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High bush density and cover have negative effects on the environment in general and on
livestock production, in particular in savanna rangelands. The study examined the effects
of bush control techniques on woody sapling recruitment in the low land savanna region.
The study consisted of 21 plots located next to each other on an area of 5.3 ha encroached
by Acacia mellifera and Acacia reficiens trees. Seven bush control treatments were
assigned randomly to the plots and replicated three times. In the bush clearing plot,
woody species were removed at ground level using a handsaw. In the tree thinning;
thinning and grazing; thinning and browsing; thinning and fire, and thinning with fire-
browsing treatments, trees were thinned to the equivalents of 60% of the density of that of
the control plot. Positive changes in sapling densities were observed in the clearing,
thinning, and thinning and grazing treatments. In contrast, the control, thinning and
browsing, and thinning and fire treatments presented negative changes in densities. A
change in sapling density was highest in the cleared plot, whereas it was lowest in the
thinning, fire, and browsing treatment. The correlation between changes in sapling
densities and new recruitments was highly (p < 0.001) significant in the clearing,
thinning, and thinning and grazing treatments thus increased sapling recruitment with
the proportion greater for the clearing treatment. The significant correlation induced
average sapling recruitment in the control, and low in the thinning with browsing and
thinning with fire treatments. The relationship was insignificant in the thinning, fire, and
browsing combination treatment and resulted in the lowest rate of saplings’ recruitment.
Postthinning techniques reduced woody tree recruitment andwould sustain open savanna
under the continuous management plan.
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1 INTRODUCTION

Savannas are described by a continuous herbaceous layer with
a widely spaced woody plant species (Scholes and Archer,
1997; Desta and Coppock, 2004). Study reports (Smit, 2004;
Vadigi, 2013) have indicated that density and distribution of
trees in savannas maintain ecosystem structure. Woody plants
in savannas create favorable microenvironments through
deposition of leaf litter and shading and habitats that can
support a great diversity of flora and fauna (Smit, 2004).
Furthermore, trees increase plant species richness and
structural complexity by providing a distinct microclimate
under subcanopy areas with increased soil nutrients
(Manning et al., 2006). African savannas are an important
wildlife habitat, provide forage to livestock, and are also a
major source of food, fuel wood, and other products (Dalle
et al., 2006a; Solomon et al., 2006b; Mworia et al., 2008a).
However, an increase in woody plants density is considered a
serious problem to the quality, productivity, economic
viability of rangelands, and ecological integrity of savanna
ecosystem (Ward 2005; Archer et al., 2017; Belayneh and
Tessema, 2017). Ecologists are concerned about the loss of
biodiversity as savanna grassland is lost to bush encroachment
(Solomon and Mblambo, 2010; Smit, 2014). In African
savannas, the problem of bush encroachment has also
raised concerns among pastoralists whose livelihood
depends on livestock production.

The competition for different resources between grass and
woody plants has been widely documented as an important driver
of savanna dynamics (Riginos, 2009; Cramer et al., 2010; Ward
and Esler, 2010). The survival and growth of tree seedlings/
saplings most often are suppressed by competition within the
herbaceous layer (Riginos and Young, 2007) and are mainly
influenced by the availability of light, water, and soil nutrients
(Kraaij and Ward, 2006). Riginos (2009) found that grass
competition strongly suppressed all demographic stages of tree
growth. When grass was removed, tree growth rates doubled for
all tree age classes. A healthy grass sward and sound grazing
management may limit the ability of woody plants to germinate
and establish, therefore controlling the density of woody plants
(Hagenah et al., 2009; Cramer et al., 2010). Grasses may also
provide moist microclimatic conditions (Grellier et al., 2012) and
cover from browsers, facilitating tree sapling establishment
(Riginos and Young, 2007; Seymour, 2008).

Solar energy is the principal resource requirement for plant
life, and plants compete for it as they struggle to establish
(Holmgren et al., 1997). The intertree competition has been
noted to have an important effect on woody plant density and
structure in savanna (Wiegand et al., 2006). Wiegand et al. (2008)
indicated that self-thinning will take place in woody layer as
competition for light and water increases. During this process, the
different plant species that are adapted to specific
microenvironment conditions will colonize the gaps in the
canopy and the various subcanopies (Scholes and Archer 1997;
Reynolds and Ford, 2005). As shading becomes more intense,
seedling and grass establishments decrease, and the vegetation
physiognomy will progress toward larger, more widely spaced

woody individuals (Reynolds and Ford 2005; Wiegand et al.,
2006).

The amount of water may also variably affect all growth stages
of vegetation in savannas (Scholes et al., 2002; Bond, 2008). High
and frequent rainfall has been shown to increase the
establishment of Acacia seedlings (Ward 2005; Kraaij and
Ward 2006). Grasses on the other side can establish
themselves in the presence of low rainfall (Menaut, 1983). The
length and severity of the dry period limit seed germination and
establishment, resulting in decline of woody plants in arid
savannas (Wiegand et al., 2006). A shortage of water has been
recorded to result in the death of seedlings and mature trees
(Mueller et al., 2005; Dalle et al., 2006a). The favorable rainfall
events for woody plant establishment are thus required in
domination of the savanna vegetation (Wiegand et al., 2006).

