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Abstract: Rangeland degradation is a serious problem throughout sub-Saharan Africa and its restoration is a
challenge for the management of arid and semi-arid areas. In Lake Baringo Basin of Kenya, communities and
individual farmers are restoring indigenous vegetation inside enclosures in an effort to combat severe land deg-
radation and address their livelihood problems. This study evaluated the impact of enclosure management on soil
properties and microbial biomass, being key indicators of soil ecosystem health. Six reseeded communal enclo-
sures using soil embankments as water-harvesting structures and strictly regulated access were selected, varying
in age from 13 to 23 years. In six private enclosures, ranging from 3 to 17 years in age, individual farmers emulated
the communal enclosure strategy and restored areas for their exclusive use. Significant decreases in bulk density,
and increases in the soil organic carbon, total nitrogen and microbial biomass contents and stocks were found in
the enclosures as compared with the degraded open rangeland. In the private enclosures, the impact of rehabilita-
tion on the soil quality was variable, and soil quality was in general lower than that obtained under communal
management. The significant increase of absolute stocks of carbon, nitrogen and microbial biomass compared to
the degraded open rangeland indicates the potential for the restoration of soil quality through range rehabilitation.
Over-sowing with indigenous legume fodder species could improve total nitrogen content in the soil and nutritional
value of the pastures as well.
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In severely degraded semi-arid rangeland, withdrawal
of livestock grazing is often not sufficient to initiate the
autogenic recovery of vegetations (Kinyua et al., 2009;
Opiyo et al., 2011). As degradation continues, the
condition of the rangeland ecosystem declines and then
becomes relatively stable and resilient beyond a certain
threshold (Milton et al., 1994). Rehabilitation hence
needs to focus on the improvement of the microclimate

and seedbed, reduction of water and wind erosion,
installation of water harvesting structures and reseed-
ing (Kinyua et al., 2009; Opiyo et al., 2011). Successful
restoration of vegetation cover improves soil water
balance and soil fertility, reduces soil erosion and re-
stores the soil biodiversity and ecosys tem services (De
Baets et al., 2006; Descheemaecker et al., 2006; Tong-
way and Ludwig, 2011). This illustrates the linkages
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and feedback loops occurring between biotic and
abiotic components of the rangeland ecosystem, capa-
ble of reversing land degradation (Perrow and Davy,
2002a, b; King and Hobbs, 2006).

The capacity of the physical environment to sustain
reproducing populations, eliminate potential threats,
and exert resilience to natural disturbances is related
to important soil functions that have to be evaluated
when measuring the impact of rehabilitation (SER,
2004). In practice, soil processes such as nutrient
cycling and biological interactions are studied to
measure the recovery of the soil and to evaluate the
long-term functioning and resilience of the restored
ecosystem (Ruiz-Jaen and Aide, 2005). Good meas-
ures of the rehabilitation success can be obtained
when the evolution of these ecosystem attributes with
time is compared to the evolution recorded in refer-
ence sites (SER, 2004; Ruiz-Jaen and Aide, 2005).
However, most soil functions recover much more
slowly than the biotic attributes such as vegetation
structure and diversity, and consequently, they are
only rarely measured (Ruiz-Jaen and Aide, 2005).
Recent studies on soil-vegetation feedbacks in
rangeland health focused on the relationship between
enclosure age and its effectiveness in improving the
soil physical, chemical and biological properties that
are key indicators of soil quality (Mekuria and
Aynekulu, 2011; Mekuria, 2013). Although the
aforementioned studies focused on the natural
re-vegetation of enclosed rangelands, other scientists
have studied the impact of different rehabilitation
techniques on the recovery of vegetation (Kinyua et
al., 2009; Opiyo et al., 2011) and soil quality (Wu et
al., 2010).

