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Abstract. We conducted studies to assess the impact of traditional fire management on soil organic carbon and total
nitrogen pools. We compared organic carbon and total nitrogen pools in forest floor and mineral soil (0–100-cm depth) in
three areas burned by local communities (B) with adjacent unburned areas (UB) (three paired sites; 1, 5 and 9 years since

fire; hereafter B1-UB, B5-UB and B9-UB) in a montane forest in southern Ethiopia. Despite differences in time since fire
and dominant post-fire vegetation, forest floor andmineral soil organic carbon and total nitrogen concentrations and pools
were not significantly different between burned and unburned pairs or across sites. However,mineral soil carbon : nitrogen
ratio was significantly higher in the burned area of B9-UB (0–10 cm) and B5-UB (10–20 cm), indicating small losses of

nitrogen relative to carbon, likely from plant uptake or possibly leaching of nitrogen post fire. Combined, the data suggest
that traditional fire management did not dramatically affect forest floor and mineral soil organic carbon and total nitrogen
dynamics at these sites.
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Introduction

Fire plays an important role in forest ecosystems. Fire affects
forest productivity, composition and diversity, and the pools

and fluxes of carbon (C) and nutrients including nitrogen (N)
(e.g. Mitchell et al. 2012; Kolka et al. 2014). Forest fire emis-
sions of carbon dioxide (CO2) significantly contribute to global

greenhouse gas (GHG) fluxes and potentially climate change
(e.g. Sommers et al. 2014). Recent research indicates that anthro-
pogenic woodland and savanna fires produce,0.93 Pg C year�1,

which is ,29% of the emissions of the continent of Africa
(Valentini et al. 2014). As soil N plays a critical role in vegetation
and soilmicrobial dynamics andC sequestration, it is important to

understand how forest fire affects soil N (e.g. Mitchell et al. 2012;
Kolka et al. 2014). Climate change is predicted to increase fire
frequency, extent and severity in forested ecosystems, leading to
changes in forest C andN dynamics andC sequestration potential,

including in fire-prone ecosystems in Africa (e.g. Sommers et al.
2014).

There is uncertainty in our understanding of the effect of

forest fires on soil C andN. The effects of fire on soil C andN are
highly variable, with some studies finding that soil C or N pools
were lost from the forest floor, with no change in the mineral

soils (e.g. Kolka et al. 2014). Others have found that fire reduced
soil C and/orN pools in the forest floor, but increasedC and/or N

in the upper mineral soils (e.g. Poirier et al. 2014). Time since
fire can influence soil C and N pools (e.g. Mabuhay et al. 2006;
Hamman et al. 2008). In the early stages post fire, changes in soil

C and N can be minimal as losses through erosion and leaching
can be offset by deposition of organic matter by newly growing
vegetation (Johnson and Curtis 2001; Kaye et al. 2010).

However, as time increases after fire, increases in both soil
C and N through inputs from litterfall and root turnover lead to
sequestration of soil C and N (Johnson and Curtis 2001; Kaye

et al. 2010). Combined, these results suggest that further studies
should consider assessing the effect of forest fire on forest floor
and mineral soil C and N across a gradient of time since fire.

Unfortunately, little research on fire impacts on soil C and N
has been conducted in sub-Saharan Africa in spite of frequent
fires in the region (Archibald et al. 2012). Among the 75 papers
used for a recent meta-analysis of the impact of forest fires on

soils (Wang et al. 2012), three studies (Jensen et al. 2001;
Andersson et al. 2004;Michelsen et al. 2004) were conducted in
sub-Saharan Africa, none of which assessed soil C and N.

Therefore, there is a need to conduct fire research to improve
our understanding of the impact of forest fire on soil C and N
pools in sub-Saharan Africa.

To improve our understanding, one area of urgently needed
research is to assess how traditional fire management influences
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soil C andN dynamics in sub-Saharan Africa. Fire has been used
in African landscapes to improve pasture for livestock for

thousands of years (e.g. Bowman et al. 2009; Archibald et al.

2012). Essentially, traditional fire management converts forest
to more open pasture land, encouraging low-stature forage

species. More recently, traditional fire management has been
perceived as an artificial disturbance causing deforestation and
degradation and, as a result, has often been banned through

restrictive legislation (e.g. Pyne 2001; Bowman et al. 2011).
However, there is a renewed interest in using traditional fire
management for ecosystem management (e.g. Johansson et al.