Factors such as fire and herbivory generally cause high
mortality of establishing woody plants (Sankaran et al., 2005).
Fire plays an important role in affecting woody plant community
structure in African savannas, controlling tree density and
improving fodder quality (Angassa and Oba, 2009; Midgley
et al., 2010; Devine et al., 2015). Frequent and hot fires limit
woody density and cover and maintain trees in a juvenile state by
killing seedlings/saplings, retarding the transition of savanna to
closed woodlands system (Wiegand et al., 2006; Devine et al.,
2015). Herbivores are the major drivers of vegetation dynamics
through directly reducing the abundance of the plants they
consume and altering the competitive interactions between
woody and herbaceous layers (Wiseman et al., 2004; Riginos
and Young, 2007). The effects of herbivores on savanna
ecosystems will vary, depending on the vegetation type, the
herbivore, and the environment. Bond (2008) found herbivory
together with fire to be key determinants of vegetation structure
and other ecosystem functions. Browsers prevent woody plant
recruitment to matured individuals attributed to their browsing-
induced mortality of woody seedlings and saplings (Augustine
and McNaughton, 2004; Sankaran et al., 2008). On the contrary,
intensive grazing is normally associated with an increase in
woody density (Riginos and Young, 2007). Overgrazing mainly
by cattle has been found to establish woody seedling, reduce
competition from grazed grasses, and reduce fire frequency and
intensity due to lowered grass-fuel loads (Oba et al., 2000a;
Roques et al., 2001).

The Boran savanna of southern Ethiopia supports a great
diversity of livestock. The livestock are sources of food, income,
prestige, and security in times of hardship. They depend on native
vegetation for forage (Coppock, 1994; Angassa, 2005). The
Borana pastoralists traditionally practiced strategic grazing
management to avoid local overstocking around the scarce dry
season water sources. They used different grazing areas in the dry
and wet seasons (Coppock, 1994). This management regimen,
variable climatic events, and the planned use of range burning
maintained a relatively stable tree–grass balance (Angassa, 2002).
However, the conditions in the Borana rangelands were changed,
and the communal grazing land was encroached by trees of
different species, which in turn reduced the herbage
composition and production of the rangelands (Coppock,
1994; Dalle et al., 2006a). Increased grazing pressure,
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suppression of fire, exclusion of browsing ungulates, and
stochastic rainfall events have been reported to increase
bush density and resulted in a general decline in rangeland
production (Oba et al., 2000b; Desta and Coppock, 2002;
Angassa and Oba, 2008) and negatively affected pastoral
production in the area (Dalle et al., 2006a). Manual clearing
of woody plants was initiated as an option to reduce the
adverse effects of bush encroachment on rangeland
production and people’s livelihood (Forrest et al., 2015).
However, removing of woody plants through clearing had
no long-term positive effects on bush density and livestock
forage production (Dalle et al., 2006a; Angassa and Oba, 2009).
Bush clearing (BC) appears to be critically important in the
beginning of the new encroachment process because it creates
opening for tree seeds to germinate and seedlings/saplings/
woody plants to establish and reoccupy the cleared areas,
particularly when the herbaceous seed bank is depleted
(Masters and Sheley 2001; Smit, 2004).

Smit (2014) suggested the option of tree thinning rather than
tree clearing to implement a sustainable woody–grass ratio. This
can be achieved by tree thinning to a predetermined density, after
which postthinning operations, including low-level stocking rates
with the control of regeneration in woody vegetation (Higgins
et al., 2007), follow to keep the woody–grass ratio in equilibrium
(Smit, 2004; Archer et al., 2017). Tree thinning, by means of
mechanical or some other method, results in immediate changes
in composition between woody and herbaceous plants (Smit,
2005; Smit 2014). However, Smit (2004) described that the results
of woody plant removal may differ between vegetation types, with
the outcome determined by both negative and positive responses
to tree removal. Therefore, there is a need for selective thinning to
be applied. Selective thinning has the advantage that individual
species or plants can be removed from the system, and others are
allowed to remain. Through selective tree thinning, the
development of structured savanna with large trees is
encouraged, and these large trees are able to suppress the
establishment of new seedlings. This is particularly noticeable
with Acacia species.

Understanding the effect of bush control techniques on woody
sapling establishment is important for the management of tree
density in grazing lands. Studies (Angassa and Oba, 2009; Bikila
et al., 2014) have reported the effect of manual clearing on woody
plants in terms of stump mortality and coppicing in the area.
Nevertheless, the effects of BC and thinning practices on tree
density, cover, and recruitment (by sapling) have yet been not
well documented. Therefore, the objectives of this study were (i)
to evaluate the influence of bush control treatments on tree
density and cover, (ii) to investigate the effects on woody
sapling recruitment, and (iii) to evaluate responses of
individual woody species in terms of sapling establishment
and the relationship between changes in sapling population
and new recruitments concerning the individual treatments’
effects and species (i.e., damage due to treatments). The
hypothesis tested was:

Ho: Bush control technique does not have effect on the density,
cover, and recruitment of woody plants.

