (i) the 81 

privately owned freehold farms with moderate stocking rates under a rotational grazing 82 

system; and (ii) the communal areas, where, after the end of Apartheid, management changed 83 

from a rotational to a continuous grazing system. Stocking rates are mostly higher than on 84 

commercial farms (Naumann, 2014; Sandhage-Hofmann et al., 2015). The communal land 85 

tenure system and associated rangeland management are often criticized for having 86 

insufficient foresight and permanently high grazing pressure and stocking rates, which leads to 87 

a potential deterioration of herbaceous vegetation, even at low stocking rates. Despite 88 

criticism of the continuous grazing in communal areas, commercial farms in Botswana have 89 

also been found to be affected by the bush invasion (Dougill et al., 2016). Much of this criticism 90 

is based on observations near water points. These zones are heavily overused in both 91 

management systems, but clearly more difficult to manage under continuous grazing (Snyman 92 

and Du Preez, 2005; Kotzé et al., 2013; Sandhage-Hofmann et al., 2015). However, for a correct 93 

comparison of systems we must also consider the areas that are more far away from the water 94 
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point, also belonging to the farm though less frequently visited by the animals. Woody 95 

encroachment is mostly seen as a degradation process, because it threatens the livelihood of 96 

the rural populations. However, the increase in woody cover does not necessarily imply that 97 

the ecological functions of an ecosystem are lost (Eldridge et al., 2011; Archer et al., 2017). For 98 

example, studies in rangelands of the Kalahari, but also worldwide, showed that woody 99 

encroachment led to an increase of soil fertility with higher carbon, nitrogen, and nutrient 100 

concentrations in encroached areas compared to conditions under perennial grasses (Mureva 101 

et al., 2018; Thomas et al., 2018). In particular, semi-arid soils with sandy textures may profit 102 

from these effects of encroachment (Li et al., 2016), albeit at the expense of rangeland quality 103 

usable for the farmer from a social-economic perspective. 104 

It is not easy to measure changes in soil properties in these areas of the savanna because of a 105 

pronounced spatio-temporal variability (Scholes and Archer, 1997; Vetter, 2005), which may 106 

interact with the density and abundance of woody plants (Sankaran et al., 2005; Holdo and 107 

Mack, 2014; Sandhage-Hofmann et al., 2015). A higher degree of woody cover could 108 

potentially reduce the spatial variability of properties (Breshears, 2006). To unravel the 109 

direction of change in the savanna’s heterogeneity, stable 13C isotope tracing in soils may help, 110 

because grass and woody plants have different photosynthetic pathways that lead to higher δ 111 

13C values in C4-grasses (~13‰) and lower δ 13C values in C3 trees (~26‰) and, thus, also in 112 

soils (Liao et al., 2006b). Therefore, a well-documented, plant-specific soil sampling followed 113 

by carbon isotope analyses at natural abundance level can provide information on the source 114 

of C-input, their spatial distribution in soils, as well as on past vegetation shifts (Liao et al., 115 

2006a; Bai et al., 2012a).  116 

This study was performed to test the hypotheses that (i) woody encroachment is more 117 

pronounced in communal areas with continuous grazing, (ii) that the higher degree of woody 118 

cover led to higher soil nutrient concentrations and higher organic matter status, and (iii) to 119 
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reduced spatial heterogeneity in these soil properties. For this purpose, we sampled both 120 

tenure systems in three independent replicates, with each replicate containing six randomly 121 

selected plots within the Kuruman area of the savanna biome, South Africa. We mapped 122 

vegetation by aerial photography, with grid-based plant assessment and soil sampling (0–10 123 

cm) on the ground. Historical changes in woody encroachment were traced using both past 124 

remote sensing records and stable carbon isotopic analyses.  125 

2. Material and Methods 126 

2.1 Study Sites 127 

The study was conducted close to Kuruman, situated at the border of the Northern Cape and 128 

North-West Province of South Africa, at the fringe of the Kalahari (27°-28° S, 22°-24° E, 1047 m 129 

– 1161 m a.s.l.) (Fig. 1). The climate is semiarid. Precipitation occurs mainly during summer 130 

months, from October to March, with around 300–340 mm annually (see Table 1). The mean 131 

annual temperature is 17.5°C (Sandhage-Hofmann et al., 2015; Kotzé et al., 2017). The 132 

vegetation has been described as the Eastern Kalahari Thornveld (Mucina and Rutherford, 133 

2006), which is characterized by a fairly well developed tree stratum with Vachellia erioloba, 134 

Senegalia mellifera, Acacia haematoxylon. The shrub layer is dominated by Senegalia mellifera, 135 

Acacia hebeclada, Grewia flava and Vachellia haematoxylon. The herbaceous layer contains 136 

perennial C4 bunchgrasses, such as Schmidtia pappophoroides and Schmidtia uniplumis, 137 

Aristida stipitata, and Eragrostis lehmanniana (Oomen et al., 2016). Geologically, northern 138 

