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We explore and compare quantities and patterns of Soil Organic Carbon (SOC) in protected forest and neigh-
boring land around Bwindi Impenetrable National Park (a mountain protected area in Southwestern Uganda).
We assessed paired sites of natural forest and major land uses (potato, tea and grazing lands) converted be-
tween 1973 and 2010. These pairings were replicated at three altitudinal zones. Plots (20 m by 50 m) were
demarcated within each site. Five composite soil and core samples were obtained from 0 to 15 cm (top-soil)
and 15–30 cm (sub-soil) at each plot. In total, 192 composite soil and core samples were collected. Within
forest we found marked site to site variation in SOC from 54.6 to 82.6 Mg/ha. There was a tendency for higher
SOC in converted land, associated with higher bulk density suggesting quality based land use selection with
forest left on inferior soils. Cultivation, landscape position, slope and sampling depth were all significantly
(Pb0.05) related to variation in SOC stocks following forest conversion but time since conversion had no de-
tectable impact. Interestingly, there was no significant relationship between SOC in the top and sub-soils.
Higher SOC is largely determined by higher bulk density. The large SOC stocks in these afro-montane soils
are less predictable and more persistent than anticipated.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Forest vegetation and soils are important reserves and sinks of
carbon, sequestering about 1200 Gt globally (Lewis et al., 2009;
Luyssaert et al., 2008; Slik et al., 2009;Wang et al., 2004). Most terres-
trial carbon is stored in soils, on average about three times more than
the carbon in vegetation and in total about twice what is present in
the atmosphere (Batjes and Sombroek, 1997). Conversion of forests
to other land uses adds to greenhouse gas emissions (DeFries et al.,
2007; Van der Werf et al., 2009) contributing to climate change
(Gullison et al., 2007), but also affects soil properties although this re-
mains poorly quantified (Cotler and Ortega-Larrocea, 2006).

Carbon storage in forest soil is the balance between inputs, mainly
from plant material, and losses from decomposition, erosion and
other processes (Sun et al., 2004). Carbon enters the soil from litter
fall, root and mycorrhizal turnover, plant exudates and microbial
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fixation (Feller and Beare, 1997). Under steady-state conditions, the
carbon gain is matched by equivalent carbon losses (Kirschbaum,
2000). This balance is greatly affected by forest clearance and subse-
quent land management practices (Korkanc et al., 2008).

SOC is affected by environmental factors such as topography,
parent material, soil depth, and land use (Fu et al., 2004; Johnson et
al., 2000; Ollinger et al., 2002). Often the key relationships are indirect
and potentially complex. Topography influences precipitation and
temperature (Tsui et al., 2004), solar radiation, and relative humidity
(Finney et al., 1962; Franzmeier et al., 1969). Aspect determines
length of exposure to sun light and can influence weathering and veg-
etation (Rech et al., 2001; Sidari et al., 2008; Yimer et al., 2006).

With advances in climate change mitigation through Reducing
Emissions from Deforestation and forest Degradation (REDD), much
emphasis has been put on above ground carbon (Cerbu et al., 2010;
Harris et al., 2008) but less attention given to below ground carbon
(Cole and Ewel, 2006; Navar, 2009). But if SOC changes with forest
loss, and varies with land use, such carbon may play a significant
role in local, national and global carbon budgets. We therefore need
more data on SOC stocks (Gibbs et al., 2007).

http://dx.doi.org/10.1016/j.geoderma.2012.09.005
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Our exploratory study assesses SOC stocks in and around the
protected forest landscape of Bwindi Impenetrable National Park
(“Bwindi”) in southwestern Uganda.We hypothesized that SOC stocks
are higher on foot-landscape positions, higher altitude sites and sites
that are less exposed to the sun. Also, we expected that SOC will de-
cline following forest conversion especially on back-slopes, but would
be influenced by land use and time since forest loss.

