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Abstract: Ghana’s economic development relies largely on the mining industry, but the ecological cost
is very high, particularly for the small-scale sector. To ascertain and give an account of the ecological
pressures from the small-scale gold mining sector, we quantified and appraised the ecosystems
(land cover types) degradation due to mining land use along portions of the renowned Pra River basin
of Ghana. The study classified and analysed high-quality Landsat image data (1986–2016) to monitor
processes and changes in the river basin and adopted the Ecosystem Service Value (ESV) model to
quantify the forgone value in monetary term. The results revealed that the initial ESV of 17.69 million
US$ in 1986 increased to 18.40 million US$ in 2002 for the study landscape with the small-scale
mining sector accounting for 8.4% of the trade-off costs. The expansion of forest areas and its higher
value coefficient (VC) was, however, prevalent and this resulted in a net positive change during
this period. However, in 2016, out of the total ESV of 14.63 million US$ obtained, the small-scale
mining activities accounted for 36.8% of the trade-off costs. The substantial increase in trade-off
costs with a subsequent decrease in ESV in the study landscape, following the intensification of
small-scale gold mining, indicates that their activities have been degrading the watershed ecosystem
and are, therefore, unsustainable. The study affirms the need for policymakers/government to review
the laws, particularly on post-mining monitoring schemes to deter illegal miners and support the
registered small-scale miners who are willing to implement land rehabilitation activities.

Keywords: Ecosystem Service Values (ESVs); Provisional National Defense Council Law (PNDCL);
small-scale gold mining; ecological degradation; Ghana

1. Introduction

A sustained and fulfilled human life depends on the service provisions of the earth’s
ecosystems [1]. It has been widely recognised that the expansion of spatial extent of land uses shrinks
the size and disrupts the composition of land covers (ecosystems), with a resultant consequence on the
services their ecosystems deliver for human well-being [1,2]. Hence, the term trade-offs in land systems
analysis. The millennium assessment group estimates that more than 60% of ecosystem services are
traded-off to satisfy human’s demands. Therefore, the ability of a nation to strike a balance between
human needs and ecological capacity revolves around making “sound decisions” on the use of these
environmental resources [3]. Usually, nations are confronted with options to “extract” or “not extract”
resources from productive lands. Yet, before a decision is made, they ultimately weigh the inherent
trade-offs between satisfying immediate human needs and the unintended ecosystem consequences
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based on societal values [2]. Therefore, valuing the ecosystem services would be important in order to
guide such decisions [4]. The study adopted the classical economic term a “forgone alternative” [5] to
represent the value of the ecosystem is reduced in quantity and/or quality in order to use the land for
mining activities.

Similarly, the Government of Ghana (GoG) has decided to mine its mineral resources at the
expense of the ecological components of the land. The decision led to the enactment of the Provisional
National Defense Council Law (PNDCL) 218 (1989) to legalise the small-scale mining sector, due
to the perceived immense direct gross value additions (GVA) and livelihood uplift. In terms of
these contributions, the PricewaterhouseCoopers (PwC) ranks Ghana (8% of GDP) as second to
Papua New Guinea (15% of GDP) as a gold producing nation whose economy is greatly influenced by
gold resource dynamics [6]. From the biophysical point of view, however, gold extraction leaves series
of patches within the ecological system leading to a discontinuity in not only the ecological system but
also the land system as a whole. The impacts sometimes may result in the severe impairment of the
ecosystems of the affected lands [7]; many of which may be unable to revert to their pre-disturbed
state without being assisted [8].

Currently, gold extraction activities have become widespread and more attractive because the
nation wants to earn more foreign exchange for increasing infrastructure and development projects [9].
The pressures on landscapes to serve these extractive uses (extrinsic trade-offs) have been on the
ascendency and are expected to increase significantly in the next decades. Moreover, the intensity and
scale of extraction of gold influence the ecological integrity of mined land [10]. Taking no notice of these
ecosystems threats would have significant negative implications on Sustainable Development Agendas
(SDGs). These tremendous pressures from gold mineral mining in Ghana are linked to both small-scale
and large-scale gold businesses [11]. For instance, the pressures their activities is seen mostly in the
destruction of farmlands, protected forest ecosystems, etc. [12]. To ensure sustainability, management
decisions may be based on trade-offs analysis in order to harmonise the ecological environment and
industrial environment. Yet, there is limited empirical evidence on the direction of land conversion
and ecological degradation. These issues have made sustainable land management activities to be
ineffective in Ghana [13]. These instances require studies that provide evidence to help offset and steer
the Ghanaian mineable landscapes and the world at large such as the assessment of the value of gold
mining activities and ecological components.

Indeed, many environmental monitoring studies have emphasised the performance of remote
sensing methods for differentiating and identifying land use categories as well as changed patterns
at diverse scales. Not only are researchers able to quantify the ecological degradation in space but
also in time by remote sensing techniques. Regarding the impacts of technological loads in Ghana,
many types of research have provided evidence that there are important ecosystem services loss
due to farmland degradation and deforestation [10,14–16]. Again, Snapir et al. extensively mapped
and discussed the spatial-temporal dynamics of “galamsey” activities. Their work revealed that the
activity has tripled within four (4) years, from 2011 to 2015 and have directly encroached major forest
reserves [17]. However, to be informed about the size and extent of degradation is inadequate when
it comes to representing these degradation situation for policy implication purposes, yet, little has
been ushered into quantifying the ecosystem services such as the food production, air purification,
carbon storage, etc., that are lost due to these technological loads. The present study uses a remote
sensing-based ES valuation approaches to quantify the value and appraises the ecosystem services
loss due to small-scale mining in Ghana. It is essential to ascertain the status of ecosystems (e.g., [18]).
Quantifying the monetary value of ecosystem services, however, is important to work out the optimum
mixes of ecosystem services [19]. If the costs and benefits to society by undertaking mining activities
are estimated, it would provide an idea of the trade-offs between the mixes of ecosystem services and
the economic needs of Ghana. A detailed understanding of the forgone values of a typical mining
area is, thus, pertinent for decision makers (i.e., environment protection agencies, forestry commission,
other stakeholders and/or interest groups) to instate tangible, but prudent, resource conservation
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measures. For instance, it will support their decisions on compensation payments [20] and regulation
of the post-mining rehabilitation bench fees.

