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Abstract: In the Kruger National Park (KNP), the lower slopes of catenas have open patches referred
to as sodic patches. Fire and herbivores are dominant mediators of vegetation in sodic patches.
The effect of fire and herbivores on soil properties of sodic patches remains largely understudied.
Moreover, the co-existence of trees and grasses and how they influence savanna soils is an important
but poorly understood phenomenon in ecology. Therefore, the present study aimed to determine the
influence of 20 years of fire, herbivores, vegetation type, and their interaction on soil biochemistry
of sodic patches on the Nkuhlu exclosures in the Kruger National Park, South Africa. We found a
higher main effect of fire on available phosphorus, cation exchange capacity, and soil organic matter.
The presence of herbivores caused an increase in soil exchangeable cations (K+, Ca2+, Na+, and
Mg2+), organic matter, cation exchange capacity, and microbial activity. Tree canopies had a higher
effect on total nitrogen, exchangeable Ca and Mg, soil organic matter, and cation exchange capacity
than open grassland zones. Our results indicate that changes in vegetation structure due to fire
and herbivores and their secondary impact on soil properties should be taken into consideration in
managing savannas. Moreover, fire and herbivores play an important role in the maintenance of
vegetation type (trees and grasses) in sodic patches.

Keywords: canopy cover; grassland zone; grazing; Kruger National Park; sodic zone; soil properties;
tree canopy

1. Introduction

Fire and herbivores play a major role in determining the structure and dynamics of
savanna ecosystems [1]. This is because they facilitate the co-existence of trees and grasses
in this ecosystem. Fire causes a decline in the cover of woody vegetation by either killing
or reducing trees to smaller size classes [2–5]. Similarly, browsing herbivores, particularly
elephants and giraffes, reduce woody vegetation through tree toppling, snapping off
branches, and bark stripping [2]. The combined effect of fire and herbivory on savannas
led to the hypothesis that fire causes the decline in woody vegetation whereas herbivores
inhibit recovery [3]. There is also a profound indirect effect of fire and herbivory on the
tree-grass balance. Grass biomass removal through grazing leads to reduced fuel load,
which makes fire less intense and, thus, less damaging to trees; consequently, grazing may
result in an increase in woody vegetation [5].

Researchers claim that in the lower slopes of catenas in savannas, fire and herbivores
have a severe impact towards the co-existence of trees and grasses [2,6]. In the Kruger
National Park (KNP), the lower slopes of catenas have open patches referred to as sodic
patches. Sodic patches are known to contain high levels of exchangeable sodium (Na) and
a unique vegetation [2]. Moreover, sodic patches are ecologically important for nutrient
accumulation, predator evasion, and wallowing, but they are often perceived as derelict
lands because of vegetation denudation and low aesthetic quality. Mills et al. [6] claims
that it is easy to distinguish the sodic zone from the savanna vegetation because trees are
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largely absent in the sodic zone yet are abundant in the surrounding vegetation. Since
the sodic zone and adjacent savannas experience the same climate, it is possible that the
marked differences in vegetation type are due to soil properties, with fire and herbivores
potentially playing a modifying role [7]. Additionally, Mills et al. [6] suspects that the high
sodium (Na) content in the soil of sodic patches may be stunting the growth of trees and/or
attracting herbivores, which damage tree seedlings [6–8]. Moreover, it may be plausible
that other soil nutrients affect the competitive outcome between trees and grasses in the
sodic patches [2,6].

The effect of fire and herbivores on savanna structure and function is well documented
in the literature [1,3,5]. The interactive effects of fire and herbivores and vegetation type
on soil properties of sodic patches is often not the focus of investigation and has been
less well studied in spite of their potential to influence savanna structure and function.
Understanding the relationship between fire, herbivores, and vegetation diversity on sodic
patches is critical to biodiversity conservation. Therefore, this study aimed to determine
the influence of 20 years of fire, herbivores, vegetation type, and their interaction on soil
biochemistry of sodic patches on the Nkuhlu exclosures in the Kruger National Park,
South Africa.

