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Bush thickening (shrub encroachment) is a major ecological and economic threat in southern African savannas.
Different types and intensities of bush control (BC) are applied to counteract andmitigate bush thickening. How-
ever, woody vegetation response to BC and possible ecological side effects can bemanifold. Land users therefore
require solid knowledge about the associated structural and compositional changes, helping to apply an informed
BC strategy that preserves multiple ecosystem services and functions. The present study addresses this need in a
SouthAfrican thornbush-type savanna.We sampled 41 rangeland siteswith a knownhistory of BC in comparison
to benchmark conditions. The BC treatments included a selective and non-selective arboricide application and a
selective stem burning. We identified each woody species in belt transects and measured the size and canopy of
all individuals. The data were used to calculate measures of diversity, cover and density and to describe the pop-
ulation structure of key species. Marked differences in woody species composition and abundance patterns as
well as significant alterations of the horizontal and vertical woody vegetation structure clearly reflected the in-
tensity and level of selectivity with which BC had been conducted. While population trends displayed regenera-
tion of key species, important structural elements (large mature trees) were often at risk of being lost from the
savanna ecosystem. Results suggest varying degrees of ecosystem functional integrity following the BC
treatments. It is concluded that selective BC treatments should be preferred as they allow to create open and
well-structured savannas in benefit of the stability and biodiversity of the system. Yet, for improved predictions
further research is needed into species-specific population dynamics and trait-relatedplant–plant interactions. In
addition, there is still uncertainty about possible long-term ecological effects associated with the use of
arboricides in this type of savanna, which should receive special attention in future research.

© 2019 SAAB. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Bush thickening, i.e. the encroachment of indigenous trees and
shrubs, is a major threat to savanna rangelands in southern Africa
(O'Connor et al., 2014). Apart from local factors like overgrazing, exclu-
sionofbrowsingand suppressionofwildfire, it seems that elevatedatmo-
spheric CO2 is a superior global factor that benefits bush thickening
dynamics across savanna types and land uses (Stevens et al., 2017). The
increase in the density and cover of woody species can affect ecosystem
services and functions in variousways and at different temporal and spa-
tial scales, with the ecological and socio-economic implications and net
effects not necessarily being negative (Eldridge et al., 2011; Thomas
Modelling, Faculty of Forest
üsgenweg 4, 37077 Göttingen,

, Laan Sonder Naam, Groenvlei,

hts reserved.
et al., 2018). However, for the purpose of increasing or maintaining
grass production adequate to livestock farming and game ranching, it is
often mandatory to manage the woody layer by controlling density (or
cover) and recruiting cohorts in an appropriate way to sustain the eco-
nomic viability of savanna rangelands (Harmse et al., 2016; Smit, 2004).

In semi-arid Kalahari savannas, wildfires can counteract bush thick-
ening but they only occur sporadically due to often too low fuel loads
(Donaldson, 1969). For the same reason, prescribed fires that are used
for management purposes are often insufficiently hot for topkilling
large shrubs and trees and can only be applied to affect the regeneration
layer (Lohmann et al., 2014). Moreover, the option of prescribed fires is
often not realized due to the risk of going wild (Lohmann et al., 2014;
pers. comm., 2013, Kalahari farmer) and potentially decreasing grazing
capacities for an economically relevant period of time (Breedt et al.,
2013). To avoid any such risks caused by fire, many (commercial) land
users prefer mechanical and chemical treatments of bush control
(Harmse et al., 2016; Haussmann et al., 2016).

The objectives of preventing or reversing bush thickening can be
manifold, so are the potential trade-offs and undesired ecological
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side-effects of bush-control treatments (Archer and Predick, 2014;
Bezuidenhout et al., 2015; Haussmann et al., 2016). In case of southern
Kalahari savannas, many studies have shown that clearing or thinning-
out dense woody layers is in benefit for grass forage production (e.g.
Harmse et al., 2016; Meyer et al., 2001; Richter et al., 2001), while the
reduced structural complexity may come at the expense of, among
others, biodiversity (e.g. Blaum et al., 2007; Seymour and Dean, 2010),
nutrient-enriched sub-habitats (e.g. Dougill and Thomas, 2004; Hudak
et al., 2003) and ecosystem stability (e.g. Harmse et al., 2016). In order
to minimize such negative effects, Smit (2004) highlighted the impor-
tance ofmanaging thewoody layer toward awell-structured configura-
tion supporting a balanced tree:grass ratio in time. Whether this is
always feasible also depends on the ecology of concerned species and
prevalent environmental limitations to structural vegetation develop-
ment as governed by soil properties and moisture availability
(Donaldson, 1969; Smit, 2004). Hence, sustainable land management
(SLM) approaches should integrate an informed bush-control strategy
to preserve multiple ecosystem services and functions in the long-
term and to provide reliable short-term perspectives for the land user.

From an ecological point of view, a basic and simple question is:
what savanna are we actually talking about? More precisely, what is
the state or transitional condition andwhichecological side effects char-
acterize the local savanna system? Local savannas in a land-use context
aremultifaceted, rich in shapes and different in ecosystem integrity and
functioning. From the above it is apparent that SLM requiresmuch base-
line information tailored to the concerned savanna type, that helps to
better evaluate the correspondingpotential ecosystem impacts and eco-
nomic consequences. This includes information about the structural and
compositional changes that typically characterize thewoody vegetation
response to a particular management and type and intensity of bush
control. Questions of ecological and economic relevance pertain to, for
example species that are at risk of being lost from the system (with
feedbacks on the biotic and abiotic environment), the likelihood of in-
creaser species to regenerate and dominate, or time horizons of devel-
oping vegetation states with different structures and compositions
(e.g. Harmse et al., 2016; Haussmann et al., 2016; Ruwanza et al.,
2013; Smit, 2004).

