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The impact of fire frequency on selected soil physical properties in a semi-arid
savannah Thornveld
M. I. Magomania and J. J. van Tola,b

aDepartment of Agronomy, University of Fort Hare, Alice, South Africa; bDepartment of Soil, Crop and Climate Sciences, University of the Free
State, Bloemfontein, South Africa

ABSTRACT
The use of fire in rangeland management is standard practice, but the impact of fire frequency on
soil physical properties is still not properly understood. In this study, the effect of fire frequency on
selected physical properties was studied in a long-term burning experiment. Treatments included:
no burn (control), sexennial, quadrennial, triennial, biennial and annual burns. A line intercept
sampling technique was used to collect disturbed and undisturbed soil samples from the surface
for analysis. Frequent burning significantly increased the aggregate stability and bulk density
when compared to less frequent burning. Frequent burning resulted in lower hydraulic
conductivities and water conducting macroporosity when compared to intermediate burning
frequencies, likely due to lower organic carbon contents associated with frequent burning. Soil
water repellency was the highest in quadrennial burned plots. The results indicate that frequent
burning can have a detrimental impact on soil physical properties, but small variations in
inherent soil properties (texture) have a more dominant effect on the physical properties than
fire frequency management. The results emphasize the complexity related the effect of fire on
soil properties and future work should include all environmental factors in order to derive
sustainable burning frequencies for this site.
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Introduction

Fire is widely recognised as an essential management
tool in rangelands. In South Africa, most farmers have
burnt the rangeland from season to season, regardless
of the condition of rangeland (Everson 1999; Snyman
2003). These practices may have short-term and long-
term effect on soil physical, chemical and biological
properties. The impacts of fire on soil properties have
been studied widely (e.g. DeBano 1981; Ritsema et al.
1998; Zavala et al. 2014), however, an understanding of
how fire frequency influence soil physical properties
under savannah rangelands is still lacking. Assessment
of long-term fire management on soil physical properties
will not only guide improvement to fire management
practices but may also provide information that will
serve as a guideline towards updating the available fire
management policies.

Fire can have both positive and negative impacts on
soils depending on several factors such as the inherent
soil properties, fire frequency and fire severity (Erickson
and White 2008). For instance, amongst other factors,
the variability in soil response to burning may be
mostly related to soil resilience, type and quality of fuel

load as well as the condition of fuel prior to burning
such as dry vs. moist fuel. The fuel that burn faster
such as grasses transfer the low amount of heat to the
soil and they are also of short duration as compared to
slowly burning fuel (Robichaud 2000). Therefore, faster,
low duration fuel are usually associated with impact
that are beneficial to the ecosystem such as improving
soil fertility and reducing unwanted fuel amongst
others (Neary et al. 1999). On the other hand, slow
burning fuel does not only result in more severe
impact to the ecosystem, but also create more complex-
ity in fire studies.

Some studies have indicated that fire-affected soils are
mainly associated with loss of soil organic carbon (SOC).
Combustion of SOC leads to changes in the major soil
physical and hydraulic properties. These changes
include the formation of a water-repellent (WR) layer,
reduced infiltration, increased bulk density, development
of preferential flow, decreased hydraulic conductivity,
increased surface crusting and increased surface runoff
(DeBano 2000). Several studies, however, concluded
that fire management had no significant effect on soil
physical properties (e.g. Meira-Castro et al. 2015).
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The magnitude and duration of fire-induced changes
vary depending on soil properties, fire frequency and
severity, and post-fire climatic conditions. These may
range from short-term, long-term, or permanent fire-
induced changes (Doerr and Cerda 2005). Duration of
fire is regarded as the most prominent factor of the
burn severity that results in significant effect to soils,
for instance, the amount of heat transfers to the soil by
fast moving intense fires is less compared to the slow
moving fires in low or heavy fuel respectively (DeBano
et al. 2005). Therefore, slow moving fire may result in
long-term to permanent fire-induced changes. Thus,
the extent of fire-induced changes still needs to be
defined under different soil conditions, climatic con-
ditions, and fire frequency and severity.

