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ABSTRACT

Land use changes affect soil and biomass carbon sequestration potential of the agroecosys-
tems of most Sub-Sahara Africa facing rising temperatures due to global climate change.
One such ecosystem is the Owabi reservoir catchment in Ghana, which has undergone
extensive changes in land use through urbanization. Our study aimed to determine the
impact of the spatial and temporal variability of the different land uses on soil and biomass
carbon storage in the Owabi catchment. Land use/cover maps were elaborated using SPOT
satellite images of 30 x 30-m resolution and Erdas Imagine and ArcGIS Pro softwares. Soil
and vegetation were sampled along three transects in the Y plane in early 2014. Nested plot
design and temporary sample plots of 50 x 50m were demarcated within a 1ha plot in
each of the land uses. Trees, herbs and litter were sampled to assess aboveground carbon,
and soil samples were taken at 0-15cm and 15-30cm depth. Belowground (root) biomass
was calculated using the root:shoot ratio. Seven (7) land use types — dense forest, sparse for-
est, grassland, cropland, wetland, settlement, and excavated land - were identified and
differences in carbon stocks were assessed. Soil carbon stock (0-30cm) ranged from
51.80 Mg/ha in dense forest to 7.00 Mg/ha in excavated land. Our study showed that the
conversion of forest lands to other land uses through excavation resulted in about 30-folds
loss in carbon and also a major loss of carbon in the catchment from c. 1.4 x 10°Mg C in
1990 to 0.55 x 10°Mg C in 2014. Enhancing forests or growing trees to sequester carbon
seems to be the optimum choice among the seven land uses if the introduction of payment
for environmental services options is considered.
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Introduction Although most developing countries are consid-

The storage of carbon in soils as soil organic matter
through plant biomass has received global atten-
tion from both national governments and several
world agencies as a means to mitigate carbon emis-
sions and adapt to climate change threats. The
average temperature of the world’s atmosphere has
increased by approximately 0.5°C since 1975 [1],
triggering changes in the global climate, and these
constitute one of the greatest threats to the well-
being of mankind in the twenty-first century [2]. A
key reason for global warming is the increased
release of anthropogenic greenhouse gases, espe-
cially atmospheric carbon dioxide [3].

ered small contributors to climate change, they are
more vulnerable to such changes than developed
countries, and the ongoing climatic alterations
threaten sustainable growth and development [4].
Developing countries will face changes in precipi-
tation patterns, creating shortage of water and
major increases in temperatures, which will lead to
changes in crop planting and harvesting seasons.
Globally, soil stores up to 1576 Pg carbon [5],
which exceeds the carbon storage potential of
other terrestrial  ecosystem  compartments.
According to Read et al. [6], the global estimated

total carbon stock value of tropical forest is 428 Pg
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C, 240Pg C in wetlands, 131Pg C in croplands,
199 Pg C in deserts, and 304 Pg C in grasslands.

Soil and vegetation carbon stocks are highly
influenced by anthropogenic activities (land use
changes) and the overall long-term soil and vege-
tation carbon source/sink dynamics [7]. For
instance, land use changes, particularly the loss of
forest resources, have led to reduced carbon
sink(s) and a net emission globally of 1.7 Gt C per
year in the 1980s and 1.8 Gt C in the 1990s [8]. A
global meta-analysis of land use change in the
tropics showed that forest conversion into crop-
land resulted in a soil organic carbon loss of 25%,
while forest conversion into grassland reduced soil
organic stocks by 12% [9].

In the Owabi reservoir catchment in Ghana, con-
siderable land use/land cover changes have taken
place in the past three decades [10], mostly reflect-
ing an increase in settlements. These changes have
resulted in considerable food security threat and
other livelihood related-issues in the catchment
[11]. As an important reservoir acting as a principal
supply of pipe-borne water to parts of the nearby
city of Kumasi and its suburbs, several studies of
the water-related consequences of these changes
have been conducted [11-16]. However, informa-
tion on the effects of the land use changes on the
total carbon stocks storage (i.e. vegetation which is
above and below carbon and soil carbon stocks)
within the catchment is limited. Due to the exten-
sive changes in land use with potential strong
impact on carbon sequestration in the catchment
(major loss of forest), better knowledge on changes
in total carbon stocks of the catchment is needed
to explore various avenues to incentivize reductions
of carbon emissions resulting from land degrad-
ation due to changes in land uses around the
catchment in Ghana and globally. This study aimed
to provide an inventory of carbon stocks relative to
the existing land use/cover and to estimate changes
in the carbon sequestration in the Owabi catch-
ment between 1990 and 2014, where substantial
land-use changes occurred in the catchment. We
hypothesize that the conversion of any forest vege-
tation to other land uses in the Owabi catchment
area will result in loss of soil carbon stocks.