In the present study we address the lack of basic information on
post-control woody vegetation in southern Kalahari savannas. We con-
ducted assessments in a semi-arid thornbush-type savanna, where the
selective and non-selective control of trees and shrubs is commonly ap-
plied to counteract bush thickening and to maintain open savanna
states. We asked:

What is the status of woody species in post-control environments in
terms of abundance patterns and population structure? Are structural
attributes of the woody layer like species richness, diversity, size distri-
bution, density and canopy area characteristic for post-control environ-
ments shaped by a certain BC treatment?

The objectivewas to provide a baseline inventory that can be used as
a reference for scientists and practitioners by providing access points for
research into processes and environmental feedback mechanisms and
by supporting the guidance of restoration and conservation efforts in
SLM, respectively. Overall, the study adds to our understanding of veg-
etation dynamics in post-control environments of this and similar sa-
vanna types.

2. Methods

2.1. Study area

The studywas conducted in theMolopo Bushveld (sensu Rutherford
et al., 2006), a thornbush-type savanna characteristic for the semi-arid
Kalahari found in the north-western part of the North West province
and in the most easterly part of the bordering Northern Cape province
in South Africa (Appendix A). The corresponding Molopo area is rela-
tively flat with predominantly deep-sandy and nutrient-poor soils.
Mean annual rainfall is about 300 mmwith an inter-annual coefficient
of variation about 47% (Harmse et al., 2016). Despite primary productiv-
ity beinghighly variable in space and timedue to the stochastic environ-
ment, it still allows for extensive cattle farming and game ranching if the
grass layer is sustainably managed (Harmse et al., 2016; Meyer et al.,
2001). Farming activities in the Molopo area became prominent in the
1950's, but inappropriate management systems and the suppression
of wildfires have been repeatedly identified as likely causes of large-
scale habitat transformations (Donaldson, 1969; O'Connor et al., 2014)
toward the dominance of woody increaser species such as Grewia
flava, Senegalia (Acacia) mellifera subsp. detinens and Vachellia (Acacia)
luederitzii (Dreber et al., 2018; Harmse et al., 2016). The increase in
woody cover continues extensively in theMolopo area already being af-
fected by bush thickening (Symeonakis et al., 2016). Similar develop-
ments of extensive savanna transformation are reported from grazing
lands just across the Molopo river in neighboring Botswana (Reed
et al., 2015). Local land users apply a range of different bush-control
treatments which vary in terms of efficiency, intensity and conse-
quently in their ecological and economic implications (Harmse et al.,
2016). Looking at the associated structural and compositional variability
of the woody layer, the Molopo Bushveld appears quite heterogeneous
in the Molopo area at landscape scale (compare Appendix B).

2.2. Site selection and treatments

The study included a total of 41 rangeland sites on five commercial
farms (Table 1; Appendix A). The sites had either a history of bush con-
trol a few years back with partly follow-up treatments, or, for reference,
were untreated with a woody layer of varying density (for details see
below). Site selection followed discussions with the land owners, who
were asked to identify representative portions of their rangelands in dif-
ferent condition with a known management history and bush-control
treatment. Apart from differences in the grazing regime and the bush-
control treatment applied (Table 1), the siteswere considered compara-
ble with respect to vegetation- and soil type, topography and climate.
Altogether, the sites formed a cross section of woody vegetation states
and transitions commonly found on rangelands within the northern
Molopo area (Appendix B).

The survey allowed to differentiate four general management prac-
tices: non-selective arboricide treatment via airplane (NAT), selective
arboricide treatment by hand (SAT1–3), stem burning (SB) and no
treatment (NoT). Sampling sites of the latter showed a range of different
tree densities, for which reason a further division into more open sites
[NoTO; b600 TE ha−1 (for definition of tree equivalents (TE) see
below)] and sites with a denser woody layer (NoTD; N600 TE ha−1)
seemed appropriate. NAT was conducted in the years 2008 and 2009.
The three SAT treatments included the one-time removal of undesirable
woody species in favor of especially the shrub G. flava in the year 2008/
09 (SAT1), the one-time removal of specifically the increaser shrub
Rhigozum trichotomum and trees V. luederitzii and S. mellifera in 2000
(SAT2), as well as the same as SAT2 but with a follow-up treatment in
2012 (SAT3). For NAT and SAT1–3 a systemic, photosynthesis-
inhibiting Tebuthiuron-based arboricide had been applied by the land
users as described in Harmse et al. (2016). SB included the selective kill-
ing of V. luederitzii and S. mellifera by putting glowing coals around the
lower basal stem area (Donaldson, 1966, 1967). SB had been conducted
in 1982 and again in 2000 to control newly established plant individ-
uals. For the purpose of this descriptive study we did not deem neces-
sary each treatment being equally represented (compare Table 1).

2.3. Sampling

The survey was conducted in February and March 2015. Per site, a
sampling unit consisted of two parallel belt transects (4 m*80 m or
4 m*100 m) about 40 m apart. They were placed in direction of the to-
pographic gradient with a random starting point of the first transect.



Table 1
Key characteristics of the commercial rangeland systems where treatment effects on the woody savanna layer were assessed. Sampling sites of NoTO and NoTD were selected in the vi-
cinity of the treated areas.We considered effects of browsing herbivores onwoody species, especially in the recruitment layer to be low and comparable among sites due to the dominance
of grazer species on the game ranch and free roamingwild (meso)herbivores in thewhole area. NAT=non-selective arboricide treatment, NoTO=no treatment, openwoody layer, NoTD
= no treatment, denser woody layer, SAT1–3 = selective arboricide treatment, SB = stem burning.