In South Africa, the effect of fire management on soil
physical properties is not well documented. In 1980, Pro-
fessor WSW Trollope, initiated an experiment at the Uni-
versity of Fort Hare (Alice, South Africa) to investigate the
effect of burning frequency on vegetation. Over the
years, studies conducted on this long-term trial have
focused on investigating the effect of fire management
on rangeland vegetation while the impacts on soil prop-
erties have only been reported by Materechera et al.
(1998). The latter only focused on selected chemical
properties. The objective of this study was then to inves-
tigate the effect of fire frequency management on
selected soil physical properties.

Materials and methods

Study area and experimental layout

This study was conducted at the Honeydale section of
the University of Fort Hare Research Farm, situated
3 km outside Alice in the Eastern Cape Province of
South Africa (Figure 1). The Research Farm is located at
32° 47′S and 26° 52′ E at an altitude that ranges
between from 500 m and 600 m above sea level. The
mean annual rainfall at the site is 500 mm of which
70% is received between October and March. The
maximum temperatures range from 26 to 41°C in July
and January respectively, while the minimum tempera-
ture range from −5 to 11°C in July and January respect-
ively (ARDRI 1989). The vegetation is a semi-arid savanna
of the false thornveld of the Eastern Cape. It consists of
grasses interspersed with Acacia karroo. The dense
sward is dominated by Themeda triandra, Panicum
maximum, Digitaria eriantha and Sporobolus species
(Acocks 1975). The soil at the site is a silty loam of the
Glenrosa form (Soil Classification Working Group 1991)
or Ochric Cambisol (FAO/UNESCO) and is characteristi-
cally shallow with a stony surface.

The long-term burning trial was established in 1980 to
investigate the effect of burning frequency on species
composition and biomass production (Trollope 1984).
The experiment consists of six treatments: no burn (K),
annual burn (B1), biennial burn (B2), triennial burn (B3),
quadrennial burn (B4) and sexennial burn (B6) (Figure
1). The treatments are replicated twice in a completely
randomised design on plots measuring 50 m × 100
m. Each plot has about 5 m surround to minimise influ-
ences of the edge effect. The plots are also separated
from each other by pathways to control burning.
Burning of plots takes place after the first spring rains.

Data collection and analysis

Soil sampling
A line intercept sampling technique described by Warren
and Olsen (1964) was used for soil sampling collection
and in situ measurements. Two transects parallel to the
longest side of the plot were demarcated and sampling
sites were identified, approximately 25 m apart, on the
transects (Figure 1). Six samples were therefore collected
from each plot with 72 samples in total. Disturbed
samples were collected from the topsoil (0–7.5 cm)
using a spade, and undisturbed core samples
(±730 cm3) were collected from the same depth. After
transport to the laboratory, samples were air-dried for
two weeks and then divided into two portions; the first
portion was passed through 2 mm sieve, and the other
part was used to determine aggregate stability.

Laboratory analysis
Particle size distributions (particles < 2 mm) were deter-
mined using the hydrometer method after oxidising
SOM with hydrogen peroxide (Gee and Or 2002). Total
carbon was analysed using the automated dumas dry
combustion method with the LECO CNS 2000 analyser
(Leco Corporation, Michigan, USA; Matejovic 1996).

Soil aggregates were separated by wet sieving as
described by Six et al. (1998). The two pre-treatments
procedure were used in this study before wet
sieving were air drying followed by rapid immersion
in water and air drying plus capillary rewetting to
field capacity plus 5% (kg kg−1) (rewetted). The soil was
wet-separated through sieves of 2, 0.25, and
0.053 mm diameter openings to give aggregates in
four fraction size classes (2–5, 0.25–2, 0.053–0.2 and
<0.053 mm).