2. Materials and Methods
2.1. Study Area

The study was conducted in the Nkuhlu long-term exclosures situated on the north
bank of the Sabie river (24◦59′10′′ S, 31◦46′24.6′′ E), approximately 18 km downstream
from Skukuza in Kruger National Park, South Africa (Figure 1). Elevation ranged between
208 m.a.s.l. next to the Sabie River up to 249 m.a.s.l. in the north-eastern corner of the
study site (Figure 1). The Nkuhlu exclosures were built in 2001 as part of a large-scale,
long-term exclusion experiment based on the removal of certain ecosystem drivers, namely
fire and herbivory [9]. They are approximately 139 ha in size and divided into smaller
units, each which is subjected to a different treatment of herbivory and fire. The mean
annual rainfall is approximately 561 mm as measured at Skukuza, while the mean daily
temperature is 21.9 ◦C, ranging from 5.6 ◦C in winter to average highs of 32.6 ◦C in sum-
mer [9]. The vegetation of the surrounding area of the Nkuhlu exclosure site is classified as
‘Thickets of the Sabie and Crocodile Rivers’ described by Gertenbach [10], and the vegeta-
tion type is referred to as Acacia (Senegalia) nigrescens—Combretum apiculatum association.
The dominant woody species include Combretum apiculatum, Grewia bicolor, G. flavescens,
Dichrostachys cinerea, Euclea divinorum, Terminalia prunioides, Spirostachys africana, Vachellia
(Acacia) grandicornuta, and Senegalia (Acacia) nigrescens [9].

2.2. Experimental Design

The Nkuhlu exclosures consist of three herbivory treatments and two fire treatments.
There was a total of five treatment combinations overall, namely (1) full exclosure: a fully
fenced area to exclude all herbivores, divided into a burnt and unburnt plot; (2) partial
exclosure: a partially fenced area excluding only elephant, and by virtue of their size
giraffes, but allowing access to all other herbivores, divided into a burnt and unburnt plot;
and (3) open access (a control site): an unfenced and unburnt area where all herbivores are
permitted. These exclosures extend from within the river channel to the crest, in order to
enclose the full sequence of terrain morphological features and their associated soils and
vegetation. This allows for the study of the relationships of habitats along the topographic
gradient, from the crest to within the river channel. The exclosures were subjected to
controlled burning approximately every 5 years (October 2002, August 2007, June 2012,
and October 2017) and to prevent fire from entering non-burn treatments, a firebreak had
been created in both the partial and full exclosure [11]. In the present study, soil sampling
took place in August 2021.
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Nkuhlu exclosures showing the treatments where the field experiment was conducted.

The experiment was a 3 × 2 × 2 factorial design with different combinations of three
herbivore utilizations levels (open access, partial, and full exclosure), two fire treatments
(burnt and unburnt plots), and two vegetation types (under tree canopies and open grass-
land zones). There were no burnt plots in the open access area, and this resulted in an
unbalanced factorial design.

2.3. Soil Sampling

Soils of the Nkuhlu exclosure site vary between shallow sandy soil directly overlying
weathering rock on the crests and deep, sand to sandy loam on the riparian zone of the
Sabie River. The footslopes are characterized by deep, sodium-rich duplex soil [9,12]. The
duplex soil on the footslopes consists primarily of sodic patches and is referred to as sodic
zone. This paper will only consider the sodic zone. The sodic zone can be classified as
Luvisol in World Reference Base (WRB) or Oakleaf and Montagu soils in the South African
system [13].

There were two sampling areas within the sodic zone, and soil samples were collected
from underneath tree canopies and in open grassland zones. Five soil samples (0–10 cm)
were randomly collected from four points underneath the tree canopies and four points
in the open grassland zones. Therefore, there was a total of eight sampling points. These
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five samples were then combined into one composite sample for each sampling point. As a
result, a total of 40 samples were collected from KNP.