Characteristic NAT SAT1 SAT2 SAT3 SB NoTO NoTD

Land-use type Game ranching/cattle
farming

Cattle farming Cattle farming Cattle farming Cattle farming Cattle farming Game ranching, cattle farming

Grazing system Open/4 camp rotational 4 camp
rotational

6 camp
rotational

6 camp
rotational

8 camp
rotational

6- and 8 camp
rotational

Open, 4-, 6- and 8 camp
rotational

Stocking rate 10 LSU ha−1 10 LSU ha−1 10 LSU ha−1 10 LSU ha−1 12 LSU ha−1 10–12 LSU ha−1 10–12 LSU ha−1

Treatment area 1000 ha/245 ha camp−1 245 ha camp−1 119 ha camp−1 250 ha camp−1 150 ha
camp−1

146–198 ha camp−1 150–1000 ha camp−1

No. of sites 8 (4 / 4) 4 4 4 3 6 12
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All living trees and shrubs rootingwithin the beltwere identified to spe-
cies level and counted. The plant height and two maximum canopy di-
ameters (rectangular to each other) were taken. The canopy diameters
were used to calculate a proxy for canopy cover using the formula for
an ellipse: area = (π*length*width/4).

In order to account for differences in species composition and height
class distributions across sampling sites, tree density ha−1 was also
standardized into an expression for phytomass by converting plant indi-
viduals into tree equivalents, where a TE is a woody plant 1.5 m in size
(Teague et al., 1981). FollowingDreber et al. (2014), TEswere calculated
as n*h*1.5−1, where n is the tree density ha−1 and h is the mean height
(m) of a species or all recorded plantswithin pairs of belts. Plant individ-
uals were assigned a height class [≤0.5m (recruits); N0.5–1m; N1–2m;
N2–3 m; N3–5 m; N5 m] and the number of plants per class (density)
used to calculate the Shannon diversity index (H) as ameasure of struc-
tural diversity (Seymour and Dean, 2010). Species data were used to
calculate richness (S), Shannon diversity (H) and Shannon evenness
(J) (Magurran and McGill, 2011) per sampling unit.

2.4. Analyses

Differences in structural attributes of the woody layer between
treatments [i.e. post-control environments and benchmark sites
(NoTD and NoTO)] were assessed by applying one-way ANOVA
followed by post-hoc pairwise comparisons using the Tukey–Kramer
test appropriate for unequal sample sizes (Quinn and Keough, 2002).
Prior analyses, we tested for normality and homogeneity of variance
and transformed data if necessary. We note that because some sample
sizes were small, potential medium or small effect sizes may have not
been detected.

We calculated diversity profiles to compare the woody plant com-
munity structure across treatments with respect to different diversity
components. The diversity profiles were based on the exponential of
the Rényi index family (Hα), as such being basically identical to Hill's
index family (Tóthmérész, 1995). Here, a scale parameter α= 0 corre-
sponds to species richness (S),α=1 to the Shannon index (H) andα=
2 to the Simpson index (D−1), i.e. with increasing α more weight is
given species abundances and their equitability. Even though not equal-
ing evenness in the sense of diversity/richness (Tuomisto, 2012), highα
is ameasure of dominancewith the profile shape additionally indicating
how even the community structure is (Oldeland et al., 2010). In so
doing, communities can be ordered in diversity with varying degrees
of sensitivity to rare versus common species and their comparison
does not rely on a single arbitrarily selected index. A community is
truly more diverse if its diversity profile is consistently above
those of other communities, whereas communities with intersecting
profiles cannot be fully ordered in diversity (Oldeland et al., 2010;
Tóthmérész, 1995).

We usedmultivariate analyses to examine the similarity of sampling
sites across treatments and to summarize their variationwith respect to
species composition and vegetation structure. Due to the predominance
of short gradients (i.e. data were rather homogeneous), we decided for
Principal Components Analysis (PCA) as a linear type of ordination
method. It is appropriate for both species and environmental data
when applied on a variance–covariance matrix of samples x species
and a correlation matrix of samples x environmental variables (here
structural attributes), respectively (Lepš and Šmilauer, 2003). Species
data were log-transformed to downweight the influence of large abun-
dance values (outliers). Generally, the dissimilarity between samples in
a PCA ordination diagram refers to Euclidean distances, whereas the
length of the vectors indicates the strength of association with the prin-
cipal components and the angle between vectors howmuch correlated
they are. Sample points are to be projected perpendicular to the vectors
with their ordering providing an indication of a variable's value across
the samples (Lepš and Šmilauer, 2003).

Population structure and trends of key species were graphically ex-
amined by plotting the mean plant density of height classes per treat-
ment (Gordijn and Ward, 2014). In consideration of the partly
extreme variation in plant numbers among height classes, density
values were transformed by ln (x + 1) (Mwavu and Witkoswki,
2009), improving visualization of population structure and facilitating
the interpretation of population trends. Species included the two most
frequent increaser shrubs G. flava and S. mellifera, as well as the trees
B. albitrunca and V. erioloba both representing important structural
elements in the savanna system. Interpretation of population trends fol-
lows Breebaart et al. (2001) and Rao et al. (1990): (1) reverse J-shaped
size distributions indicate healthy populations with good rejuvenation
and recruitment under constant conditions; (2) a weak reverse J-
shape, i.e. with fewer individuals in the smaller height classes, suggests
a hampered regeneration; (3) L-shaped size distributions indicate a re-
cent recruitment event following an event of exceptional mortality of
individuals across demographic stages; (4) normal distributions
(hump-shaped) suggests infrequent recruitment and potentially an in-
creased risk of population extinction; (5) uneven size distributions
point toward pulsed recruitment patterns and high survival rates in
disturbance-driven environments; (6) low densities or missing classes
in-between height classes may either refer to limited sampling or indi-
cate some sort of recruitment- or growth-inhibiting disturbances such
as fire or browsing.