2 MATERIALS AND METHODS

2.1 Study Area
The Borana rangelands are located in the southern part of
Ethiopia between 4°36′ and 6°38′ N latitude and 36°43′–42°30′
E longitude (Figure 1). The altitude ranges from 900 to 1,650 m
above sea level (m.a.s.l.) (Coppock, 1994). The weather is
characterized by erratic and variable rainfall, with most areas
receiving between 238 and 896 mm annually. Rainfall is bimodal
with 60% of the total rainfall expected during March to May and
the remaining expected during September to November (Angassa
and Oba, 2007). The geology of the study area is dominated by
40% quaternary deposits, 38% basement complex formations,
and 20% volcanic (Coppock, 1994). The soil types of the region
comprise 53% sand, 30% clay, and 17% silt, which is sandy clay
loam. The region is dominated by savannah types of vegetation
containing a mixture of perennial grasses and woody plants
(Desta and Coppock, 2004). The typical African savanna
vegetation consists of a diverse range of tree–grass mixtures
with the grass cover relatively continuous and woody cover
discontinuous (Scholes and Archer, 1997).

2.2 Study Procedures
2.2.1 Site Selection and Description
Site selection criteria were developed, and representative grazing
areas invaded by woody species were assessed through a
participatory reconnaissance survey by a team comprising
community elders who have enough knowledge about the
history of rangeland vegetation and experts. Accordingly, the
Har Weyu communal grazing area was selected as the study site.
The coordinate of the experimental site was recorded
(Supplementary Appendix Table A1) with a geographical
positioning system and plotted on an Ethiopian map, using
GIS techniques (Figure 1). The site has an altitude of
1,265 m.a.s.l. The vegetation consisted mainly of closed
savanna dominated by Acacia mellifera and Acacia reficiens
trees with herbaceous species almost absent. According to the
elder’s opinion, no burning of the grazing areas took place for
decades due to the limited use of range fire. Bush density greatly
reduced rangeland production and hence livestock carrying
capacity, especially for grass-dependent cattle.

2.2.2 Sampling Design
The study site consisted of 21 plots (each 50 × 50 m) located next
to each other on an area of 5.3 ha encroached by A. mellifera and
A. reficiens trees. Seven bush encroachment control treatments
(i.e., CO, BC, T, T + G, T + B, T + F, and T + F + B) were assigned
randomly to the plots and replicated three times. The control
(CO) plot represented the current bush thickened rangeland and
was left untreated. In the BC plots, existing woody species
(matured and saplings) were removed (i.e., cutting of all trees)
at ground level using a handsaw. The other control techniques
were tree thinning (T), which refers to the removal of some of the
woody plant species from the population to a predetermined
density; thinning and grazing (T + G), which refer to the grazing
of a thinned plot; thinning and browsing (T + B), which refer to
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browsing of a thinned plot by browsers; thinning and fire (T + F),
which refer to the burning of thinned plot; and thinning that
combined burning and browsing (T + F + B) treatments. In the
five treatment plots (i.e., T, T + G, T + B, T + F, and T + F + B),
woody plant species (≥2 m) were thinned to the equivalents of
60% of the tree density of that of the control (CO) plot. Tree
saplings (≥0.5 m < 2 m) were also removed manually from all
plots except in the CO to ensure the existence of large tree
structures particularly in the thinning plots (Smit et al., 1999).

The experimental plots were fenced to realize the
implementation of activities specific to the individual
treatments. Accordingly, the CO, BC, and T plots were
excluded from grazing by all types of livestock. In the T + G
plot, cattle were allowed to graze the area at the low-stocking rate
to impact tree seedlings (Smit et al., 1999). During the practice, 10
heads of cattle ha−1 were allowed to graze for 7 days in the plot
area. Similarly, in the browsing plots (T + B and T + F + B) range
goats were allowed to browse at a high-stocking rate (Smit et al.,
1999; Allen, 2000). During the browsing period, 30 heads of goat
ha−1 were allowed to browse in the plots for 14 days to achieve a
greater impact on woody seedlings. This stocking rate was not
based on the objective assessment of the available browse but was
intended to impact tree saplings as severely as possible. Burning
plots (i.e., T + F and T + F + B) were allowed to build up the fuel
load for two rainy periods (i.e., main and small rainy seasons in
2018) and were enclosed with a fire-line to ensure safety. Before
burning, the herbaceous biomass was harvested using quadrats to
determine the fuel load for burning. A total of five quadrats were
harvested randomly from the individual plots along with
replications. The fresh weight of samples was taken
immediately and oven-dried for 24 h at a temperature of
105°C and fuel load estimated. The moisture content of the
fuel load was determined by subtracting the fresh weight from
dry weight × 100. A fuel load of 2,500 to 3,000 kg dry matter ha−1

was reported sufficient to ignite fire (Angassa and Oba, 2009;

Kahumba, 2010). Moreover, grass should be dryer than 40%
moisture content, and the air should also be dry and warm
(Kahumba, 2010). The average fuel load in the treatment plots
ranged from 2,754 in the T + F plot to 2,836 kg dry matter ha−1 in
the T + F + B plot. Themoisture content of herbaceous biomass in
the plots was 17% (83% drier) and 21% (79% drier) in the T + F
and T + F + B plots, respectively. Plot burning was conducted
between 11:00 and 15:00 h local time. The air temperature
recorded at the nearest meteorology station (Dambala Wachu
located at 22 km southeast of Har Weyu) ranged from 27.7°C to
30.9°C. The direction of the wind was determined using textile
material tied to the upper tree stem erected outside the area of the
plots (Angassa and Oba, 2009). The wind direction was westward
with low speed at the site.