The trade-off analysis used in this study followed a renowned model propounded by
Constanza et al. [4]. The model has been applied in diverse study sites and research fields. For instance,
Kreuter et al. [21] estimated the monetary value of ecosystem services in San Antonio—USA
(from 1976 to 1991) and found a significant decline of Ecosystem Service Value (ESV) of 4% per
annum. Wang et al. [22] presented some interesting findings on freshwater wetlands in China.
Their work revealed that waste treatment service, water supply service and disturbance regulation
service accounted for more than 60% to the total ecological values decline due to watershed
degradation. Kubiszewski et al. [23] used benefit transfer methods to estimate that over 47% of
the benefits of ecosystems services accrue to the people living inside the boundaries of Bhutan.
Using a typical small-scale gold mining landscape as a case, we explored and quantified the impacts
the small-scale mining laws (PNDCL 218) on the land use dynamics using remote sensing-based
approaches. Specifically (1) determined the trade-off patterns of land uses along a multi-temporal scale;
(2) examined and compared the changes in the ecosystem service values achieved for the early- and
late-PNDCL periods.

2. Material and Methods

2.1. Description of the Study Area

The study landscape is located between Latitude 6◦31′00′ ′ N and 6◦37′30′ ′ N and Longitude
2◦4′30′ ′ W and 1◦54′00′ ′ W. The area, 408.5 km2, was delineated from the Pra River watershed (Figure 1).
It covers part of the Atwima Mponua, Atwima, and Amansie West districts. The landscape was selected
based on several considerations emanating from the research problem such as the involvement of
indigenes in the sector, the extensiveness of the activity, etc. However, the spatial and temporal extent
of the study area were delineated considering the poor availability of historical satellite imageries.
The area is part of the wet climatic zones that experience a double maxima rainfall (i.e., major and minor
rain seasons). The area experiences high rainfall ranging from 1250 mm and 2000 mm. The area records
a relative humidity that fluctuates from 70% to 80% throughout the year. Usually, the temperatures
of the area fluctuate between 26◦ and 30◦ Celsius. Characterised by a relatively flat landscape, the
area has an undulating topography and a mean elevation of 450 m above mean sea level (MSL). Forest
ochrosols are the predominant soils in this area. These soils are formed from the Tarkwaian sandstones
and granitoid as well as metamorphosed phyllites and schists. The vegetation is semi-deciduous,
comprising of broad-leaved trees with a height range of about 40 cm or more. However, to some extent
land use changes have reduced this closed broadleaved forest to climbers, shrubs/short woody plants
and species usually found interspersed within tree remnants [24]. The Water Resource Commission [25]
estimates that 60% of the area is covered by agriculture land use, while forest accounts for 30%.
Moreover, grassland, human settlement, and other land cover types cover about 10% of the entire
watershed. The area has a history of small-scale mining because of its world-class Birimain and
Tarkwain rock formations [26,27]. Because of the gold mining activities, most of the settlement is
referred to as mining towns.
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2.2. Land Cover Monitoring

We approached and mapped the value of the ecosystems degraded due to mining land use along
portions of the renowned Pra River Basin of Ghana by using Landsat images. Each image had a spatial
resolution of 30 m and a temporal resolution of 16 days. The images were captured with Landsat
Thematic Mapper (TM), Enhanced Thematic Mapper (ETM) and Operational Land Imager-Thermal
Infrared Sensor (OLI-TIRS) and covered 1986, 2002 and 2016, respectively (Table 1). The original
imageries were downloaded from the United States Geological Survey department’s (USGS’) online
database (http://glovis.usgs.gov/). The temporal scale was selected to represent the periods such as
based year (1986), early-PNDCL period (2002) and late-PNDCL period (2016). The base year represents
the year of the promulgation of the PNDC mining laws 218 to legalise the small-scale mining sector.
Thus, the study quantified the mining impacts on ecosystems by comparing it to the state of the
landscape before and after the activity was legalised.

http://glovis.usgs.gov/
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Table 1. Image data used for the study.

Product Date Resolution (m) Temporal (Days)

Landsat 5 TM 29 December 1986 30 16
Landsat 7 ETM 15 January 2002 30 16

Landsat 8 OLI-TIRS 23 January 2016 30 16

After the images were downloaded from the USGS’ database, they were processed by using the
traditional image processing techniques [28] to extract salient information for the study. The imageries
were initially pre-processed to reduce the influence of some commonly embedded defects in satellite
images in order that more useful information are extracted. The defects are as a result of atmospheric
instability, geographic positioning, sensor shortcomings etc. These defects must be rectified in order
to increase the confidence placed in the classified images [29]. First, the radiometric correction
was performed on all images using the image calibration algorithms (FLAASH and Band Math) for
atmospheric correction in the Environment of Visual Image (ENVI v5.0) software. This was followed
by a Hybrid Image Classification Approach (HICA). Here, the pre-processed images were classified,
first by separating them into their various band components using the principal component algorithm.
The Principal Component Analysis (PCA) combined with visual image interpretation was used as the
basis to select training samples. Supervised maximum likelihood classification method was then used
to catalogue them into forests, mixed vegetation, built-up areas and mining areas. The forest areas
consisted of closed broadleaved wood growth and closed canopied plantations whereas the mixed
vegetation describes areas with shrubs (annual and perennial), grasslands, annual crops, harvested
crops etc. The developed area covered settlements and roads whereas mining areas described the
stagnated turbid waters, bare surfaces closer to mining craters and the mining craters themselves.