The Njemps Flats in the Lake Baringo Basin in
Kenya is a semi-arid rangeland inhabited communally
by the I Chamus agro-pastoral community, whose
main livelihood source is livestock keeping (Meyer-
hoff, 1991). Severe environmental degradation and
habitat loss in the Lake Baringo Basin have been
reported in literature since the 1930s (Little, 1996).
Major causes of land degradation in the Njemps Flats
include burgeoning human and livestock population
pressure, land use changes, overgrazing and droughts.
The Rehabilitation of Arid Environments (RAE) Trust
was initiated in 1982 to rehabilitate the severely de-

graded rangeland around Lake Baringo and the sur-
rounding hills, helping address the socio-economic
problems caused by land degradation (de Groot et al.,
1992). RAE established large-scale communal en-
closures using a participatory approach to serve as
demonstrations for range rehabilitation. Establish-
ment of communal enclosures entailed fencing and
preparation of the seedbed by ripping along the con-
tours using a tractor fitted with chisel tines, producing
parallel micro-catchments. Water harvesting struc-
tures were installed by alternately closing these fur-
row-like micro-catchments, followed by broad-
cast-reseeding with a mixture of indigenous grass
species. Main grass species used were Cenchrus
ciliaris, Eragrostis superba and Entrepogon macro-
stachyus. Scattered indigenous drought-resistant trees,
such as Acacia tortilis, were also planted. The utili-
sation through occasional grazing and other income
generating activities (IGAs) was strictly regulated and
controlled. The main IGAs included fattening steers
for sale, grass seed harvesting, dry season grazing,
bee-keeping, grass-cutting (for thatch or hay) and
wood-cutting (for building or fencing posts and fuel
wood). Such benefits and the rehabilitation success
attained in the communal enclosures increasingly
inspired many local inhabitants to establish private
enclosures, giving exclusive access and user rights.
The result was a mosaic of enclosures, differing with
respect to the management type and years since es-
tablishment.

In view of the increasing adoption of rangeland
enclosure and the pressure exerted on the remaining
communal grazing areas in the Lake Baringo Basin, it
is important to understand its effectiveness in restor-
ing the functions of degraded rangeland ecosystems.
Focusing on the soil physical, chemical and biological
properties of communal and private enclosures and
the open rangeland, this study aimed to assess the
impacts of different enclosure management strategies
in restoring the abiotic ecosystem functions following
rehabilitation.

1 Materials and methods

1.1 Study area and site selection

The Njemps Flats (0°15'-1°45'N, 35°45'-36°30'E)
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covers approximately 305 km? and is one of the eleven
range units in Baringo county of Kenya (Fig. 1). This
flat to slightly undulating plain has an average altitude
0f 900 m asl and is surrounded by high hills, ridges and
plateaus, having peaks over 2,300 m (Thom and Martin,
1983). The semi-arid lowland receives a total annual
rainfall varying between 300 to 700 mm (Kipkorir,
2002) and is characterized by a bimodal rainfall dis-
tribution with two peaks in April and November. The
temperature in Njemps Flats shows little variation
throughout the year, with mean monthly temperatures
ranging from 24°C to 26°C (Ekaya et al., 2001; Kip-
korir, 2002). The dominant soils in the Njemps Flats,
according to a reconnaissance soil survey (USDA-
SCS/GoK, 1978), are well-drained silt loam to clay
loam, Eutric and Calcaric Fluvisols (FAO, 2006a, b).
They are developed on alluvium from various Tertiary
and Quaternary volcanic rocks and on sediments from
basic igneous rocks. The main vegetation types include
Acacia woodland (80%), permanent swamp and sea-
sonally flooded grassland (15%) and shrub grassland
(5%). Livestock production by the II Chamus
agro-pastoralist community is the dominant land use
type. Availability of fresh water in the flat terrain and

increasing human and livestock population pressure
encourage overgrazing. At present, severe land degra-
dation is exacerbated by highly erodible soils in com-
bination with erratic rainfall, in addition to intensive
grazing pressure that has led to large-scale disappear-
ance of perennial grasses. Ground cover is almost
non-existent particularly during the dry seasons and
droughts. Encroachment by Prosopis juliflora in the
communal rangeland has also become a great concern
to both local communities and planners.

To assess and monitor the rehabilitation process, we
systematically selected six communal and six private
enclosures across the Njemps Flats for this study (Ta-
ble 1). The selection criteria, i.e. similarity of terrain,
soil and land use types, aimed at minimising variability
in the abiotic determinants of rangeland vegetation
composition and functioning, and hence productivity.
The major differences in communal and private enclo-
sures were in average size, type of fencing material,
management and user rights (Table 1).