Materials and methods
Study area

The Owabi catchment includes the river basin of
the Owabi River located in the Ashanti Region of
Ghana and lies between latitudes -6°41'30" -

6°47'300"N and longitudes 1°44'30"-1°37'30"W
[11] (Figure 1). Parts of the catchment that form
the Owabi Sanctuary were purposely acquired by
the Government of Ghana to create a protected
watershed to ensure a continuous and constant
supply of water to the reservoir. The Wildlife
Division of the Forestry Commission manages the
protected lands and the reservoir is controlled and
managed by the Ghana Water Company. The area
is characterized by a bimodal rainfall pattern with
an annual rainfall ranging between 1700 mm and
1850 mm per annum and annual temperatures of
27 °Cin August to 31°C in March [17]. The vegeta-
tion has been strongly disturbed by human activ-
ities, depriving it of valuable plant and animal
species and other anthropogenic activities and for-
est products [17].

The vegetation distribution of the eight-land
use/cover classes of the Owabi catchment area
based on 1990, 2010, and 2014 satellite images are
presented in Figures 2-4, respectively whereas and
Figure 5 displays the corresponding changes in
the key land uses over time. A cropland, which has
not been farmed for over four years (fallowed) was
selected for this study. The forest cover comprises;
‘dense’ forest where the majority of trees were tall
(>30m) and closely spaced (>50 trees ha™"). The
‘sparse’ forest was also characterized by close
shrubs and lower tree density (<20 trees ha™').
The grassland was uplands dominated by tall
grasses, mainly guinea grass (Panicum maximum),
on emerging settlement sites and young fallows.
Cropland, which has not been farmed for over five
years were selected for the study. Wetland was
restricted to poorly drained valley bottoms with
tall elephant grasses (Pennisetum puparium) and
patches of paddy rice fields. Excavated land com-
prised nearly bare lands and sand pits left after
sand winning activities. The settlement included
herbaceous vegetation within a residential area
with no established housing.

Plot layout and sampling

The soil and biomass data were taken in early part
of 2014. Each of the land-use categories was ana-
lyzed based on satellite images (SPOT images with
30 x 30m resolution) processed in Erdas Imagine
and ArcGlIS softwares. Images from 1990, 2010 and
2014 were classified using supervised classification
methods and validated through field ground
truthing.
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Figure 1. Location map of the Owabi reservoir catchment area.
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Figure 2. Land use/cover classes in the Owabi catchment in 1990.

Four subplots of a dimension 50 x 50m were
established within a 1ha plot in each of the land
use. In each of these subplots, all trees were meas-
ured at breast height using a diameter tape at
1.3m above the ground divided into four size
classes (0-10cm, 10-20cm, 20-30cm, 30-40cm),
The height of standing trees was measured indir-
ectly using triangulation of a hypsometer, while
the root to shoot ratio was calculated as in Deans
[18]. Biomasses inside a 1 x 1 m quadrat of herbs,
grasses, crops cut at the soil surface and leaf litter
were determined based on randomly selected rep-
licate samples from each plot. Fresh weight of

each sample was measured using a scale balance
before it was chopped using a machete, mixed in
a plastic basin, subdivided into four portion and a
portion collected as sub-sample. The field weight
of subsamples was taken, before they were
bagged in nylon bags and oven-dried in the
laboratory at 60°C in steel pans to constant
weight.