Post-classification smoothing and accuracy assessment were also performed. The classified images
were smoothened to eliminate the embedded salt and pepper effects by applying the 7 × 7 Kernel
majority [30] algorithm in ArcGIS 10.3. The ultimate aim of this paper is to ensure that land
management alternatives are selected based on the complete analysis. This required that we put
some level of confidence in this environment monitoring analysis. As such, error matrix consisting
of a 4 × 4 grid of predicted versus ground truth information was constructed. Known locations of
the observed land cover types were selected and mapped as ground truth points. As a precaution,
the training sample areas were avoided when selecting the ground truth. Again, ground truth points
for each land use type were located evenly and over the entire landscape. This minimised the biases in
the confusion matrix. The overall accuracy (i.e., the ratio of correctly classified pixels to all the pixels
evaluated) was compared to a discrete multivariate approach to accuracy assessments referred to as
Kappa coefficient [31]. The likelihood that the pixels of a land use or a land cover on the ground are
predicted as such on the map is indicated by the errors of omission (producer’s accuracy). The error of
commission (user’s accuracy) was used as an indicator to detect the likelihood that the pixel designated
for a class on the map is truly represented as such on the ground.

The Kappa coefficient (Khat) was calculated using;

Khat =
(Pa − Pe)(
Pp − Pe

) (1)

where:
Khat is Kappa coefficient; Pa = is the percent correctly classified pixels (actual); Pe is the percent

of pixels that were correctly classified by chance (expected); Pp is the percentage of percent correct for
perfect classification. Khat > 80% represent strong agreement and good accuracy, 40%–80% is middle,
<40% is poor [32–35].
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Following Pyravaud’s formula [36], the study provided the consistent rate of change for each land
use type achieved during the image classification phase. The rate of change was computed as follows:

r =
(

1
t2 − t1

)
lin

(
A2

A1

)
(2)

where;
A1 and A2 represent the land cover types in period 1 (t1) and period 2 (t2), respectively.

2.3. Ecosystem Service and the ESV Model

The benefits transfer method combined with biome equivalency approach was used to respectively
select and assign value coefficients (VC). The benefits transfer method is a process of using existing
values and information from original study sites to estimate ESVs of other similar location in the
absence of site-specific value information [21,23]. Thus, each land use type obtained by image
classification was related to an equivalent biome [36]. The results of the biome equivalencies and their
respective VC are aggregated in Table 2. These values were based on the tropical settings of the original
compilations of 1310 values by van der Ploeg and de Groot from local settings worldwide [37]. A total
VC of 943.45 US$/ha/year was computed for the forest, and 325.75 US$/ha/year for mixed vegetation.
Developed areas were deemed to provide no ecological services values but mining area, with the
stagnated waters, could support the water cycling etc. Therefore, we selected the water support value
of deserts as an equivalent biome.
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Table 2. The equivalent biomes per land use type and their respective value coefficients.

Land Cover Type Equivalent Biome ESV (US$/ha/Year)

Mining area Semi-desert 0.38
Forest Tropical forest 963.45

Developed area Urban 0.00
Mixed vegetation Multiple ecosystems 325.75

The spatial values of the ES were calculated by following the methodological approach expressed
in Figure 2. First, area statistics for each land use type was computed for 1986, 2002 and 2016 by using
the ArcGIS Version 10.3 software [38]. The area statistic of each land use type was multiplied by their
respective coefficients (Equation (3)).
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ESV = ∑ Ai × VCi (3)

where:
ESV = estimated ecosystem service value, Ai = the area (ha) and VC = the value coefficient

(US$ ha−1 year−1) for land cover type ‘i’’. The percentage change of ESV was calculated by using
Equation (4) whilst a trade-off matrix was computed for the entire duration of the study.

%Change =
ESVi − ESVj

ESVj
(4)

Sensitivity Analysis

Generally, biomes are not perfect match for land use types. Therefore, there exist uncertainties in
the value coefficients used. An additional sensitivity analysis is required to determine the percentage
change in ESV for a given percentage change in VC. Referring to the work of Kreuter et al. [21],
the coefficient of sensitivity (CS) was calculated bearing in mind the standard economics concept of
elasticity. Beforehand, the VCs were adjusted by ±50% of their initial values; thus the total value of
ecosystem services estimated using the adjusted VCs is referred to as the adjusted ESVj. The coefficient
of sensitivity was estimated as follows:

CS =

(ESVj−ESVi)
ESVi

(VCik−VCik)
VCik

(5)

where:
CS represents the estimated coefficient of sensitivity; ESV refers the total estimated values for the

services ecosystems provides. VC is the value coefficients whereas i, j and k, respectively, symbolises
the initial, adjusted values and land cover class. To interpret CS, the rule of thumb is that the respective
ecosystem service value is elastic if CS > 1 and inelastic if CS < 1 (i.e., inelastic demand). Thus, if the
CS < 1, then the ESV estimated is reliable even if there are low accuracies in the VC value of the proxy
biomes [21].