2. Materials and methods

2.1. Study area

The study was conducted between September 2009 and September
2010 in and aroundBwindi Impenetrable National Park in Southwestern
Uganda (0°53′–1°08′N; 29°35′–29°50′E) (Fig. 1). The protected forest
covers an area of 331 km2 and spans an altitudinal range from 1160 to
2607 m.a.s.l. The forest is classified as “mediumaltitudemoist evergreen
forest” and “high altitude sub-montane vegetation” (Langdale-Brown
et al., 1964), and is rich in biodiversity (Butynski and Kalina, 1998).
The terrain is rugged and deeply weathered. About 90% of the forest
was pitsawed between 1932 and 1991 (Howard, 1991) and 7.8% of
area under forest in 1973 – mostly outside the protected area – was
converted to agricultural land uses by 2010 (Twongyirwe et al., 2011).
Population density in the mainly agricultural lands bordering the forest
was 260 persons per km2 in 2001 (UBOS, 2002). The characteristics of
sites sampled are summarized in Table 1.
Sampling sites

Fig. 1. A map showing location of samplin
2.2. Study design

Paired sites on either side of the forest boundary were demarcated.
Each pair included natural forest and one of themajor land uses; pota-
to cultivation, tea and grazing land. Landscape positions represented
back-slope and foot-slope (upper slope and lower slope respectively,
defined according to Chun-Chih et al., 2004) and all four aspects
(North, South, East andWest). The two plots in each site were located
nomore than 50 m apart (one inside the forest, one outside) andwere
matched in terms of landscape position and soil type. Based on our
data, the latter was loosely classified as ‘Andosols’, with evidence of
volcanic ash present in some samples, althoughwith a well developed
soil structure. We lacked soil profile pits across the various sites which
would have clarified this — a limitation to a conclusive classification
of the soil type. Time since forest clearing was recorded where appli-
cable based on interviews with the local residents. Each pair of cover
types was recorded in three altitudinal ranges when possible [2100–
2500 m.a.s.l. (High); 1800–2100 m.a.s.l. (Medium); 1450–1800 m.a.s.l.
(Low)], resulting in a total of seventy two (72) different sites.

2.3. Determination of soil organic carbon stock

Sampling plots of 20 m by 50 m were demarcated within each
site. An undisturbed composite soil sample was obtained by pooling
soil from 5 positions within the plot, using a soil auger, for carbon con-
tent determination at two depths [0–15 cm (top-soil) and 15–30 cm
g sites around Bwindi in SW Uganda.



Table 1
Characteristics of sampling sites.

Altitudinal range
(m.a.s.l.)

Altitude
classification

Mean annual
rainfall
(mm)

Mean annual
temp.
(°C)

Observed years
for calculation
of the means

Sites within the
altitudinal
range

Land uses/cover
available within
the sites

Management practices

2100–2500 High 1236 17.6 20 Ruhija,
Rwamunyonyi

Forest, small scale
farming, tea, grazing
land

Fertilizer application (mainly NPK) on
tea estates; seasonal crop rotation and
terraces used on small scale farmlands.

1800–2100 Medium 1688 19.1 6 Nkuringo,
Mpungu

Forest, small scale
farming, tea, grazing
land

Fertilizer application (mainly NPK) on
tea estates; fallowing and crop-rotation
on small scale farmlands

1450–1800 Low 1826 21.5 11 Buhoma,
Kayonza

Forest, small scale
farming, tea, grazing
land

Fertilizer application (mainly NPK) on
tea estates; controlled (rotational)
grazing on grazing lands

(Source: Adapted from Nkurunungi et al., 2004).

Table 2a
Means of bulk density and SOC at 0–15 cm (top-soil) under different land use/cover.

Land use/cover Mean bulk density±95% CI
(g/cm3) at 0–15 cm depth

Mean SOC±95% CI (Mg/ha)
at 0–15 cm depth

Forest 0.85±0.12 65.9±15.9
Tea 1.04±0.13 69.7±12.6
Potato 1.01±0.16 75.5±10.1
Grazing land 1.14±0.17 87.4±26.8

Table 2b
Means of bulk density and SOC at 15–30 cm (sub-soil) under different land use/cover.