2.2.3 Survey and Treatment Application
Pretreatment data collection was conducted in the middle of the
small rainy season in October 2017, when tree species and
previously established saplings were visible and easy to
identify. The number of individual trees in the treatment plots
was counted, and their species recorded. Trees with ≥2-m height
were recorded as mature individuals, but plants ≥0.5-m but <2-m
height were noted as saplings (Chauhan et al., 2008; Bharali et al.,
2012). To determine the total area of coverage by the individual
woody cover, we measured the canopy diameter (d) of 24
randomly selected trees within each treatment plot by
spreading measuring tape either beneath or above the canopy
as appropriate. The canopy diameter then gave a canopy radius
(r) measurement (r �½ d). We modeled the shape covered by the
canopy as circular and calculated the area covered by each canopy
as area � πr2 (Innocent and Munyati, 2014). Tree clearing and
thinning practices were completed in February 2018 during the
dry season. Cut stumps were treated with fire using dry woody
branches as a fuel load, thus ensuring that the removed
individuals were killed not to affect other plants. Grazing and

FIGURE 1 |Map of the Federal Democratic Republic of Ethiopia showing the administrative boundary of the study zone, district, and site within the Oromiya region.
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browsing were applied three times between 2018 (April and
October) and 2019 (April) after the onset of seasonal rains.
Burning was carried out in February 2019 (i.e., the hot dry
period) before the onset of the main rain normally expected in
March. Posttreatment establishment of woody species was
monitored at the end of the main rain in April 2019. The
identification between species was done together with technical
persons and herders.

2.2.4 Rainfall and Soil Moisture
Rainfall data were recorded at the Yabalo town, which is the
nearest meteorological station. In addition, the soil moisture
content was estimated by taking 200 g of soil in the seven
treatment plots to a depth of 200 mm (Ward et al., 2013)
using auger after a rainfall event in April and October 2018
and in April 2019. The moist weight of the soil sample was taken
immediately. Two samples were prepared per plot and oven-dried
for 24 h at 105°C and weighed again.

2.2.5 Analysis
Density is a count of the number of individuals of a species within
the sample plot (Kent and Coker, 1992). The sum of individuals
per species was calculated and analyzed in terms of species/
woody/tree/sapling density ha−1 (Shankar, 2001; Tiwari et al.,
2010). The total area covered by woody canopy within the plots is
defined as the ratio of 1-ha area covered by woody canopies
(Innocent and Munyati, 2014). The average monthly and annual
rainfalls were calculated from the 2 years’ amounts. The moisture
content of the soil was determined by subtracting the oven-dry
weight from the moist weight and expressed as a percentage of the
oven-dry weight of the soil (Dirksen, 1999). Two-way analysis of
variance and Tukey (honestly significant difference) test method
was performed for comparing mean values in the treatment plots.
Posttreatment changes in sapling densities were calculated for
each treatment and species to determine the change in the total
populations (λ) as the proportion of established individuals plus
mean change in sapling densities relative to pretreatment sapling
density (Otterstrom et al., 2006). A χ2 test was used to analyze
species’ response (i.e., saplings ha−1) to the bush control

techniques. The statistical software R (R Development Core
Team 2018) was used to analyze the data. The Pearson
correlation was applied to test the association between changes
in sapling densities and new recruitment in the individual
treatments and tree species. Significant differences were
considered at p < 0.05.

3 RESULTS

3.1 Woody Density and Cover
Figure 2 provides tree densities and canopy covers within the
various plots derived from the Supplementary Appendix
Table B1. The average density of woody plants was almost
similar in all treatments during the pretreatment period.
However, posttreatment density and canopy cover differed
significantly (p < 0.001) among the seven treatments
(Figure 2). Tree density and cover were higher in the CO
plot than in the other six plots. The lowest density and cover
were recorded in the BC treatment to the point of no
representation in the plot area. Thinning treatments
reduced (p < 0.001) bush density and cover compared with
the CO and BC treatments. Although there was no significant
difference (p > 0.05) in the density and cover of woody plants
among the five (T, T + G, T + B, T + F, and T + F + B) thinning
treatments. The average density of the remained plants in the
five thinning plots was 795 ± 27.37 trees ha−1 retaining a mean
canopy cover of 31.0% ha−1. On average, thinning reduced
woody density by 39.3% relative to the CO plot and conserved
40.4% of tree population ha−1 when compared with the BC
plot. Similarly, thinning reduced 41.9% tree canopy cover
compared with the control plot and sustained 31.0% canopy
cover ha−1 in relation to the cleared plot. The trend suggests
that tree thinning has the advantage of preserving woody
individuals important for proper ecosystem functioning in
the area. On the contrary, clearing appeared to be removing
the important positive effects that woody plants have on the
system, which might have negative consequences on
composition and structure of savanna vegetation.

FIGURE 2 | The pretreatment and posttreatment mean density, canopy area, and cover of woody plants (ha−1) in the different bush control treatment plots in
Borana, southern Ethiopia. Vertical bars mean a 0.95 confidence interval.
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3.2 Rainfall and Soil Moisture Status
According to the rainfall data collected, mean monthly rainfall
ranged from 0.0 mm in January to 291.2 mm in October
(Figure 3). The average monthly rainfall was significant
(p < 0.05) with the peaks in October and April demonstrating
the bimodal type of rainfall in the study area. Total annual
rainfalls recorded were 960.3 and 1,349.9 mm in 2018 and
2019, respectively. The variation in annual amounts was
significant (p < 0.05) and also greater (p < 0.05) than the long-
term average of 643.6 mm (NMASE, 2018).