The collected samples were air-dried and pulverized manually using a 2 mm sieve
to obtain uniform particle size for subsequent analysis at the Soil Science Laboratory of
the University of Free State, South Africa. Soil samples intended for microbial analysis
were sampled at 0–5 cm depth, placed in plastic bags, and put on ice (approximately 4 ◦C)
before sieving (<2 mm). These samples were then analyzed as soon as possible because
Wallenius et al. [14] observed that even short storage times could affect the results.

2.4. Soil Biochemical Analyses

Soil pH was measured using a glass electrode pH meter in 1:2.5 (w/v) soil–water
ratio suspension using 5 g air-dried soil as described by McLean [15] and the International
Institute of Tropical Agriculture [16]. Soil electrical conductivity (EC) was determined using
the saturated soil paste method [17]. Total carbon and nitrogen were determined by the dry
combustion method using an automatic highly sensitive CN analyzer [18]. Available P was
extracted by NaHCO3 and determined by the molybdenum blue method [19]. Exchange-
able cations (Ca2+, Mg2+, K+, and Na+) were extracted using NH4Oac and quantified on
Inductively Coupled Plasma Spectroscopy. The values for these elements were used to cal-
culate the cation exchange capacity (CEC). Soil organic matter (SOM) was determined using
the mass loss on ignition (LOI) method [20]. The total microbial activity was determined
using the fluorescein diacetate (FDA) hydrolysis method [21].

2.5. Statistical Analyses

Response variables were assessed for conformity to assumptions of normality and
homogeneity of variance. We used log and logit transformations, as appropriate for
individual variables, to improve normality and homogeneity of variance. We used three-
way analysis of variance (ANOVA) to assess whether the response variables (soil pH, EC,
total C, total N, available P, exchangeable cations, CEC, SOM, and total microbial activity)
differed among fire and exclosure treatments, between the two types of vegetation (trees
and grasses), or if there were interactive effects between fire, exclosure, and vegetation.
For significant main effects and interactions, Fischer’s protected least squares difference
were used to separate the means. The effects were significant at probability less than 0.05.
Statistical analyses were done using JMP version 16.0 Pro.

3. Results
3.1. Total Nitrogen (Total N)

The results of the study revealed a significant main effect of vegetation type on total
N (p < 0.05; Figure 2a). Total N under tree canopies was significantly higher than in open
grassland zones.

It was also noticed that exclosure and fire did not independently cause statistical
changes in total N, nor were there any statistically significant interactions between exclosure,
fire, and vegetation type (Figure 2b,c).

3.2. Total Carbon (Total C)

There was a significant main effect of vegetation type on total C, with areas under tree
canopies having higher total C than open grassland zones (Figure 3a). With the exceptions
of the open access area and the burnt plots of the full exclosure, the three-way interaction
between exclosure, fire, and vegetation type resulted in higher total C under tree canopies
than in open grassland zones.

3.3. Soil pH and Electrical Conductivity (EC)

Exclosure, fire, and vegetation type did not independently nor interactively influence
pH and electrical conductivity (Table 1).
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Table 1. The main and interactive effect of herbivores, fire, and vegetation (veg.) type on soil pH and
electrical conductivity (EC).

Factor pH EC (mS/m)

Exclosure
Full 6.11 a 1.91 a
Partial 6.09 a 1.94 a
Open access 6.13 a 1.94 a

Fire
Unburnt 6.12 a 1.68 a
Burnt 6.09 a 1.63 a

Niche
Tree 6.01 a 1.76 a
Grass 6.07 a 1.80 a

Main effect p-values and significance
Exclosure 0.94 ns 0.29 ns
Fire 0.59 ns 0.25 ns
Niche 0.09 ns 0.79 ns

Interaction
Exclosure × Fire 0.30 ns 0.15 ns
Exclosure × Niche 0.47 ns 0.78 ns
Fire × Niche 0.78 ns 0.35 ns
Exclosure × Fire × Niche 0.72 ns 0.20 ns

Means with different letter for the same factor within the column are significantly different (p < 0.05).
ns = not significant.
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3.4. Available Phosphorus (Available P)

The results of the study revealed that fire had a significant main effect on available P
(p < 0.05; Figure 4a); unburned plots had high available P relative to burnt plots. Exclosure
and vegetation type did not independently cause statistical changes in available P, nor
were there any significant interactions between exclosure and vegetation type, as well as
between fire and vegetation type.