Land use/cover Mean bulk density±95% CI
(g/cm3) at 15–30 cm depth

Mean SOC±95% CI (Mg/ha)
at 15–30 cm depth

Forest 0.86±0.12 71.1±22.9
Tea 1.05±0.12 69.5±15.3
Potato 1.02±0.16 71.7±10.8
Grazing land 1.15±0.17 75.9±17.9
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(sub-soil) respectively]. The 0–30 cm depth was chosen because it is
the agricultural layer, most affected by tillage (defined by Tenywa,
1998) and has the highest soil disturbance. One core sample was
collected in both the top and sub-soils from each plot for bulk density
determination using the core method and corrected for stone content
(Okalebo et al., 2002). In total, 192 composite soil and 192 core sam-
ples were collected for laboratory analysis and estimation of bulk
density (4 treatments×4 slope faces×2 sampling depths×2 land-
scape positions×3 replications=192 samples). Soil samples were
air-dried at room temperature for 48 h and passed through a 2 mm
sieve. Identifiable crop residues, root material, and stones were re-
moved during sieving. Soil samples for carbon analyses were ground
to powder using a ball-mill grinder and passed through a 1 mm sieve.
SOC concentration (% wet weight) was determined by wet acid oxida-
tion method (Okalebo et al., 2002).

SOC was calculated using the following formula:

SOC stock Mg=hað Þ ¼ %SOC� bulk density g cm�3
� �

� depth cmð Þ
� Area area of plot projected to1 hað Þ:

2.4. Analysis

We consider our study exploratory. We have small sample sizes
that are not able to clarify overall patterns of variation and therefore
prefer to employ non-parametric tests. We do not feel that formal
requirements for more sophisticated statistical modeling (e.g. use of
Generalized Linear Models) are met, but we do pool data in some
exploratory regressions. To simplify our analyses, we assume that
any edge effects were minor (this is something that could be exam-
ined further in the future), making the difference within each pair of
local observations our primary interest.

Data were analyzed using a two sample non parametric test
(Wilcoxon matched pairs test) in Genstat statistical package (version
3). Regression analyses were conducted to determine how SOC varies
with land use, aspect, altitude, landscape position and depth. Values
for Pb0.05 were considered significant.

3. Results

On average, there are 68.6±14.0, 69.6±10.0, 79.7±19.0, 78.8±
17.0 Mg/ha (mean±95% confidence interval) SOC stocks in the top
30 cmof soil covered by forest, tea, potato and grazing lands respective-
ly. Variation among sites is high. Forests have the lowest SOC stocks and
lowest bulk density at depths 0–15 cm (top-soil), 15–30 cm (sub-soil)
and the overall depth 0–30 cm. (Tables 2a, 2b and 2c). The highest SOC
stocks are recorded in soils under potato cultivation. However, no sig-
nificant difference is observed in SOC content for the different land uses.
3.1. How SOC stocks varied within the forest

Surprisingly, there is little correlation (r2=0.04) between SOC
stocks in the top and sub-soils within the forest (Fig. 2a). Variation
of SOC stockswithin both soil layers is high and seems to be influenced
by aspect and altitude. Tables 3a, 3b and 3c show how SOC stocks vary
in forest and other land uses in relation to altitude, landscape position
and aspect respectively.

Generally, there is 15.3% more SOC in the sub-soil than the top-soil
within forest although this difference is not significant (attributable to
the large Confidence Interval [CI]). However, landscape SOC variation
in both the top and sub-soils ismarked and significant (fromWilcoxon
matched pairs test; the top-soil's mean carbon content was 68.92±
15.10 Mg/ha on back-slopes and 68.30±23.54 on foot-slopes; and
for the sub-soil, the figures for back-slopes and foot-slopes are
68.23±37.37 and 78.35±41.61 Mg/ha respectively; in both top-soil
and sub-soil, Pb0.001). Across the altitudinal gradient low altitude
landscapes have the highest mean SOC stock in the top-soil but the
least in the sub-soil. The overall pattern is one of high sample-to-
sample variation with a little general trend (Fig. 2b, c and d). At high
altitudes SOC stocks are highest in the sub-soil due to two high value
points found among foot-slope samples (Fig. 2b).