Soil samples were taken along three transect in
a Y plane within each of the four 50 x 50 m (repli-
cate) at two different depths 0-15 and 15-30cm.
Thus, four sampling points were taken in each of
the subplots. Samples were bulked, thoroughly
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Figure 3. Land use/cover class in the Owabi catchment in 2010.
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Figure 4. The state of the land cover types in Owabi catchment in 2014.
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Figure 5. The extent of fluctuation in land cover types in Owabi catchment from 1990 to 2014.

mixed with sub-samples taken and bagged for
laboratory analyses. For each land use system, four
samples were taken at the 0-15cm and 15-30cm,
respectively. A 1kg of soil sample was taken for
each subplot for each depth. In all 224 soil samples
were taken for the seven land uses. Samples for
determination of bulk density were taken in the

center of the TSPs with a steel corer (diameter
7.5cm, height 15cm) for each key land use. Two
samples were taken at each sampling point at 0-
15cm and 15-30cm depth, and the samples were
placed in sealed bags. The composite samples
from the subplots were later air-dried for seven
days. Each sample was sieved through a 2-mm



mesh for determination of soil organic carbon con-
tent. Soil organic carbon was determined using
the Walkley and Black [19] and bulk density deter-
mined by oven drying the samples at 105°C for
24 hr [20].

Computation of soil, above and below ground
carbon stocks

Soil carbon stocks of each of the land use types
were calculated according the formula in Equation
(1) below;

SOC stock (Mgha™') = % SOC x BD (Mg m~3)

x soil depth (m) x 10000 m? ha'. (1

where: SOC=Soil organic carbon, BD =Dry bulk
density of soil.

Tree biomass and biomass carbon were deter-
mined using the allometric equation for tropical
rainforests [21] in Equation (2).

Y = exp (—2.977) + 1n(X * 2> x W) )

where Y =biomass of forest, X=wood density,

Z =diameter at breast height, W = height of tree.
Total dry mass of sub-samples per m? was

calculated using the formula (see Equation (3)):

Total dry mass (kgm™2) =

Sample dry mass (kg)

Total
Subsample fresh mass (kg) x fota

freshmass (kgm™2). 3)

Root biomass was calculated using the root:-
shoot ratio for tropical semi-deciduous forest as
described by the Deans [18]:

AGC x 0.37

where:  BGC=Belowground carbon, AGC=
Aboveground carbon, 0.37 =Ratio of BGC to AGC.

Total carbon stock per land use was the sum of
above ground, root carbon and soil organic carbon
stocks. For calculating the total carbon stock of the
different land uses over time, it was assumed that
the carbon stock per ha was constant for each
land use for each year (1990, 2010 and 2014).
Therefore, all carbon stocks per ha were multiplied
by the area (ha) covered by the various land uses
at each defined year (1990, 2010 and 2014).

TCST # TSOC stock * LS (4)

where TCST =total carbon stocks per year; TSOC;
total soil organic carbon stocks, LS; Land size
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Data analysis

Data were analyzed using Analysis of Variance
(ANOVA) in GenStat statistical package (12th edi-
tion). Comparisons of means to assess the signifi-
cance differences in carbon stocks between land
use using. Fisher’s LSD at 5% probability level.

Results

Area covered by key land uses within the Owabi
catchment (1990-2014)

The areas of land occupied by the various land uses
in 1990 were in a decreasing order of; dense
forest (3956.76 ha) >sparse forest (1393.83ha) >
settlement (1250.27) > wetland (467.63 ha) > crop-
land (331.73 ha)> grassland (223.56 ha)> excavated
land (163.63 ha) >water (97.30 ha) (Figures 2 and 5).

Intriguingly in 2010, the dense forest declined
about 8-fold to 468.34 ha with sparse forest covering
1417.22 ha, while settlement increased three times
(4141.79ha) more than in 1990. The grassland
increased to 810.20 ha; while the cropland decreased
about 3-folds to 120.68 ha (Figures 3 and 5). There
was a slight increase in dense forest to 513.91 ha in
2014 while there was a reduction in sparse forest
(1109.49ha) (Figures 4 and 5). In this same year,
settlement attained the highest of 4465.72ha
whereas grassland declined 274.37 ha in total cover-
age, respectively. Forest covers declined drastically
between 1990 and 2010 but became fairly stable
between 2010 and 2014, while settlement expanded
widely from 1990 to 2010 and gradually between
2010 and 2014 (Table 1). The size of the wetland
increased between 1990 and 2010, and with a sharp
decrease between 2010 and 2014 (Table 1), while
the remaining land use practices/covers showed
minor declines or fluctuations.