Sand and course fragments for each fraction were cor-
rected following the method by international maize and
wheat improvement centre, as follows: Each fraction was
shaken for 18 h with 5% sodium hexametaphosphate
(1:3 soil: liquid ratio). Then the fractions were sieved
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again using the same sieve it was retained upon during
the first sieving. Tap water was used to wash sand and
course fragments that retained on the sieve. Sand and
course fragments were cleaned into the appropriately
marked train using wash bottle, then oven-dried at
105°C and weighed. To maintain uniformity, we used
the same tray that was used for the first sieving. The
retained weight was then subtracted from the original
weight of that fraction. The mean weight diameter was
calculated as follows:

MWD =
∑n
i=1

kdlWi , (1)

where MWD is the mean weight diameter (mm), d is the
mean diameter of each fraction size of i (mm), W is the
proportion of total sample weight (g), and n is the
number of size fractions.

Bulk density was determined from the undisturbed
soil core samples using the method of (Blakemore et al.
1987) where:

Bulk density (g cm−1) = oven dried soil weight (g)
volume of core (cm3)

.

(2)

A modified falling head method by Bouwer and Rice
(1976) was used to determine saturated hydraulic con-
ductivity (Ks) on the undisturbed core samples. The
samples were saturated with water for about a week
prior to the measurements, and Ks (mm h−1) was

calculated using:

Ks = L
DT

× H0 + L
(H1 + L)

( )
, (3)

where L is the length of the soil column, DT = t2–t1 is the
time required for the hydraulic head to drop from H0 to
H1 (1 cm in this study).

Water Conducting Macroporosity (WCM) was calcu-
lated as the difference between Ks and the conductivity
at a tension of 3 cm (Kh−3cm) as explained by Watson
and Luxmoore (1986). Kh-3cm measurements were
done using a tension disc infiltrometer in saturated soil
samples at 3 cm tension following the design described
by Ankeny et al. (1988). Prior to each measurement, a
thin layer of Diatomaceous earth was smoothed on a
surface of each core sample to ensure good contact
between soil and the base of the disc infiltrometer.

Soil water repellency (SWR) was determined at
different water contents on the undisturbed samples
according to the water-drop penetration time test
(WDPT) procedure described by Dekker et al. (2009).
Three drops of distilled water were placed on the
smoothed surface of a surface soil using a standard
medicine dropper and the time till penetration was
recorded. The persistence of SWR was classified accord-
ing to Dekker and Jungerius (1990). The range of soil
water content was obtained by wetting the soil to
saturation and then oven drying them for predetermined
periods. Before WDPT were conducted the samples were

Figure 1. Location of the study area in South Africa with sampling locations and various treatments.
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weighed to determine the water content (expressed as
percentage of porosity). For comparison purposes,
regression lines between water content and SWR were
constructed and SWR at 25%, 50% and 75% of porosity
are presented.

Statistical analysis
The data were subjected to an analysis of variance
(ANOVA) using Statistix 10.0. Mean comparisons will be
carried out using Tukey’s honest significant difference
(HSD) at P≤ .05. Pearson correlation tests were con-
ducted to evaluate the relationship between various
soil properties.

Results

Negative correlations existed between the sand fraction
and SWR (75%) (soil water repellency at 75% saturation
of pores) as well as with the aggregate stability (AS)
(Table 1). Positive correlations were observed between
the silt content and SWR at all water contents as well
as with carbon content (Table 1). Bulk density (Bd) was
positively correlated with SWR at all water contents but
inversely correlated with saturated hydraulic conduc-
tivity (Ks) and water conducting macroporosity (WCM).
Positive correlations exist between SWR at different
water contents, but SWR at all three water contents
were negatively correlated with Ks and WCM (Table 1).
Interestingly carbon contents were not correlated with
any physical properties, except silt percentage.

There were differences between the fraction of sand
particles of the sexennial treatment and all other treat-
ments, with exception of the control (Table 2). The silt
fraction of the sexennial treatment was significantly
lower than that of the quadrennial treatment. No signifi-
cant differences were observed between clay fractions,
and all the treatments fall within a SandyClayLoam
(SaClLm) textural class (Table 2). Total carbon was signifi-
cantly higher in biennial, triennial and quadrennial burnt
plots when compared to annually burnt plots (Table 2).
The impact of carbon will be discussed in a separate
paper dealing with soil chemical properties. Here we
only use the carbon results to explain differences in
soil physical properties between treatments.