2012; Russell-Smith et al. 2013; Johansson and Granström

2014). Further studies are needed to assess how traditional fire
management influences soil C and N dynamics, which ultimately
affect ecosystem sustainability.

Wondo Genet Forest is a montane forest located in the
Central Rift Valley of Ethiopia. The forest has been subjected
to traditional fire management by local pastoral communities

to improve pasture forage for grazing. Fire event dates for the
past 20 years were recorded at the adjacent Wondo Genet
College. Our objective was to assess the impact of traditional

fire management on forest floor and soil C and N dynamics by
comparing burned areas with adjacent unburned areas, and if
time since fire (1, 5 and 9 years post fire) influenced this
relationship. We hypothesised that traditional fire manage-

ment would significantly decrease forest floor and upper
mineral soil C and N pools but that the decrease would become
less evident over time and with depth when compared with

unburned systems.

Methods and materials

Study site description

WondoGenet Forest is located at 78060N and 388370E and is part
of the eastern escarpment of the Central Rift Valley of Ethiopia

(Fig. 1). It is located ,260 km south of the capital city, Addis
Ababa, and the forest lies within the altitudinal range of 1860–
2580 m above sea level (a.s.l.). The study area has a sub-humid

tropical climate and receives a mean annual rainfall of 1247mm
(Teklay andMalmer 2004). The rainfall pattern is bimodal, with
a short rainy season between March and May accounting for

28% of total rainfall, and a long rainy season between July and
October accounting for more than 50% of total rainfall (Teklay
and Malmer 2004). The mean monthly temperature is 19.58C
with mean monthly maximum and minimum temperatures of

26.3 and 12.48C respectively (Teklay and Malmer 2004). The
bedrock in the area is mainly of basaltic composition, often
overlain by volcanic ash deposits from the late Tertiary period

and it is dominated with well-drained sandy loam to loam soils
of high permeability classified as Mollic Andosols (FAO 1988).
The top layer of the mineral soil (0–10-cm depth) has a pH

(in H2O) of 6.0–6.1 and cation exchange capacity of 19.7–21.7
meq per 100 g soil as determined by the ammonium acetate
(pH 7) method (Teklay and Malmer 2004).

Three paired burned–unburned areas were selected that
included a chronosequence of time since fire (Table 1). The
first site (hereafter B9-UB for 9 years after burned–unburned)
had a fire event in 2004, the second site (hereafter B5-UB for

5 years after burned–unburned) had a fire event in 2008, and the
third site (hereafter B1-UB for 1 year after burned–unburned)
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Fig. 1. Map of the study site. Sites are those burned in 2012 (B1-UB), 2008 (B5-UB) and 2004 (B9-UB)

(B, burned; UB, unburned).
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had a fire event in 2012 (Table 1). From interviewing 10 local
residents, we found that it was unlikely there had been fires
within the last 50 years before the fires in the study. The three

sites were ,1.5 km from each other and had dominant vegeta-
tion that varied across paired burned and unburned areas and
across sites (Fig. 1 and Table 1). Five soil sampling plots were
randomly selected in each paired burned and unburned

site inside areas (minimum 10-m distance between plots) that
were known to be burned and unburned (i.e. no edge effects).

Forest floor and mineral soil sampling and analysis

For the forest floor, a soil sampling plot (1m2) was installed at the
centre of each of the five randomly selected plots in burned–
unburned paired treatments. The entire organic layer of the forest

floor was collected after removing wood debris. After collecting
the forest floor, the depth of the forest floor was measured. A soil
profile was excavated from 0 to 100-cm depth at each soil sam-

pling plot. From the soil pedon, soil was collected with a core
sampler (5-cmdiameter) from 0–10-, 10–20-, 20–40-, 40–70- and
70–100-cm soil depths at B5-UB. Soil was collected from 0–10,

10–20, 20–40 and 40–70 cm at B1-UB and B9-UB owing to large
rocks below 70-cm soil depth. The soil samples from the core
were used to determine soil bulk density and the samples from
the soil pedon were used to determine soil organic carbon (SOC)

and soil total nitrogen (STN) concentration. Bulk density of
the forest floor and mineral soil was determined by dividing the
oven-dry mass (408C for forest floor, 1058C for mineral soils) by

the soil volume (Grossman and Reinsch 2002). Forest floor sub-
samples were ground to a fine powder. Mineral soil subsamples
were sieved (2 mm) and ground. Forest floor and soil subsamples

were analysed for organic carbon (OC) concentration using the
Walkley–Black titration method (Walkley and Black 1934;
Nelson and Sommers 1996) and for total nitrogen (TN) concen-

tration using theKjeldahlmethod (Bremner andMulvaney 1982).
Organic carbon and TN pools in forest floor and mineral soils
were calculated using the following Eqn 1:

P ¼ ðz� rb � cÞ � 10 ð1Þ

where P¼OC or TN pools (g m�2; 100� g m�2¼Mg ha�1) of
the forest floor or mineral soils, z¼ thickness of the forest floor

or mineral soils (cm), rb ¼ bulk density (g cm�3) of the forest
floor or mineral soils, and c¼OC or TN concentration (g kg�1)
of the forest floor or mineral soils.

To determine SOC and STN pools for 0- to 100-cm depth,
SOC and STN pools of each sample depth (0–10, 10–20, 20–40,
40–70, and 70–100 cm) were determined and the values were
summed.

Statistical analysis

For all datasets, the normality of the distribution of the data was
first analysed using the Shapiro–Wilk normality test (Shapiro

and Wilk 1965). Paired t-tests (McDonald 2014) were used to
test for differences (at theP, 0.05 level) between paired burned
and unburned forest floor and mineral SOC and STN con-

centrations, pools and SOC : STN (hereafter C :N) ratio both
within sites and across the chronosequence. When the standard
assumptions of normality were violated, a Mann–Whitney rank

sum test (Mann and Whitney 1947) was used. These statistical
analyses were conducted using SAS ver. 9.2.

We recognised that the study design is pseudoreplicated
because there was only one paired site per time since fire. It

would have been more defensible to have multiple paired sites
per time since fire but no additional sites occurred in our study
area. Conclusions can only be drawn about the effects of

traditional fire management on SOC and STN in the Wondo
Genet area of Ethiopia.

Results

Across study sites, regardless of burned or unburned status, SOC
and STN contents and C :N ratios commonly showed a

decreasing pattern with depth (Table 2). Forest floor OC and TN
concentrations and pools and C :N ratio were not significantly
different between paired burned and unburned areas or across

the chronosequence (Table 2). Mineral SOC concentration was
not significantly different in soil layers in paired burned and
unburned areas in B1-UB and B9-UB (Table 2). However, in

B5-UB, SOC concentration was significantly higher in burned
areas in deeper soil depths at 40–70-cm (difference: 54.6%,
n ¼ 5, P ¼ 0.016) and 70–100-cm (difference: 19.7%, n ¼ 5,
P ¼ 0.016) layers compared with those in the unburned area

Table 1. Summary of study site description

B, burned; UB, unburned; m a.s.l., m above sea level

Site name Location

and altitude

Year

of fire

Years

since fire

Size of burned

areas (ha)A
Dominant vegetation

B1-UB (1 year after

burned–unburned)

78070030 0N and

388370260 0E,
1976 m a.s.l.

2012 1 3 Burned area: Syzygium guineense and Combretum molle;

Unburned area:Buddleja polystachyaFresen and Syzygium

guineense

B5-UB (5 years after

burned–unburned)

78060010 0N and

388380390 0E,
2067 m a.s.l.

2008 5 1 Burned area: Calpurnia aurea and Celtis Africana;

Unburned area: Rhus vulgaris, Calpurnia aurea and

Vernonia amygdalina

B9-UB (9 years after

burned–unburned)

78060260 0N and

388370580 0E,
1911 m a.s.l.

2004 9 3 Burned area: Protea gaguedi, Nuxia congesta and

Dodonaea angustifolia;

Unburned area: Albizia gummifera, Calpurnia aurea and

Croton macrostachyus

AEstimated based on interview with locals owing to no official record on size of burned areas.
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(Table 2). Soil organic carbon pools were not significantly dif-
ferent between paired burned and unburned areas or across the
chronosequence when combining all soil depths, or at individual

depth increments (Table 2). Mineral STN concentration and
pools were not significantly different in paired burned and
unburned areas or across the chronosequence when combining

all depths or at individual depth increments (Table 2). Mineral
soil C : N was significantly higher in the burned area at 0–10-cm
depth at B9-UB (difference: 11.7%, n ¼ 5, P ¼ 0.036) and at

10–20-cm soil depth in B5-UB (difference: 10.5%, n ¼ 5,
P ¼ 0.036) when compared with the paired unburned area
(Table 2). No other differences were observed in mineral soil
C : N ratio across paired burned or unburned areas with depth or

across the chronosequence.

