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Abstract: Impact assessments of actual and potential land use (LU) changes on hydrology are vital
in land use planning, which is a prerequisite for effective water resources management. In this
study, impacts of actual, as well as potential, LU changes on the hydrology of the Bonsa catchment
(1482 km2 ), Ghana, West Africa, were assessed using the Agricultural Catchments Research Unit
(ACRU) hydrological model. Baseline, current and potential future LU maps for three scenarios,
namely, business-as-usual (BAU), economic growth (EG) and economic growth and reforestation
(EGR), driven by observed climate between 1990 and 2009, were used for the study. The results
indicate that peak and dry season streamflows between 1991 and 2011 have increased by 21% and 37%,
respectively, under the current land use in comparison to the baseline due to a decrease in evergreen
and secondary forests by 18% and 39%, respectively, and an increase in settlements, mining areas and
shrubs/farms by 81%, 310% and 343%, respectively. The potential future LU scenarios suggest that
there may be further increases in streamflows, but the historical land use changes between 1991 and
2011 were so substantial that they will continue to impact streamflow changes in any of the future
land use scenarios. The study also showed that variability of streamflow changes at the catchment
scale was lower than at the subcatchment scale. For the scenarios of potential future LU changes, the
BAU shows the highest increases in streamflows, while the EGR shows the least. Policy interventions
for effective management of the catchment are recommended.
Keywords: Bonsa catchment; Ghana; hydrology; land use scenarios

1. Introduction
Rapid population growth, rural-urban migration, urbanization, agricultural intensification and
extensification, as well as expansion in surface mining, are some of the major causes of land use (LU)
changes in West Africa [1–4]. According to FAO [1], about 32 million ha of forest were converted to
other land uses between 1990 and 2010 in West and Central Africa. Land use changes modify the
partitioning of precipitation between the components of the hydrological cycle, which can impact
negatively on the environment and socioeconomic wellbeing of people. To effectively manage water
resources in a catchment, the historical and present, as well as the potential future impacts of land
use changes need to be assessed [5]. These results are vital in efficient land use planning, which is a
prerequisite for effective water resources management.
The impacts of land cover/land use changes on hydrology have been assessed over the past several
decades, using (i) field-based data-driven statistical methods, based on single catchments or paired
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catchments [6,7] and (ii) hydrological modelling [8–13]. Hydrological modelling using physically based
tools are reported to provide reasonable representation of observed hydrological processes for large
areas, and also enable rapid evaluation of catchment development scenarios [14], using relatively less
time and resources than field studies. Modelling also allows extrapolation of field measurements over
large areas and the projection of future hydrological conditions. Therefore, for regions with less data in
addition to challenges with financial and technical resources, the use of physically based tools to derive
maximum information from limited data has been recommended [15]. Thus, hydrological models,
which link model parameters to physically measurable catchment parameters to assess impacts of
land use changes on hydrology, have received much attention in the literature [16–21]. The use of
physically based models is underpinned by the fact that the models integrate the heterogeneity of
landscape processes, which has been found to be useful in the simulation of hydrological components
for ungauged basins [22].
In West Africa, both field-based studies and hydrological modelling has been used to assess
impacts of land use changes on hydrology at various scales [14,17,23–27]. However, in the rainforest
regions of the south, where the majority of West African population live, there remains a lack of
knowledge on the hydrological impacts of land use changes at the local scale, despite land use
changes being significant over the past three decades [1,28]. Previous land use change impact
studies on hydrology in West Africa have been mainly undertaken in the semi-arid areas and the
Sahel parts of the region [14,17,19,20,23–27,29]. These regions have vastly different vegetation and
climate compared to the rainforest regions of the south. Previous studies in the savannah and Sahel
regions [14] also relied on limited data, including extreme and unrealistic land use scenarios (e.g., 100%
deforestation/afforestation). Thus, there is a need for studies that use plausible land use scenarios
that account for simultaneous removal and regeneration of vegetation, as well as gradual changes in
impervious surface areas, for both historical and future time slices. Beyond this, the literature provides
evidence of the importance of locally relevant studies. For example, several studies [17,21,30,31] have
shown that impacts of land use change on hydrology depend on a variety of local factors including
climate, vegetation and the location of the land use within a catchment, making it unrealistic to arrive
at generalized conclusions about land use change impacts on hydrology.
In the southern rainforest Bonsa catchment of the Ankobra River basin in Ghana, West Africa, land
uses have changed significantly over the past three decades. Mining areas have increased over twofold,
while settlements and shrubs/farms increased more than three- and fourfold, respectively, leading to
overall annual deforestation rates of 0.3% between 1986 and 1991, 0.7% between 1991 and 2002, and
2% between 2002 and 2011 [28]. It is also expected that in the near future, rates of land use changes
may be substantially higher than the current rates. There is lack of understanding of the impacts of
these land use changes and potential future changes on the hydrological regimes. Prior studies have
mainly focused on impacts of mining on water quality [32–34] and pollution by airborne particulate
matter [35]. With the substantial land use changes in the past and the potential for higher rates in the
future, it is important to understand how these changes will impact on the local hydrology to allow
for effective land use planning, environmental management, as well as sustainable utilization of the
natural resources. Conclusions of such a study will be useful to understanding impacts of similar
lowland rainforest catchments of West Africa, informing further studies, as well as the management
and development of those catchments.
Thus this study seeks to understand how lowland rainforest catchments in West Africa have
responded hydrologically to historical land use changes and how they will respond to land use
changes in the future under three development scenarios, using the Bonsa catchment of Ghana as a
representative study site. In addition to a baseline (1991) and current (2011) land use scenarios, three
future land use scenarios developed in a previous study [36], namely: (i) the business-as-usual (BAU);
(ii) the economic-growth (EG), and; (iii) the economic growth and reforestation (EGR) scenarios, were
used. This study builds on a companion paper [37], which has demonstrated that the Agricultural
Catchments Research Unit (ACRU) hydrological model [38] is a suitable tool for modelling the
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hydrology of Bonsa catchment. Several studies have also applied the ACRU model successfully
to assess the impacts of land use changes on the hydrology of catchments with diverse land uses
2017, 9, 940
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Figure 1. Map of the Bonsa catchment in the Ankobra basin of Ghana (top) and a graph showing mean
Figure
1. Map of the Bonsa catchment in the Ankobra basin of Ghana (top) and a graph showing mean
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Figure 2. Representation of hydrological processes in the Agricultural Catchments Research Unit
(ACRU) model (Schulze, 1995).
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Figure 3. Example of subcatchment (a) and hydrological response unit (HRU) streamflow