South Africa is comprised of Kalahari sands. Here, deep and nutrient-poor Arenosols (WRB, 139 

2007) of aeolian origin developed with an average total sand content of 94 percent (Table 1) 140 

(Sandhage-Hofmann et al., 2015) . 141 

In the study region, the grazing land was predominantly dominated by grass at the beginning 142 

of the 19th century, but later became a more bushy region (Jacobs, 2000, 2003; Joubert et al., 143 
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2013). Two tenure systems – commercial, freehold farms with rotational grazing and 144 

communal areas practicing continuous grazing – can be found in close proximity (Fig. 1). We 145 

sampled both systems at regional scale (that is, consciously decoupled from grazing gradients) 146 

in order to evaluate woody encroachment and its effect on soil properties as related to tenure 147 

and associated management system.  148 

 149 

2.2. Current rangeland management  150 

Communal and commercial tenure systems are common in the Kuruman area, but they differ 151 

in their management practices. Freehold commercial farms utilize a rotational grazing system 152 

with long-term moderate stocking rates, located in the Northern Cape. Camps are fenced and 153 

cattle herds moved between camps to allow vegetation and soil to restore between grazing 154 

periods. The communal areas current practice a continuous grazing system. These areas 155 

belong to the former homeland of Bophuthatswana, North-West Province, where most of 156 

them were previously owned by commercial farmers (Jacobs, 2003). Historical studies show 157 

highly fluctuating data for livestock numbers, including cattle, sheep, goats, and donkeys. The 158 

first large increases in livestock numbers occurred between 1920 and 1960, together with 159 

growing human population. A second rise followed after the implementation of self-160 

government in Bophuthatswana in 1972, where cattle numbers doubled within 10 years 161 

(Jacobs, 2000). During the Apartheid regime, there was a three-camp, three-year system of 162 

seasonal rotation for soil conservation and controls were imposed on livestock numbers to 163 

prevent overgrazing (Jacobs, 2000). After end of Apartheid, this system was continued only in 164 

the commercial farms; in the communal areas, the practice of rotational grazing was replaced 165 

by a continuous grazing system (Naumann, 2014). There, communal production systems are 166 

based on pastoralism and grazing areas are shared by the community members. Communal 167 

stocking rates likely fluctuated from 1990–2010 depending on drought events, which reduced 168 
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livestock drastically (Oomen et al., 2016). Fire is consciously excluded in the Kuruman area. 169 

Woody density was partly controlled by herbicides (van de Booysen and Tainton, 1984) on 170 

freehold farms, but not intensely. In communal areas, however, targeted bush control was 171 

absent; here woody plants were used as firewood and browsed by goats (Williams and 172 

Shackleton, 2002).  173 

In the study area, the estimated grazing capacity of the rangelands is 13 ha per livestock unit 174 

(LSU-1) (Department of Agriculture, Forestry & Fisheries, 2018). The main encroacher species is 175 

Senegalia mellifera, which exists as a multi-trunked bush or as a single-trunked tree. 176 

2.3 Collection of soil samples  177 

We selected three villages from communal areas, and three freehold farms as independent 178 

replicates of land use (n= 6) (Figure 1). Within each of these farms and villages, soil samples 179 

were taken in March 2014 on six randomly selected plots of 100 x 100 m (1 ha) on each 180 

independent replicate; we sampled a total of 36 plots. Random plot selection was performed 181 

using ArcGis 10.3, where we first established buffer zones of 100 m around streets, fences, and 182 

buildings to avoid confounding effects. We explicitly excluded water points with grazing 183 

gradients, as these had been studied in previous research (Sandhage-Hofmann et al., 2015). 184 

Before soil sampling, we laid a regular grid of 25 sampling points across the plots of 1 ha, each 185 

point being linked to GPS coordinates (see Fig. 1). At each sampling point, soil samples were 186 

taken with a soil auger from 0–10 cm soil depth. We also performed a ground truthing, where 187 

we recorded the respective plant species – grass, bushes– or, if present, bare soil. If the GPS 188 

point was under a shrub or tree, we recorded the height of the bushes/trees as well as the 189 

diameter of the crowns. If not, we measured the distance between the sampling point, canopy 190 

and stem to the next woody species, where the height and diameter were also recorded. 191 

Additionally, for each tenure system, we sampled a representative soil profile up to 1 m soil 192 

depth under grass.  193 
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 194 

2.4. Aerial imagery and remote sensing  195 

2.4.1. Land cover categorization using octocopter images 196 

Aerial photographs were taken to analyze the effective encroached area of the sampled plots 197 

in both tenure systems using an octocopter (Highsystems, www.mikrokopter.de), equipped 198 

with a camera (Sigma DP1 Merrill, 14 megapixel, 19 mm focal length). Images were 199 

categorized in three different land cover categories or units: “bushes/shrubs”, “grass”, and 200 

“bare soil”. The unit “bushes” included any woody plant (for details, see SI).  201 

 202 

2.4.2. Annual Landsat time-series 203 

An annual time-series of composite Landsat imagery was processed using Landsat Thematic 204 