East facing slopes in the sub-soil yielded the highest SOC stocks
(Fig. 2c) while some points on the South facing slopes had very low
SOC stocks. For comparison at both top and sub-soils, the aspect relat-
ed differences are significant (from Wilcoxon matched pairs test; the
mean (±95% CI) SOC in the top-soil was 86.18±34.69, 71.01±39.37,
60.80±20.12 and 40.81±15.25 Mg/ha in the N, S, E and W facing
slopes respectively; and for the sub-soil layer this was 78.28±
49.95, 78.28±24.23, 107.22±69.06 and 62.19±32.84 Mg/ha on N,



Table 2c
Means of bulk density and SOC at 0–30 cm under different land use/cover.

Land use/cover Mean bulk density±95% CI
(g/cm3) at 0–30 cm depth

Mean SOC±95% CI (Mg/ha)
at 0–30 cm depth

Forest 0.86±0.09 68.6±14.0
Tea 1.02±0.11 69.6±10.0
Potato 1.04±0.09 73.3±19.0
Grazing land 1.14±0.12 78.8±17.0

Table 3a
Variation of SOC with altitude and depth under the different land cover.

Altitude Depth (cm) Land use Mean±95% CI (Mg/ha)

2100–2500 (High) 0–15 Forest 53.2±9.8
15–30 Forest 74.7±33.7
0–15 Tea 41.5±9.9

15–30 Tea 74.0±49.8
0–15 Potato 84.5±24.4

15–30 Potato 84.5±24.4
0–15 Grazing land 62.3±20.2

15–30 Grazing land 71.7±19.9
1800–2100 (Medium) 0–15 Forest 73.7±62.7

15–30 Forest 67.3±37.6
0–15 Tea 67.5±19.6

15–30 Tea 69.5±25.1
0–15 Potato 95.6±44.3

15–30 Potato 95.6±44.3
0–15 Grazing land 63.3±14.9

15–30 Grazing land 105.2±40.4
1450–1800 (Low) 0–15 Forest 102.9±43.3

15–30 Forest 61.5±27.5
0–15 Tea 78.5±21.9

15–30 Tea 68.3±23.9
0–15 Potato N/A

15–30 Potato N/A
0–15 Grazing land 119.4±50.5

15–30 Grazing land 71.8±31.3

N/A — not available at this altitude.
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S, E andW facing slopes respectively; in both the top-soil and sub-soil
layers, mean differences in SOC were significant Pb0.001).

SOC stocks in the sub-soil are higher (PPb0.001) on foot-slopes
(120.0±100.6 Mg/ha) than back-slopes (36.7±25.9 Mg/ha) as shown
in Fig. 2d. There is a variability though depicted by the spread in the
sub-soil layer on foot-slopes which could have influenced this kind of
result.

3.2. How SOC stocks varied within the other land uses

Although there is no significant effect of altitude and aspect within
tea at either depth, there is greater variation in SOC stocks in the
sub-soil (Fig. 3a). Sub-soil samples from foot-slopes under tea planta-
tions had the greatest spread of SOC values, with two outliers (high
and low). In tea plantations, on back-slopes, there is an average of
13.4 Mg/ha higher SOC stock (P=0.32) in the sub-soil than the top-
soil and that figure is 12.6 Mg/ha (P=0.31) for foot-slopes (Fig. 3a).

Also under potato cultivation, SOC stocks in the sub-soil are
higher (P=0.02) than in the top-soil (for foot-slopes the difference is
a

c

Fig. 2. Variation of SOC stock in forest: a) relationship between SOC in 0–15 cm (top-soil) and
d) the effect of landscape position.
37.1 Mg/ha and for back-slopes 26.2 Mg/ha (Fig. 3b)). In grazing lands,
there is significantly higher (Pb0.001) SOC stock at low altitude com-
pared to high and medium altitude (higher by 57.1 and 56.2 Mg/ha
b

d

15–30 cm (sub-soil) [poor correlation]; b) the effect of altitude; c) the effect of aspect;



Table 3b
How SOC varies with landscape position and depth under different land cover.