Figure 3. Example of subcatchment (a) and hydrological response unit (HRU) streamflow configuration
configuration (b) for the Bonsa catchment, showing the cascading of water flow from HRUs to
(b) forsubcatchments.
the Bonsa catchment, showing the cascading of water flow from HRUs to subcatchments.
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Figure 4. Maps for baseline land use (1991), current (2011) land use and future land use scenarios in
Figure 4. Maps for baseline land use (1991), current (2011) land use and future land use scenarios in
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Table 1. Land uses for the Bonsa catchment for the baseline (1991), current (2011) and future scenarios
(2030 and 2070).
Table 1. Land uses for the Bonsa catchment for the baseline (1991), current (2011) and future scenarios
(2030 and 2070).
Land Cover (km2 )

Scenario/Time
Total
Evergreen
Mining
2)
Land Cover (km
Slice
Water
Settlements
Shrubs/Farms
Scenario/Time Secondary Forest
Forest
Areas
Total
Secondary
Evergreen
Mining
Slice
Water
Settlements Shrubs/Farms
Baseline
457.3
(30.8)
0.2 (0.1)
916.5
12.4 (0.8)
90.0 (6.1)
5.9 (0.4)
1482.3
Forest
Forest(61.8)
Areas
Current
280.3
1.4 (0.1)
(0.1)
754.6
(50.9)
(1.5)
399.4(6.1)
(26.9)
24.2(0.4)
(1.6) 1482.3
1482.3
Baseline
457.3(18.9)
(30.8)
0.2
916.5
(61.8)
12.422.4
(0.8)
90.0
5.9
BAU:
2030
215.5
1.4 (0.1)
(0.1)
728.1
(49.1)
(4.3)
425.3(26.9)
(28.7)
48.3(1.6)
(3.3) 1482.3
1482.2
Current
280.3(14.5)
(18.9)
1.4
754.6
(50.9)
22.463.7
(1.5)
399.4
24.2
BAU:
2070
171.0
1.4 (0.1)
(0.1)
683.6
(46.1)
(6.2)
482.1(28.7)
(32.5)
52.8(3.3)
(3.6) 1482.2
1482.2
BAU:
2030
215.5(11.5)
(14.5)
1.4
728.1
(49.1)
63.791.3
(4.3)
425.3
48.3
EG: 2030
283.9 (19.2)
1.4 (0.1)
733.6 (49.5)
68.8 (4.6)
340.1 (22.9)
54.3 (3.7)
1482.1
BAU: 2070
171.0 (11.5)
1.4 (0.1)
683.6 (46.1)
91.3 (6.2)
482.1 (32.5)
52.8 (3.6)
1482.2
EG: 2070
294.7 (19.9)
1.4 (0.1)
689.4 (46.5)
95.7 (6.5)
335.0 (22.6)
66.0 (4.5)
1482.2
EG: 2030
283.9 (19.2)
1.4 (0.1)
733.6 (49.5)
68.8 (4.6)
340.1 (22.9)
54.3 (3.7)
1482.1
EGR: 2030
303.8 (20.5)
1.4 (0.1)
716.0 (48.3)
66.6 (4.5)
340.2 (22.9)
54.3 (3.7)
1482.2
EG:
2070
294.7
(19.9)
1.4
(0.1)
689.4
(46.5)
95.7
(6.5)
335.0
(22.6)
66.0
(4.5)
1482.2
EGR: 2070
350.1 (23.6)
1.4 (0.1)
667.7 (45.0)
100.6 (6.8)
295.4 (19.9)
67.2 (4.5)
1482.2
EGR: 2030
303.8 (20.5)
1.4 (0.1)
716.0 (48.3)
66.6 (4.5)
340.2 (22.9)
54.3 (3.7)
1482.2
Note:EGR:
Numbers
in
brackets
are
percentages
(%).Business-as-usual
(BAU);
economic
growth
(EG);
economic
growth
2070
350.1 (23.6)
1.4 (0.1)
667.7 (45.0)
100.6 (6.8)
295.4 (19.9)
67.2 (4.5)
1482.2