Burning frequency affected aggregate stability (Figure
2(a)). Aggregates were more stable under annual
burning treatments than sexennial and triennial treat-
ments. Biennial treatments were also significantly
higher than sexennial treatments. There were no signifi-
cant differences between the control and all fire fre-
quency treatments.

Control plots (no burn) had a lower bulk density than
burnt plots (Figure 2(b)). These differences were however
only different between the control and plots which were
burnt every year and every fourth year (P < .05).

Burning frequency also affected saturated hydraulic
conductivity (Figure 2(c)). The highest mean Ks value
was 115 mm h−1 measured in the triennial burned
plots, whilst the lowest was recorded in the annually
burned plots (32 mm h−1). Differences were observed

Table 1. Pearson correlation matrix between various soil physical parameters.

Variables Sand (%) Silt (%) Clay (%) Bd (g cm−3) SWR (25%) SWR (50%) SWR (75%) AS (mm)
Ks

(mm h−1)
WCM

(mm h−1) C (%)

Sand (%) 1
Silt (%) −0.769** 1
Clay (%) −0.548** −0.066 1
Bd (g cm−3) −0.139 0.134 0.082 1
SWR (25%) −0.189 0.292* −0.103 0.485** 1
SWR (50%) −0.226 0.316** −0.083 0.504** 0.980** 1
SWR (75%) −0.255* 0.327** −0.058 0.502** 0.915** 0.977** 1
AS (mm) −0.243* 0.211 0.054 −0.061 0.251* 0.253* 0.243* 1
Ks (mm h−1) 0.152 −0.041 −0.084 −0.234* −0.345** −0.343** −0.326** −0.353** 1
WCM (mm h−1) 0.151 −0.038 −0.089 −0.236* −0.341** −0.338** −0.320** −0.352** 0.999** 1
C (%) −0.144 0.247* −0.100 −0.122 0.040 0.003 −0.036 −0.013 0.193 0.195 1

*Significant at α < 0.05; **Significant at α < 0.01; SWR – Soil Water Repellency (water content expressed as % of Po); AS – aggregate stability; WCM – Water
Conducting Macroporosity.

Table 2. Particle size distribution and textural class of the various treatments.
Sand (%) Silt (%) Clay (%) Texture class Organic Carbon (%)

No-burn 70.333 ab 6.333 ab 23.333 a SaClLm 1.789ab

Sexennial 72.212 a 5.091 b 23.167 a SaClLm 1.749ab

Quadrennial 68.515 b 7.600 a 23.883 a SaClLm 2.010a

Triennial 69.500 b 6.667 ab 23.833 a SaClLm 1.946a

Biennial 69.167 b 6.333 ab 24.500 a SaClLm 1.906a

Annual 68.667 b 6.667 ab 24.667 a SaClLm 1.560b

Pr > F 0.000 0.030 0.038 0.001
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between sexennially and triennially burned plots and
those which were burned frequently (i.e. biennial and
annual). The same trends and statistical differences
were observed for mean water conducting macroporos-
ity (WCM) as shown in Figure 2(d).

The soil water repellency (SWR) at 25% water content
was significantly higher in the quadrennial plots when
compared to the triennial plots (Figure 3). The same
applies to SWR at 50% water content, although there
were also significantly higher repellency in the annually
burned plots when compared to the triennially burned
plots. Closer to saturation, at 75% water content, the

sexennially burned plots had the lowest repellency
which was lower than quadrennially and annually
burned plots. The SWR in no-burn plots were also lower
than the quadrennially burned plots. In general, there is
an increase in SWR with an increase in water content.
The extreme standard deviation in the quadrennial plots
are troubling and questions the applicability of this
method.