Landscape position Depth (cm) Land use Mean±95% CI (Mg/ha)

Backslope 0–15 Forest 68.9±15.1
15–30 Forest 63.2±37.4
0–15 Tea 63.5±14.6

15–30 Tea 62.1±16.8
0–15 Potato 78.9±25.1

15–30 Potato 53.5±23.2
0–15

15–30
Grazing land 88.9±27.5
Grazing land 65.0±20.2

Footslope 0–15 Forest 68.3±23.5
15–30 Forest 78.4±41.6
0–15 Tea 76.9±22.5

15–30 Tea 74.7±23.4
0–15 Potato 105.0±33.8

15–30 Potato 90.6±71.4
0–15 Grazing land 85.8±27.5

15–30 Grazing land 86.9±29.1
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respectively) within the top-soil (Fig. 2c). SOC stocks in the top-soil are
also significantly higher (Pb0.001) on foot-slopes than on back-slopes
(115.9±57.8 and 85.2±44.8 Mg/ha respectively) (Fig. 3d).
3.3. SOC content under different land uses

Paired sites generally showed no significant difference in top-soil
SOC stocks in converted land uses compared to forest (Fig. 4a), nor
in sub-soil stocks (Fig. 4b). Using the paired plots we find that at
higher altitudes there is 31.4 Mg more (significant at P=0.02) SOC
in the top-soil of potato fields than in those of the nearby forest. On
West facing slopes there is significantly more (42.2 Mg) SOC in top-
soil under tea than under forest (by Wilcoxon matched pairs test
r2=0.8; Pb0.001); also on West facing slopes, there is 49.9 Mg
Table 3c
How SOC varies with aspect and depth under different land cover.

Slope face Depth (cm) Land use Mean±95% CI (Mg/ha)

North 0–15 Forest 86.2±34.7
15–30 Forest 78.3±49.9
0–15 Tea 68.9±35.4

15–30 Tea 111.7±23.3
0–15 Potato 103.6±0.2

15–30 Potato 77.1±0.4
0–15 Grazing land 67.5±12.2

15–30 Grazing land 105.1±23.3
South 0–15 Forest 71.0±39.4

15–30 Forest 42.8±24.2
0–15 Tea 61.3±4.3

15–30 Tea 26.0±18.8
0–15 Potato 97.9±4.3

15–30 Potato 26.5±1.3
0–15 Grazing land 70.0±33.1

15–30 Grazing land 49.2±26.4
East 0–15 Forest 60.8±20.1

15–30 Forest 107.2±69.1
0–15 Tea 44.3±52.8

15–30 Tea 66.5±42.6
0–15 Potato 68.4±30.1

15–30 Potato 90.4±15.3
0–15 Grazing land 79.3±69.5

15–30 Grazing land 40.7±35.7
West 0–15 Forest 40.8±15.2

15–30 Forest 41.1±32.8
0–15 Tea 83.0±24.2

15–30 Tea 65.9±12.9
0–15 Potato 99.5±75.1

15–30 Potato 68.4±27.5
0–15 Grazing land 90.8±52.1

15–30 Grazing land 33.2±26.6
more SOC stock in the top-soil of grazing land than in the nearby forest
r2=0.8; P=0.02).

Forest conversion to other land uses does not show a clear pattern
of increase or loss of SOC stocks with time. Fig. 4c shows the differ-
ences in SOC between forest sites (the reference point) and nearby
land converted to other uses, plotted against ‘time since conversion’
on the X axis. However, the highest increments in SOC were regis-
tered in old grazing lands. We considered that these differences
may, at least to some degree, reflect soil compaction and therefore
also examined and compared the same relationships for % SOC by
mass. Although there is, again, no clear pattern following forest con-
version, forest sites generally have higher % SOC content than the
matched paired sites of other land uses (Fig. 4d). This difference is
however not significant. Soils under potato cultivation generally
show a slightly lower % SOC content, and those under grazing gener-
ally show a slight increase. Soils under tea were similar to forest in
terms of % SOC content (Fig. 4d). There is no meaningful difference
in SOC in the land uses following conversion as shown in Fig. 4d.
Fig. 4c portrays greater differences within the matched paired sites
(especially in the forest and grazing land sites).