3. Results

3.1. Validation Analysis of the Classified Images

The results of post-classification accuracy assessments performed are summarised in Table 3.
Indicators such as overall accuracy, user’s accuracies, producer’s accuracies, and Kappa coefficients
were used to assess the accuracy level of the land cover classes. The kappa statistic ranged from 0.872
to 0.889. According to Anthony et al. [33], a kappa statistic greater than 60% is substantial or good.
Judging from their scale, the classified images are good for further analysis and/or making conclusions
about the phenomenon being studied. Similarly, the highest overall accuracy of 91.7% was obtained
for 2002 compared to 90.4% and 91.6% in 1986 and 2016, respectively. Additionally, the mining land
use type was less accurate in 1986 compared to 2002 and 2016 because of the less conspicuous the
mining land use appeared, as well as the issue of spectral un-mixing.

Table 3. Accuracies achieved for the classified Landsat images.

Year Overall Accuracy (%) Mining Land Use Kappa Coef.
User’s Accuracy (%) Producer’s Accuracy (%)

1986 90.4 87.2 91.1 0.872
2002 91.7 75.8 93.8 0.889
2016 91.6 90.5 86.9 0.886
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3.2. General Statistics and Spatial Distribution of Land Cover Classes

Figures 3 and 4, respectively show the general trends and the spatial distribution of land use and
land cover (LUCC) classes of the 1986, 2002 and 2016 images. The area statistics and percent variations
in land-uses of the early- and late-PNDCL periods were estimated and summarised in Table 4. A rather
irregular but interesting result was observed in the forest cover class. In 1986, the forests occupied
7147.8 hectares, which represents 17.5% of the total study area. By 2002, the forest cover increased to
8886.4 hectares (21.8%) at 1.7% per annum but declined to 6053.4 hectares, which represented 14.8% of
the total area in 2016, at 2.0% per annum. The mixed vegetation, which was the largest cover class
at 33161.4 hectares and represented 81.2% of the total area in 1986, decreased significantly at 0.6%
per annum to 26989.2 hectares (66.1%) in 2016. Moreover, the built-up and mining areas increased
substantially throughout the study periods. Thus, the 354.9 hectares of mining land in 1986, which
represented 0.9% of the total area, increased significantly to 4804.1 hectares (11.8%) in 2016 at 41.8%
per annum. A significantly higher growth rate at 47.5% per annum was observed in the late-PNDCL
period (2002–2016) compared to the early-PNDCL period (1986–2002), which grew at 4.1% per annum.
Similarly, the built-up area increased steadily from 189.6 hectares, which represents 0.5% of the total
area in 1986, at 49.5% per annum to 3007.17 hectares (7.4%) in 2016.

Spatially, the built-up area and the mixed vegetation cover patches were nearly evenly distributed
within the study landscape in 1986. However, the forest cover type was concentrated in the central
parts. Mined lands were initially found in the north-eastern (NE) part of the study landscape but in
2002, the mining activities were more profound in the southern parts. In 2016, the mining areas were
mostly found in the western part of the landscape. The patches representing mining land-use were
widely extended and new patches emerged from 1986 to 2016. In fact, the extension of mining patches
and the formation of patches in new locations clearly show the migratory pattern of the small-scale
mining activity.

Table 4. Area statistics of the land use types.

Year Forest Mixed Vegetation Built-up Area Mining Land

Base Year 1986 Area (ha)
%

7147.8 33,161.4 189.6 354.9
17.5 81.2 0.5 0.9

Early-PNDCL 2002 Area (ha)
%

8886.4 30,199.3 1210.0 558.2
21.8 73.9 3.0 1.4

Late-PNDCL 2016 Area (ha)
%

6053.4 26,989.2 3007.2 4804.1
14.8 66.1 7.4 11.8

Rate
1986–2002 % 1.7 −0.6 38.4 4.1
2002–2016 % −2.0 −0.7 9.3 47.5
1986–2016 % −0.6 −0.6 49.5 41.8

Sustainability 2017, 9, 1976  9 of 19 

3.2. General Statistics and Spatial Distribution of Land Cover Classes 

Figures 3 and 4, respectively show the general trends and the spatial distribution of land use and 
land cover (LUCC) classes of the 1986, 2002 and 2016 images. The area statistics and percent variations 
in land-uses of the early- and late-PNDCL periods were estimated and summarised in Table 4. A 
rather irregular but interesting result was observed in the forest cover class. In 1986, the forests 
occupied 7147.8 hectares, which represents 17.5% of the total study area. By 2002, the forest cover 
increased to 8886.4 hectares (21.8%) at 1.7% per annum but declined to 6053.4 hectares, which 
represented 14.8% of the total area in 2016, at 2.0% per annum. The mixed vegetation, which was the 
largest cover class at 33161.4 hectares and represented 81.2% of the total area in 1986, decreased 
significantly at 0.6% per annum to 26989.2 hectares (66.1%) in 2016. Moreover, the built-up and 
mining areas increased substantially throughout the study periods. Thus, the 354.9 hectares of mining 
land in 1986, which represented 0.9% of the total area, increased significantly to 4804.1 hectares 
(11.8%) in 2016 at 41.8% per annum. A significantly higher growth rate at 47.5% per annum was 
observed in the late-PNDCL period (2002–2016) compared to the early-PNDCL period (1986–2002), 
which grew at 4.1% per annum. Similarly, the built-up area increased steadily from 189.6 hectares, 
which represents 0.5% of the total area in 1986, at 49.5% per annum to 3007.17 hectares (7.4%) in 2016. 