and reforestation (EGR).
Note: Numbers in brackets are percentages (%).Business‐as‐usual (BAU); economic growth (EG);
economic growth and reforestation (EGR).

To determine the impacts of land use changes on hydrology, the calibrated ACRU model was used
to simulate
streamflow
for theofBonsa
catchment
the 1991the
land
use map
and model
climate
records
Tothe
determine
the impacts
land use
changes using
on hydrology,
calibrated
ACRU
was
from used
1990 to
to simulate
2009. This
considered
theBonsa
baseline
scenario
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which
streamflows
thewas
streamflow
for the
catchment
using
the 1991
landthe
usesimulated
map and climate
underrecords
the current
(2011)
(2030,
2070) land
use scenarios
(Figure
were the
compared.
from 1990
to and
2009.future
This was
considered
the baseline
scenario
against4)which
simulated
The
1991 land
use was
selected(2011)
as theand
baseline
use2070)
as itland
represents
a period(Figure
prior to
streamflows
under
the current
futureland
(2030,
use scenarios
4) substantial
were
compared.
land use changes in the catchment. It is assumed to be close to the natural land use conditions of the Bonsa
The
1991
land
selected assimulated
the baseline
landthe
use1991
as itland
represents
period prior
toto the
catchment,
and
thus
thatuse
thewas
streamflows
under
use arearelatively
close
substantial
landofuse
in theThe
catchment.
It is use
assumed
to be
close
to the in
natural
land Dynamic
use
natural
flow regime
thechanges
Bonsa River.
future land
scenarios
were
derived
[36] using
conditions of the Bonsa catchment, and thus that the streamflows simulated under the 1991 land use
Conversion of Land Use and its Effects modelling framework (Dyna-CLUE) model [47]. After validating
are relatively close to the natural flow regime of the Bonsa River. The future land use scenarios were
the Dyna-CLUE
model for the historical land use simulation, the three potential future scenarios of
derived in [36] using Dynamic Conversion of Land Use and its Effects modelling framework (Dyna‐
land use changes were created to simulate potential land use in the Bonsa catchment. The land use
scenarios were: (i) the business-as-usual (BAU), where the current economic development objectives
persist; (ii) the economic growth (EG), where economic development is promoted through expansion in
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mining operations as well as increased rubber production, and; (iii) the economic growth and reforestation
(EGR), which is similar to the EG, but prescribes higher rates of reforestation into the future.
In order to attribute hydrological responses to changes in land uses the climate records from 1990
to 2009 were used for the hydrological simulation of each of the land use scenarios, and the soils and
the streamflow control variables were held constant. The method of assessing land use change impacts
on hydrology, used in this study, was adapted from several studies including Li, Coe, Ramankutty
and De Jong [14], Park, Park, Joh, Shin, Kwon, Srinivasan and Kim [9], Cornelissen, Diekkrueger and
Giertz [19] and Bossa, Diekkrueger and Agbossou [29].
3. Results
The temporal changes in streamflows across the selected land use scenarios are described using
tables and figures, while maps are used to explore the spatial variability of streamflow responses to
the current, as well as future land use (LU) scenarios.
3.1. Temporal Analysis of Impacts of Current and Future Land Use Changes
LU changes between 1991 and 2011, in the form of deforestation and urbanization, in the
Bonsa catchment have resulted in increased inter-annual, dry season, major and minor peak season
streamflows (Table 2). The highest increase in streamflows of 37% (i.e., an increase from 590 m3 to
808 m3 ) occurred in the dry season, while the major peak season had the lowest increase of 21%
(i.e., 2524 m3 –3055 m3 ). The current (2011) LU changes also resulted in increased high, median and low
simulated flows (Figures 5 and 6). The streamflows simulated under the potential future LU change
scenarios (BAU, EG and EGR) followed the same trend as those for the current (2011) LU, but with
higher magnitudes of change, which increased with time. The dry season streamflows showed the
highest increases regardless of the LU scenario or time slice (Table 2). The high, median and low flows
also increased under the future LU scenarios (Figures 5 and 6). The differences between streamflows
simulated under the different future LU scenarios were, however, small, but the streamflow increases
simulated under the BAU LU scenarios were the highest, while those of the EGR were the lowest,
irrespective of the time slice. Under all the land use scenarios (current and potential future), streamflow
increases for the low flows were relatively higher than the increases in the high flows (Figure 6).
Table 2. Increases in total streamflows relative to the baseline (1991 land use) scenario for the current
(2011) and three future land use scenarios (BAU, EG and EGR).
Scenario