The soil moisture contents of the individual treatment plots
during the rainfall events were presented (Figure 4). There was
no significant (p > 0.05) difference in average soil moisture
contents among the seven treatments. Over the period, mean
soil moisture contents were 32.0%, 32.2%, 32.5%, 30.9%, 33.9%,
31.4%, and 33.0% in the CO, BC, T, T + G, T + B, T + F, and T + F
+ B plots, respectively, with the overall average of 32.3% in the
experimental site. The frequent and higher rains received during

the study years may improve the soil moisture contents within the
various plots and support plants growth in a similar way.

3.3 Effects on Tree Sapling Recruitment
The pretreatment and posttreatment sapling densities of the
individual woody species in the different plots are provided
(Figure 5) as computed from the Supplementary Appendix
Table C1. During the pretreatment period, cumulative sapling
density was almost similar across the study treatments. However,
significant (p < 0.05) difference was observed during the
postcontrol period. In the control plot, sapling recruitment
amounted to 109 trees ha−1, which was greater compared with
the postthinning treatments (T + B, T + F, and T + F + B). In the
BC treatment, total sapling density was superior (267 plants ha−1)
to the other six treatments. For the T plot, sapling density was
175 plants ha−1, which was higher compared with the other
postthinning treatments (T + G, T + F, T + B, and T + F +
B). The T + G treatment induced cumulative recruitment of

FIGURE 3 | Average monthly rainfalls (2018–2019) in the study district at the Yabalo meteorological station. A 5% significant level was used to analyze the means
(n � 12).

FIGURE 4 | Soil moisture contents (%) in the various bush control plots during the main rainfall periods in Borana, southern Ethiopia. Vertical bars mean a 0.95
confidence interval.
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146 plants ha−1, which was greater than the densities in the
similarly designed thinning treatments (T + F, T + B, and T +
F + B). The T + F treatment experienced low sapling recruitment
of 82 plants ha−1, compared with CO, BC, T, and T + G
treatments. The T + B treatment exhibited lower sapling
regeneration of 63 plants ha−1 relative to other treatments, but
the T + F + B treatment. The T + F + B treatment experienced the
least sapling establishment (34 plants ha−1) compared with the
other six treatments.

Table 1 presents all the seven treatments and their
posttreatment sapling recruitments. Among the seven bush
control treatments, three of them (BC, T, T + G) showed
positive changes in sapling population, whereas the remaining

four (CO, T + B, T + F, and T + F + B) treatments presented
negative changes. A change in sapling population was higher in
the cleared plot than in the other plots, whereas it was recorded
lowest in the T + F + B treatment.

Table 2 also presents the correlation between changes in the
sapling population and postrecruitment within the various
treatment plots. There was a significant positive correlation
(p < 0.5) between changes in sapling density and new sapling
recruitment in the CO, BC, T, and T + G treatments. The
correlation was highly significant and strong (p < 0.001) in the
bush cleared treatment, resulting in the highest recruitment
proportion (λ), demonstrating that clearing caused new
invasion through aiding sapling establishment. The change in

FIGURE 5 | The pretreatment (1) and posttreatment (2) mean sapling densities ha−1 of the two woody species in the bush control treatment plots in Borana,
southern Ethiopia. Vertical bars mean a 0.95 confidence interval.

TABLE 1 | Effects of the seven bush control treatments on woody sapling recruitment and change in sapling densities in Borana area, southern Ethiopia.

Treatment
plot

Pretreatment
population

Recruitment (%) Δ seedling
density

Λ Rank

CO 127 85.8 −0.14 85.9 4
BC 118 226.3 1.18 227.5 7
T 110 159.1 0.43 159.5 6
T + G 125 116.8 0.15 117.0 5
T + B 121 52.1 −0.52 52.6 2
T + F 131 62.6 −0.34 62.9 3
T + F + B 124 27.4 −0.75 28.2 1

Treatment effects are percent recruitment (sapling) and change in sapling density [mean change � (Δ mean posttreatment plot − Δ mean control plot)/mean pretreatment density].
Treatments are assigned a number based on their rank order in terms of influencing new sapling recruitment. Lambda, λ, is the proportion of individuals recruiting + changes in density.

TABLE 2 | Correlation analyses (n � 10) of relations between changes in woody sapling population and new recruitment for the bush control techniques in Borana, Ethiopia.

Variable Recruitment (%) in the bush control plot

CO BC T T + G T + B T + F T + F + B

Changes in sapling density 0.784* 0.933*** 0.888** 0.837** 0.823* 0.877* 0.645ns

Changes in species density
1. A. mellifera 0.676* 0.913** 0.826* 0.836** 0.827* 0.847* 0.648ns