Spatially, the built-up area and the mixed vegetation cover patches were nearly evenly 
distributed within the study landscape in 1986. However, the forest cover type was concentrated in 
the central parts. Mined lands were initially found in the north-eastern (NE) part of the study 
landscape but in 2002, the mining activities were more profound in the southern parts. In 2016, the 
mining areas were mostly found in the western part of the landscape. The patches representing 
mining land-use were widely extended and new patches emerged from 1986 to 2016. In fact, the 
extension of mining patches and the formation of patches in new locations clearly show the migratory 
pattern of the small-scale mining activity. 

Table 4. Area statistics of the land use types. 

 Year  Forest Mixed Vegetation Built-up Area Mining Land

Base Year 1986 
Area (ha) 

% 
7147.8 33,161.4 189.6 354.9 

17.5 81.2 0.5 0.9 
Early-

PNDCL 
2002 

Area (ha) 
% 

8886.4 30,199.3 1210.0 558.2 
21.8 73.9 3.0 1.4 

Late-
PNDCL 

2016 
Area (ha) 

% 
6053.4 26,989.2 3007.2 4804.1 

14.8 66.1 7.4 11.8 

Rate 
1986–2002 % 1.7 −0.6 38.4 4.1 
2002–2016 % −2.0 −0.7 9.3 47.5 
1986–2016 % −0.6 −0.6 49.5 41.8 

 

 

Figure 3. Trends in land-use grouped under early- and late-PNDC law periods. 
Figure 3. Trends in land-use grouped under early- and late-PNDC law periods.



Sustainability 2017, 9, 1976 10 of 19
Sustainability 2017, 9, 1976  10 of 19 

 
Figure 4. Spatial distribution of land use types in 1986, 2002 and 2016. 

3.3. Land Use Change Trajectory Matrix from 1986 to 2002 to 2016 

The land cover types of the study landscape have changed markedly due to the interchanges 
with land uses. The changes are quantified in terms of area coverage measured in hectares and 
percentages (%). For the purposes of this study, the results of the transition trajectory were grouped 
into trade-off and unchanged areas. Trade-off areas were further categorised into positive (recovered) 
and negative (degraded) trade-offs. By 2002, a total 6174.36 hectares, which accounted for 15.1% of 
the total area, experienced trade-offs between land uses whereas 34,679.52 hectares, which represents 
84.9% of the total area, remained unchanged. The mining activities had expanded to cover a relatively 
smaller area of 3.87 hectares of forest compared to the mixed vegetated areas, which lost about 552.24 
hectares to the small-scale mining activities (Table 5). Overall, the mining activities had negatively 
affected about 9.0% of the 6174.36 hectares of trade-off areas of the study landscape. Again, from the 
354.9 hectares of mining lands observed in 1986, about 63.27 and 193.86 hectares were recovered into 
the forest and mixed vegetation, which represents about 4.2% of the total trade-offs land uses. 

In the late-PNDCL period, the land use interchanges (gain or loss) occurred on 11,486.2 hectares, 
which represented 28.1% of the total area whereas 29,367.7 hectares, representing 71.9% of the total 
area, remained unchanged. The small-scale mining activities degraded 83.67 hectares of forest and 
4029.21 hectares of mixed vegetation over the sixteen-year period. Overall, the mining activities were 
the reasons for about 38.2% of the land use changes within the study landscape. Thus, the mining 
activity degraded approximately 38% of other ecosystems, including forest and mixed vegetation. 
However, of the 558.2 hectares of mining land patches that existed in 2002, only about 0.36 and 76.50 
hectares of the forest and mixed vegetation ecosystems were recovered, respectively. Thus, about less 
than 0.01% of the interchanged areas in 2016. By 2002, no built-up land was lost to mining activities 
but by 2016, about 273.2 hectares of the built-up area lost to mining. This may be due to the incorrectly 
separated pixel values between the mining and the built-up areas. More robust image classification 
approaches such as the object-based approach to image classification may be employed to ascertain 
the pixel separability issues between built-up areas and mining lands in further studies. 

Figure 4. Spatial distribution of land use types in 1986, 2002 and 2016.

3.3. Land Use Change Trajectory Matrix from 1986 to 2002 to 2016

The land cover types of the study landscape have changed markedly due to the interchanges with
land uses. The changes are quantified in terms of area coverage measured in hectares and percentages
(%). For the purposes of this study, the results of the transition trajectory were grouped into trade-off
and unchanged areas. Trade-off areas were further categorised into positive (recovered) and negative
(degraded) trade-offs. By 2002, a total 6174.36 hectares, which accounted for 15.1% of the total area,
experienced trade-offs between land uses whereas 34,679.52 hectares, which represents 84.9% of the
total area, remained unchanged. The mining activities had expanded to cover a relatively smaller area
of 3.87 hectares of forest compared to the mixed vegetated areas, which lost about 552.24 hectares to
the small-scale mining activities (Table 5). Overall, the mining activities had negatively affected about
9.0% of the 6174.36 hectares of trade-off areas of the study landscape. Again, from the 354.9 hectares
of mining lands observed in 1986, about 63.27 and 193.86 hectares were recovered into the forest and
mixed vegetation, which represents about 4.2% of the total trade-offs land uses.