1.2 Sampling design

Within each enclosure, three 50-m transects were
placed in a Z-shaped orientation, starting at least 5 and

36°00'E 36°10'E
1 1

Ethiopia
Z
[
oﬂ' -
(=
(==
apengurié Kenya %’
& 7
g
)
& . [%7]
Eldorl%| &NanyUkl
Nakury,
&
Nairobi_
z
[
A
Tanzania 8

A Z
Chemoigut _og
(=3
(=
Nosuguro
Z
(=3
BN
(=3
(=]

B Lake /
[ Location boundary
® Sampling site

|

T T
36°00'E 36°10'E

Fig. 1 Location of the Njemps Flats and study sites



564 JOURNAL OF ARID LAND 2014 Vol. 6 No. 5

Table 1 General characterization of the selected enclosures

1D Management Area (hm?) Age (a) Utilization Fencing/User rights/Utilization frequency
Col3 Communal 140.0 13 G, GC, BK
Col6 Communal 102.3 16 G, GC
Col8 Communal 16.7 18 G, GC, BK, GS, WC Fenced using solar-power;
shared but controlled user and access rights;
Co20 Communal 22.4 20 G GC utilized occasionally
Co22 Communal 6.6 22 G, GC, BK, GS, WC
Co23 Communal 9.3 23 G, GC, BK, GS, WC
Pr3 Private 13.0 3 G
Pr6 Private 2.0 6 G, GC
Fenced using cut-thorn bush or live Opuntia
Pr8 Private 0.7 8 G, GC, GS plants;
Pril Private 1.0 11 G, GC, BK Private user and access rights;
Utilized frequently
Pr15 Private 2.5 15 G, GC, BK
Pr17 Private 1.6 17 G GC

Note: In the ID, “Co” refers to communal enclosures, “Pr” indicates private enclosures and the number represents the enclosure age. G, grazing; GC, grass cutting;

GS, harvesting grass seed; BK, bee keeping; WC, wood cutting.

30 m away from the boundaries of the private and
communal enclosures respectively, to avoid edge ef-
fects. Along each transect, five 0.5-m? quadrats were
laid 10 m apart and topsoil samples (upper 20 cm) were
collected at the centre of each quadrat. The five soil
samples within each transect were mixed thoroughly to
a 3-kg composite sample, producing a total of three
composite samples collected from each enclosure. The
soil characteristics outside the enclosures were deter-
mined using the same sampling design within a total of
other 60 quadrats placed along twelve transect lines
parallel to each enclosure, producing one composite
sample for each transect.

About 0.5 kg sub-sample was immediately placed
in air tight plastic bags for soil moisture determination.
A 1-kg sub-sample was taken from each composite
soil sample for biological analysis. These soil samples
were sieved through a 2-mm mesh to remove stones,
roots, and large organic residues, and then sealed in
plastic bags and stored at 4°C. The remaining 2-kg
composite soil samples were air-dried, sieved through
a 2-mm mesh and stored at room temperature for
physical and chemical analyses. Steel cylinders of
98.2 cm” were used to obtain undisturbed soil samples
for soil bulk density determinations, using the same
sampling design.

1.3 Soil analyses

The sand fraction (>63 um) was separated by wet
sieving after destruction of organic matter and car-
bonates; the fine fraction (<63 pm) was analyzed

using the Robinson pipette method (Robinson, 1922).
Soil bulk density was determined on the undisturbed
soil samples according to the method described by
Rhoades (1982). Total porosity was calculated using
an estimated particle size density of 2.65 g/cm?® for a
general mineral soil. The moisture contents (MC) of
the topsoil samples were determined by oven-drying a
10-g subsample to constant weight at 105°C. The
calcimeter Bernard method (Nelson, 1982) was used
to determine the calcium carbonate equivalent (CCE),
defined as the total carbonates contained in 100 g of
dry soil. Soil pH was measured in water using a 1:2.5
soil-solution ratio. Organic carbon content (Cy,) for
the topsoil (upper 20 cm) was determined using the
Walkley and Black method (Walkley and Black,
1934), while the Kjeldahl method (Bradstreet, 1965)
was used to quantify the total nitrogen content (Ny).
The cation exchange capacity (CEC) and the basic
cations Ca”", Mg”", K" and Na" were quantified using
ammonium acetate buffered with pH 8.2 (Anderson
and Ingram, 1993), while the electrical conductivity
(EC) was determined by measuring the electrical
resistance of a 1:5 soil-water suspension. The ex-
changeable sodium percentage (ESP) was calculated
as well. Microbial biomass C (Cpi.) and N (Nyc)
contents were determined by the chloroform fumiga-
tion—extraction method (Brookes et al., 1985;
Anderson and Ingram, 1993) wusing 24-hour
chloroform fumigation in a closed desiccator at 25°C
and a 0.5 M K,SO, extracting solution. Correction
factors of 0.45 were used to convert the measurements
to Cpic and Np,;c (Jenkinson, 1988; Wu et al., 1990).
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and N (Jenkinson, 1988; Wu et al., 1990).
1.4 Statistical analyses

