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Abstract
Logging and mining are widespread in most West African countries and considering their
socio-economic importance, little is known about their ecological impacts. In this study,
we investigated the effects of chainsaw milling (logging) and artisanal mining on terrestrial
small mammal communities in a tropical forest in Ghana. For this, we compared abundance, diversity measures and community composition of small mammals active at the
forest floor in logged, mined and undisturbed forest sites. We found that abundance was
higher in logged and undisturbed forest sites than in mined sites. Small mammal species
richness, Shannon diversity and Pielou’s evenness did not differ significantly among the
three forest disturbance categories. Community composition of small mammals varied
between mined and undisturbed sites as well as between mined and logged sites, suggesting differential species responses to altered environments. This may be due to the
presence of pits in mined forest sites, hence a reduction in exploitable ground habitat
structures for shelter, nesting or food. Overall, our results suggest that artisanal mining has
strong impacts on community composition of forest floor small mammals in tropical
forests while the effect of logging by chainsaw milling activities is minimal, especially
when practiced at low intensity. This effect was moderated by elevation and distance to
streams that equally shaped small mammal communities. More research on the effects of
specific forms of logging and mining activities on small mammals are urgently needed to
better protect species in forests impacted by logging and mining.
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Introduction
Biodiversity in tropical forests is increasingly threatened by forest degradation despite the
efforts to curb deforestation (Malhi et al. 2014; Climate Focus 2015). In West Africa, about
14% of the total land area is covered with forests, many of them being biodiversity
hotspots (FAO 2003). Forests are threatened by several anthropogenic pressures such as
logging and mining (Jones et al. 2018). This has resulted in an annual forest loss of about
1.2 million hectares in West Africa since 1990 (FAO 2003). In Ghana, the average annual
deforestation within protected forest reserves was estimated at 0.6% between 1990 and
2015 (Acheampong et al. 2019). Lack of economic opportunities and ineffective environmental policies have been highlighted as the drivers of deforestation especially where
human population is rapidly increasing (Geist and Lambin 2002) and the majority of the
local human population depends on forests for their livelihoods (Appiah et al. 2009;
Hussain et al. 2019).
Chainsaw milling is a specific form of logging or timber processing that involves the
selective removal of single or small groups of mature trees and their on-site conversion to
lumber. It is a major livelihood sustenance activity in forests of West Africa. Societal
demand for processed timber often compels people to adopt this method since investment
costs are low compared to conventional large-scale logging and lumbering methods such as
clearcutting. The socio-economic importance of the chainsaw milling sector to rural and
urban livelihoods (e.g. via employment) and national economies (e.g. via taxes) has been
widely documented compared to its ecological impacts (Marfo 2010; Obiri and Damnyag
2011; Lescuyer et al. 2016). The activity of chainsaw milling often generates more residue
(i.e. coarse woody debris) composed of slabs and billets compared to conventional logging
(Asamoah et al. 2011) thus, enhancing the micro-habitat of many vertebrate species
including small mammals (Bull 2002; Davis et al. 2010).
Mining for marketable mineral resources such as gold and bauxite is another important
economic activity improving the livelihoods of people and occurs widely in some countries
of West Africa. Mining activities differ in their scale (i.e. large or small) and can be
distinguished by the degree of mechanization and compliance with global industrial
standards (Hentschel et al. 2003). Artisanal and small-scale mining is a general term
referring to the use of low-tech, labor-intensive methods for mineral processing and
extraction (Hilson and Pardie 2006). In Ghana, the activity often involves the manual
removal of vegetation and soil (usually 3–12 m deep and not more than 2.4 m wide) to
recover precious minerals using simple tools such as pick-axes, cutlasses, chisels and
shovels (Botchway 1995). The activity adds new structures (e.g. pits/ditches) to the
environment thus, structurally modifying it and eventually resulting in habitat loss or
creation of new habitats for some organisms such as aquatic macro-invertebrates (Steele
and Grant 1982; Larkin et al. 2008; Bylak et al. 2019).
Other environmental or habitat variables such as elevation, canopy cover and riparian
areas have been shown to influence the distribution and diversity of organisms (Richardson
et al. 2000; Adila et al. 2017). For instance, wildlife species richness in relation to elevation often follows a hump-shaped pattern peaking at intermediate levels (Andrade and
Monjeau 2014; Flores et al. 2018). Also, forest canopy cover is positively correlated with
wildlife species richness implying that undisturbed forest sites will support more communities than disturbed sites due to loss of cover/habitat (Subasinghe et al. 2014; Whitworth et al. 2019). Similarly, riparian areas constitute significant wildlife habitats for
aquatic organisms as well as support terrestrial food webs via energy exports: i.e. aquatic
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insects are preyed on when they emerge (Kauffman et al. 2001). The diversity and density
of organisms often decreases with increasing distance away from water bodies (Thrash
et al. 1995; Adila et al. 2017). However, human activities such as logging and mining (i.e.
placer/alluvial) can dramatically alter some of these variables (Mertens et al. 2001; Jarsjö
et al. 2017) with potential ramifications for biodiversity conservation due to habitat loss
(Alroy 2017; Horváth et al. 2019).
Our study seeks to shed light on the impacts of these two widespread livelihood
activities on forest floor small mammals in a tropical forest in Ghana. Small mammals are
mammals that typically weigh less than 5 kg, such as shrews and rodents. They are an
important component of the Guinean forest ecosystem of West Africa. They can influence
vegetation structure through seed predation and dispersal and serve as food for other
organisms including humans (Sieg 1987; Gruber 2016). The abundance of small mammals
and their diversity were shown to decline in areas with conventional logging (Simard and
Fryxell 2003; Bogdziewicz and Zwolak 2014) and large-scale mining (Ardente et al. 2016;
Attuquayefio et al. 2017), potentially threatening the integrity of forest ecosystems (Parrish
et al. 2003). Yet, the impact of artisanal and small-scale mining and chainsaw milling on
small mammals is still poorly understood. We hypothesize that species abundance,
diversity and community composition of small mammals using the forest floor will differ
between logged, mined and undisturbed forest sites due to differences in habitat structure.
Given that artisanal and small-scale mining negatively affects the horizontal habitat
structure (i.e. presence of pits) thereby limiting movement and exploitable surface area for
food while chainsaw milling may enhance it (i.e. coarse woody debris), we expect that
composition of small mammals using the forest floor will be most impacted by mining
activities. We further investigate whether other environmental factors such as elevation,
canopy cover and proximity of sites to water sources (i.e. stream/river) can explain changes
in community composition of small mammals.