In the late-PNDCL period, the land use interchanges (gain or loss) occurred on 11,486.2 hectares,
which represented 28.1% of the total area whereas 29,367.7 hectares, representing 71.9% of the total area,
remained unchanged. The small-scale mining activities degraded 83.67 hectares of forest and 4029.21
hectares of mixed vegetation over the sixteen-year period. Overall, the mining activities were the
reasons for about 38.2% of the land use changes within the study landscape. Thus, the mining activity
degraded approximately 38% of other ecosystems, including forest and mixed vegetation. However,
of the 558.2 hectares of mining land patches that existed in 2002, only about 0.36 and 76.50 hectares
of the forest and mixed vegetation ecosystems were recovered, respectively. Thus, about less than
0.01% of the interchanged areas in 2016. By 2002, no built-up land was lost to mining activities but
by 2016, about 273.2 hectares of the built-up area lost to mining. This may be due to the incorrectly
separated pixel values between the mining and the built-up areas. More robust image classification
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approaches such as the object-based approach to image classification may be employed to ascertain
the pixel separability issues between built-up areas and mining lands in further studies.

Figure 5 shows the spatial trajectory of land cover changes in the study landscape. In the figure,
a particular emphasis is placed on the mining land conversions. The most significant conversion
trajectory was from mixed vegetation to mining land use, shown in red colour (online version).
Thus, a total of 552.24 hectares and 4029.21 hectares of mixed vegetated land was lost to mining
activities from 1986 to 2002 and 2002 to 2016, respectively. The land-use change matrices are presented
in Tables 5 and 6.
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Table 5. A 4 × 4 matrix of land use changed pattern from 1986 to 2002, Unit: hectares.

To 2002

MA FT BuA MV

From 1986

MA 2.07 63.27 95.67 193.86
FT 3.87 5816.88 9.99 1317.06

BuA 0.00 1.26 180.27 8.10
MV 552.24 3005.01 924.03 28,680.30

Table 6. A 4 × 4 matrix of land-use change pattern from 2002 to 2016, Unit: hectares.

To 2016

MA FT BuA MV

From 2002

MA 417.42 0.36 76.50 63.90
FT 83.61 5070.06 140.94 3591.81

BuA 273.87 34.38 724.23 177.48
MV 4029.21 948.60 2065.50 23,156.01

MA represents mining area, FT represents Forest, BuA represents the built-up area and MV represents mixed
vegetation. The diagonal values represent no change areas (bolded). The areas shaded yellow refer to land use types
converted (negative trade-off) to mining lands whereas areas shaded in green were recovered (positive trade-off).

3.4. General Variation of ESV amongst Land Use Types

The value of the services (ESVs) each land cover, herein referred to as ecosystem, provides,
were estimated, grouped under multi-temporal scale, and summarised in Table 7. Because of the
non-linearity in the some of the observed trends, the forest cover type and the total ESV, it was vital to
establish the ESV yearly. In this regard, the Pyravaud’s formula helped to reduce the inconsistencies.

Table 7. Changes in the ESV (million US$).

Description Land Use Classes
Total

MA FT BuA MV

Ecosystem Services
Values (ESVs)

1986 <0.01 6.89 0 10.80 17.69
% <0.01 38.9 0 61.1

2002 <0.01 8.56 0 9.84 18.40
% <0.01 46.5 0 53.5

2016 <0.01 5.83 0 8.79 14.63
% <0.01 39.9 0 60.1

ESV change statistics
(per annum)

1986–2002 - 1.7% - −0.6% 0.3%
2002–2016 - −2.0% - −0.7% −1.3%
1986–2016 - −0.5% - −0.6% −0.6%

NB: MA represents mining area, FT represents forest, BuA represents the built-up area and MV represents
mixed vegetation.

The study landscape provided a total ecosystem service of 17.69 million US$ in 1986 of which
forest cover contributed 6.89 million US$ (38.9%) whereas mixed vegetation provided 10.80 million
US$ (61.1%). By 2002, the ESV of the entire landscape had increased at 0.3% per annum to 18.40 million
US$. These increments were because of the cushioning effect of the increased services of forest
ecosystem at 1.7% per annum, which overwhelmed the decreasing impact of the mixed vegetation
at 0.6% per annum. Even though the built-up and mined lands had increased significantly in size to
3.0% and 1.4%, respectively (Table 7), the effects were not considerable because of the neutralising
influence of the increased forest and the subsequent increase in ESV. Additionally, by 2016, the ESV had
decreased to 14.63 million US$ at 1.3% per annum. This decrease in the total ESV is associated with the
decrease in the ESV of mixed vegetation at 0.7% per annum and forest at 2.0% per annum, respectively.
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Considering the entire period for this evaluation (1986–2016), a net loss of ESV of 3.06 million US$
was recorded, representing 17.3% of the total ESV observed in 1986. The observed decrease in ESV for
this period is attributed to the net decrease in the services the forests at 2.01 million US$ and mixed
vegetation at 1.06 million US$. Figure 6 shows the spatial representation of the ESV of the studied
landscape. In 1986, larger proportion (82%) of the landscape provided more ESV per hectare than the
average for the entire landscape (i.e. US$ 490 per hectare). Similarly, the ESV per hectare of larger
proportion (85%) of the study area are more than the average of US$ 560 per hectare recorded in
2002. A relatively smaller proportion (57%) of the 2016 ESV image had values that were more than
US$ 351 per hectare.
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3.5. Impacts of Small-Scale Gold Mining on Ecosystem Services Delivery

Our study described the impacts of small-scale gold mining on ES delivery as the “forgone” ESVs
of the respective ecosystems. Using the size of the land cover type that is converted (traded-off) to the
mining area and the associated VC, the study has estimated the value of the ecosystems forgone to make
available small-scale gold mining. The ESV estimated for each forgone ecosystem are summarised
in Table 8. From 1986 to 2002, the land cover types of the study areas collectively lost 0.18 million
US$ to small-scale mining activities; 0.004 million US$ from forest and 0.180 million US$ from mixed
vegetation. The total forgone ESV of 1.39 million US$ achieved for the late-PNDCL period (2002–2016)
was approximately eight times higher than the value estimated for 1986–2002. Likewise, 0.08 million
US$ and 1.31 million US$ were lost from the forest and mixed vegetation, respectively, to pave way for
the mining activities.