Statistical analysis were performed to test the impact of
enclosure management on the restoration of the se-
lected diagnostic soil physical, chemical and biological
properties using one-way analysis of variance
(ANOVA). Tukey’s Honestly significant difference
(HSD) test was used to detect differences between the
treatment means at P<0.05. The differences in soil
nutrient content and soil properties between the
communal and private enclosures and the open
rangeland were assessed respectively using a paired
t-test. Pearson correlation coefficients were calculated
to identify correlations among the selected soil char-
acteristics. The enclosure management type was an
independent variable in this study. All analyses were
conducted using SPSS Version 16.0 (SPSS Inc.,
Chicago, Illinois, USA).

2 Results

2.1 Soil texture, bulk density and moisture content

The sand, silt and clay contents were similar in the
open and enclosed rangeland under both management
systems, though there was a non-significant trend
towards higher silt and lower clay contents in the
open rangeland (Table 2). The bulk density of topsoil
at the time of sampling was significantly higher
(P<0.01) in the open rangeland than in the two types
of enclosures. On average, the management of pri-
vate and communal enclosures lowered the bulk den-
sity of topsoil from 1.57 and 1.48 g/cm’ to 1.31 and
1.19 g/em’, respectively. The difference in bulk den-
sity between the communal and the private enclo-
sures was also significantly lower. The average top-
soil moisture content was 21% to 22% (w/w) within
both enclosure management systems and 16 % in the
open rangeland.

2.2 Soil chemical properties

Contrary to significant differences reported in soil
physical properties, the enclosure management system
did not significantly alter topsoil pH, total CCE, salin-
ity and alkalinity (Table 3). There was a tendency
(though not significant) towards higher ESP in the

Table 2 Soil physical properties of the private, communal en-
closures and open rangeland

Private Communal

Soil properties

Open Enclosed Open Enclosed
Sand (%) 9+7° 1245° 13+3°% 9+3*
Silt (%) 53+9* 468" 59+5% 56+8"
Clay (%) 38+9* 42+£12° 28+7% 35+10°

Bulk density (g/em®) 1.57£0.10* 1.31£0.07° 1.48+0.08* 1.19£0.06°"
Soil moisture (%) 16+2° 21+2° 16+2° 2242

Note: Means along the same row with different letters indicate significant
(P<0.05, indicated by") or highly significant (P<0.01, indicated by") dif-
ferences. Mean+SD, n=18.

private than in the communal enclosures. This large
variation was also noted in the exchangeable Na’
content (Table 3), providing more detailed information
on the saturation of the exchange complex by the dif-
ferent basic cations. No significant differences were
found in exchangeable cations recorded in the open and
enclosed rangeland, except for the exchangeable Mg*"
content, which was significantly higher in the com-
munal enclosures compared to the private enclosures
and surrounding open rangeland.

Compared to the open rangeland, the enclosure
treatment significantly increased the C,, and N; con-
tents under both communal and private management,
while C,, contents in the topsoil of the communal
enclosures were significantly higher than in the private
ones (Table 3). Average C,, contents in the soil of the
open rangeland increased by 43% from 3.91 to 5.60 mg
C/g soil in the private enclosures, and by 150% from
3.69 to 9.20 mg C/g soil in the communal enclosures.
The average N; contents were 0.41 mg N/g soil in the
open rangeland, increasing to 0.61 and 0.75 mg N/g in
the private and communal enclosures, respectively. The
increase in Cy stocks in the private enclosures to 1,095
g C/m* compared to the 925 g C/m* measured in the
surrounding open rangeland was insignificant. The
average stocks in N, ranged from 96 to 119 g N/m” in
the open and enclosed private rangeland, respectively.
High supply of organic matter in the communal en-
closures was sufficient to induce significant increases
in both C,; and N; stocks. The C,, stocks doubled to
1,633 g C/m” while the topsoil N; stocks reached 134 g
N/m’. The C:N ratio did not change significantly.
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Table 3 Nutrient content, microbial biomass and acidification status of the private, communal enclosures and open rangeland