Mapper (TM), Enhanced Thematic Mapper Plus 7 (ETM+), and Landsat 8 Operational Land 205 

Imager (OLI), Top of the Atmosphere (TOA) reflectance scenes, available via Google’s Earth 206 

Engine. We used these images to record the time trajectory of woody encroachment between 207 

1984 and 2015 with minimum dry season Normalized Difference Vegetation Index (NDVI) as a 208 

measure of vegetation productivity and an indicator presence of woody vegetation, which 209 

remains partially photosynthetic during the dry season (Symeonakis et al., 2016; Wingate et 210 

al., 2018). Accordingly, trends were calculated for communal areas and freehold farms, using 211 

the trend estimation based on annual aggregated time series method proposed by (Forkel et 212 

al., 2013). Trend slope (%) and P-value were calculated, with the NDVI data series being the 213 

dependent variable and time being the independent variable. 214 

 215 

2.5. Soil analyses 216 

Particle-size analyses was performed by the sieve-pipette method (The Non-Affiliated Soil, 217 

Analysis Work Committee, 1990), where five out of the 25 samples of each plot (n=180) were 218 



10 
 

taken. These five samples were also taken for nutrient analyses. For carbon and nitrogen, as 219 

well as for isotope analyses, all soil samples were processed (n=962). Samples were air-dried, 220 

sieved (<2 mm), and homogenized prior to analysis. Chemical analyses were performed in 221 

duplicate according to the following standard methods (The Non- Affiliated Soil Analysis Work 222 

Committee, 1990): pH (1:2.5 soil to water suspension); exchangeable Ca, Mg, K, and Na (1 mol 223 

dm-3 NH4OAc at pH 7); extractable Cu, Fe, Mn, and Zn (DTPA solution); and CEC (1 mol dm3 224 

NH4OAc at pH 7, based on Na). The abovementioned elements were determined by atomic 225 

absorption spectroscopy. Total C and N were determined by dry combustion using a CHNS 226 

analyzer (Elementar-Analysensysteme GmbH, Germany). There was no detectable inorganic C, 227 

which meant that the total C was equal to organic C, further called SOC). δ13C and δ15N were 228 

analyzed using an isotope ratio mass spectrometer (Delta V Advantage IRMS, Thermo Electron 229 

Corporation, Germany) according to Equation (1) 230 

  δ  = [(R(sample)-R(standard)) / R(standard)] * 1000   (1) 231 

where R(sample) is the 13C/12C and 15N/14N isotope ratio of the sample and R(standard) is the 232 

13C/12C and 15N/14N isotope ratio of the standard with respect to the V-PDB standard for carbon 233 

isotopes and the atmospheric dinitrogen standard for nitrogen isotopes (Coplen et al., 2006). 234 

 235 

2.6. Tree-ring analyses 236 

Tree-ring analyses were performed for dendrochronical studies to ascertain the ages of the 237 

woody vegetation. Stem discs were taken as near to the soil surface as possible. Additional 238 

discs were cut to test whether discs at the defined root-shoot boundary indeed displayed the 239 

highest ring counts. In total, 285 discs were analysed. The discs were polished on a belt sander 240 

to see the wood’s anatomical structure using a stereo microscope at 10–80 x magnification. 241 

Tree-rings were counted along two to four radii. For further details see Zacharias et al. (2017). 242 
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2.7. Statistical analyses 243 

All statistical analyses were performed using Statistica 9.1 package for Windows (StatSoft Inc, 244 

9.0 2010). Data were first checked for normality using the Shapiro-Wilk test. Data were found 245 

to be normally distributed and required no transformation. To test the hypothesis that mean 246 

values of the dependent factors (woody cover, soil organic carbon, TN, main nutrients) were 247 

significantly different at different tenure systems with different management system, we used 248 

main-effects analysis of variance (ANOVA), also testing the interactions between tenure * soil 249 

cover types. Levene’s F statistic was used to test the homogeneity of variance. Fisher’s post-250 

hoc test was used. 251 

 252 

3. Results 253 

3.1 Woody encroachment  254 

Aerial photographs showed that the communal areas with continuous grazing had significantly 255 

more woody cover than the freehold farms (p<0.001); the same was true for the percentage of 256 

bare soil (p<0.001) (Fig. 2). In contrast, the freehold farms with rotational grazing showed 257 

significantly more grass cover. The analyses of ground records confirmed the greater 258 

abundance of woody species in in communal study sites; there, 32 percent of all soil samples 259 

were located under woody vegetation, values on freehold farms were only 20 percent. In 260 

contrast, only 20 percent of the samples in communal areas were beneath grass (vs. 40 261 

percent for FRG). Ten percent were classified as unpalatable herbs, which were almost non-262 

existent at private farms. The time series trends of the NDVI confirmed the results and showed 263 

that communal areas exhibited a significant greening trend over the past 25 years (Fig. 3). The 264 

freehold farms showed only a weak positive trend, but no significant temporal trend in NDVI. 265 

