African Journal of Agricultural Research Vol. 8(1), pp. 77-85, 8 January, 2013

Available online at http://www.academicjournals.org/AJAR
DOI: 10.5897/AJAR11.963
ISSN 1991-637X ©2013 Academic Journals

Full Length Research Paper

Soil and nutrient losses along the chronosequential
forest recovery gradient in Mabira Forest Reserve,
Uganda

Kizza C. L.", Majaliwa J. G. M.", Nakileza B.", Eilu G'., Bahat | ', Kansiime F." and Wilson J.?

'College of Agricultural and Environmental Sciences, Makerere University, Uganda.
®Centre for Ecology and Hydrology, Bush Estate, Penicuik, Midlothian, EH26 0QB, U.K.

Accepted 27 September, 2012

Information on the effect of Mabira Forest Reserve degradation on water, soil and nutrient losses is
scanty. This study was carried out to quantify runoff, soil and nutrient losses in six restoring forest
regimes namely: 0 to 3, 10 to 20, 20 to 30, 30 to 40, 40 to 50, and >55 years of last disturbance. In each, a
plot measuring 150 by 50 m was demarcated. Within this plot, three sub-plots each of 20 x 2 m and
located 50 m apart were established for runoff, soil and nutrient losses measurement for period of two
rain seasons. A runoff trap pre-calibrated to collect 1% of runoff was installed on each sub-plot. In
addition, the forest regimes were characterized for some physio-chemical properties. Overall, annual
runoff and soil loss across the forest regimes were low ranging between 20 to 160 m*ha™ and 10 to 380
kg ha, respectively. Runoff and soil loss followed a parabolic trend along the forest age with the
minimum in the 20 to 30 years forest regime. Annual nitrogen, phosPhorus and potassium losses
significantly varied from 0.11 to 4.26, 0.01 to 0.18 and 0.08 to 6.63 kg ha" respectively across the forest
regimes. Bulk density was highest in the 30 to 40 year regime.
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INTRODUCTION

Whereas soil erosion and its control have been well
documented worldwide, it still contributes significantly to
soil functional degradation especially in Sub Saharan
Africa (Smaling, 1993; Sanchez et al., 1997). In addition
to affecting ecosystem services provided by the soil
resource, erosion also reduces soil nutrient availability.
Over the years, maintenance of vegetation cover - like
forests, has been one of the common ways of controlling
soil erosion (Coelho et al., 2001). However, in Uganda,
rampant degradation of forests has persisted leading to
grave environmental and ecological concerns (Banana
and Sembajjwe, 2000). Regrettably, forest degradation
has been attributed largely to anthropogenic activities
other than climatic or natural causes. Notable of the
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human-induced causes of forest loss are conversion of
forests to agriculture, overgrazing and firewood and
timber cutting (World Wildlife Fund and McGinley, 2007).
Limited access to alternative sources for the numerous
forest products by both the surrounding and distant
communities is a leading driver to over exploitation and
disturbance vulnerability of forests.

Kayanja and Byarugaba (2001) reported that
uncontrolled degradation and forest conversion to other
land use types were seriously threatening Uganda’s
forests. Forest cover in Uganda has declined from
3,090,000 ha (12.7%) of the total country area at the
beginning of the 20™ Century, to 730,000 ha (3.6%) of
Uganda’s land area (Forest Department, 1999). In Mabira
Forest Reserve (MFR), encroachment that took place
mainly in the 1970’s for settlement and agriculture
resulted into 25% forest cover loss (BirdLife International,
2009). In MFR, the government intervened to reverse the
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trend of forest loss, and the encroachers were gradually
evicted from the reserve in mid 1980s. This was achieved
through either persuasion or forceful removal of all the
encroachers. Because of the gradual removal of
encroachment, the Reserve contains several blocks of
different regeneration ages, which are the focus of this
study.

Mabira Forest Reserve (MFR) is a tropical natural
forest located between 32° 52’ to 33°07' E and 0° 24’ to
0° 35’ N, near the L. Victoria shoreline covering an area
of 306 km? (Forest Department, 1999). Its altitude ranges
between 1070 and 1340 m above sea level (asl) (Nature
Uganda, 2001). Approximately 3.5 km® of the area
comprises isolated hills lying above 1250 m asl. The
slopes are generally undulating, and with numerous flat-
topped hills and shallow valleys.