All analyses were done using PAST v.3.06 (Hammer et al., 2001).

3. Results

3.1. Species patterns

A total of 18 tree- and shrub species were recorded (Table 2). The
species G. flava and S. mellifera were most frequently observed and
most abundant across the study area, though their lower phytomass
than density was indicative for a relatively large proportion of small in-
dividuals (Table 2). The status of S.mellifera as themost severe increaser
and thickening species and primary target of bush-control measures
was also reflected by its large range of density and phytomass



Table 2
Abundance distribution of woody species across the study area and treatments. Species are listed in decreasing order of their frequency given as the percentage of sites (sampling units),
which contained the species [(total no. of sites with spp.1 / total no. of sites sampled)*100].

Species % Frequency Tree density (plants ha−1) Phytomass (TE ha−1)

Mean (±SE) Range Mean (±SE) Range

Grewia flava 97.56 225.96 ± 21.57 468.90 198.03 ± 18.34 466.40
Senegalia mellifera 90.24 179.77 ± 31.60 1128.49 116.70 ± 19.83 476.19
Boscia albitrunca 87.80 51.31 ± 7.33 221.95 54.86 ± 10.29 274.15
Vachellia erioloba 85.37 57.32 ± 8.43 225.00 65.45 ± 13.57 360.42
Lycium cinereum 58.54 29.43 ± 7.28 234.45 14.61 ± 3.61 120.87
Ehretia rigida 56.10 31.79 ± 6.84 175.06 8.73 ± 1.83 46.59
Vachellia luederitzii 53.66 62.29 ± 19.26 597.07 80.73 ± 26.39 824.84
Searsia tenuinervis 41.46 32.33 ± 13.29 425.14 9.77 ± 3.71 94.72
Grewia retinervis 39.02 21.27 ± 6.22 159.43 19.72 ± 7.13 202.56
Lycium hirsutum 36.59 10.59 ± 2.68 50.00 4.72 ± 1.28 32.09
Dichrostachys cinerea 31.71 42.70 ± 19.23 672.09 15.86 ± 8.61 342.82
Ziziphus mucronata 29.27 6.63 ± 1.92 34.39 7.35 ± 2.28 57.20
Cadaba aphylla 19.51 3.13 ± 1.09 18.76 0.75 ± 0.28 6.04
Rhigozum brevispinosum 17.07 37.21 ± 26.52 1050.34 11.60 ± 8.64 343.02
Vachellia hebeclada 12.20 2.21 ± 1.08 25.00 1.39 ± 0.63 11.75
Terminalia sericea 9.76 2.21 ± 1.15 18.76 1.21 ± 0.65 14.58
Vachellia haematoxylon 7.32 3.05 ± 1.84 37.50 3.42 ± 2.14 52.83
Rhigozum trichotomum 2.44 0.30 ± 0.30 0.00 0.29 ± 0.29 0.00
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(Table 2). In contrast, frequent trees like B. albitrunca and Vachellia
erioloba had in average a low density but higher phytomass (Table 2),
suggesting abundantmature individuals. Among the remaining less fre-
quent species, Dichrostachys cinerea, V. luederitzii and especially
Rhigozum brevispinosum were relatively abundant at some locations as
indicated by the standard error and range of respective plant densities
(Table 2).

The PCAexplained about 58% of the variability in species distribution
with the first principal component (axis) separating the species-diverse
from the species-poor savanna sites (Fig. 1). Most species were posi-
tively associated with the untreated, relatively dense growing woody
layer (NoTD) and to a lesser extent with the non-selective treatment
(NAT) and the selective treatment SAT1 (Fig. 1). Accordingly, NoTD
sites were the most species diverse and evenly structured followed by
NAT- and SAT1 sites (Fig. 2). The NoTD sites were characterized by
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increased abundances of the tree V. luederitzii and a prominent shrub
layer dominated by Lycium cinereum, Eragrostis rigida, Searsia
tenuinervis and R. brevispinosum. Despite some within-group variation,
thewoody layers followingNAT and SAT1were relatively similar in spe-
cies composition. The increaser species D. cinerea, Grewia retinervis and
S. mellifera were strongly associated with respective sites (Fig. 1).

In contrast to SAT1, the selective control of increaser species showed
to have the potential to also create species poor communities of low di-
versity as in the case of SAT2 and SAT3 (Fig. 2). Here, many specieswere
absent and others occurred at low abundance. Accordingly, the woody
layer was dominated by a few species, notably Vachellia haematoxylon
and V. erioloba (Fig. 1), which are usually not treated during bush-
control operations if not accidentally treated or cleared in the course
of non-selective treatments (e.g. NAT). In comparison, untreated open
savanna layers (NoTO) were similar in species composition to SAT2
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Fig. 2. Diversity profiles for the woody savanna layer across treatments. The profiles are
based on the exponential of the Rényi index family. NAT = non-selective arboricide
treatment; NoTO = no treatment, open woody layer; NoTD = no treatment, denser
woody layer; SAT1–3 = selective arboricide treatment; SB = stem burning.
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and SAT3 (Fig. 1), even though NoTO featured more species and the
sites were more diverse and even in structure (Fig. 2). Stem burning
(SB) resulted in a woody layer of intermediate richness and diversity
(Fig. 2).

3.2. Population structure

In untreated savannas (NoTD and NoTO), the height-class distribu-
tion of the increaser shrubs S. mellifera and G. flava was uneven, and in
case of the latter approximated a hump-shaped distribution in denser
woody layers (NoTD). Both tree species displayed a reverse J-shaped
population structure in dense savannas, whereas in the open savannas
mature individuals of B. albitrunca were largely absent and the height-
class distribution of V. erioloba was uneven (Fig. 3).