Index Private Communal
Open Enclosed Open Enclosed
pH 8.240.9% 8.4+0.3° 8.4+0.4* 8.3+0.2%
CCE % 43+2.6° 3.141.2° 3.0£2.1° 42423
EC 1/5 dS/m 0.20+0.14° 0.21+0.20°" 0.09£0.02° 0.09+0.02°
ESP % 6.2+11.2° 3.6+3.7° 0.7+0.7* 0.3+0.3
CEC cmolykg 34.3+4.2° 40.8+3.7° 39.8+3.4° 46.3+3.4"
Ca* mg/g 5.96+2.05" 6.72+1.77* 6.69+1.55" 7.30+1.66"
Mg mg/g 0.504+0.15° 0.49+0.06° 0.81£0.17° 0.86£0.17"
K mg/g 0.62+0.24° 0.61£0.19° 0.51+0.08" 0.70+0.26"
Na' mg/g 0.50:£0.89" 0.34+0.33 0.06+0.06° 0.03+0.02°
mg/g 3.91+1.30° 5.60+1.44° 3.69+1.16° 9.20+1.42°"
Cor g/m? 925+325° 1,095+260° 812+238" 1,633+207"
mg/g 0.41+0.14° 0.61+0.14° 0.40+0.14* 0.75+0.20°"
N o/m? 96+31° 11925 8928 13434
CN 10+£3° 9:+2° 92° 13+5°
ug/g 58.3+3.8" 99.8+16.9° 57.5£2.7° 137.8+10.8°"
Cone g/m’ 13.7£1.1° 19.542.4° 12.70.6" 24,5513
ug/g 28.7+2.2° 39.5+9.2° 30.0+1.7° 61.7+6.6°
N g/t 6.840.8° 7.741.3° 6.740.5° 11.0£0.9""

Note: Means in the same row with different letters indicate significant (P<0.05, indicated by") or highly significant (P<0.01, indicated by"") differences.

Mean+£SD, n=18.

2.3 Microbial biomass carbon and nitrogen

The Cuic and Ny were significantly and positively
correlated to each other (+=0.95) and to the C,;, and N;
contents with correlation coefficients () of 0.74 and
0.92, respectively. Topsoil bulk density was signifi-
cantly and negatively correlated with the Cy (= —0.79)
and N; (= —0.73) contents and the C,;. (*= —0.90) and
Nmic (/= —0.84) contents. Similar to C,, and N;, both
rangeland enclosure strategies significantly increased
the Cpic and Ny contents, with the highest contents
measured in the communal enclosures (Table 3).
Compared with the an average C;. of 58 ug C/g
soil recorded in the open rangeland, the C;. con-
tents in the private and communal enclosures in-
creased by 71% and 140%, reaching average values
of 99.8 and 137.8 pg C/g soil, respectively. The Ny
contents were 1.4 and 2 times higher in the private
(39.5 pg N/g soil) and communal (61.7 pg N/g soil)
enclosures respectively than in the open rangeland
(28.7-30.0 pg N/g soil).

2.4 Chronosequence analysis of soil properties un-
der different enclosure management systems

Figures 2 to 4 illustrate the Cpic and Np;c stocks, Corg
and N; stocks, and bulk density recorded within the
different enclosures. Private enclosures Pr8 and Prll
tended to approach the biological, chemical and phys-
ical fertility of the youngest communal enclosures.
Private enclosure Pr15 however, was characterized by
relatively high Co, (1,471 g C/mz) and N; (159 g N/mz)
stocks, but in contrast had relatively low Cpc (20.30 g
C/m?) and Ny (20.30 g¢ N/m?) stocks. The oldest pri-
vate enclosure, Prl17, was below average with respect
to both the microbial biomass (19.24 g C/m’, 6.89 g
N/m?) and the Cqy, (1,029 g C/m?) and N; (85 g N/m®)
stocks. Similarly, both private enclosures of Prl15 and
Pr17 were more compacted than the private enclosures
Pr8 and Pr11 with respect to topsoil bulk density. With
bulk density values of about 1.22 mg/m’, these private
enclosures had comparable physical soil fertility as
recorded in the communal enclosures.