Discussion

Contrary to our hypotheses, our results indicate that despite
differences in time since fire and dominant post-fire vegetation,

forest floor and mineral soil OC and TN pools were not signi-
ficantly different between burned and unburned pairs or across
sites. The results suggest that the forest fires set by local

communities as their practice of traditional fire management did
not affect forest floor and mineral soil OC and TN pools. Our
results are in line with other studies indicating no effect or little
effect of fire on mineral SOC and STN pools (e.g. Kolka et al.

2014; Maynard et al. 2014). Also meta-analyses by Nave et al.
(2011), Wan et al. (2001), Johnson and Curtis (2001) and
Boerner et al. (2009) found that prescribed fire, such as that

used in traditional fire management, did not have significant
overall effects on either mineral SOC or STN, because
prescribed fires tend to be implemented under fairly low fuel

loads and weather conditions (Nave et al. 2011). Combustion
of mineral SOC begins at 200 to 2508C, with complete com-
bustion at ,4608C (Giovannini et al. 1988). It is inferred that
the burned mineral soils never experienced temperatures high

enough for oxidation.
The only difference we detected was an increase in SOC

concentration in the 40–100-cm depth in the burned area of

B5-UB. Given the depth, we do not believe the difference was a
result of fire but other soil processes that affect carbon concen-
trations at depth (e.g. root exudates). It is unlikely that fire

affected SOC concentration in deep soil layers without causing
any impact on surface and shallow soil layers. However,
somewhat similarly to our results at site B5-UB, in western

Ethiopia, fire in frequently burned wooded grasslands led to
small increases in SOC concentrations from upper soils to
deeper soil layers whereas SOC decreased from surface soils
to deeper layer in less frequently burned forest and wooded

grasslands (Michelsen et al. 2004). In our case, though, we also
saw decreases in SOC concentration with depth similar to the
less frequently burned forest and wooded grasslands. Other

studies have found increases in mineral SOC concentrations
following fire (e.g. Knicker et al. 2005; Miesel et al. 2012).
The increase can be attributed to the input of partly charred

material or litter from decaying trees (Knicker 2007; DeLuca
and Aplet 2008) that have high C : N ratios. Also, the distur-
bance of the soil caused by fire can increase the mobility of
dissolved organic carbon and promote SOC stabilisation at

depth by association with fine particles (Schelker et al. 2012;
Poirier et al. 2014).

The observed higher soil C :N in the burned area compared

with the unburned areas B5-UB (10–20-cm depth) and in B9-UB
(0–10-cm depth) is surprising considering that other studies have
found lower short-termC :N ratios following fire (Yermakov and

Rothstein 2006;Kolka et al. 2014).Our sites are 5 and 9 years post
fire and we suspect that plant uptake of N following fire was
higher than in unburned areas as a result of vegetation regrowth

following fire or possibly that N (in nitrate form) was preferen-
tially leached relative to C post fire.

Similarly to our results, global syntheses by Nave et al.

(2011) and Wang et al. (2012) found no significant impact of

prescribed fire on mineral SOC or STN concentrations whereas
wildfire significantly decreased SOC and increased STN con-
centrations, although not affecting overall pools in the case of

Nave et al. (2011). As a result, Nave et al. (2011) suggested that
avertingwildfires through prescribed burning is desirable from a
soils perspective.

Our results support the current reassessment of the role of
traditional fire management in savanna and forest management.
In north Australian savannas, the traditional anthropogenic fire

regime was reintroduced to abate the higher C release from
wildfires (e.g. Fitzsimons et al. 2012; Russell-Smith et al. 2013).
In forested montane heathland ecosystems in southern Ethiopia,
pastoralists use fire to improve pasture, to remove insect pests

and to reduce livestock loss to predators (Johansson et al. 2012;
Johansson and Granström 2014). Moreover, it has been sug-
gested that fire exclusion is not a valid option for the heathlands

because it would degrade pasture quality and highly flammable
vegetation would develop, providing potential for reoccurring
severe wildfires (Johansson et al. 2012). Further studies are

needed to assess various aspects of traditional fire management
in terms of ecosystem health and sustainability. For example,
studies are needed to assess the impact of traditional fire
management on GHG emissions and effects on plant and animal

biodiversity.
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