Hence, woody encroachment was more advanced in communal systems than in freehold 266 
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systems, and these differences largely manifested in the last 25 years; that is, since the end of 267 

Apartheid. 268 

3.2. Height and age of woody vegetation 269 

The height distribution of Senegalia mellifera revealed that, in the communal areas, 67 percent 270 

of all recorded bushes were between 25 and 150 cm high, with an enhanced occurrence in the 271 

range of 50–100 cm. On freehold farms, all height classes were more equally distributed (Fig. 272 

4a). Dendro-ecological studies, combined with measurements of height and crown diameter, 273 

showed that the height of Senegalia mellifera was linearly correlated with age (r2=0.8 and 274 

r2=0.84; p<0.0001, for freehold and communal, respectively) (Fig. 4b). Heights of 25–150 cm in 275 

continuous grazing system were equal to ages of the bushes up to 28 years. This means that 67 276 

percent of the bushes recorded in communal areas developed within the last 25 years. 277 

3.3. Physical soil properties 278 

The soils in the Kuruman area showed the Arenosol-typical predominance of sand (94 percent) 279 

with low contents of silt and clay (Table 1). The overall textural composition was identical at 280 

the different sites. Detailed analyses of the silt and sand composition pointed to some 281 

significant variations within the sand fraction, with more fine sand in communal areas and 282 

higher contents of coarse sand at freehold farms, respectively (Table 1). To test whether these 283 

fine differences might have affected water status, we modeled the actual evapotranspiration 284 

using hydraulic parameters. They did not point to any significant differences between both 285 

tenure types. (Data and results, see Table S1–S2; SI). Additionally, no significant relations 286 

between sand composition and bush encroachment were detected. Hence, basic soil 287 

properties like texture did not control the differences in woody encroachment between 288 

communal and freehold systems. 289 
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3.3. Soil chemical properties 290 

3.3.1 Nutrients and pH 291 

The Arenosols typically showed a low nutrient status with an averaged cation exchange 292 

capacity (CEC) of 571 (±107) mg kg-1 soil at 0–10 cm soil depth in freehold farms, and of 600 293 

(±130) mg kg-1soil in the samples from communal areas (Table 2). These differences were 294 

significant (p<0.001). The higher nutrient status in the latter was also evident for Ca and Mg, as 295 

well as for the pH value. In contrast, concentrations of P, Fe and Mn were higher in freehold 296 

farms (p<0.001).  297 

 298 

3.3.2 Soil organic matter 299 

Concentrations of soil organic carbon (SOC) and nitrogen (TN) were significantly larger in the 300 

communal systems with continuous grazing than in the freehold ones with rotational grazing 301 

(3.7 vs. 2.5 g SOC kg-1 soil, respectively) (Table 2). There were also significant differences in SOC 302 

concentrations between the three main land cover units, following the order Senegalia 303 

mellifera > grass > bare soil (Fig. 5), with consistently larger values in the communal areas.  304 

With increasing height of the trees, which simultaneously means increasing age of Senegalia 305 

mellifera, we found higher carbon and nitrogen concentrations at 0–10 cm soil depth (Figure 6 306 

a-d). This relationship was significant in both tenure systems (communal: r=0.41 and r=0.48, 307 

for C and N, respectively; freehold: r=0.47, and r= 0.44 for C and N; p < 0.05 for all 308 

correlations). Again, the communal systems displayed consistently larger SOC concentrations 309 

at a given tree height than the freehold ones did.  310 

 311 
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3.3.3. Origin of carbon 312 

The stable carbon (C) isotopic composition (δ13C) of plant litter reflected the differences in the 313 

photosynthetic pathways between the C4 grasses (δ13C = -13.3‰) and the C3 plant Senegalia 314 

mellifera (δ13C= -27.7‰). For instance, the soil δ13C values under grasses ranged from -18.9 315 

and -17.4‰, while beneath Senegalia spec they ranged from -22.0 to -21.7‰ in both systems, 316 

respectively. Overall, the topsoils of communal areas showed a significantly smaller averaged 317 

δ13C value of -20.1‰ (± 2.2) than did the freehold ones with a δ13C value of -19.2‰ (± 2.5) 318 

(F=3.98, p=<0.001). The δ13C values were larger in deeper soil and approached values of -319 

14.2‰ and -15.3‰ below 30–40 in communal areas and freehold farms, respectively. Hence, 320 

grasses had been the main vegetation type at both study sites (Table 3).  321 

The size of the Senegalia bushes correlated inversely with the isotopic composition of soil 322 

carbon: samples near larger bushes exhibited smaller soil δ13C values (Fig. 6 e-f). The influence 323 

of the C3 vegetation on SOC concentrations and δ13C values diminished with increasing 324 

distance from the canopies and the stems of the woody vegetation (Fig. 7). This effect was 325 

weaker in communal areas (r=0.36 for distance to stem; r=0.40 for distance to canopy; 326 

p<0.001) than in freehold farms (r=0.55 for stem; r=0.60 for canopy; <=0.001). 327 