The biomes being ecosystem proxies and the fact that the VC were borrowed through benefits
transfer method makes the ESV estimates open to uncertainties. As such, the researcher showed how
a 1% change in ESV would affect the ESV estimates. As recommended by Kreuter et al. [21], all VCs
were adjusted by 50% in order to provide a range of ESV values for each land use category. The results
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achieved by varying value coefficients (VCs) and their effects on the forgone estimate of ESV are
summarised in Table 8. As a rule, all CS estimates were compared to one (1). Though the estimated CS
of forest cover type increased from 0.016 to 0.058 while the CS of mixed vegetation decreased from
0.978 to 0.942, the ESV estimates are robust since the CS are more than one (1). The results indicate
that ESV for all land use categories are inelastic, and thus making the estimated total ESV inelastic.

Table 8. ESV of ecosystems stripped for mining activities.

From To ML (ha) FESVs (US$) FESVs a (US$) CS Effects

1986–2002

Lost (−)
FT 3.87 3728.55 5592.83 0.020 1.02%
MV 552.24 179,892.18 269,838.27 0.980 48.98%

Total 556.11 183,620.73 275,431.10

Gain (+)
FT 63.27 60,957.48 91,436.22 0.492 24.61%
MV 193.06 62,889.30 94,333.94 0.508 25.39%

Total 256.33 123,846.78 185,770.16

Net Change −299.78 −59,773.41 −89,660.94

2002–2016

Lost (−)
FT 83.61 80,554.05 120,831.08 0.058 2.89%
MV 4029.21 1,312,515.16 1,968,772.74 0.942 47.11%

Total 4386.69 1,393,069.21 2,089,603.82

Gain (+)
FT 0.36 346.84 520.26 0.016 0.82%
MV 63.90 20,815.43 31,223.14 0.984 49.18%

Total 64.26 21,162.27 31,743.40

Net Change −4322.43 −1,371,906.95 −2,057,860.42

NB: a FESV estimated from adjusting VC by 50%, FT = Forest, BuA = Built-up area, MV = Mixed vegetation,
ML = Mining land.

The net decline in forest services and mixed vegetation were also compared. The ratio of the
forgone values in the early- law to the late- law periods are shown in Figure 7. Even though the area of
change in the forested land is relatively small, their decline for small-scale mining, in monetary term,
is considerable during the 1986–2002 at approximately 22 folds compared to the late-PNDCL period of
2002 to 2016. Likewise and in the same temporal trajectory, the mining activities decreased the mixed
vegetation by seven (7) folds.
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Comparing the “forgone” ESV of mining to the “money realised” from the activity is essential
for a deeper understanding of the losses the activities (small-scale mining) incur on the ecosystem.
Table 9 provides a summary of the comparison made. The small-scale miners realise an amount of US$
11,517.00 per hectare per annum from the sale of gold. The value of ecosystems degraded differs by
US$ 86,476.28 per hectare per annum.

Table 9. Comparison of money realised from small-scale to the ESV.

Items Amount (US$)/ha Source

FESV * 97,993.28 Current study
Alluvial (surface) ** 11,517.00 Asamoah [38]

Change +86,476.28

* FESV is the annual forgone ESV computed during the late-PNDCL. ** represent the money realised from alluvial
Surface mining activities. The value is extracted from Asamoah [39], who interviewed some key informant
(alluvial small-scale miners).

4. Discussion

4.1. The Influence of Land Use Dynamics on Ecosystem Service Delivery

The spatial and temporal dynamics of land uses are important to establish. In this study,
the impacts of land-use are measured by estimating the magnitude of the decline in the services
their ecosystems deliver for the well-being of humans. Remotely-sensed datasets of three decades were
obtained and analysed to provide information on the ecosystem services values (ESVs) degraded due
small-scale gold mining land-use. By using the Constanza’s ESV model [4] and some borrowed value
coefficients (VCs), the ESV of a mining landscape were estimated by multiplying the area (ha) of land
use types by the respective VC (US$/ha/year). As discussed earlier, the ESV estimates are subject to
uncertainties and variations, due to factors such as non-linearity of the dynamics of ecosystems, scale,
double counting, quality of classified images etc. [40–42]. The robustness of the estimated CS combined
with the fact that accurate coefficients are could be less critical for time series than for cross-sectional
analyses, because value coefficients tend to affect estimates of directional change less than estimates of
ecosystem values at specific points in time [43,44], makes the ESV estimation was robust in spite of
uncertainties on the value coefficients.