The soils are generally ferralitic with texture ranging
from loamy to sandy clay loams (AES Nile Power, 2001),
with isolated cases of waterlogged clays in the valley
bottoms. The wunderlying rocks are composed of
micaceous schists and shales of the Buganda-Toro
system with ridges of quartzite and amphibolite. Its
climate is tropical humid with bimodal rainfall from March
to June and September to November for the long and
short duration rains respectively with annual mean
precipitation ranging between 1250 and 1400 mm. The
annual mean minimum and maximum temperatures
range between 16 to 17°C and 27 to 29C, respectively
(Lamto et al., 2010). The forest is a vital catchment for L.
Kyoga because it is the origin of two rivers namely
Musambya and Sezibwa (Environmental Alert, 2007) that
drain into the lake.

The forest is rich in biota harbouring 47% of Uganda’s
total plant species (Baranga, 2007) many of which are on
the list of globally endangered species (FAO, 1986). Its
rich fauna includes 151 species of forest birds, 2 species
of diurnal forest primates, 39 species of forest swallowtail
and 218 species of butterflies including Charaxes
(Baranga, 2007). Within MFR, there are 27 villages
(Baranga, 2007) commonly known as enclaves, where
subsistence farming is the primary activity for the 3,506
families within (BirdLife International, 2009). The most
commonly grown crops are maize, cassava, bananas,
sugarcane and beans. Additionally, a large section of the
community is involved in some illegal activities like
charcoal burning, pitsawing and collection of poles for
construction as well as collecting medicinal and other
plants to obtain further income.

Whereas several studies have been conducted in MFR
and elsewhere in Uganda (Earth Trends, 2003; Pomeroy
and Tushabe, 2004; Poulsen et al., 2005; Winterbottom
and Eilu, 2006), these previous studies have focused
largely on biodiversity, and there is limited information on
the dynamics of soil physical and chemical properties,
and nutrient losses in regenerating forests in Uganda.
Therefore, the current existence of forest regimes at
different recovery stages offers the opportunity for this

study to assess the effect of forest regeneration age on
runoff, soil and nutrient losses from Mabira Forest
Reserve.

MATERIALS AND METHODS
Runoff, soil and nutrient losses measurements

Studies were conducted during the short season (September to
December 2007) and long season (March to June 2008). Six sets of
forest regimes representing 0 to 3, 10 to 20, 20 to 30, 30 to 40, 40
to 50, and over 55 years since the last disturbance were identified
for this study. Because of difficult of getting several forest regimes
with similar ages, replication was done within a forest regime.
Within each forest regime, three runoff plots each measuring 2 x 20
m were installed 50 m apart to measure runoff using a pipe sampler
(Ngigi et al., 2005). The erosion trap area was sealed off using
several pieces of iron sheets measuring 3.3 m long and 0.25 m
width. The plots were geo-referenced and a study area map drawn
(Figure 1) in ArcView a GIS environment.

A clean container was tightly tied at the end of the collection pipe
located at the posterior end of the erosion trap to collect the runoff
via a small slit calibrated to take 1% the total runoff (Ngigi et al.,
2005). However, each trap was calibrated using a known volume of
water and determining the transmission coefficient. Total runoff
(water and sediments) that collected in the container were
quantified using a measuring cylinder every morning of the day
following a rainfall event. The runoff samples were then put into
clean plastic bottles and periodically delivered to the Department of
Soil Science, Makerere University analytical laboratory for
subsequent analyses. Event runoff was multiplied by the divider
transmission coefficient to obtain the plot runoff, and then
extrapolated to hectare basis, by multiplying the obtained number
by 250. Runoff loss in a season was obtained by summing up
runoffs registered for the different storms in that season. The two
season runoff collections were eventually summed up to obtain the
annual runoff per hectare.

In the laboratory, each runoff sample was thoroughly
homogenized and immediately split into two known volumes. The
first portion was filtered using a Whatman No. 1 filter paper and its
contents oven-dried at 105°C for 24 h to determine the dry weight
of the soil. The amount of soil loss in the plot was obtained by
multiplying the sediment concentration by runoff (MacDonald et al.,
2003) and transmission coefficient and then expressed on ha basis.
The seasonal soil loss was computed by summing up the soil
losses from all the season collections. Finally, annual soil loss was
determined by combining the losses of the two seasons. The
second portion of a known volume was also filtered as the first
portion, air dried and used for macro nutrient loss determination.
Three macronutrients namely: nitrogen, phosphorous and
potassium were measured for assessment of nutrient loss. All the
three nutrients were determined following standard procedures
described by Okalebo et al. (2002). Seasonal nutrient losses were
estimated by multiplying by seasonal soil loss and computed on a
hectare basis. Finally, annual nutrient losses were computed by
summing seasonal losses.