The two-way interaction between exclosure and fire had a significant influence on
total P (Figure 4b). Moreover, it was observed that in the open access area and the unburnt
plots on the full exclosure, available P under tree canopies was significantly high compared
to open grassland zones (Figure 4c). Additionally, it was noticed that the burnt plots on the
partial exclosure had the least amount of available P than all the other treatments.

3.5. Exchangeable Cations and Cation Exchange Capacity (CEC)

Data regarding exchangeable cations and CEC (Table 2) showed that exclosure, fire,
and vegetation type had a significant influence on exchangeable cations and CEC. The full
exclosure and open access area had a much higher concentration of exchangeable K than
the partial exclosure. The open access area had the lowest concentration of exchangeable
Ca, whereas the partial exclosure had the highest. Both the partial exclosure and control
site had significantly higher concentration levels of exchangeable Na than the full exclosure.
The partial exclosure had significantly higher exchangeable Mg than the control site and
full exclosure. Furthermore, the open access area and the partial exclosure had significantly
higher CEC than the full exclosure.



Land 2022, 11, 1148 7 of 14

Land 2022, 11, x FOR PEER REVIEW 7 of 14 
 

Fire × Niche 0.78 ns 0.35 ns 
Exclosure × Fire × Niche 0.72 ns 0.20 ns 

Means with different letter for the same factor within the column are significantly different (p < 
0.05). * p < 0.05, ns = not significant. 

3.4. Available Phosphorus (Available P) 
The results of the study revealed that fire had a significant main effect on available P 

(p < 0.05; Figure 4a); unburned plots had high available P relative to burnt plots. Exclosure 
and vegetation type did not independently cause statistical changes in available P, nor 
were there any significant interactions between exclosure and vegetation type, as well as 
between fire and vegetation type. 

 
(a) 

 
(b) 

 
(c) 

Figure 4. The main and interactive effect of herbivores, fire, and vegetation (veg.) type on available 
phosphorus (available P): (a) independent effect; (b) two-way interactive effect; (c) three-way inter-
active effect. 

The two-way interaction between exclosure and fire had a significant influence on 
total P (Figure 4b). Moreover, it was observed that in the open access area and the unburnt 
plots on the full exclosure, available P under tree canopies was significantly high com-
pared to open grassland zones (Figure 4c). Additionally, it was noticed that the burnt plots 
on the partial exclosure had the least amount of available P than all the other treatments. 

3.5. Exchangeable Cations and Cation Exchange Capacity (CEC) 
Data regarding exchangeable cations and CEC (Table 2) showed that exclosure, fire, 

and vegetation type had a significant influence on exchangeable cations and CEC. The full 
exclosure and open access area had a much higher concentration of exchangeable K than 
the partial exclosure. The open access area had the lowest concentration of exchangeable 

Figure 4. The main and interactive effect of herbivores, fire, and vegetation (veg.) type on avail-
able phosphorus (available P): (a) independent effect; (b) two-way interactive effect; (c) three-way
interactive effect.

Table 2. The main and interactive effect of herbivores, fire, and vegetation (veg.) type on exchangeable
cations and cation exchange capacity (CEC).