The soil δ15N were significantly larger in freehold farms (8.3‰) than at communal areas 328 

(6.1‰) (Table 2). There was a significant positive correlation between bush/tree height and 329 

soil δ15N values (Fig. 6 g, h).  330 

4. Discussion  331 

4.1 Woody encroachment in different management systems 332 

Around 50 years ago, the Northern Cape and North West province of South Africa were open 333 

grassland savannas, as documented by historical aerial photographs as well as oral and written 334 
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records (Jacobs et al., 2000; Belayneh, 2017). Nowadays, they are one of the regions in South 335 

Africa most affected by woody encroachment, with between 3.5 and 14 percent threatened by 336 

Senegalia mellifera as the main encroaching species (Department of Agriculture, Forestry and 337 

Fishery, 2017). In our study, 25 percent of the investigated areas were encroached, which 338 

clearly exceeds the above-mentioned values. Confirming our hypothesis, but in contrast to the 339 

results of former studies, the degree of woody cover was larger at communal (32 percent) than 340 

at freehold farms (20 percent) (Kgosikoma et al., 2012; Dougill et al., 2016); this is largely due 341 

to greening from 1984–2017, as indicated by our trend analysis using Landsat NDVI. 342 

Our soil isotopic analyses confirmed the presence of C4 grass vegetation residues (13C ≤ 15‰) 343 

in deeper soil, suggesting that the establishment of woody plants has occurred mainly in 344 

recent decades, as other researchers have reported (Table 3) (Liao et al., 2006b). Isotopic 345 

values in the topsoil of the communal systems were much larger, exceeding 3‰ as potentially 346 

attributed to 13C discrimination processes upon SOM degradation (Biggs et al., 2002; Dumig et 347 

al., 2008), and thus representing plant debris from the trees and bushes, mainly via litter into 348 

the surface soil. The isotopic shift was missing in freehold farms, supporting the argument that 349 

there was little recent wood encroachment.  350 

The causes for woody encroachment can be manifold, but the global drivers such as rising 351 

atmospheric CO2 levels affected both land-use systems in a similar way and cannot explain the 352 

observed differences. However, higher rainfall could promote growth of woody species 353 

(Sankaran et al., 2005; Devine et al., 2017), and differences of up to 40 mm can be deduced for 354 

the different coordinates of the systems. Nevertheless, a 40 mm difference in rainfall would 355 

only lead to a maximum increase of 5 percent in bush/tree cover (Sankaran et al., 2005). This 356 

worst-case scenario is much lower than the 12 percent difference in tree cover observed at our 357 

plots. Also, as there was no significant difference in the effects of sand composition on 358 
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evapotranspiration rates, our study clearly points to local drivers such as rangeland 359 

management as the main reason for the differences in woody cover. 360 

Over the last half-century, the communal areas have been stocked more heavily than the 361 

freehold ones, which is likely to have had a predisposing effect on subsequent woody 362 

encroachment (see 2.1). Increasing grazing pressure is considered as one of the main causes of 363 

land degradation in the Kuruman area (Department of Agriculture, Forestry and Fishery, 2017) 364 

and is generally correlated with elevated woody cover (Oba et al., 2000). Apart from an 365 

excessive number of animals, overgrazing may also be caused by animals staying longer at a 366 

particular stop (Tefera et al., 2007). In this regard, the continuous grazing system experienced 367 

permanent grazing pressure over time, thus promoting the degradation of rangeland in a 368 

similar way as long-term high average stocking rates (Ward et al., 2014; Sandhage-Hofmann, 369 

2016). Since the end of Apartheid, such a permanent and intense grazing pressure was 370 

maintained on vegetation and soil in the communal grazing systems of Kuruman area, largely 371 

because the breakdown of infrastructure like broken water pumps and lacking fences did not 372 

provide alternatives for herd movement (Naumann, 2014).  373 

 374 

4.2 Impact on soils  375 

Increasing woody cover is known to alter soil properties, leading to elevated SOC, TN, and 376 

nutrient concentrations (Mureva et al., 2018). In our study, the Arenosols formed by Kalahari 377 

sand are typically poor in nutrients (Dougill et al., 2010). Given a larger degree of woody cover 378 

and according to our hypothesis, the soil nutrient concentrations were larger in the communal 379 

systems than in the freehold ones (most pronounced for K and Mg, but also valid for SOC and 380 

TN), which corresponds with previous reports on the impact of woody cover on these soil 381 

properties (Dougill et al., 1999; Sandhage-Hofmann et al., 2015; Li et al., 2016; Mureva et al., 382 