4. Discussion

Our exploratory study provides novel insights on SOC stocks of
the forest and cultivated land around Bwindi. Our measurements of
SOC stocks are generally higher than those recorded in other regions
(e.g. Beets et al., 2002; Harms et al., 2005; Yimer et al., 2006). Due to
the pilot nature of our study, the small data sets, and our uncertainty
concerning underlying patterns of variation, we have used simple –

but robust – and easily understood exploratory statistics. We have as-
sumed that distance-to-edge effects have little influence but acknowl-
edge that this is unproven. While there have been various studies
on the biological impact of edge effects on tropical lowland forests
(e.g. Harper et al., 2005; Laurance, 2008; Murcia, 1995) few have con-
sidered soil relevant processes (e.g. Sizer et al., 2000) or mountain
forests more generally (but for a fuller account of some edge effects
in Bwindi see Olupot et al., 2009; Olupot, 2009). The often open and
fragmented nature of the park's tree cover (Babaasa et al., 2004)
means that any climate related “edge effects”will in reality be influen-
tial over much of the forest interior. Nonetheless we highlight as an
important caveat that the influence of edge effects on soil carbon re-
mains unexamined.

Generally, there is very high site to site variation both within the
forest and within other land uses. This variation could be explained
by the rugged and heavily dissected terrain causing different micro-
climates over short distances. The accumulation of SOC along the alti-
tudinal gradient could also be attributed to the temperature/rainfall
gradients and pedogenic processes including tree throw, wind throw,
and bioturbation that result in pits andmounds and create a zone of lit-
ter andwater accumulation. The highly local role of these processes has
been recognized by other studies (e.g. Johnson et al., 2000; Liechty et al.,
1997).

The poor correlation between SOC content in the 0–15 cm (top-
soil) and 15–30 cm (sub-soil) across all land uses was striking and
unexpected. This could reflect high variability in SOC even within
the agricultural layer (0–30 cm). Generally SOC stock at any given
point in time can be summarized as a balance between input and out-
put of carbon. The equilibrium between the inputs and outputs is
influenced by the soil type and by environmental variables such as
temperature and precipitation, which have direct and indirect effects
on both C inputs and outputs (West and Andsix, 2007). Climate affects
plant growth and yield, and it mediates decomposition rates thus
impacting the quantity and rate of C cycling. Management practices
will alter this balance by affecting the system's productivity and the
speed of residue and soil organic matter decomposition (Martellotto,
2010). A combination of all the factors that affect SOC stock budgets



Fig. 3. Variation of SOC stock with landscape position, under various land uses: a) tea plantation; b) potato fields; c) grazing land (effect of altitude); d) grazing land.
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could explain the poor correlation between the top and sub-soil layers
in Bwindi.

As we had predicted foot-slopes had higher SOC stocks than
back-slopes possibly because of matter and nutrients accumulating
in the lower slopes at the expense of material eroded from the upper
slopes. Slope steepness has been regarded as one of the most impor-
tant abiotic factors that control the pedogenic process on a local
scale (Buol et al., 1997; McDaniel et al., 1992). Steeper slopes contrib-
ute to greater runoff, as well as to greater translocation of surface ma-
terials down-slope, through surface erosion and movement of the soil
mass (Hall, 1983). Studies on soil erosion and nutrient accumulation
would help substantiate the effect of slope on SOC stocks in Bwindi
and similar landscape settings.