General physical and chemical site characterization

Soil samples were taken around the runoff plots in order to
characterize the study area in terms of its physiochemical
properties. Bulk density was determined using the core oven drying
method (Blake and Hartage, 1986). Four cores each measuring 5
cm long by 5 cm internal diameter were used to take samples from
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Figure 1. Mabira Forest Reserve showing different forest land uses and study area.

two soil depths of 0 to 15 cm and 15 to 30 cm for top and sub soils
respectively. The core samples were taken about 3 m away from
the mid-length of each sub-plot. Composite soil samples were taken
around the plot using a soil auger. A total of four samples were
collected at each sub-plot, two from 0 to 15 cm and the rest from 15
to 30 cm. These samples were used to probe some of the
physiochemical base of the area. The soils were analyzed for pH,
organic matter (OM), total nitrogen (N), available phosphorus (P),
exchangeable bases (sodium, calcium, magnesium and
potassium), micro nutrients (iron, zinc, manganese and copper) and
texture (Okalebo et al., 2002).

Rainfall determination

Rainfall was measured for two seasons using an electronic rain
gauge with DT1 - One Rain Channel Data Logger manufactured by
Environmental Manufacturers (EM) Ltd of United Kingdom
(www.waterrauk.com/pages/product/Raingauge_Loggers.asp). The
gauge was installed in the forest regime of 20 to 30 years located
near the Eco-Tourism Centre at Najjembe. Data was downloaded
every fortnight throughout the study period. Adjacent to this rain
gauge, a locally fabricated manual rain gauge was installed. Similar
manual gauges were installed in all the other forest regimes. The
fabricated manual gauges were calibrated against the electronic
one. Water that collected in the manual gauge was measured
immediately after a rain event. Seasonal rainfall was determined by
summing up all the season rain events. The two seasons’ rainfall
was then summed up to obtain annual rainfall per forest regime.

Data analysis

Data were entered in MS Excel (ref) and then imported into Genstat
(VSN International, 2000) for statistical analysis. Mean soil, runoff,
and nutrient losses from the different treatments were separated by
a one-way analysis of variance (ANOVA) in Genstat.

RESULTS AND DISCUSSION

Rainfall characteristics of the various forest restoring
regimes

There were two sets of forest regimes without intra-
rainfall variation but with significant inter-variation. The
first set of all forest stand ages of at least 20 years had
significantly higher amount of annual rainfall than the
other set of young forests (Figure 2) averaging 2000 and
1000 mm respectively. The higher amount of rainfall in
the relatively older forests compared to young ones was
also reported by Turner et al. (2009). This is an indication
of the crucial role of mature forests in hydrological
control. It also signifies the hydrological disruption as a
result of forest ecosystem interference (Wang et al.,
2009).
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Figure 2. Annual rainfall in Mabira forest restoring regimes.

General physio-chemical characteristics of the study
area

The soils in Mabira Forest Reserve were all rich in most
of the nutrients required for normal or optimum plant
growth (Table 1) though with a lot of variation among the
forest regimes. For instance, soil pH ranged between
5.66 and 7.02 with highest observed in forest regime of
20 to 30 years while least in that of 40 to 50 years.
Organic matter also differed with age of forest where it
was significantly higher in those of over 40 years than in
the younger ones. Phosphorus did not vary so much
among the forest regimes except for the block of 20 to 30
years that had more but overall, the amount was below
optimum values across all the forests. Potassium,
magnesium and calcium were very high for all soils and
differing significantly (p < 0.05) among the forest ages
with the 20 to 30 year forest stand age having the highest
values except for magnesium that generally decreased
with forest age. Soils in all the regimes were mainly clay
loam (CL) except for the regimes of at least 45 years ago.
Though there were significant variations in the physio-
chemical properties, there was no clear trend attributable
to forest stand age apart from organic matter that
increased with forest stand age. This differed from the

findings of Sharma et al. (1985) under Alnus nepalensis
plantation where most of the physiochemical properties
improved with forest age. Therefore, the observable
differences except organic matter could not be explained
by age differences alone but could be possibly due to the
intrinsic soil characteristics.