2018). Various aspects contribute to this nutrient and organic matter enrichment, such as 383 
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higher above- and below-ground productivity, litter fall, dung of resting livestock, lower 384 

decomposition rates under shaded trees, as well as elevated biochemical recalcitrance of 385 

woody litter (Liao et al., 2006a; Knapp et al., 2008; Throop et al., 2013). 386 

According to Ward et al. (2018), nutrient and SOM accrual correlate with shrub size. This was 387 

also true for our study; however, as we dated the trees, we could relate these data directly to 388 

tree age. The data suggest that it takes about 15–17 years for the tree to grow 1 m, which is 389 

accompanied by an increase in SOC concentration of about 3.5 g kg-1 soil at both management 390 

systems during this period (Fig 6). 391 

In general, the distribution of nutrients and soil organic matter is patchy and potentially 392 

related to the expansion of woody species (“islands of fertility”) in dryland ecosystems (Hagos 393 

and Smit, 2005; Bai et al., 2012a; Bai et al., 2012b). In both tenure systems of our study, SOC-394 

enrichment factors under woody species relative to areas below grass and bare patches 395 

reached factors between 1.7 and 2.0, respectively (Table 2; Fig. 5). This was lower than found 396 

in Botswana, where differences in SOC concentrations between woody species (Vachellia 397 

erioloba) and grass reached a factor of up to 4 (Thomas et al., 2018). Vachellia erioloba was 398 

also part of the savanna system in Kuruman area, although here this species did not occur as 399 

an encroacher but as trees reaching heights of more than 10 m. The SOC enrichment factors 400 

under such large trees were similar to those reported by Thomas et al. (2018).  401 

It is noteworthy that elevated SOC concentrations in communal systems were also observed in 402 

areas under grass and bare soil (Table 2). Obviously, woody vegetation influenced the input of 403 

organic carbon far beyond the canopy. The stable 13C isotope analyses supported this 404 

assumption and showed that SOC derived from grass was partially replaced by SOC from the 405 

invading C3 woody vegetation (Liao et al., 2006a; Bai et al., 2012a; Mureva et al., 2018). The 406 

analyzed mean values of δ13C in soils of the Kuruman area were finally similar to those 407 
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reported for wooded landscape elements worldwide (-20‰– -15‰) (Boutton et al., 1998), 408 

suggesting that our findings are well representative also for other areas of the world.  409 

Bai et al. (2012) analyzed the influence of mesquite plants (in this case encroached ones) in 410 

soils of the surrounding grassland. Their results showed that the woody vegetation affected 411 

the soils even to a distance of 10 m away from the tree. The authors attributed their findings 412 

to the extensive rooting system of trees and shrubs in semi-arid and arid regions, which may 413 

often expand by several meters. Our soil 13C values confirmed that the influence of the tree 414 

on soil properties was largest near the stem (Belsky, 1994). With increasing distance to the 415 

stem, soil δ13C values increased due to elevated portions of grasses. However, the respective 416 

gradients were smaller at communal than at freehold farms (Fig. 7); that is, at the scale of the 417 

landscape soil properties homogenized. Studies in Australia showed that SOC accrual was 418 

largest when the cover was between one-third and a half of the area (Soliveres et al., 2014a; 419 

Soliveres et al., 2014b), due to optimum connectivity between canopy and inter-canopy 420 

patches (Breshears, 2006). Above 50 percent woody cover, competition between woody 421 

vegetation for nutrients and water outweighs the benefits of SOC accumulation. However, this 422 

threshold was not reached at our sites and homogenization of soil properties is most likely.   423 

The encroachment of woody plants not only influenced the δ13C values, but also resulted in 424 

lower soil δ15N values. As Senegalia mellifera is a nitrogen-fixing species (Bai et al., 2013), it 425 

lowers the soil δ15N value when incorporating atmospheric N2 into the biomass (for more 426 

details, see Houlton et al., 2007). In our study, the soil δ15N values were more than 2‰ lower 427 

in the communal systems than in the freehold ones (p<0.001). Thus, nitrogen isotope analyses 428 

also reflect that the elevated woody encroachment altered soil properties, not only via 429 

nutrients and SOC, but also by altering the origin of soil N (Liao et al., 2006a; Boutton and Liao, 430 

2010; Zhou et al., 2018).  431 

 432 
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5.  Conclusion 433 

Woody encroachments threaten great parts of savanna systems worldwide. We have 434 

investigated the role of local drivers by different tenure systems on woody plant establishment 435 

and related soil properties. Woody encroachment occurred in both tenure systems, but was 436 

significantly more pronounced in communal systems. NDVI analyses suggested that this 437 

greening trend occurred after rotational grazing had to be switched to continuous grazing 438 

management since 1994, though the patterns were heterogeneous. Approximately 60 percent 439 

of bushes and trees have been established in the last 25–28 years. In accordance with our 440 

hypotheses, the advanced woody encroachment promoted the accrual of nutrients, as well as 441 

of soil organic carbon and total nitrogen, both largely derived from the upcoming Senegalia 442 

mellifera trees. We conclude that rangeland management was a major driver for woody 443 

encroachment in Kuruman area; however, our data also show that there is a chance to 444 

minimize woody plant encroachment by changing the management to more foresighted 445 

practices in the future, although this will require the support of communities in terms of 446 

establishing fences around diverse watering points. 447 
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Table 1: Study sites in the Kuruman area. Particle sizes in g 100g-1 soil followed by standard deviation 658 
(±S.D). Different letters indicated significant differences between freehold farms and communal areas 659 
using Tukey HSD t-test (p<0.001). Stocking rate calculated in ha Livestock Unit (LSU)-1, data for the past 5 660 
years.  661 