Considering the landscape in its entirety, total ESV in the base year of 1986 was 17.69 million US$,
but increased by 0.71 million US$ at 0.3% per year to 18.40 million US$ in the early-law period, and
subsequently decreased considerably by 3.77 million US$ at a rate of 1.3% per year to 14.63 million
US$ in the late-PNDCL period. It is imperative to report that the interchanges among these land
use types translated into the decline or rise in ecosystem functions. A transition from one land use
type to another is associated with an increase or a decrease in ESV. Therefore, the appreciation in the
total ESV could be a result of the increased size and a subsequent increase in the ecological functions
of forest and mixed vegetation from 1986 to 2002. The enormous reforestation that occurred in this
period could explain the rise in the ESV of the study landscape. This implies that reforestation is a
good way to recover and/or restore the productive capacities of the landscape. This, however, may
be associated with the improved forest protection laws and follow-up monitoring schemes. As such,
most of the mixed vegetation around the forests were abandoned while they reforest. Wang et al. [45]
also observed the cushioning impact of increased forest cover on the total ESV of Ningxia of China.
Moreover, the forest becoming patchy due to fragmentation and the influx of other land use types into
the forest areas caused deforestation and decreased the overall services the landscape provided in 2016.
The current estimates of the land use/land cover along the Pra River watershed Ghana also reveals
the deforestation for mining, farming, and settlement development [25]. The observed fluctuation
(i.e., rise and fall) in the ESV signal that when drivers of change are put to check, sustainability goals
can be achieved.
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4.2. The “Forgone Value” of Ecosystem Services Due to Mining

The impacts of mining land use on the ecological systems were measured by determining the
ESVs of the land use types that were converted to mining land use. Here, the ESV of the declined
land use type was described as “forgone” values. Two distinctive periods, which includes early- and
late-PNDCL, were compared. We have to admit that a myriad of factors cause and/or accelerate the
changes in the land use and land cover of a particular geographical setting. These factors may include
but not limited to policies, human land use (agriculture expansion, mining, roads etc.), population,
natural factors etc. [46,47]. In fact, most of these factors could explain the dynamics of the other
land use types observed in this study. Nevertheless, our analysis emphasised policy effects on the
mining land use expansion. Literature has revealed that GoG legalised the small-scale mining sector to
improve the economy of the country [48]. The use of land in this regard, however, aligns with the fact
that humans use land in a certain way to suit a particular purpose and as such degrades the ecological
resources [49]. However, decisions involving tradeoffs involve valuation [50]. The GoG has prioritised
the needs of the people to the ecological system. This does not imply that such decisions are “bad”.
However, the inability of these small-scale mining laws to capture the reality of the sector’s activities
has made this ecological service trade-off to become considerable [51].

The results have indicated a similar trend and have demonstrated that land use policy is one
of the key factors that can contribute significantly to the dynamics of the mining landscape. In this
study, about 1.37 million US$ of the services of other ecosystems (forest and mixed vegetation) was
traded off for mining activities, which represents 36.3% of the net decline in the ESV from 2002 to
2016. This signals the profound implications of mining land use during the late-PNDC mining laws
period compared to the early-PNDCL period, which accounted for about 8.4% of the total net decline.
Overall, the mining activities have caused the decline of approximately 47% of the total ESVs of the
landscape over the 30 years period of study. The transition from forest to mining was associated with a
significant drop in their ecosystem service values. Due to the considerable magnitude of the forest VC,
a minimal drop in the expanse is associated with a considerable decrease of the total ESV. The results
are attributed to the significant roles the forests play in human well-being such as climate regulations,
food production, water and air purification, raw materials etc. This, as well, signals that the enormous
fragmentation of the forest correlates with ecosystem services decline. Consequently, a higher decline
in ESV is expected when there is a considerable decline in forested land. The results did not come
as surprise since DeFries et al. [2] reports that whenever a land use decision is made, there are often
some unintended consequences, including feedbacks to climate, altered flows of freshwater, changes
in disease vectors, and reductions in biodiversity. In fact, the forgone ESV from this study was lesser
than the estimated 8.70 million US$ from Boshie et al. [52]. This may be due to the scale of their study
(i.e., a higher value is expected at a district scale compared to a landscape scale).

5. Conclusions

Ghana’s economic development relies largely on gold industry, but the ecological cost is very
high particularly from the small-scale sector. The study at hand gives an account of the ecological
pressures from the small-scale gold mining sectors. These pressures were measured by considering
the ecosystems (land cover types), which are affected by the small-scale mining. Thus, the extent
and the magnitude of the ESV associated with the land cover that was stripped to make available
the small-scale gold mining, as well as the sustainability of two production systems were estimated.
Historical data covering a period of 30 years (1986–2016) was used in this study. In general, the land
use types of the study landscape were distinctively dynamic from 1986 to 2002 to 2016. The expanse of
mining land use increased from 0.9% in 1986 to 11.8% in 2016. However, the annual growth rate during
the early-PNDCL of 4.1% was significantly lower compared to the late-PNDCL of 47.5%. The study also
estimated and compared the trade-off regions to the unchanged regions by using a per-pixel change
trajectory matrix. A considerable percentage of the trade-off areas was associated with small-scale
gold mining. Comparatively, greater mining-related land use dynamics, which include the expansion
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of mining land use patches and the formation of new ones, were observed during the late-PNDCL
period (2002–2016; 36.3%) compared to the early-PNDCL period (1986–2002; 8.4%). In monetary term,
the small-scale gold mining was responsible for about 1.43 million US$ of the 3.06 million US$ net
decline of the ecological services of the landscape from 1986 to 2016. The mining activities encroaching
forest and mixed vegetation accounted for 0.06 and 1.37 million US$ of the net decline of the ESV of
the study area. The study delved only into the spatiotemporal dimension the mining land use change
of the study landscape, but when supplemented with previous scholarly works, it appears the laws are
enacted but fail to check and sanction defaulters. The study would contribute to better understanding
of the variation in ESVs, their dynamics, and the evolution of small-scale mining. It has provided the
scientific basis for informing land management and environmental protection policies.
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