Factor
Variable

K (mg/kg) Ca (mg/kg) Na (mg/kg) Mg (mg/kg) CEC

Exclosure
Full 92.8 a 1316.6 ab 223.7 b 43.8 b 1.3 b

Partial 55.5 b 1409.7 a 323.3 a 58.5 a 2.1 a
Open access 102.316 a 934.7 b 340.8 a 42.1 b 2.1 a

Fire
Unburnt 84.6 a 1307.8 a 309.8 a 50.7 a 1.9 a

Burnt 72.4 a 1231.9 a 352.8 a 47.3 a 1.6 b

Niche
Tree 82.8 a 1523.8 a 289.2 a 57.3 a 1.9 a

Grass 77.9 a 1129.6 b 283.2 a 44.6 b 1.6 b

Main effect p-value and significance

Exclosure 0.04 * 0.03 * 0.04 * 0.002 * 0.01 *
Fire 0.69 ns 0.09 ns 0.12 ns 0.14 ns 0.05 *

Niche 0.60 ns 0.05 * 0.37 ns 0.014 * 0.02 *
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Table 2. Cont.

Factor
Variable

K (mg/kg) Ca (mg/kg) Na (mg/kg) Mg (mg/kg) CEC

Interaction
Exclosure × Fire 0.79 ns 0.38 ns 0.04 * 0.27 ns 0.46 ns

Exclosure × Niche 0.81 ns 0.93 ns 0.92 ns 0.14 ns 0.01 *
Fire × Niche 0.58 ns 0.49 ns 0.75 ns 0.96 ns 0.15 ns

Exclosure × Fire × Niche 0.62 ns 0.007 * 0.78 ns 0.86 ns 0.04 *
Means with different letter for the same factor within the column are significantly different (p < 0.05). * p < 0.05,
ns = not significant.

It was also noticed that fire did not independently influence exchangeable cations,
however, unburnt plots had significantly high CEC than burnt plots. Exchangeable Ca
and Mg concentrations differed significantly between the two vegetation types. They were
highest under tree canopies and lowest in open grassland zones, whereas exchangeable K
and Na were not influenced by vegetation type.

3.6. Soil Organic Matter (SOM)

There were significant main and interactive effects of exclosure, fire and vegetation
type on SOM (p < 0.05; Figure 5a–c). The full exclosure and control site (i.e., with higher
herbivore biomass) had significantly low SOM compared to the partial exclosure. Burning
resulted in a significant increase in SOM. Moreover, open grassland zones had significantly
low SOM than areas under tree canopies (Figure 5a).
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It was also observed that in the unburnt plots of the partial exclosure, SOM under tree
canopies was significantly low compared to open grassland zones (Figure 5c). Conversely,
areas under tree canopies on the unburnt plots of the full exclosure had significantly high
SOM than open grassland zones. Moreover, open grassland zones on the unburnt plot of
the full exclosure had the lowest SOM compared to all the other treatments (Figure 5c).

3.7. Total Microbial Activity

Exclosure had a significant main effect on total microbial activity, with the full ex-
closure having the highest total microbial activity and the open access area having the
lowest microbial activity. The partial exclosure was not significantly different from the full
exclosure nor open access area.

On the control site, it was observed that areas under tree canopies had significantly
higher total microbial activity than open grassland zones (Figure 6c).
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4. Discussion
4.1. Herbivores

The results of our study revealed that the most prominent soil changes influenced by
herbivores in the sodic patches of Nkuhlu exclosures were SOM content, concentration of
exchangeable cations, CEC, and microbial activity. The partial exclosure had the highest
SOM content, whereas there were no significant differences in SOM content between the
full exclosure and open access area. Increases in SOM in the partial exclosure could be due
to dung and urine deposition [22]. Dung and urine enhance substrate decomposition and
mineralization rate, thus increasing SOM. The reductions in SOM in the open access area
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may be a consequence of soil compaction due to the trampling, pawing, and wallowing
action by large herbivores [23]. Sodic patches are often associated with overgrazed, tram-
pled vegetation and according to Tuomi et al. [22] and van Coller [24], the presence of large
herbivores in the sodic zone, particularly elephants, cause soil compaction, decreased soil
porosity, increased bulk densities, and decreased organic matter.