Although studies elsewhere have shown that conversion of forest
to other land uses resulted in a loss in SOC (Fujisaka et al., 1998;
Nyssen et al., 2008; Rhoades et al., 2000), the differences in SOC be-
tween forest soils and those of cultivated land around Bwindi were
neither consistent nor significant. This observation in highly heteroge-
neous landscapes may reflect the preferential conversion of relatively
more fertile forest land into other land uses leaving soils with low fer-
tility (and low carbon stocks) under forest. In most sites a decline
would be anticipated following forest cover loss because forest de-
rived carbon inputs are diminished while decomposition and other
processes of loss are maintained or accelerated. In Bwindi, the higher
SOC densities observed in some cases may at least partly reflect differ-
ences in bulk density. Generally, forest soils had the lowest bulk den-
sity at total depth 0–30 cm followed by those under potato crop and
tea plantations. Soils under grazing land had the highest bulk density
(probably due to trampling)— though these differences were not sta-
tistically significant. Cultivation tends to break soil aggregates and can
cause compaction (Murty et al., 2002). If the soil is only sampled to a
fixed depth then a greater mass of soil is sampled in the more
compacted soil. If results are given as mass of carbon per soil area
(e.g. t C/ha), then an apparent increase in soil carbon in more
compacted agricultural soil could be viewed as an artifact (Murty et
al., 2002). Nonetheless we find no clear trend in % SOC bymass follow-
ing forest conversion (Fig. 4d). We conclude that bulk density plays a
major role in influencing local SOC but large site to site level variation
still tends to obscure any more general patterns.

High SOC stocks have been found in grazing lands elsewhere and
attributed to good management practices such as rotational grazing
and addition of fertilizers to the grasslands (Takashashi et al., 2007).
For example large increases in SOC of 164% and 162%, at 33 and
44 years respectively after conversion from native vegetation to legu-
minous pastures are reported in Western Australia and have been
attributed to low initial content of SOC, and careful management
that avoided overgrazing and included the use of fertilizer (Murty et
al., 2002). Grazing areas around Bwindi are not degraded: they have
relatively low stocking while adding manure to the soil.

Sampling depths can significantly influence soil bulk density and
total carbon estimates (Murty et al., 2002). Forest soils typically have
most of their organic matter in the litter and upper soil layers. When
the soil is tilled, soil organic matter is mixed throughout the tilled
soil profile which could be 30 cm deep. In our study, in contrast, we
noted a tendency for SOC densities to increase with depth even in
the forest soils. Deep SOC has been recognized in literature as an im-
portant component of the terrestrial C cycle although poorly under-
stood, with four main sources of input (often in dissolved form) into
sub-soils identified as: 1) plant roots and root exudates, 2) dissolved
organic matter, 3) bioturbation, 4) translocation of particulate organic



Fig. 4. SOC stock under various land uses, against that under forest: a) SOC at 0–15 cm (top-soil); b) SOC at 15–30 cm (sub-soil); c) SOC stock difference against time-
since-conversion, in paired sites at 0–30 cm; d) % SOC content against time-since-conversion, in paired sites at 0–30 cm.
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matter and transport of clay-bound organicmatter in certain soil types
(Rumpel and Kögel-Knabner, 2011). The role of these processes is de-
pendent on climatic parameters, inherent soil characteristics as well
as land use; the residence times of SOC in deep soil horizons could
be up to several thousand years (Rumpel and Kögel-Knabner, 2011).
The role of land use change and soil erosion has also been recognized
as contributing to SOC in the deeper horizons (e.g. Thothong et al.,
2011). The higher SOC stocks in the sub-soil (e.g. in the forest on
East facing slopes, North facing tea and grazing lands, grazing lands
located in the high and medium altitudes) in Bwindi are rather sur-
prising, depicting complexity in the landscape possibly influenced by
the processes discussed above, and thus requires further investigation.

5. Conclusion

SOC stocks under forest and the neighboring cultivated land
around Bwindi are generally high and represent a large stock of car-
bon. There is considerable local variation among local SOC that is
only poorly explained by site factors and land use history. Nonetheless
soil depth and landscape position appeared to influence sampled SOC
stocks though generally they did not differ significantly among the
different land uses and histories. Cultivated land and grazed lands
were generally more compacted than soils under natural forest. We
conclude that the organic carbon stocks in soils appears: a) more
variable at a local scale, b) less predictable from site conditions and
c)more persistent under forest loss thanwe had expected.We require
more studies to understand the temporal and spatial differences in
SOC and related carbon stocks across different land uses in these and
other afro-montane forest regions.
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