Total carbon stocks of the key land use in the
Owabi catchment

The aboveground carbon stock (trees, litter,
herbs) of the different land uses ranged from

Table 1. Area and proportional changes in the key land
use/cover classes in the Owabi catchment over time.

Area (ha) % Change
Year Year

Land use 1990-2010 2010-2014 1990-2010 2010-2014 1990-2014
Dense forest ~ —3488.40 45.50 —88 10 —87
Sparse forest 2330 —307.70 2 -22 —20.50
Wetland 2250 —16.50 5 -3 1.28
Grassland 586.60 —535.80 262 —66 22.70
Cropland —211.00  221.50 —64 184 3.18
Settlement 2891.60  323.90 231 8 257.20
Excavated land 192.00  295.30 117 83 297.80
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Table 2. Total carbon stocks for the various land uses.

Total carbon stock (Mg C ha™")

Means + SEM

Land use type Aboveground Root Soil (0-15cm) Soil (15-30 cm) Soil (0-30) Total
Dense forest 153.6+5.8° 55.0+2.6° 302+0.9° 21.7+£1.0° 51.8+19° 260.6 +10.3?
Sparse forest 126.7+2.1° 45.0+0.8° 296+1.1° 19.9+0.6° 495+1.7° 2214+27°
Cropland 2.7+0.1° NA 28.0+0.9° 18.4+0.6% 465 +1.6 493+17°
Wetland 17+0.2° NA 293+0.6° 17.5+1.1% 46.7 +0.9° 486+1.2°
Grassland 25+0.1° NA 88+4.47 15.1+1.5° 439+59 46.5+5.9°
Settlement 1.6+ 1.0° NA 14.5+5.8° 10.2 + 4.0 246+9.8° 263+9.9¢
Excavated land 0.2+0.0° -NA 40+0.1° 29+0.1¢ 7.0+0.1 73+0.1¢

SEM: Standard error of means. Numbers with no letters in common are significant different (p < 0.05). NA: not available.

0.20Mg C ha" in the excavated land to 153.60 Mg
C ha ' in the dense forest and dense and sparse
forest were significantly (p < 0.05) higher than the
cropland, grassland, wetland, settlement and exca-
vated land (Table 2). However, the belowground
carbon (root carbon) was significantly higher in
the dense forest than sparse forest and were sig-
nificantly higher than all the land use systems. The
estimated total soil carbon stock ranged from
7.00Mg C ha™' in the excavated to 51.80Mg C
ha~' in the dense forest at the 0-30 cm depth. At
this same layer, soil carbon stock in the excavated
land was significantly (p < 0.05) lower than the
Settlement and the stocks were all significantly
lower than in the other land use types (Table 2).
The total carbon stocks (soil C+root C+ above
ground C stocks) was significantly higher in the
dense forest and sparse forest than in the other
land use categories, showing a>80% in all the
stocks (Table 2).

Contribution of the different land uses to total
carbon stocks with time

In 1990, dense forest held the largest proportion of
the carbon stock of 1031 Mg C/ha/year which was
3-folds higher than the sparse forest. The aforemen-
tioned land use was consistently higher than the
other land uses in 2010 and 2014 within the catch-
ment (Table 3), respectively. Analysis showed that
land use change from forest vegetation to other

Table 3. Total carbon stocks of the different land use
Carbon stock (Mg C*10%/ha).

Means + SEM

Land use type 1990 2010 2014
Dense forest 1031+41° 1202+3.6° 1339453
Sparse forest 309.0 +3.8° 312.6+3.1° 245.6 +3.0°
Grassland 104+13¢ 40.6+5.59 12.8+1.6°
Wetland 22.7+0.5¢ 24.0+0.7% 23.0+0.6°
Cropland 16.3+0.6° 6.1+0.02° 16.9+0.6°
Settlement 329+12.3¢ 89.5+27.3° 117.6 £44.0°
Excavated land 1.2+0.02¢ 2.6+0.02° 4.7+£0.07°
Total 423.60 595.70 554.50

Values are mean + standard error of mean (SEM). Values with the same
alphabet are significantly not different (p > 0.05).

land use types in 2010 and 2014 reduced total car-
bon stocks drastically (Table 3).