The bulk densities of Mabira soils were very low, but
varied significantly with soil depth and forest regime
(Table 2). Consistently, sub soils had higher bulk
densities over the top soils. Similarly, porosity varied with
soil depth and forest regime but unlike the bulk density,
the top soils were more porous than the sub soils thus in
agreement with the findings of Dudley et al. (2002). The
low bulky density and high porosity in the top soil is
generally due to modification by the rich organic matter in
the upper layers owing to the littering effect of the trees.
This is in agreement with earlier findings of Haque and
Karmakar (2009). The high porosity in the 0 to 3 year
forest stand is attributed to macro pores created as a
result of decaying effect of the roots of the trees formally
in the forest before it was degraded as was also reported
by Noguchi et al. (1997). The high bulk density and low
porosity in the sub soils is characteristic of a relatively
more developed soil structure of the mineral soil than the
organic soil on the top (Murty et al., 2002). The generally
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Figure 3. Annual runoff in Mabira chronosequential forest stands.

low bulk density and high porosity in Mabira Forest soils
could also be attributed to the influence of the litter and
roots in modifying soil structure and soil pores (Dudley et
al., 2002).

Runoff from the various Mabira forest regimes

The annual runoff ranged between 36.6 and 233.5 m°ha’
'vear' averaging 93 m*ha per annum (Figure 3). Two
pair-wise sets of forest regimes without intra-variations
but with significant inter-variations were observed. The
first set with the highest amount of runoff was observed in
three forest stand ages of 0 to 3, 40 to 50 and over 55
years and the low amount in forest stand ages of 10 to
20, 20 to 30 and 30 to 40 years with runoff exhibiting a
parabolic trend across forest stand ages. The average
runoff for the two forest stand age categories was 214
and 72.2 m®ha'year’, respectively. The high runoff in the
youngest forest of 0 to 3 years was similarly reported by
Tiwari (2009) for agricultural land. This can be attributed
to limited vegetation cover that would have otherwise
acted as runoff breakers through prevention of
detachment and modification of infiltration (Young, 1989,
Gyssels et al., 2005). However, the unusually high runoff
in the old forest stands is difficult to explain but as Coelho
et al. (2001) asserted, it could be due to the persistent
water saturation most of the time that reduced the soil
infiltration capacity thus favoring runoff. This was so
despite the mature forests having sandy clay loams as
opposed to the clay loams in the young forests. The latter
are expected to be slightly more liable to logging than the

former.

Generally, runoff was very low in all the forest stands

compared to that reported under agricultural land in the
Lake Victoria Basin (Majaliwa, 1998; Johnny, 2004;
Mulebeke, 2004; Majaliwa et al., 2003) and elsewhere
(Floor, 2000; Gafur et al., 2003). However, similar runoff
results were reported earlier by Aina (1993) under natural
erosion from forested lands. The general low level of
runoff implies that even under degraded conditions, the
vegetation cover under forest can minimize runoff
compared to the less vegetated areas.
The percentage rainfall that ended up as runoff ranged
between 2 and 20% (Figure 4). The percentage rainfall
amount converted into runoff also followed a parabolic
trend with forest age. Whereas the youngest forest of 0 to
3 years had the least amount of rainfall, it exceedingly
had a higher percentage of rainfall that resulted into
runoff over all the other forests. The least run off to
rainfall ratio was observed for the 20 to 30 years forest.
The relatively low vegetation cover (canopy and ground
cover) in the 0 to 3 years forest could have encouraged
runoff over infiltration unlike in other forest stands
(Coelho et al., 2001). The moderately high rate of rainfall
resulting into runoff in the other forest stand was
subjective to the consistently high moisture content in
those forests almost throughout the year.

Soil loss from the various Mabira forest regimes

The annual soil loss across the forest ages ranged
from10 to 513 kg ha year™. Like runoff, the forest of 0 to
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Figure 4. Percentage runoff to rainfall.
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Figure 5. Annual soil loss from Mabira chronosequential forest stands.

3 years experienced the highest soil loss. However, if this between 10 and 40 years forests (Figure 5). As was also
young forest (0 to 3 years) is excluded, soil loss reported by de Vente et al. (2005) and Gyssels et al.
increased exponentially with forest age but if retained, a 2005), soil in the youngest forest of 0 to 3 years was
parabolic trend is exhibited with the least soil loss more exposed to raindrop impact, detachment and thus



Table 1. Chemical and textural properties of MFR regenerating regimes.
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Forest stand age