Annual (%)

Dry Season (%)

Major Peak Season (%)

Minor Peak Season (%)

23.3

36.9

21.0

23.9

2030
2070

32.1
39.0

48.0
57.9

30.1
36.8

33.1
40.2

2030
2070

27.9
32.2

40.7
46.1

26.7
31.3

28.9
33.4

2030
2070

28.1
31.2

41.2
44.0

26.8
30.5

28.9
32.3

2011
BAU

EG

EGR

The simulated increases in streamflows between 1991 and 2011 may be attributable to the
extensive deforestation which occurred during the period, where evergreen and secondary forests
reduced by 18% (from 917 to 755 km2 ) and 39% (from 457 to 280 km2 ), respectively. During the
same period settlements areas increased by 81%, while shrubs/farms (from 90 to 399 km2 ) and
mining areas (from 6 to 24 km2 ) increased three fold. The substantial increase in streamflows
in the current (2011) scenario is largely because of the over 300% increase in shrubs/farms area
between 1991 and 2011. The conversion of evergreen forests with higher crop coefficients (CAY) and
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remains [28]. Although the study shows a substantial alteration of the hydrology between the baseline
(1991) and current (2011) land use (LU) scenarios, the seasonal patterns of the high and low flows
have been maintained. However, the current hydrological regime (i.e., 2011 land use scenario), shows
significantly higher peak and dry season flows relative to the baseline flows. The higher flows in the
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current hydrological regime is because of deforestation and urbanization, as well as expansion in
surface mines [28].
Deforestation has been the result of many activities including timber logging and increasing
farming activities by the local people, as well as the felling of trees for fuelwood. The creation of
new and the expansion of existing mines in the eastern and the northern part of the study area also
contributed to the increased streamflows. The mines are located close to the main stem and tributaries
of the Bonsa River, thereby affecting the streamflows directly. The almost 81% increase in settlement
areas between 1991 and 2011, especially around the town of Tarkwa, which also has streams that link
directly to the Bonsa River, and the threefold increase in shrubs/farms and mining areas together
with the reduction of secondary forest by 39% (Table 1), contributed to the increased streamflows
at the catchment outlet for the current (2011) land use scenario. However, the threefold increase in
shrubs/farms from 1991 to 2011 and the relatively lower crop coefficient and interception loss for the
LU, compared to evergreen forests, which previously dominated the catchment, were the main reasons
why streamflows in 2011 were substantially higher than those in 1991.
The study has further shown that under future land use scenarios, simulated streamflows were
higher relative to the baseline and their magnitudes increased with time. However, the difference
between the outlet streamflows of the future land uses was minor due to the relatively similar
proportion of different land use areas. The slightly higher streamflows for the BAU scenarios,
compared to the EG and the EGR scenarios, is because of the slightly smaller and larger areas occupied
by shrubs/farms and forests, respectively, in those scenarios. The low difference between outlet
streamflows of the future land use scenarios implies that striving towards any one of them for
planning may not significantly influence the streamflow responses at the catchment outlet. This may
be because the catchment has already undergone significant land use changes (e.g., over 300% increase
in shrubs/farms between 1991 and 2011).
The spatial pattern of streamflow increases is similar across all land use scenarios, but the increases
become greater and more evident with time. The increases in streamflows were greatest in the central
part of the catchment in and around Tarkwa, where there are settlements, shrubs/farms and mining
areas. The increases in streamflows were, however, dampened towards the catchment outlet due to
streamflow contributions from more forested areas. Overall, the variability of streamflow changes was
highest for the BAU land use, while that of the EGR scenario was lowest. Catchment management
under changing land uses may therefore be enhanced by taking into account outlet streamflows, as
well as streamflows in the interior parts.
4.2. Dealing with Uncertainties in Land Use Change Impact Assessments
Several studies [9,21,48,49] have applied distributed models to study impacts of land use changes
on hydrology as the models are intended to simulate the physical reality of the hydrological cycle,
spatially and temporally, which is vital for effective land use planning and water management. The use
of physically based semi-distributed model such as ACRU reduces the data requirements that would