Discussion
Land use/cover changes (1990-2014)

Results in Figures 2-5 and Table 1 indicated that,
between 1990 and 2014, forest cover dwindled,
while settlement expanded considerably, mainly
horizontally, in the peri-urban catchment to meet
the housing need of the people. Our findings cor-
roborate with other studies of catchment land
cover changes, which have shown extensive
changes in the land cover [10]. Horizontal expan-
sion is characteristic of the majority of expanding
communities in Ghana [22]. As the cities expand,
the value of land in the outskirts increases and is
leased for housing. Forest lands are cleared for
settlement and for cropland purposes where the
latter is subsequently taken over by houses [11, 23,
24]. Studies in the same area by Agyen-Brefo [25],
have reported that the limited cover of dense for-
est in the catchment is possible indication that
most of the forest reserve around the Owabi reser-
voir and the stream is protected from high
anthropogenic activities. The small increase in
dense forest in 2014 compared with 2010 may be
due to enforcement of restrictions against entry
into the protected Owabi sanctuary [26].

Vegetation carbon stocks of the different
land uses

The level of aboveground carbon varied signifi-
cantly among the land use/land covers (Table 2).
The higher aboveground carbon levels recorded in
dense forest were expected as it mainly held older
trees with large boles (DBH of 24-35cm, etc.) and
higher litter fall with thick leaf than the other land
uses. This result confirms with Sundarapandian
and Swamy [27], who reported higher litter fall
with larger thickness in dense forest. Sparse forest
was dominated by shrubs (<10m high), widely



spaced slender trees and thin leaf litter, rendering
a low carbon stock per hectare compared with the
dense forest. Kohl et al. [28] reached conclusions
similar to ours in an investigation of the impact of
tree age on biomass and carbon accumulation.

Cropland, grassland, wetland, settlement and
excavated land contained few isolated trees and
little or no leaf litter and consequently had low
carbon stocks (Table 2). The differences in vegeta-
tion carbon stock, accounted for this observation.
Other researchers such as Ngo et al. [29], have
reported similar findings in carbon stocks of pri-
mary and secondary forest vegetation and other
land uses in tropical ecosystems. The vegetation
carbon stock which comprised the aboveground
and root carbon (208.6 Mg C ha™") of dense forest
is comparable with the value of 202.07 of moist
evergreen forest in Ghana estimated by Adu-Bredu
et al. [30]. Tree carbon is influenced by the size
and density of the trees [21]. For example, orna-
mental trees and patches of forest trees located in
residential areas contributed significantly to the
carbon stock of the settlement areas.

Total soil carbon stock (0-30 cm)

The soil carbon stock decreased with increasing
depth (Table 2). This is partly due to more promin-
ent litter accumulation, microbial activity, and
humus formation in the topsoil than in the subsoil
[31-33]. The opposite may occur, mostly through
intense bioturbation or mechanical cultivation of
land [34]. The decreasing soil carbon stock with
increasing depth is similar to that observed by
Nasigri [35] for different land use systems.

The soil carbon stock at 0-30 cm depth did not
vary markedly among the land use/cover classes,
except for settlement and excavated land where it
was significantly lower than all the other land use
systems. The value of soil carbon stock in the
dense forest is consistent with 49.1Mg C ha~' of
values reported by Igbal and Tiwari [36]. However,
Gyabaah [37] reported lower values for natural for-
est (31.9Mg C ha™') and cropland (19. 7Mg C
ha~"). A popular explanation of this is that climate
acts together with vegetation, soil depth, topog-
raphy, time, and management in influencing soil
organic carbon [38].

From the description of the various land use/-
land covers, cropland is recently cleared sparse for-
est, consequently, cropland soils have been
disturbed for only 1-2years without serious deg-
radation. Therefore, soil organic carbon stocks of
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cropland and sparse forest were similar in the
short term. However, accelerated erosion in the
long-term may occur [39] due to the land rotation,
cropping system and subsistence farming prac-
ticed in the Owabi catchment. Grassland was short
fallows or abandoned cropland that were not
expected to be much lower in soil organic carbon
than cropland. This result resonates well with a
previous study by Bernoux et al. [40], suggesting
that low or no-tillage activities may increase car-
bon levels in the topsoil.