Parameter Units 03 10-20 20-30 30-40 40-50 55

Av. P mg/kg 9.20%° 5.80° 12.90° 7.20° 7.30° 6.80°
oM % 4.08° 3.53° 4.79° 3.26° 7.12¢ 7.02¢
pH 5.72" 6.22° 7.03' 6.219 5.66" 5.79"
K 0.57 0.30" 0.88' 0.34 0.69 0.76"
Mg cmol/kg 471" 4.27™ 3.92" 3.60" 1.61° 2.23°
Ca 8.37¢ 11.46° 24.93° 9.49° 5.23" 4.79"
Na 0.50' 0.57° 0.51" 0.44' 0.52' 0.51"
Fe 59.7" 24.3" 18.7% 39.80" 62.5" 56.5"
Cu maka 2.7721 6.46*1 7.38*1 3.38y1 1 .8822 3.52y1
Mn 138.8 141.2 146.2 142.6 118.6 149.5
Zn 4.03" 8.24' 7.88' 3.67" 2.00" 4.80"
Sand % 46 37 38 48 58 57

Clay 26 41 43 25 27 24

Class CL CL CL CL S CL SCL

Figures with similar letters appended along the rows are insignificantly different whereas those with differing letters are
significantly differing.

Table 2. Bulk density and porosity for top and sub soils of Mabira chronosequential forest

stands.

Forest stand Bulk density (g/cm®) Porosity (%)

age (year) Top soil Sub soil Top soil Sub soil
0-3 0.74 0.79 72.3 70.7
10-20 0.82 0.93 69.6 65.5
20-30 0.82 0.84 69.6 68.8
30-40 0.95 1.05 64.9 61.1
40-50 0.81 0.87 70.2 68.3
>55 0.8 0.93 70.4 65.5

83

LSDy 05 (Forest stand age) = 0.07; LSDg o5 (soil depth) = 0.11

(displacement along with runoff as a result of limited
vegetation cover and litter. The low soil loss in older
forests could be due to improved vegetation cover as well
as the binding action by plant roots (Gyssels and Poesen,
2003) and improvement of soil physical properties
(Gyssels et al., 2005). The relatively high soil loss in the
intact forest with good vegetation cover invalidated the
findings of Stolte (1997) but tallied with those much
earlier reported by Patric (1976).

The conditions that favored runoff could have
contributed to the trend of soil loss in the forest regimes.
Low water infiltration as a result of the soil being kept
almost saturated with moisture in the old forest could
have favoured both runoff and soil loss. Generally, soil
loss was too small measuring about 1/400" and 1/1000"

of annual values reported by Majaliwa (1998) and
Majaliwa et al. (2003).

Nitrogen, phosphorus and potassium losses

Table 3 shows the annual nutrient losses from the
various forest regimes in Mabira Forest Reserve.
Noteworthy, is the highest annual nitrogen and
phosphorus losses experienced in the 0 to 3 years forest
stand. The loss for the two nutrients drastically reduced in
the next 10 to 20 years forest stand before gradually
increasing with forest stand age. Potassium loss did not
follow any particular trend though like N and P it was
significantly more lostin 0 to 3 years forest stand. The
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Table 3. Annual nutrient losses in Mabira chronosequential forest
stands.

Forest stand Nutrients lost (kg ha™)

ages (year) N P K

0-3 5.36 0.30 39.81
10-20 0.11 0.01 0.99
20-30 0.16 0.01 7.49
30-40 0.23 0.02 0.33
40-50 3.06 0.25 5.94
> 55 4.38 0.20 9.93

average annual N, P and K losses for the study area
were 4.38, 0.200 and 9.93 kg ha™' year respectively.

The losses are generally very small in all the forest
stand ages but in harmony and contrast with those
obtained by Bormann et al. (1983) and Miller and Newton
(1983) respectively. Most likely the same factors
described earlier for influencing runoff and soil loss
across the forest ages could have positively contributed
to the nutrient losses.

CONCLUSIONS AND RECOMMENDATIONS

Excluding 0 to 3 years forest stand, runoff in Mabira
forest was very low compared to the figures reported on
agricultural land but increased with increasing years of
last forest disturbance. The forest stand age of 0 to 3
years recorded the highest soil loss. However, after ten
years of regeneration, there was a gradual increase in
soil loss with increase in forest age. Results indicate that
even under disturbance, the forest ecosystem was still
capable of providing the function of runoff, soil and
nutrient loss reduction. The average annual soil loss as
well as nutrient losses in Mabira Forest was very low
compared to losses reported in agricultural land. Of the
three macro nutrients, potassium was more lost followed
by nitrogen in runoff. Fortunately, the nutrient losses are
too small to affect forest regeneration. The bulk density
and porosity are in permissible ranges for soil and water
conservation under a forest ecosystem.

Since the forest ecosystem is still superior in controlling
soil, water and nutrient losses, it is recommended that
forests should be conserved. It is also recommended that
broader studies to cover watershed nutrient and soil
losses be undertaken since this study only considered
point losses.
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