2. A. reficiens 0.892** 0.954*** 0.937** 0.839** 0.819* 0.908** 0.642ns

*Significant (p < 0.05). **Highly significant (p < 0.01). Extremely highly significant (p < 0.001). ns, nonsignificant.
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sapling density and new recruitment was highly significantly (p <
0.01) correlated in the thinning plot prompting tree recruitment
relative to the more intensified thinning treatments. However, the
thinning alone treatment reduced (p < 0.05) recruitment
compared with the BC treatment, displaying the significant
potential role of thinning in stabilizing the problem of
increasing tree density. Similarly, the association between
changes in sapling density and recruitment in the thinning
and grazing plot was highly significant (p < 0.01), showing
that thinning, mainly grazing, enhanced the recruitment of
tree saplings compared with the similarly designed other
postthinning treatments (i.e., T + B, T + B, and T + F + B).
The trend in the thinning and grazing treatment suggests that
immediate grazing may encourage the establishment of woody
saplings. The decline in sapling establishment was minor (14.1%)
in the control plot; hence, significant correlation existed between
the change in sapling density and total regeneration, which
promoted new recruitment evidence that tree density
continues to increase in savanna through sapling recruitment.
Less significant (p < 0.05) association occurred between the
change in density and sapling recruitment and has resulted in
declined tree regeneration in the thinning and fire treatment.
However, the thinning and fire treatment was less effective in
preventing re-encroachment compared with T + B and T + F + B
treatments, suggesting that postcontrol fire may initiate
germination in woody plants from the soil seed-bank
seedlings. In the thinning and browsing treatment, the
correlation between the change in plants density and
regeneration was less significant (p < 0.05), leading to reduced
plant recruitment, indicating the greater effectiveness of this
combination in controlling sapling recruitment in woody
plants. The relationship between the change in density and
sapling regeneration was weak and statistically insignificant in
the T + F + B treatment and produced the lowest tree sapling
recruitment, evidencing that the combination of thinning,
burning, and browsing methods was prominently efficient in
suppressing bush encroachment in the study savanna.

3.4 Responses of Woody Species to
Treatments
Supplementary Appendix Table C1 provides sapling density
ha−1 of the individual tree species during the pretreatment and
posttreatment periods. During the postperiod, the total
recruitment through saplings disclosed significant (p < 0.05)
changes between A. mellifera and A. reficiens across the seven
treatments (Table 3). In the control plot, A. reficiens experienced
greater (p < 0.01) sapling recruitment, indicating that the
performance of species recruitment might vary under the

established bush density environment. In BC and T
treatments, sapling recruitment was highly increased
(p < 0.001) in A. mellifera, accounting for the greater
regeneration following the removal of existing tree species.
Again, A. mellifera accounted for the greater proportion (p <
0.01) of the recruitment in the T + G, T + F, T + B, and T + F + B
treatments.

The two woody species showed positive changes in sapling
density in BC, T, and T + G treatments, with the values higher for
A. reficiens except in the T + G, which is indifferent to the two
species (Table 4). The changes were negative and positive for A.
reficiens and A. mellifera, respectively, in the control plot. On the
other hand, tree species similarly experienced negative changes in
sapling populations in the other three (T + F, T + B, and T + F +
B) treatments (Table 4). The negative values are higher and lower
for A. mellifera and A. reficiens, respectively, across those plots.
Overall, a change in sapling density was positive (greater) in A.
reficiens, whereas it was negative (lower) in A. mellifera (Table 7).
There was a strong significant correlation (r � 0.86, p � 0.01)
between change in total sapling population and new
recruitment in A. reficiens, indicating the greater recruitment
of A. reficiens through sapling establishment, further suggesting
the resistance of A. reficiens to the applied treatments relative to
A. mellifera. On the other hand, there was a weak but significant
correlation (r � 0.79, p � 0.05) between changes in density and
new sapling recruitment in A. mellifera trees. The lower negative
value in A. melliferamight be an indication of the susceptibility of
this species to bush control techniques, particularly to the
postthinning (T + F, T + B and T + F + B) treatments.

4 DISCUSSION

4.1 Effects of Bush Control Techniques on
Woody Density, Cover, and Recruitment
The success of woody plants is related to the competition for soil
moisture and nutrient between the woody and herbaceous layers
in arid savannas, which will ultimately determine the success of
woody and grass species establishment (Ward, 2005; Salazar et al.,
2012). Water availability alters seedling regeneration (Van der
Waal et al., 2011; Sardans and Peñuelas, 2013). The woody
vegetation layer mostly has a much better-adapted root system
occurring in a wide range of soil layers, ensuring their survival at
the expense of the herbaceous layer (Joubert et al., 2013).
According to the current study, the high woody density and
cover in the control plot might be related to the competition
between plants for soil moisture and light. Higgins et al. (2000)
stated that rainfall and moisture are assumed to enhance bush
encroachment in savanna system. With adequate rainfall in

TABLE 3 | χ2 Tests for the two woody species in terms of cumulative saplings recruitment in bush control treatments in Borana, Ethiopia.

Woody species CO BC T T + G T + B T + F T + F + B

A. mellifera 47.4** 148.2*** 104.1*** 96.8*** 37.4*** 44.4*** 20.6***
A. reficiens 61.7*** 118.6** 71.3** 49.0** 25.5** 38.1** 13.2**

**Highly significant (p < 0.01). ***Extremely highly significant (p < 0.001).
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savannas, trees would dominate the landscape, provided that fire
and browsing were suppressed. In principle, this unstable system
may tend toward closed woodland, depending on rainfall
disturbance regimes influencing subcanopy species
regeneration. In addition, it has been reported that, in dense
vegetation stands, self-thinning will normally take place as
competition for soil moisture and nutrient increases (Wiegand
et al., 2006). During the process, the different plant species that
are adapted to specific microenvironment conditions will
colonize the gaps in the canopy and the various subcanopies
(Reynolds and Ford 2005; Berhane et al., 2015). Amelioration of
solar radiation and stressful environments under canopy shade is
considered favorable for tree seedling establishment (Rolhauser
et al., 2011; Salazar et al., 2012).