The significantly lower carbon stocks in settle-
ment and excavated land can be attributed to
poor land cover exposing the land to both wind
and water erosion, creating trenches and deep
holes on the surface of the soils and complete
removal of vegetation and topsoil. While it is
argued that sand mining is necessary to satisfy
human demands, sand-mining activities have led
to land degradation and ecological imbalances
[41]. The lack of litter input in such systems con-
tributes to pushing the balance between organic
matter build up and degradation toward the latter.

The carbon content of wetland was expected to
be considerable higher than the other landuse
types because the moist nature of the soil encour-
ages long-term storage of carbon due to the slow
movement of oxygen into the wetland [42].
However, wetland had low carbon levels due to
poor litter decomposition resulting from limited
oxygen supply to soil microbes. This confirms the
findings of other studies such as Wang et al. [43]
suggesting that rate of litter decomposition influ-
ences soil carbon retention. Moreover, patches of
the wetland were cultivated with rice and okra
and the usual length of the dry season is about
three months where oxygen availability is high
and biological activities are enhanced. Moreover,
changes in flooding can affect the litter decompos-
ition process [44] and the release of carbon [45].

It is generally accepted that once conversion of
forest areas to different land uses takes place
through removal of vegetation, decarboxylation
processes trigger a decrease in the stock of soil
organic carbon with consequent additional CO,
emissions [46]. However, significant changes do
not occur until after considerable time.

Total carbon stock (aboveground and
belowground)

The total carbon stock determined in our study
was much higher for dense forest and sparse
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forest than for the other land uses. This concurs
with the estimation that about half of the global
terrestrial biomass carbon is tied up in tropical and
subtropical forests [28]. The total carbon stock in
the dense forest and sparse forest were higher
compared with the contributions of the other land
uses (Table 2). The high total carbon stock of forest
provides clear evidence that forests are able to
sequester larger amounts of CO, than most other
land use types. Forests may thus help reduce
greenhouse gas emissions into the atmosphere. As
asserted by Bernstein et al. [47]: ‘a sustainable for-
est management strategy aimed at maintaining or
increasing forest carbon stocks, while producing
an annual sustained yield of timber fiber or energy
from the forest, will generate the largest sustained
mitigation benefit’. It should be noted that settle-
ment carbon was influenced by trees and land-
scape grasses left in-between houses of new
settlement areas, probably for aesthetic and beau-
tification purposes. This suggests that promoting
grassing and tree growing in settlements via, for
instance, payment for ecosystem services could
help increase the carbon storage capacity of the
Owabi catchment.

Temporal variability of the carbon stock within
the Owabi catchment

The carbon stock within the Owabi catchment
decreased between 1990 and 2014 due to the con-
version of land previously occupied by forests to
other uses (Table 3), mainly due to a reduction of
standing biomass. Furthermore, these conversions
induce changes to the biological and physical con-
ditions of the soil that lead to lower soil carbon
content and thereby additional emissions of car-
bon dioxide. Our results are in line with Mande
et al. [48] who suggested that vegetation covers
are critical for managing soil CO, emissions in for-
est ecosystems at different stages, as these play a
crucial role in soil respiration. From 1990 to 2014,
the carbon stock within the Owabi catchment
decreased from 1.03*10°Mg C to 0.45*10°Mg C,
which is a very significant decline of the carbon
stock within the catchment during a short time
period.

Conclusions and recommendations

This study documents how changes in tropical for-
est coverage led to the decline of carbon stock,
which is primarily present in biomass and soil.
Considerable changes in land use occurred

between 1990 and 2014 in the Owabi catchment,
with dense forest and sparse forest declining
about 87% and 20%, respectively. Settlement and
excavated areas increased more than two-fold
from 1250 to 4466 ha and from 163 to 651 ha,
respectively, and grassland by 22%. Accordingly,
the carbon stock within the catchment decreased
with more than 60% between 1990 and 2014,
mainly due to the loss of forest.

Investigations into community tree planting for
aesthetic purposes is essential to establish the
basis for landscape restoration. The laws governing
the use of forest areas must be strictly enforced by
city authorities, such as the Forestry Commission,
to halt the encroachment of forest in the catch-
ment area. Extensive education should be con-
ducted by city authorities to inform relevant
stakeholders in the Owabi catchment of their vital
role in protecting and managing the land.
Dissemination of information centered on the
importance of forest is recommended.
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