Discussion

Particle size distribution and carbon

Although there were differences in the sand and silt con-
tents of the plots (Table 2), it is unlikely that these differ-
ences were the result of burning frequency. Particle size
distribution is an inherent, constant property of soils and
generally not effected by treatments such as burning fre-
quency. The clay contents, which typically influence
other soil physical properties, were not significantly
different between treatments and did not correlate
with any other measured properties (Table 1). The sand
content correlated negatively with the soil water repel-
lency (SWR) at 75% water content as well as with aggre-
gate stability, whereas an increase in silt appears to
increase the repellency at all water contents (Table 1).
In general, the differences in particle size distribution
was small, and the soils were relatively homogeneous

Figure 2. The effect of fire on aggregate stability (a), bulk density (b), saturated hydraulic activity (c) and water conducting macro
porosity (d). Means with different letters are significantly different for that specific water content (P < .05). Bars represent standard
deviation from the means.

Figure 3. The effect of fire frequency on soil water repellency at
different water contents. Means with different letters are signifi-
cantly different for that specific water.
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in terms of their inherent properties. It is therefore fair to
assume that most differences in measured properties
discussed below are not due to inherent differences in
the soils but rather due to the treatments of the
different plots.

Aggregate stability (AS)

The effect of burning on AS under prescribed burning
plots have been studied (Mataix-Solera 1999; Campo
et al. 2008a, 2008b). However, the effect of fire on AS
is still controversial. This is because AS response to
fire depends on how physical, chemical and biological
soil properties are affected by fire. Furthermore, the
response of these properties to fire vary depending
on fire severity and intensity. And lastly, the resilience
of these properties post-fire result in more complexity.
For instance, several authors reported that AS decreases
under burning (Sanroque et al., 1985; Giovannini et al.
1987) and others reported an increase (Giovannini
and Sequi 1976a, 1976b; Diaz-Fierros et al. 1987).
However, some authors did not see a change in AS
after burning (Roldan et al. 1994). Recently, Thomaz
(2018), on a 21 months’ post-fire evaluation reported
that AS returned to its initial condition from 15 to 21
months after burning although there was a significant
decrease in OC as compared to initial soil condition.
This was after the observation of a substantial increase
and decrease between 0–3 and 3–12 months
respectively.

In our study, there was not a clear trend in AS with
increased/decreased burning. The low AS under sexen-
nial burning can be explained by the significantly
higher sand content of these plots (Table 2) and the
negative correlation existing between sand and AS
(Table 1).

Aggregate stability was the highest in annually
burned plots, and this was significantly different when
compared to triennial and sexennial burn treatments
(Figure 2(a)). DeBano (1981) emphasised that some
hydrocarbon might be released during burning. These
water-repellent molecules may be coated with soil par-
ticles that bind into soil structure and consequently
protect the structure from collapsing due to raindrops
impact and other factors. According to Mataix-Solera
et al. (2011), low to moderate fire promotes the for-
mation of the hydrophobic film around the aggregates
which increases aggregate stability, while high fire inten-
sity decreases AS due to disruption of organic coatings
(Badia and Marti 2003). The absence of significant corre-
lations between AS and carbon (C) is worth noting and
further in this regard is required, especially pertaining
to the quality and different fractions of OC.

Bulk density

Burning increased the bulk density in all burning treat-
ments, especially in annual and quadrennial burn treat-
ment which was significantly different from the control
(Figure 2(b)). Again the trend in bulk density in relation
to burning frequency is not clear. The increase in bulk
density after burning has been reported by Badia and
Marti 2003; DeBano et al. 2005; Hubbert et al. 2006;
Granged et al. 2011a. Whereas decreased bulk density
after burning has been recorded by Brye 2006; Chief
et al. 2012. Several other authors did not find any
change in bulk density following burning experiments
(Phillips et al. 2000; Meira-Castro et al. 2015). According
to Giovannini et al. (1988), burning can increase soil
bulk density by altering soil structure. When organic
material that plays a role in binding primary soil particles
into aggregates vaporise during burning it can result in
the collapse of soil structure. Hence leading to loss of
macropores (>0.5 mm in diameter) and consequently
reduced soil porosity and increase bulk density. In our
study, the annually burned plots have had both the
highest bulk density and the highest aggregate stability,
but the lowest C content. Although there was not a col-
lapse of the soil structure, it appears that the C content
did form larger structural units in the treatments which
were burned less frequently. The ash and dispersed
clay that is produced by burning can also play a role in
decreasing soil porosity, by clogging the soil pores
(Certini, 2005).