In our study, we also observed that the effect of exclosure on the concentration of
exchangeable cations (K, Ca, Na and Mg) and CEC were herbivore-specific, in that they
were significantly high in the partial exclosure, whereas there were no significant differences
between the full exclosure and open access area where large and tall animals were permitted.
Higher exchangeable cations in the partial exclosure are due to higher SOM content.
Organic matter has been shown to provide much of the cation exchange capacity of surface
soils in savanna soils [24].

It was also noticed that the presence of large and tall herbivores caused significant re-
ductions in soil microbial activity. Our results support the previous findings that herbivore
size and population density regulate the structure and function of microbial commu-
nity [25]. This is because an increase in herbivore size and population density leads to
soil compaction. Herbivore-mediated soil compaction can destroy the network of tunnels
and pores used by soil organisms such as earthworms and microbes, thus resulting in low
microbial activity and diversity [26].

4.2. Fire

In general, fire had a significant effect on soil organic matter. Highest soil organic
matter content was observed in burnt plots than unburnt plots. Burnt plots had high
organic matter content because fire tends to increase soil fertility by chemically converting
nutrients bound in dead plant tissues and the soil surface to more available forms [27].
Mehdi et al. [28] and MacKenzie et al. [29], who found a loss of organic matter after
occurrence fire, disagree with these findings. According to Mehdi et al. [28] and MacKenzie
et al. [29], fire consumes organic matter and converts it into ash during the burning process.
Moreover, fire destroys organic matter through volatilization. Heydari et al. [30] found that
frequent fires reduce the thickness of the organic layer of the soil profile and suppresses soil
organic C mineralization rates due to loss of microbial biomass since fire destroys microbes.
In our study, however, we found that fire did not affect total microbial activity. This could
be because South African savannas are poor in nutrients, and nutrient-poor savannas tend
to have low-intensity fires that are not hot enough to affect soil organisms [31].

Available phosphorus was significantly higher in unburnt than in burnt plots. Fire
caused a loss of available P through volatilization and/or pyro-mineralization. This agrees
with Mehdi et al. [28], who reported a decrease in total and available soil P following the
fire in Zagros forests, western Iran. Mehdi et al. [28] claim that this is because burning very
rapidly transforms the organic P present in biomass and soil organic matter into inorganic P.

CEC showed a similar trend to available P in that it was significantly lower in burnt
plots than in unburnt plots. Loss of CEC can be attributed to thermal destruction of soil
organic matter during the burning process [32]. Soil CEC decreases have been reported in a
variety of environments affected by burning. For instance, Yildiz et al. [33] observed up to
40% reductions in CEC of pine forest soils in Turkey two weeks after burning. On the other
hand, Ulery et al. [32] reported that CEC of severely burned soil can be up to 82% lower
than the unburned soil.

4.3. Vegetation Type

Areas under tree canopies had higher total N and C than open grassland zones. Similar
observations have been reported by Isichei and Muoghalu [34]. This may be caused by
litter deposition under tree canopies. Litter decomposes, and the decomposition process
results in the gradual C and N enrichment of residue decomposing material [35].

Soil organic matter showed a similar trend to total N and C, and it was higher under
tree canopies than in the open. Organic matter accumulation under tree canopies may be
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a result of nutrient inputs from litter-fall and its slower rate of mineralization under tree
canopies due to reduction in temperature there. Additionally, leachates from tree canopies
and nutrient transport by tree roots from the rooting zone to tree canopies may also be
a source of higher soil organic matter under tree canopies. Higher soil organic matter
under tree canopies may account for higher CEC in the soil of our study. This is because,
in addition to being a dependable source of plant nutrients, soil organic matter has been
shown to improve the cation exchange capacity of soils. This is because organic matter
components of soil have negatively charged sites on their surfaces which adsorb and hold
cations by electrostatic force [36].