Following the non-selective removal ofwoody species (NAT), both S.
mellifera and V. erioloba displayed a L-shaped population structure, but
the former had a higher recruitment rate. Grewia flava displayed a con-
stant decrease in height-class density and B. albitrunca had an uneven,
concave-like height-class distribution, i.e. recruits and mature individ-
uals were most abundant (Fig. 3).

In general, S.mellifera showed strong recruitment andhighmortality
in the larger height classes in response to the selective arboricide treat-
ments (SAT1–3). Compared to SAT2, the follow-up control of S. mellifera
(SAT3) further reduced the density of medium-sized individuals. The
population structure of G. flava was hump-shaped irrespective of the
SAT treatment. B. albitrunca displayed a reverse J-shaped height-class
distribution following SAT1 but a weak J-shaped distribution following
SAT2 and SAT3. The population structure of V. erioloba was variable
across the SAT treatments displaying an uneven height-class distribu-
tion in SAT1-sites, a weak reverse J-shaped size structure in SAT2-sites
and a L-shaped size structure in SAT3-sites (Fig. 3).

The double SB treatment eradicated all height classes of S. mellifera
but recruitment occurred in the meantime. Grewia flava approximated
a J-shaped and B. albitrunca a reverse J-shaped height-class distribution,
at least as far as could be deduced from the number of individuals re-
corded at the sampling sites. In contrast, V. eriolobawas relatively abun-
dant across demographic stages, displaying an uneven height-class
distribution (Fig. 3).

3.3. Vegetation structure

Differences in vegetation structure between treatments clearly
reflected the intensity and level of selectivity with which the
bush-control treatments had been applied. While all treatments
resulted in fairly open environments resembling plant densities found
inNoTO sites, the selective controlwith follow-up treatment (SAT3) sig-
nificantly lowered the standingwoody phytomass (Table 3). Phytomass
was also comparatively low in NAT sites and together with the highest
proportion of recruits and smallest individuals in the category “b2 m”
it relativized the high plant density (Table 3). Hence, contrary to the
dense woody layer of NoTD sites, NAT sites were characterized by a
prominent recruitment layer and overall significantly lowest structural
diversity (Table 3). Comparing the non-selective (NAT) and selective
treatments (SAT1–3, SB), it was apparent that they differed significantly
in the height structure of a lower and upper woody stratum, whereas
these strata were comparable among the selective treatments and in
comparison to both untreated conditions (NoTO and NoTD) (Table 3).
NoTO sites had in average the tallest tree stands with correspondingly
large canopies (Table 3).

In correspondence to above described differences, the PCA of struc-
tural variables revealed not only distinct patterns between bush-
control treatments and their separation from the benchmark sites, but
also that there is much variation in the development of the woody
layer. The first three principle components (PCs) explained about 95%
of the structural variability among the sampling sites. PC1 had a large
positive association with the proportion of recruits in the woody layer,
as well as negative associations with average plant height and height
below 2m (Table 4). Accordingly, it separatedNAT from the other treat-
ments, where the recruitment layer was generally less strongly devel-
oped, increasing the average height of trees and shrubs (Fig. 4A). PC2
was positively associated with especially woody phytomass, plant den-
sity and structural diversity (Table 4). These variables were strongly
correlated and characterized major gradients between NAT and NoTD
environments (Fig. 4B). The corresponding scores of the NoTO samples
and those of the selective treatments were lower, hence sample sites
appeared in an intermediate stage. However, there was still some
within- and between-group variation as shownby the varying distances
to either sites of the major gradients (Fig. 4B). PC3 was strongly associ-
ated with mean canopy area and species evenness (Table 4), separating
especially NoTO from SAT1–3 (Fig. 4B).

4. Discussion

4.1. Woody vegetation in non-selectively controlled sites

The non-selective arboricide treatment (NAT) can be considered
most destructive because of its clearing-like character affecting the
woody savanna layer as a whole (see Appendix B). In the present
study, the corresponding loss of structural diversity also came at the ex-
pense of individuals of V. erioloba important for biodiversity conserva-
tion (Seymour and Dean, 2010), enriched soils and favorable
microclimates (Thomas et al., 2018). The species' population structure
indicated a high mortality in especially the woody stratum above 2 m
(height classes 4–6) compared to the benchmark sites. In the created
open savannas, only a few large solitary B. albitrunca trees protruded
from the grass matrix (compare Appendix B), confirming the notion of
Moore et al. (1985) that this species responds less sensitive to the ap-
plied Tebuthiuron-based arboricide. However, Bezuidenhout et al.
(2015) pointed out that delayed effects caused by Tebuthiuron's possi-
ble accumulation, persistence and potential of groundwater contamina-
tion cannot be fully excluded. Low densities of S. mellifera in height class
3 and above suggest that the treatment via airplane accidentally missed
somemedium-sized (saplings) and larger individuals, whichmay vary a
lot with application procedure and treatment intensity.

Following themetabolism or leach of the arboricide's active ingredi-
ent Tebuthiuron into deeper soil layers, it seems that manywoody spe-
cies were able to re-establish likely due to a viable seed bank, an
initially competition-free environment, and thus an increased resource
availability (Bezuidenhout et al., 2015;Harmse et al., 2016). The evolved
transitional state showed to be the second-most species rich and diverse



Fig. 3.Density of the four dominant species in different height classes per treatment. Height classes: H1= ≤0.5 m; H2= N0.5–1m; H3= N1–2m; H4= N2–3m; H5= N3–5m; H6= N5m. Treatments: NAT= non-selective arboricide treatment;
NoTO = no treatment, open woody layer; NoTD = no treatment, denser woody layer; SAT1–3 = selective arboricide treatment; SB = stem burning.
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Table 3
Structural attributes of thewoody layer across treatments (for comparisons of species richness and species diversity refer to the Rényi diversity profiles in Fig. 2). Values are themean± SE
per treatment. The lowest and highest value in a row is highlighted in bold. Different superscripts indicate significant differences (p b .05) between treatments (Tukey–Kramer test). NAT
=non-selective arboricide treatment, NoTO=no treatment, openwoody layer, NoTD=no treatment, denserwoody layer, SAT1–3= selective arboricide treatment, SB= stemburning.