3 Discussion

The studied sites had alkaline silt loam, silty clay loam
and silty clay topsoils with the average pH values of
about 8.2 to 8.4 (Table 3). These high pH values were
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generally caused by the presence of free carbonates,
ranging from 1% to 9% and with an average of about
3%—4% (Mureithi, 2006). Low EC values indicated the
absence of significant amounts of highly soluble salts.
As expected, Ca*" dominated the exchange complex,
followed by large amounts of Mg*", K" and Na*. The
high silt content and low topsoil organic matter content
escalated the vulnerability of these soils to soil erosion
and surface crusting (Lal, 2000a). According to Wa-
songa (2009), the effects of land-use on soil aggregate
stability, surface run-off and soil loss in Njemps Flats
enclosures manifested significantly lower run-off and
erosion inside than outside the enclosures. Similar re-
sults were reported for enclosures in Tigray region of
northern Ethiopia (Descheemaecker et al., 2006). Thus,
besides ameliorating soil fertility, the recovery of vege-
tation reduces erosion hazard. In addition, topsoil bulk
density in the open rangeland generally exceeded the
root-restricting values of 1.45, 1.50 and 1.55 mg/m? for
silty clay, silty clay loam and silt loam textures, respec-
tively (National Park Service, 2014). These unfavour-
able soil physical properties hamper critical soil func-
tions, such as the capture, storage and supply of water,
and the availability of roothold for plants (Kinyua et al.,
2009; Opiyo et al., 2011).

Low Cic, Nimic, Corg and N; contents were reported in
the topsoil of the open rangeland (Table 3). According
to Verdoodt et al. (2010), these open rangelands are
characterized by both low vegetation cover and her-
baceous biomass production, which negatively affect
soil microbial population. The increase in vegetation
cover inside the enclosures induced higher infiltration
rates and reduced evaporative water losses (Wasonga et
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al., 2009), causing an increase in topsoil MC from 6%
to 64% relative to the open rangeland. The ensuing
conditions favoured microbial activity. The enclosures
displayed varying degrees of soil quality recovery,
which was illustrated by the variation in soil nutrient
contents and properties. Though C,,. is considered as
one of the most sensitive indicators of change in soil
quality (Murage et al., 2000), only limited data are
available in literature on its dynamics in restored
tropical semi-arid rangelands. Our study showed that
re-vegetation of degraded semi-arid rangeland within
the enclosures resulted in significant (P<0.01) in-
creases in the C and N contents of microbial biomass,
compared to the disturbed open grazing land (Table 3).
Similar trends have been reported in studies focussing
on ecosystem condition in comparison to a disturbed
state. Chen et al. (2010) reported a significant increase
in Cpc and Ny in an old crop field abandoned for 10
years in the northeastern Tibetan Plateau in China. The
Chic and Ny, obtained in the old crop field were in-
termediate between those of an active crop field and
grassland, illustrating a recovery following disturbance.
Range rehabilitation promotes litter and organic matter
supply by reducing soil disturbance, restoring herba-
ceous vegetation and increasing biomass production
(Verdoodt et al., 2010; Mekuria and Aynekulu, 2011).
Holt (1997) and Raiesi and Asadi (2006) reported a
reduction in Cp;. under long-term grazing compared to
adjacent ungrazed sites in Australia and Iran, respec-
tively, whereas Moussa et al. (2007) found non-signi-
ficant differences in Cy,;. between grazed and ungrazed
plots in the semi-arid rangeland of South Africa. The
microbial biomasses recorded in the restored rangeland
in the Njemps Flats (73 to 156 pg/g soil) are relatively
low compared to the literature data for the tropics. It is
recognized however, that Cp. responds differently to
changes in land uses. For example, Holt (1997) and
Northup et al. (1999) reported that Cy,;, contents ranged
from 160 to 326 pg C/gunder heavy and light grazing
respectively in the sandy soils of semi-arid Queensland,
Australia.