The evidence recorded about the decline (14.1%) in sapling
recruitment in the control plot suggests that high woody density
and cover suppress the establishment of new saplings. This
finding is in line with the findings of Beckage et al. (2000) and
Nilsen et al. (2001), who all reported that canopied vegetation
delays and modifies woody regeneration through competing for
soil resources and light. As canopy cover increases, seedling
establishment decreases, and the vegetation physiognomy will
progress toward larger, more widely spaced individuals with
closed canopies (Wiegand et al., 2006). Hence, bush density
remains increasing in savannas through seedling/sapling
establishment under stressful environmental conditions,
leading to a stable state, if left aside without considering any
practical management technique.

BC practice disrupts the growth of the above-ground woody
biomass without necessarily reducing tree density ha−1 in
rangelands. Clearing of matured individuals and keystone
woody species, responsible for the regulation of
fundamental ecosystem processes, could have severe effects
on ecosystem stability, causing an imbalance in the
woody–grass ratio (Solomon and Mblambo, 2010; Berhane
et al., 2015). An increase in the rate of sapling recruitment
under the current study is consistent with the findings of
Mathew and Brian (2006) that BC accelerated understory
recruitment of tree species that regenerated from seed and
germinated from a seedling bank without follow-up treatment.
Ludwig et al. (2004) also indicated in their study report that
wide gaps in the savanna are created by the removal of woody
vegetation affecting the availability of light, nutrients, and soil
moisture, which can potentially further alter species
composition. If the herbaceous seed bank is depleted, gaps
created by bush-clearing practices could lead to the

establishment of new woody individuals (Smit, 2004).
Therefore, tree-removing practice would worsen postcontrol
encroachment conditions by aiding seedling establishments in
woody plants, thus reducing the effective time span of
restoration measures in rangelands.

Thinning negatively influenced bush density and sapling
recruitment compared with the clearing practice. This finding
is according to Smit (2004), who reported that, with thinning
techniques implemented, the remaining trees will benefit from
the reduced competition, which will lead to an increased growth
combined with a suppressing effect, eventually outcompeting the
newly established seedlings. Tree thinning contributes to
structural changes of the woody layer, which in turn influence
the distribution of resources, for example, soil moisture and
nutrients, and the microclimate (Ludwig et al., 2004). These
changes have cascading effects on biodiversity, with some
organisms responding directly to changes in woody structure,
whereas others are influenced by resource availability and
microclimate (Williams et al., 2002; Ripple and Beschta, 2004;
Berhane et al., 2015). According to the current findings, the
relative increase in woody sapling recruitment following thinning
suggests that thinning alone would not be adequate to control
bush encroachment unless followed by postthinning treatments
to prevent new plant invasion.

In savanna area, grazing alters vegetation composition
through selectively feeding on grasses (Wiseman et al., 2004;
Dalle et al., 2006a; Riginos, 2009). Leaves defoliation by grazers
decreases grass vigor (Ferraro and Oesterheld, 2002) and
increases the competitive ability of woody plants. This
corresponds to the current negative effect of cattle on grass
species following thinning treatment, because grazers prefer
consuming grasses to the freshly growing tree seedlings.
According to Cramer et al. (2007) and Riginos (2009), a
decrease in grass vigor increases the relative growth rates of
woody plants. Trampling can also destroy the roots or rhizomes
of grasses and therefore reduce their vigor and create gaps for
woody plant seed germination (Danell et al., 2006). By proving
niche gaps for woody plants, both grazing and trampling may
have positive effects on woody plant germination (Savadogo et al.,
2007). In addition, grazing increases water availability for woody
plants as a result of reduced uptake by grasses (Gordijn et al.,
2012). It is therefore understood by the current study that grazing
has a positive relationship with woody plant recruitment in a
grazing savanna. As a result, grazing cannot be used as an
effective postmanagement to regulate problem of increasing
tree density in savanna rangelands. Immediate grazing without

TABLE 4 | Changes in sapling densities of the two woody species in the bush control plots and their percent recruitment in Borana, Ethiopia.

Woody species Δ seedling density Δ mean
change

λ Rank

CO BC T T + G T + B T + F T + F + B

A.mellifera −0.43 0.76 0.26 0.16 −0.59 −0.48 −0.79 −1.11 84.2 1
A. reficiens 0.41 2.34 0.69 0.14 −0.42 −0.12 −0.67 2.37 137.0 2

Woody species saplings’ vulnerability are percent recruitment (λ) and change in sapling density [mean change � (Δ mean posttreatment plot—Δ mean control plot) ⁄mean pretreatment
density]. Species are ranked and assigned a number based on their vulnerability (saplings) to treatments. Lambda—λ is the proportion of recruitment + changes in sapling density.
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adequate resting (i.e., allowing vigorous grass growth) of thinned
areas may prematurely remove grasses, reduce grass competition,
and favor the establishment of woody plants.