Attribute Treatment

NAT SAT1 SAT2 SAT3 SB NoTO NoTD

Density (plants ha−1) 707.26 ± 140.32abc 953.43 ± 106.58ac 431.25 ± 58.30ab 290.63 ± 22.46b 462.50 ± 52.04ab 437.50 ± 52.93ab 1365.98 ± 216.77c

Phytomass (TE ha−1) 341.95 ± 32.20ac 628.72 ± 52.32b 360.48 ± 38.34ac 242.83 ± 15.07c 437.78 ± 25.78ab 464.31 ± 27.83ab 1121.61 ± 103.45d

% Recruits (b0.5 m) 69.93 ± 4.68a 34.53 ± 7.94ab 18.64 ± 6.71b 30.18 ± 6.95b 29.98 ± 2.30b 32.96 ± 9.12b 28.80 ± 3.41b

Height (m) 0.82 ± 0.10a 1.01 ± 0.10ab 1.30 ± 0.16ab 1.28 ± 0.15ab 1.47 ± 0.23ab 1.71 ± 0.22b 1.39 ± 0.11ab

Height below 2 m 0.43 ± 0.03a 0.85 ± 0.08b 1.12 ± 0.13b 1.03 ± 0.10b 0.91 ± 0.07b 0.89 ± 0.14b 0.86 ± 0.05b

Height above 2 m 4.76 ± 0.22a 2.62 ± 0.22b 3.11 ± 0.29b 3.02 ± 0.20b 3.19 ± 0.60b 3.61 ± 0.42ab 3.07 ± 0.11b

Canopy area (m2) 5.42 ± 0.96abc 2.64 ± 0.31a 4.28 ± 0.39ab 5.14 ± 1.27abc 6.04 ± 1.59bc 9.58 ± 1.23c 5.15 ± 0.61abc

Structural diversity (H) 0.87 ± 0.09a 1.25 ± 0.05b 1.22 ± 0.04b 1.34 ± 0.09b 1.49 ± 0.08b 1.37 ± 0.07b 1.47 ± 0.03b
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with an evenly structuredwoody community forming a fairly dense re-
cruitment layer. In this respect, the population structure of G. flava and
S.mellifera indicated a recent recruitment event thatmust have followed
a period of frequent rainfall since arboricide application eight years ago
(see also discussion in Harmse et al., 2016). Senegalia mellifera can be a
highly problematic species in Kalahari savannas.While it providesnutri-
tious browse for game and livestock (van Rooyen et al., 2001) and con-
tributes to the availability of nutrient-enriched subhabitats (“islands of
fertility”) in these systems (Hagos and Smit, 2005;Ward et al., 2018), it
suppresses herbaceous plant growth in the understory (Ward et al.,
2018) and beyond the canopy spread (Donaldson, 1969) (see also Ap-
pendix B). Further, populations of this species tend to form thickets
given: (1) favorable conditions for seed production and germination,
(2) a lack of fires or browsing as demographic bottlenecks, and/or (3)
the overgrazing of a competitive grass layer (Donaldson, 1969; Harmse
et al., 2016; Kraaij andWard, 2006; Skarpe, 1990). Likewise, G. flava has
the potential to increase in abundance once competition by grasses
Table 4
Component loadings of individual variables used in the Principal Component Analyses of
the woody plant communities (upper part) and vegetation structure (lower part) in cor-
respondence to Figs. 1 and 4.

Variable Principal components

PC 1 PC 2 PC 3

Species
Vachellia erioloba −0.12129 0.069494
Vachellia haematoxylon −0.092163 −0.019705
Vachellia hebeclada −0.024328 0.11857
Vachellia luederitzii 0.51449 0.12584
Senegalia mellifera 0.14855 −0.11324
Boscia albitrunca 0.18449 −0.076234
Cadaba aphylla −0.0078473 −0.038031
Dichrostachys cinerea 0.24413 −0.62342
Ehretia rigida 0.37906 0.16572
Grewia flava 0.074136 0.094997
Grewia retinervis 0.31035 −0.37533
Lycium cinereum 0.41322 0.14666
Lycium hirsutum −0.08717 0.40541
Rhigozum brevispinosum 0.16334 0.27085
Searsia tenuinervis 0.32421 0.31241
Terminalia sericea 0.016519 −0.14535
Ziziphus mucronata 0.19957 0.028954

Structural attributes
Density (plants ha−1) 0.26785 0.38825 −0.20637
Phytomass (TE ha−1) 0.10454 0.52924 −0.085761
% Recruits (b0.5 m) 0.42169 −0.23854 0.095415
Height (m) −0.40682 0.14652 0.26641
Height b 2 m −0.43819 0.12303 −0.13199
Height N 2 m 0.23556 −0.26065 0.34491
Canopy area (m2) −0.21785 −0.072403 0.53181
Species richness (S) 0.32242 0.36349 0.050091
Shannon diversity (H) 0.27988 0.32914 0.35308
Evenness (Shannon J) 0.040765 0.15101 0.5612
Structural diversity (H) −0.30838 0.37312 0.093035
(Skarpe, 1990) or other woody species (Hesselbarth et al., 2018) is re-
moved (compare Appendix B).