Tenure 
Grazing  
system 

Manage-
ment 

structure 

Stocking 
rate 

Mean 
annual 
Precipi-
tation 

Major 
referen-
ce soil 

group 74 

 
Clay 

 

Fine  
silt 

 

Coarse  
silt 

 

Very 
fine 
sand 

 

Fine  
sand 

 

Medium 
sand 

 

Coarse 
sand 

 

   ha LSU-1 mm  <0.002  
mm 

0.002-
0.02 
mm 

0.02-
0.05  
mm 

0.05-
0.1  
mm 

0.1-
0.25  
mm 

0.25- 
0.5  
mm 

0.5- 
2.0  
mm 

Free-
hold 

Rota-
tional 

grazing 
 

Single, 
commer-

cial 
manager 

14.2 
±4 

292+-
72a 

Haplic 
Areno-

sol 

3.3  
±0.7 a 

2.26  
±1.2 a 

0.65  
±0.4 a 

10.0  
±1.6 a 

55.3  
±8.3a 

19.6  
±4.0 

9.7  
±5.8a 

Com-
munal 

Conti-
nuous  
grazing 

 

Multiple 
managers  
in villages 

13.1 
±3.8 

336 
+-82b 

Haplic 
Areno-

sol 

3.2  
±0.6 a 

2.6  
±1.3 a 

0.7  
±0.8 a 

10.6  
±1.6 a 

67.4  
±3.5b 

14.8  
±3.7 

1.4  
±1.1b 

 662 

 663 

 664 

 665 

  666 
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Table 2: pH, soil nutrient concentrations followed by standard deviation (± S.D.) of commercial 667 
farms with rotational grazing and communal areas with continuous rangeland management 668 
systems. Different letters indicate significant differences between the tenure systems using 669 
Fishers post-hoc tests (p<0.001). (*results of ground-truthing.) 670 

 total Senegalia spec. grass bare soil 

Freehold farms n=93 n=177 n=142 
N (g kg-1) 0.3 a ±0.1 0.4 a ±0.2 0.3 a ±0.1 0.2 a ±0.1 

C (g kg-1) 2.5 a ±1.4 3.6 a ±1.8 2.1 a ±0 9 1.8 a ±0.9 

Ca (mg kg-1) 247 a ±92.7 246 a ±86.4 249 a ±97.6 253 a ±88.1 

Mg (mg kg-1) 43 a ±12.9 42.1 a ±12.1 43.5 a ±13.9 42.5 a ±12.1 

K (mg kg-1) 54 a ±19.4 52.8 a ±15.7 54.8 a ±20.5 55.9 a ±18.3 

Na (mg kg-1) 6.7 a ±3.7 6.7 a ±3.8 6.4 a ±3.7 7.2 a ±3.7 

CEC (mg kg-1) 571 a ±130 585 a ±132 568 a ±126 579 a ±132 

pH (H2O) 5.9 a ±0.3 5.9 a ±0.3 5.9 a ±0.3 5.9 a ±0.3 

Cu (mg kg-1) 0.2 a ±0.04 0.2 a ±0.0 0.2 a ±0.0 0.2 a ±0.0 

Zn (mg kg-1) 0.2 a 0.2 a ±0.1 0.2 a ±0.1 0.2 a ±0.1 

Fe (mg kg-1) 6.5 a ±0.1 6.7 a ±2.1 6.2 a ±1.6 6.7 a ±2.0 

Mn (mg kg-1) 5.8 a ±1.9 6.0 a ±2.1 5.6 a ±1.8 6.0 a ±2.0 

P (g kg-1) 3.8 a ±0.8 3.8 a ±0.7 3.8 a ±0.8 3.8 a ±0.7 

13C (‰) -19.24a ±2.6 -21.7 a ±2.1 -17.4 a ±1.4 -18.6 a ±1.7 

15N (‰) 8.3 a ±1.3 8.6 a ±1.3 7.9 a ±1.3 8.7 a ±1.1 

Fc (%) 59.0 a ±17 41.5 a ±15 71.8 a ±10 63.1 a ±12 

Vegetation  
(% ha-1)* 

 20 40 30 

Communal areas n=128 n=96 n=139 
N (g kg-1) 0.4 b±0.0 0.5 b ±0.3 0.4 b ±0.1 0.3 b ±0.1 