According to the current study, postthinning fire reduced
woody recruitment by 36.1% mainly attributed to the
abundance and spatial connectivity of combustible herbaceous
biomass, which supported intense fire and resulted in reduced
occurrence of tree saplings. This finding agrees with Wiegand
et al. (2006) and Werner (2012) all reported that intense fire
reduces woody density by top-killing seedlings and saplings,
influencing the recruitment to adults in tree species. Gordijn
et al. (2012) also showed that fires are capable of reducing tree
density through sapling mortality in savannas. This is because
seedlings of many woody plant species are vulnerable to intense
fires (Werner, 2012). Fire also noted to promote seedling
establishment following tree thinning. The current evidence
about the increase (62.9%) in sapling recruitment during the
postfire period might be an indication that fire initiated seedling
germination in woody plants. Past studies (Angassa and Oba,
2009; Werner, 2012) have reported that fire triggers germination
from the seed bank by breaking seed dormancy. Kahumba (2010)
also indicated that fire stimulates seedling establishments in
woody plants, and therefore, postburning aftercare of savanna
is critical. In general, fire frequency and intensity determine the
recruitment of seedlings to matured-large tree classes (Govender
et al., 2006). Therefore, it is suggested from the study results that
tree thinning together with frequent and intense fires would
probably be efficient to slow down the problem of bush
encroachment in rangelands.

The current decline (47.4%) in the recruitment of tree saplings
in the thinning and browsing treatment corresponds with Smit
et al. (1999) and De Klerk (2004) all reported that goats can
be introduced successfully to utilize and control regrowth as a
follow-up to other methods such as mowing and can be effective
in preventing the establishment of tree seedlings. This is possibly
attributed to the effect of browse preference of freshly establishing
seedlings by goats. Browsing is then the most important follow-
up tool to control bush density/encroachment because goats as
browsers effectively impacted the recruitment of encroaching
woody plant species. Sankaran et al. (2008) reported higher
woody cover in sites without elephants compared with those
with high elephant biomass. And the exclusion of the browsing
ungulates is one of the drivers of bush encroachment in Borana
rangelands of southern Ethiopia (Angassa and Oba, 2010). Thus,
browsing herbivore in savannas is important in complementing
other techniques to maintain the tree–grass balance (Van der
Waal et al., 2011). The decline in woody recruitment as a result of
browsing suggests the introduction of browsing animals (goats
and camels) as an effective management practice in controlling
the thickening of woody plants in the Borana savanna.

Thinning, fire, and browsing combinations prominently
reduced (71.8%) recruitments in woody plants. The lowest
sapling population in this treatments combination was largely
due to the synergetic effects of fire and browsing following a
thinning practice. The results further support the greater efficacy
of fire and browsing as a postthinning management measure to
suppress tree regenerations. The negative effects of fire and

herbivory on woody plants have been widely reported
elsewhere in savannas (Angassa and Oba, 2009; Midgley et al.,
2010; Vadigi andWard, 2014). Allred et al. (2011), suggesting that
the interaction between methods, for example, fires and
herbivores, is ecologically more significant than the
independent effect and that the combination should be viewed
as a single disturbance responsible for markedly different effects
on vegetation compared with a single practice alone. In African
savanna, the interactive effects of browsers and fire have led to a
decline of some woodlands and their subsequent replacement by
grasslands or open savanna ecosystems (Bond, 2008). Repeated
herbivory exposes woody plants to the fire by preventing their
escape from the fire-prone lower height strata (Sankaran et al.,
2008). Tree thinning that combined fire and herbivore is
therefore ranked as the best alternative option in limiting bush
density and cover in the semiarid Borana region that was, without
this management combination, transformed to a bush-dominated
savanna land.

4.2 Responses of Woody Species to Bush
Control Techniques
In the dense control plot, tree sapling population ha−1 varied
between species, indicating that the rate and speed of woody
species regeneration might vary in the savanna system. Grundy
et al. (1994) discovered that certain species respond differently to
competition from neighboring woody species, where some
species use the canopy of other species as a “safe site” for the
establishment; others tend to appear only in the opening between
canopy environments.

In the current study, woody species were cleared/thinned with
imposed postthinning treatments, which differently promoted
sapling regenerations in woody species. Past studies (Bond et al.,
2001; Vesk, 2006; Angassa and Oba, 2009) indicated that woody
species respond differently to different control treatments. Woody
species uses alternative strategies in response to control methods, for
example, by investing in seedling recruitment (Smit, 2004; Angassa
and Oba, 2009). The proportion of the sapling population in the
individual species is related to the ability of saplings to withstand the
adverse effects of treatments by aggressively competing for available
soil resources to replace the removed trees. On evaluating at the
individual species level, A. mellifera was the least regenerating
species, justifying the vulnerability of this particular species to the
combinations of bush control treatments. A. reficiens was found to
be the most recruiting one by sapling, indicating the relative
resistance to the control techniques, suggesting that the most
intensive and frequent treatment is recommendable for the
aggressively regenerating tree species.

5 CONCLUSION

The study was carried out in the semi-arid Borana rangelands of
southern Ethiopia. The objective of the study was to investigate
the suppressive effects of bush encroachment control techniques
on the density, cover, and recruitment of invasive acacia species
for achieving successful control methods in rangelands
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ecosystem. At the study site, woody density and cover were
significantly higher in the control than in the BC and thinning
treatments. In the BC treatment, large woody individuals were
almost absent, however, with greater sapling regeneration
compared with the control and postthinning treatments. The
evidence suggests that the control and BC methods promoted
bush encroachment and were not effective in alleviating the
problem of increasing woody density in grazing lands. On the
contrary, tree density and recruitment were declined in the
postthinning treatments when compared with the control and
clearing practices. The current study concludes that thinning
postthinning techniques were effective in terms of reducing tree
density and also in the killing of saplings. Responses of individual
woody species to the thinning and postthinning measures have
important implications for bush encroachment management and
conservation of biodiversity in savanna systems.
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