The assessed NAT rangelands can be assumed to possess low func-
tional integrity (sensu Ludwig et al., 2004): Results suggest that NAT
is capable of effecting a long-standing change of the horizontal and ver-
tical structural heterogeneity of the woody layer, coming along with a
lowered ability of the ecosystem to retain water and accumulate nutri-
ents in the soil and to benefit biodiversity. Moreover, while the compet-
itive environment favors the development of a productive grass layer,
the strongly developed recruitment layer indicates an increased risk of
a re-thickening woody layer (compare Harmse et al., 2016). At least,
the composition and diversity of the recruitment layer suggest that
non-selectively treated woody communities do not necessarily have to
develop into mono-dominant stands of serious increaser species (com-
pare Appendix B) andmultiple pathways are possible depending on the
climatic conditions triggering recruitment events, timely follow-up
treatments and an adaptedpost-control grazingmanagement (compare
Harmse et al., 2016; Smit, 2004).
4.2. Woody vegetation in selectively controlled sites

Compared to the newly developing woody layers in NAT sites, SAT
communities were more heterogeneous in vegetation structure (see
also Appendix B) but less so in species composition, i.e. species diversity
was lower. In case of SAT2 and SAT3, species diversity was even lower
than in the open configuration of non-treated sites (NoTO). Neverthe-
less, the average recruitment level of species and height structure was
comparable to those of the benchmark sites (NoTO andNoTD). Unfortu-
nately, we do not know how the initial composition looked like, and
therefore could only consider the common species pool of the bench-
mark sites as representative for the study area. Given similar soil prop-
erties and climatic conditions across sampling sites, the very low
diversity and amount of recruits characterizing SAT2 sites might be
explained by either increased browsing, a weak seed bank and/or a
less selective treatment of species across demographic stages. The
very low tree diversity, density and phytomass characterizing SAT3
sites may depict a manifested long history of bush control toward the
creation of grasslands for forage (meat) production.

Vachellia erioloba and S. mellifera populations were similar in that
they: (1) showed a healthy recruitment comparable to conditions in
benchmark sites and (2) lacked mature individuals. In case of V.
erioloba, the absence of height classes 4–6 in SAT1 and SAT2 sites
may document the threat of accidentally treating individuals of
non-target species (see also Appendix B). The population structure
of G. flava indicated infrequent recruitment and a risk of population
declines. However, the comparatively low densities of recruits com-
pared to other species in most treatments corresponds to the re-
ported “low emergence rate and high juvenile mortality” being
characteristic for this species (Tews and Jeltsch, 2004). A similar pat-
tern was found in NoTD sites.
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Fig. 4. Principle Component Analysis of the vegetation structure across treatments. Shown are the principal components 1 and 2 (A) and 2 and 3 (B), explaining about 41.8%, 30.8% and
22.6%, respectively, of the structural variability among sampling sites. For component loadings see Table 4. Symbol coding of treatments as in Fig. 1.
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TheSB treatment targetingS.melliferawasobviouslyconductedquite
accurate and did not harm other species. The population structure of S.
mellifera indicated that the treatmentwas effective, i.e. all height classes
exceptH1were absent and the observed lack of coppice shoots point to-
ward total bud and root kill (Donaldson, 1966, 1967). The woody layer
was of intermediate species richness and diversity and structurally di-
verse, overall pointing toward a favorable condition for biodiversity
and stability (compare above and Appendix B). Thus, SB can be consid-
ered a “green” alternative to the selective bush control with chemicals.
However, the effort of SB is certainly much more time- and labor-
consuming. Experiments have shown that nomatter which fuels for SB
are used, the killing of a larger plant individual requires an effective
burn of at least 3min (Donaldson, 1967). In comparison, SAT by hand is
quicklydonebydroppinggranulesorsprayingsolutionunder thecanopy
(Harmse et al., 2016) and thenonly relies ona rainfall event transporting
the arboricide into the ground.

It is often recommended that if bush-control treatments are applied,
care should be taken to keep a certain proportion of trees and shrubs as
fodder sources for browsing livestock and game, as habitats for a variety
of plants, animals and microbes (Hagos and Smit, 2005; Harmse et al.,
2016; Seymour andDean, 2010; Thomas et al., 2018). SAT and SB allows
to create such a savanna ecosystem. The option of thinning out undesir-
able woody species and treating individual based across demographic
stages has the advantage of being able to opt for a preferred intensity
and tree:grass ratio, while keeping functionally important structural el-
ements. In order to effectuate amore stable environment, low-intensity
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thinning is therefore recommended over intensive thinning, because it
allows to specifically promote growth and competitive strength of
some remaining trees, which can suppress the surrounding regenera-
tion of woody increaser species (Smit, 2004). Accordingly, outcomes
of selective treatments can differ to a great extent, as documented in
the present survey. On the one hand, this may relate to different
needs, outlooks and preferences of the land owners according to their
land-use objectives. On the other hand, outcomes are sensitive to the
appropriateness and carefulness of the treatment, and easily configura-
tions are established that have undesirable side effects which are hardly
reversible. Moreover, restoration and regeneration of woody communi-
ties is a slow process. This is why selective bush-control treatments
should formulate clear requirements regarding woody layer density,
height structure and composition before being preferably conducted
by trained laborer who must have sufficient species knowledge.

4.3. General considerations concerning local bush control

The above described response patterns of different woody species
and the resulting shape of the woody savanna layer documents a
cross-section of different savanna states and transitions in the semi-
arid Kalahari of the Molopo area in South Africa. Some of these suggest
that bush control can be harmful to the local ecosystem, pointing to-
ward the responsibility of properly applying a treatment, especially as
some treatment effects may persist and change the ecosystem over an
extended period of time (Bezuidenhout et al., 2015). Accordingly,
good knowledge about the ecology of concerned species and solid infor-
mation about the used arboricide is crucial to assess woody responses
and possible directions of post-control vegetation development in a
specific environmental context.