have been necessary for a fully distributed model, and justifies its application in a data-scarce region
such as the Bonsa catchment in Ghana, West Africa.
The poor spatial resolution (scale: 1:250,000) of the applied soil map and the pragmatism of the
land use parameters required by the ACRU model, determined specifically for the Bonsa catchment,
has contributed to reducing the simulation accuracies in the study. Shortcomings of this study also
include the use of single streamflow gauge, as well as few rain gauges for ACRU model simulation.
Model calibration and validation would have been more robust if several streamflow [50] and rainfall
gauges were available, as the streamflows in the Bonsa catchment are more variable at the subcatchment
than at the catchment scale. The abovementioned uncertainties were minimized by using physically
meaningful sensitivity analysis of the ACRU model parameters in a companion paper [37] for the
Bonsa catchment.
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The utilization of actual land use data, as well as multiple land use scenarios generated from land
use modelling for determining impacts on hydrology, is intended to produce simulated responses
representative of likely land use change scenarios. Land use models generate land use distributions
for each scenario, based on statistically significant socioeconomic and biophysical driving factors,
and allows the incorporation of gradual changes and the regeneration of land use types at different
locations within a catchment, simultaneously. The challenge with modelled land use scenarios used
in this study was the lack of adequate input data for estimation of the historical land use model
parameters, which resulted in only a moderate land use simulation accuracy [51]. To account for these
uncertainties, this study used three land use scenarios (BAU, EG and EGR) based on three development
pathways. The BAU scenario was based on recent historical (2002–2011) trends of land use changes
and the EG scenario assumed increasing secondary forest area through rubber plantations. For the
EGR land use scenario, the Ghana Forestry Commission (2013) policy to reforest 200 km2 /year of
forest in the country were implemented.
Land use impacts are also affected by climate changes [52,53] and their joint impacts are
nonlinear [15], but this study is focused on the analysis of exploratory scenarios to better understand
how land use change scenarios impact streamflows under the historical climate. However, in order to
fully comprehend the magnitudes and reasons for future hydrological changes in the Bonsa catchment
in Ghana, West Africa, further studies which include climate change scenarios are needed.
4.3. Management of Bonsa and Similar Catchments in West Africa
As the major finding in this study is that streamflows increase in both the current (2011) and the
potential future hydrological regimes, it is suggested that an integrated and adaptive approach [54,55]
should be adopted to manage the Bonsa and similar catchments in West Africa. Thus, in the current
land use scenario, effective storm water management such as increasing infiltration in settlement,
shrubs/farms and mining areas are needed, and going into the future intensive rather than extensive
farming should be investigated to assess the potential costs and benefits. Reforestation should also be
targeted in areas dominated by shrub lands. Installation of additional streamflow and rain gauges and
continuous environmental monitoring and evaluation should also be planned to assist in addressing
data shortages.
5. Conclusions
The objectives of this study were to quantitatively assess the impacts of land use changes from
the historical period to potential future in the Bonsa catchment of Ghana, West Africa. The study used
historical, current and potential future land use maps as inputs to a calibrated ACRU hydrological
model to simulate hydrological regime for each land use scenario. The study shows that current (2011)
land use changes relative to the baseline (1991) land use have significantly increased peak and dry
season flows. It has also been revealed that the potential future land use changes may increase total
streamflows, although the seasonal patterns are not expected to change. The variability of streamflow
changes has been shown to be higher at the subcatchment than at the catchment scale. The BAU and the
EGR scenarios are expected to generate the highest and the lowest streamflow increases, respectively.
In order to manage the Bonsa catchment effectively, adaptive catchment-wide management strategies,
including installation of equipment and data capturing, research, reforestation, implementation of
ecologically friendly and effective storm water management strategies for urbanized, farms and mining
areas and conducting monitoring and evaluation of restoration efforts, are required.
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