During restoration, the autogenic recovery of de-
graded rangelands generally results in very slow res-
toration of the chemical quality of soils (Kinyua et al.,
2009). However, the reseeding and sustainable enclo-
sure management strategies adopted in the Njemp Flats

have evidently succeeded in significantly increasing
both the microbial biomass and C,, and N; contents.
The C:N ratios in the Njemps Flats suggested the
presence of humified organic matter in the topsoil of
the open rangeland and private enclosures, whereas the
wider range of C:N ratios recorded in the communal
enclosures reflected a higher supply of decomposable
organic matter. Although the original degradation state
of the enclosed sites is not known, it is implicitly as-
sumed that the enclosures and the adjacent open
rangeland should have had comparable initial condi-
tions at the time of enclosure establishment, such that
changes in soil quality are a consequence of enclosure
establishment and the respective management. Based
on this assumption, it is acknowledged that the private
enclosures have the potential to attain a similar soil
quality as recorded in the communal enclosures, as
illustrated by the results obtained in the private enclo-
sures Pr8 and Prl1.

Enclosure age also plays a role in conditioning the
rehabilitation impact on soil properties (Mekuria and
Aynekulu, 2011). In Njemps Flats, the impact of en-
closure age on the recovery of soil quality is variable
(Figs. 2 and 3), perhaps due to the influence of man-
agement. The N; content, though significantly higher
inside the enclosures and with maximum values not
exceeding 1 mg N/g soil (0.1% Ny), is still low for a
tropical grassland. Deficiency in N could severely limit
the yield of grasses in managed arid and semi-arid
rangelands (Ashrafa and McNeillyb, 1994). The recy-
cling of N through animal droppings and urine during
intermittent grazing is limited, resulting in an increas-
ing N depletion in the soil. Considering that fertiliza-
tion under the existing climatic and socioeconomic
conditions is respectively inappropriate and unman-
ageable, oversowing with legume fodder species and
indigenous trees (e.g. Acacia tortilis) adapted to the
local semi-arid conditions to improve total soil nitro-
gen is a feasible option.

The herbaceous biomass production and cover are the
catalyst of soil restoration (Mekuria et al., 2011), and
were highly correlated with the C,,, contents in this study,
with correlation coefficients of 0.91 and 0.89, respec-
tively. A maximum value of 11.2 mg C/g soil (1.12% C)
in the topsoil was recorded in the oldest sampled enclo-
sure (23 years). This shows a slow but effective restora-
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tion of the organic carbon under the tropical semi-arid
conditions, factored by the adopted enclosure manage-
ment. In particular, the removal of organic matter from
the enclosures by grazing and grass harvesting activities
has the greatest influence on soil restoration. Since most
of the tropical rangelands are on degraded soils, the po-
tential for sequestering C through rangeland rehabilita-
tion is substantial (FAO, 2001). Enhancing C stocks in
degraded agricultural lands could have direct environ-
mental, economic, and social benefits for local people
(Lal, 2000b). Therefore, initiatives that sequester C are
welcomed for the improvement in degraded soils, plant
productivity and the consequent food safety and allevia-
tion of poverty in dry land regions.

4 Conclusions

The results of this study showed that enclosures are ef-
fective in restoring the nutrient status and quality of de-
graded soils. Restoration of the soil quality in both the
private and communal enclosures was rated successful
when compared to the open grazing area. Clear trends
with time could not be discriminated without reservation,
partly due to the characteristics of the experimental
set-up, possible modification by the enclosure manage-
ment adopted, or the variation in soil chemical and bio-
logical properties in specific sites. Range rehabilitation
under the private and communal enclosures resulted in
higher microbial biomass, organic carbon and nitrogen
stocks within less than 10 years of establishment com-
pared to the degraded open rangeland. To improve the
absolute soil N contents and stocks and pasture quality,
enclosure management can consider incorporating in-
digenous fodder legume species and trees (e.g. Acacia
tortilis) that have the potential to fix considerable
amounts of N. Further research shall focus on seasonal
dynamics of soil biological properties as well as
long-term monitoring of the grazing and grass harvesting
activities in order to understand their effects on the soil
ecosystem in a semi-arid rangeland under restoration.
Rehabilitation of degraded arid environments tackles the
problems of land degradation, biodiversity loss, climate
change and poverty simultaneously. Successful local
actions can have a global impact and should therefore, be
encouraged and supported.
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