Hydraulic conductivity (Ks) and water conducting
macroporosity (WCM)

Frequent burning treatment (especially annual
burning) decreased the hydraulic conductivity (Ks) sig-
nificantly when compared to triennial burning and sex-
ennial burning (Figure 2(c)). Robichaud (2000), in a
study conducted under p. mensiessi and peontoria
reported that fire decreased Ks by 40%. Ekinci (2006)
indicated that after two weeks of burning, Ks in the
unburned area were higher than Ks in burned area.
Similar results are reported by Kennard and Gholz
(2001) whereas Robichaud (2000) reported an increase
in infiltration following high burn severities and no sig-
nificant change in low burn severities. The decrease in
Ks following fire may be due to the collapse of soil
structure (see the discussion under bulk density)
which eventually decreases soil macroporosity (Figure
2(d)). The negative correlation between SWR and Ks
(and WCM) suggest that hydrophobicity associated
with the burned material can cause the decrease in
hydraulic conductivity.
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Macropores (>0.5 mm) play an important role in
infiltration and redistribution of water and exchange
of gasses for normal functioning of soil organisms and
plant roots (Van Tol et al. 2012; Clothier et al. 2008).
Macroporosity is related to soil bulk density and SWR
(Table 1). The land use practices such as fire manage-
ment that alter these properties may affect macropores.
This study showed that water conducting macroporosity
of more frequent burning treatment (annual) was sig-
nificantly lower than triennial and sexennial treatments.
The relatively low Ks and WCM of quadrennial treat-
ments might be related to slightly higher silt contents
of these treatments (Table 2). This is also visible in the
uncharacteristically high SWR of quadrennial
treatments.

Soil water repellency

Doerr et al. (2000) defined SWR as a surface property of
soil that delays water infiltration into the soil for
varying periods of time. Quadrennial burning treatments
had the highest SWR of all water contents. The same
trends were observed in Ks and WCM. This might again
be explained by the relatively high silt content of the
quadrennial treatment. The large deviation from the
means (Figure 3) is also concerning. The measurement
procedure only assesses SWR on a very small area of
the profile. Variations caused by, for example, leaves or
rotten plant material might, therefore, result in
different SWR measurements, hence the large standard
deviation.

With exception of the quadrennial treatments, there
appears to be an increase in SWR with increased
burning frequencies. Several others (e.g. Hubbert et al.
2006; Vadilonga et al. 2008, Granged et al. 2011b) also
observed increasing SWR following burning treatments.
The loss of organic material (Table 2) and hydrophobicity
of ash is attributed as the main reasons for higher SWR
under frequent burning.

In this study the long-term impact of fire frequency on
soil physical properties were assessed and, similar to
many other studies, the results did not show definite
trends of measured properties. Annually burnt plots
had the highest aggregate stability, but also the
highest bulk density. The high bulk density is likely due
to lower total carbon content, and the high aggregate
stability could be attributed to the formation of hydro-
phobic films around the soil aggregates following fre-
quent burning. More research on different fractions of
carbon in and around aggregates are required to
obtain a better understanding of the impact of fire fre-
quency on aggregate stability and bulk density.

In general more frequent burning (annual and bien-
nial) resulted in decreased infiltration rates (decreased
hydraulic conductivity and water conducting macropor-
osity and increased soil water repellency) when com-
pared to the control and triennial or sexennial burned
plots. The quadrennial burnet plots showed however
similar trends in hydraulic characteristics. Although the
plots were part of the same textural class, slightly
higher silt (and lower sand) contents of the quadrennial
plots could explain the inconsistency in the measured
trends between the frequency of burning and the
hydraulic properties. In summary, the loss of carbon
associated with frequent burning can result in significant
changes in soil physical properties, but small differences
in inherent soil properties, such as texture, has a greater
influence than fire frequency management.
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