C (g kg-1) 3.7 b±2 0 5.1 b ±3.7 3.2 b ±1.1 2.6 b ±0.1 

Ca (mg kg-1) 337 b ±92.6 339 b ±97.8 332 b ±97.5 337 b ±94.7 

Mg (mg kg-1) 49 b ±17.0 52.1 b ±17.9 48.2 b ±18.1 45.8 b ±15.5 

K (mg kg-1) 55 a ±26.1 59.6 b ±24.6 51.4a ±23.2 49.3 b ±26.9 

Na (mg kg-1) 4.9 b ±2.1 4.9 b ±2.0 5.1 b ±2.2 4.8 b ±2.2 

CEC (mg kg-1) 600 b ±107 605 b ±112 591 a ±112 592 a ±108 

pH (H2O) 6.3 b ±0.4 6.3 b ±0.4 6.2 b ±0.4 6.4 b ±0.4 

Cu (mg kg-1) 0.2 b ±0.3 0.2 a ±0.2 0.2 a ±0.3 0.3 b ±0.4 

Zn (mg kg-1) 0.2 a ±0.1 0.2 a ±0.1 0.2 a ±0.1 0.2 b ±0.1 

Fe (mg kg-1) 5.1 b ±0.9 5.1 b ±0.8 5.4 b ±0.9 5.1 b ±1.0 

Mn (mg kg-1) 5.6 a ±1.3 5.6 a ±1.3 5.9 a ±1.7 5.4 b ±1.1 

P (g kg-1) 3.6 b ±2.6 3.6 a ±2.7 3.5 b ±1.9 3.3 b ±2.4 

13C (‰) -20.05b ±2.3 -22.0 b ±1.9 -18.9 b ±1.6 -19.2 b ±1.5 

15N (‰) 6.1 b ±1.6 6.1 b ±1. 6.0 b ±1.8 6.3 b ±1.5 

Fc (%) 53.5 b ±15 40.0 b ±13 62.2 b ±11 59.2 b ±11 

Vegetation  
(% ha-1) 

 32 20 31 
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 671 

Table 3: δ13C (‰) and δ15N (‰) in bulk soil of soil profiles in freehold farms with rotational and 672 
communal areas with continuous grazing system (n=1) in different soil depth (cm).  673 

 Soil depth (cm) δ13C (‰) δ15N (‰) 

Freehold 
farms 

00–20 -16.3 8.6 

30–40 -15.3 9.1 

40–60 -15.1 9.1 

60–80 -15.0 9.0 

80>100 -15.4 9.2 

Communal 
areas 

0–10 -20.6 7.9 

10–20 -17.9 7.7 

30–40 -14.2 8.5 

40>60 -14.4 8.0 

 674 

 675 

  676 
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677 
 Figure 1: Location of studied sites in Kuruman. Communal areas with continuous 678 
grazing (1-3) were located in the East and freehold farms with rotational grazing (1-3) 679 
in the West. The small picture on the left shows an example of the random plots within 680 
one farm area; the small picture on the right shows the regular grid within each 681 
studied plot. 682 

  683 
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 684 

 685 

 686 

 687 

Figure 2: Selected aerial pictures, illustrated here for two random plots in the different tenure 688 
system, and resulting overall calculation of the percentages of the land cover units 689 
bushes (dark grey color) , grass (light grey color) and bare ground (black color) in 690 
freehold farms with rotational grazing, and communal areas with continuous grazing. 691 
Statistical difference is reported as **for the p < 0.01, and ***for the p < 0.001 level of 692 
significance, respectively. 693 
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Figure 3: Slope of greening, calculated by the Normalized Difference Vegetation Index (NDVI) 697 
data series (1984-2014), plotted for each studied plot and as mean for all plots (black column) 698 
in a) communal areas with continuous grazing and b) freehold farms with rotational grazing; 699 
(see Fig. 1). Values above 0.00 represent an increasing greening trend, values below, a 700 
decreasing one. Black columns are the means of the 3 communal areas and freehold farms, 701 
respectively. The level of significance are reported as ***p < 0.001. 702 

 703 

 704 

 705 

 706 

Figure 4: a) Height distribution (%) of Senegalia mellifera in communal areas with continuous 707 
grazing and commercial farms with rotational grazing and b) relationship between 708 
height and age of Senegalia mellifera. Values were plotted based on real tree-ring 709 
counts in both tenure systems, which means n=142 for communal areas and n=130 for 710 
freehold farms. 711 

 712 

  713 
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 714 

 715 

Figure 5: Soil organic carbon (SOC) in communal areas with continuous grazing and in 716 
commercial farms with rotational grazing, separated by different vegetation cover and 717 
mean. The level of significance are reported as **p < 0.01, ***p < 0.001. 718 

  719 
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Figure 6: Relationship between heights of Senegalia mellifera and soil organic carbon (SOC), 721 
δ13Csoil (‰), TN and δ15Nsoil (‰)in 6a, 6c, 6e) for communal areas with continuous 722 
grazing and 6b, 6d, 6f) for freehold farms with rotational grazing. 723 

 724 

 725 

 726 

Figure 7: Values of δ13C soil (‰) (left) and carbon (right) including standard deviation depending 727 
on distance to stem of bushes in communal areas with continuous grazing – closed 728 
circles - and commercial farms with rotational grazing – open circles. Sample sizes 729 
ranged from 6 to 120, depending on distance and system. 730 

 731 

 732 

 733 