Intheintroductionwenotedthe importanceofaligningthebush-con-
trol treatmentwith theprevailing environmental conditions and charac-
teristics of the target woody species. Life-history strategies are of special
relevance, with the species' performance, re-colonization potential and
spread often being highly dependent on the quantity of a viable seed
bankanddispersal ability (Donaldson, 1969), thequantity andfrequency
of seasonal rainfall over multiple consecutive years as determinants of
successful germination and establishment (Bezuidenhout et al., 2015),
as well as the species' competitive strength and ability to use windows
of opportunities. For example, the coarse-structured, deep sandy and
well leached soils of the surveyedwater-limited Kalahari environments
facilitate the establishment of woody species, whose taproot can rapidly
penetrate soil into layers below the upper grass-tree competition zone
(Donaldson, 1969; Kambatuku et al., 2013; Wilson and Witkowski,
1998). An additional extensive lateral root system, as in G. flava and S.
mellifera, allows to effectively andefficiently exploit also themoisture re-
sources of the topsoil (Donaldson, 1969). Accordingly, disturbances that
lowers tree–tree and tree–grass competition (e.g. fire, drought,
overgrazing, bush control) may initiate or accelerate the thickening up
of the so-called increaser woody species (Kraaij and Ward, 2006;
Skarpe, 1990, 1980). Species like S. mellifera shed their seeds close to
the parent plant, where grass competition and risk of fires is low, giving
seedlings an advantage during early life stages. In contrast, due to the
zoochorous dispersal mode of V. erioloba, B. albitrunca and G. flava, indi-
viduals of these species often have to recruit in more competitive and
fire-prone habitats, likely slowing down their establishment rate in the
grass matrix (Donaldson, 1969). However, according to Tews et al.
(2004), cattle browsing on fruiting G. flavamay intensify seed dispersal
and, in the long term, facilitate the development of dense stands.

Another crucial factor to consider is the species' sensitivity to the ap-
plied arboricide (Moore et al., 1985), in our case a Tebuthiuron-based
chemical, and how the species interact with the active ingredient in
the soil over time (du Toit and Sekwadi, 2012). This may be decisive
for treatment effectiveness, plant recovery rates and potential lags in
the response of some species (for related management implications in
the same environmental context like the present study see Harmse
et al., 2016). In the sandy Kalahari soils with low organic matter and
clay content, Tebuthiuron is quitemobile and easily leached into deeper
soil layers. Hence, its effect on shallow-rootingwoody species is tempo-
rary, whereas there is concern that it could remain active some time and
in the long term affect slow-growing and deep-rooting species (com-
pare Bezuidenhout et al., 2015). However, we are not aware of any
study that has analyzed and monitored the fate of such an arboricide
in deep sandy Kalahari soils. This seems to be long overdue also because
of some conflicting views among and between scientists and land users,
resulting in scientific but also economic uncertainty. Bush control with
arboricides therefore requires a very thorough and foresighted planning
and an ecologically responsible implementation.

5. Conclusions

The study documents how different bush-control treatments can
shape the structure and alter the composition of the woody layer in a
semi-arid Kalahari savanna. Intense thinning, for which there can be
an economic logic, showed to create “artificial” savanna landscapes of
low woody phytomass and structural diversity and with a prominent
and diverse recruitment layer. Selective thinning largely resembled
the structure of woody communities found in benchmark sites but still
the active interferencewas apparent in some cases through a lower spe-
cies richness, diversity and evenness. Results suggest that high intensity
and/or low selectivity of bush control pose a threat to local biodiversity
and landscape integrity. However, the induced changes are not perma-
nent as recruitment occurred to varying degrees amongwoody species,
offering different pathways in post-control vegetation development.

The results allowed us to draw some basic conclusions about the im-
pact potential of selected bush-control treatments, whereas the total
survey provides valuable baseline information that add to the available
information from related descriptive and experimental studies con-
ducted in the Molopo area (e.g. Donaldson, 1966, 1967, 1969; Harmse
et al., 2016; Meyer et al., 2001; Moore et al., 1985; Richter et al.,
2001). Together, this information can help land users tomake appropri-
ate management choices to prevent or mitigate negative effects of both
bush thickening and its control. Moreover, it can serve as reference for
decision making in similar semi-arid and deep-sandy savanna systems.

The present study should motivate to conduct more detailed com-
parative assessments of a larger set of bush-control treatments and
samples embedded in a monitoring framework. This would allow to in-
tegrate interfering factors like grazingmanagement and spatiotemporal
rainfall patterns that are crucial determinants of woody layer dynamics
and may have influenced the short-term site-specific vegetation devel-
opment since bush control took place. It would also allow to assess pos-
sible long-term ecological effects associated with the use of arboricides
in this type of savanna.

Still, in order to better understand recruitment, growth andmortality
patterns of local woody species, more research is needed into tree–grass
and tree–tree interactions (e.g. Hesselbarth et al., 2018) and species-
specific population dynamics (e.g. Joubert et al., 2017). Moreover, while
relationships between grass productivity and bush cover or density are
relatively well established for some semi-arid Kalahari savannas, less is
known with respect to changes in ecosystem functioning, especially
after theapplicationofcertainbush-control treatments.Duetotraitdiffer-
encesbetweenwoodyspecies, it is likely that the functionalconsequences
of thinning andthickening vary considerablywith the selectionof treated
species and the species increasing in abundance, respectively (Linstädter
et al., 2016; Randle et al., 2018). Overall, this knowledgewould improve
our ability to predict bush-thickening dynamics under different land-
useandclimate scenarios (e.g. Tewsand Jeltsch,2004), to createasuitable
competitive environmentwithin and between the vegetation layers and
ultimately to align the post-control management of the woody layer ac-
cordingly (Donaldson, 1969; Smit, 2004).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sajb.2019.08.026.
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