Based on the results of our study, soils under tree canopies were found to have
significantly higher concentration of exchangeable Ca and Mg than those in open grassland
zones. Similar observations have been reported by Isichei and Muoghalu [34], who found
that soils under tree canopies had significantly higher levels of organic matter, calcium,
magnesium, potassium, total exchangeable cations, cation exchange capacity, and pH than
those in open grasslands.

Microbial activity followed the same thread as total N and C, exchangeable Ca and
Mg, SOM, and CEC in that it was higher under tree canopies than in open grassland zones.
This is because increased plant residue inputs in areas surrounding the trees provide more
substrate for soil microorganisms, thus resulting in a more active and more abundant
microbial community [37].

4.4. Fire, Herbivores, and Vegetation Type Interaction

Soil properties, particularly exchangeable Ca, CEC, and total C, were influenced by
the interactive effect of fire, exclosure, and vegetation type. Burning and herbivores in
conjunction with canopy cover increased soil organic C, and this is because fire and trees
tend to attract birds and grazers which deposit their droppings, dung, and urine beneath
canopies. Herbivores, particularly grazing herbivores, are attracted to the recently burned
areas due to the flush of green growth and higher quality forage following a fire [3,24].
According to Chamane [3], herbivores can alter C inputs to the soil by changing the quantity
and quality of organic inputs (e.g., litterfall, herbivore dung). Therefore, the low soil total
C content in the open grassland zones of unburnt plot in the full exclosure might be a
consequence of herbivore exclusion and absence of trees. Similar findings have been
reported by van Langevelde et al. [5], who noticed that the interaction between fire and
herbivory provides a mechanistic explanation for observed discontinuous changes in soil
properties between trees and grass vegetations.

The interaction between fire, exclosure, and vegetation type significantly increased
soil CEC. Liang et al. [38] and Khanna et al. [39] also reported a subsequent increase in
cation exchange capacity. These reporters claim that this increase is due to animal waste
deposition and the release of oxides from the combustion of organic matter during the
burning process.

Burning and herbivory largely influenced soil fertility in the sodic zone. The absence
of fire in conjunction with the exclusion of herbivores resulted in a decrease in total C
content. The open grassland zones on the unburnt plot of the full exclosure had the lowest
SOM content than all the other treatments. This is because even though sodic patches are
often referred to as nutrient hotspots, no animals were permitted to enter inside the full
exclosure, whereas herbivores were able deposit their waste in the open access area and
partial exclosure, thus increasing SOM. Moreover, elephants may also enhance soil fertility
by promoting the dominance of C4 plants relative to C3 plants [40–42]. This is because the
diet of extant elephants is dominated by C3 browsers, although some elephants have a
significant C4 grass component in their diet. C4 plants form soil organic carbon that has
higher δ13C values than that formed by the C3 plants. According to van Coller [23] and
Sandhage-Hofmann et al. [40], toppling of trees by elephants, remaining browsing material,
and decomposition of roots could result in an even higher soil organic matter in the sodic
zone where herbivores are permitted.
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5. Conclusions

Fire and herbivores highlighted the intricate changes in soil properties between tree
and grass vegetations in the savanna ecosystems in the Kruger National Park, South
Africa. Fire, herbivores, and vegetation type resulted in varying and sometimes opposing
effects on soil biochemical properties. The effect was more evident in the case of SOM,
exchangeable Ca and Mg, total N and C, CEC, Available P, and microbial activity. On
the other hand, contrary to our expectations, fire, herbivores, and vegetation type did not
have a significant effect on soil pH and electrical conductivity. It can further be concluded
that open grasslands had poorer soil conditions than areas under tree canopies, when the
total N and C, exchangeable Ca and Mg, CEC, and SOM were considered. All of these
were significantly higher under tree canopies than in open grassland zones. Therefore,
changes in vegetation structure due to fire and large herbivores and their secondary impact
on soil properties should be taken into consideration in managing savannas. Moreover,
although sodic patches are often associated with overgrazed, trampled vegetation, and
fire, herbivores play an important role in the maintenance of vegetation (trees and grasses)
richness in these nutrient hotspots.
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