Methods
Study area
The study was conducted in Atewa, an upland evergreen forest and biodiversity hotspot
located within the high forest zone of Ghana (Fig. 1). The mountain range is characterized
by plateaus which run in a north to south orientation peaking at 842 m above sea level
(Hall and Swaine 1981). Atewa is comprised of two forest blocks namely Atewa range
(237 km2) and Atewa range extension (21.3 km2). Our study occurred in the larger forest
block, Atewa range forest reserve. The forest has a bimodal rainfall pattern with an average
annual precipitation of about 1650 mm. Major and minor wet seasons occur from May to
July and September to October/November respectively. It has a network of streams with
the headwaters of three major rivers (Ayensu, Birim and Densu) originating from the
reserve. The forest is biologically diverse in flora and fauna with several rare and endemic
species, such as the Atewa dotted butterfly (Mylothris atewa), the Colobus monkey
(Colobus vellerosus) and the large-headed shrew (Crocidura grandiceps) (McCullough
et al. 2007). Fourteen non-volant small mammal species (e.g. rodents, shrews) have so far
been confirmed for the reserve with two of them being threatened (e.g. C. grandiceps and
C. wimmeri) (Weber and Fahr 2007; Lindsell et al. 2019).
Aside from its rich biodiversity, portions of the reserve have significant gold and
bauxite deposits drawing the interests of international mining companies as well as
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Fig. 1 Map of Africa (a) showing the study country Ghana (b) and the sampled sites in Atewa forest reserve
(c). The red outline in ‘c’ shows the Atewa mountain range while the black outline represents the forest
reserve. Logged sites are denoted by orange crosses, mined sites by red filled circles and undisturbed sites by
black filled squares. From d–f polluted stream from artisanal mining; mined site showing pits dug manually
with pick axes and shovels; logged site showing tree stump, slabs and billet

individuals interested in artisanal and small-scale mining. Logging (i.e. chainsaw milling)
also occurs widely in the reserve. These activities can be notoriously patchy due to the
spatial distribution of mineral deposits and commercial timber species. Exploitation of
these resources are often higher in sites with greater concentrations of mineral deposits and
high value marketable trees. Due to anthropogenic activities such as illegal farming,
logging and mining, the forest reserve is becoming a mosaic of disturbed and undisturbed
forest sites (Kusimi 2015).

Site selection
We sampled small mammals in logged, mined and undisturbed forest sites within Atewa
range forest reserve (Fig. 1). Sites were chosen based on the absence or presence of
logging (here chainsaw milling) and mining (here artisanal mining) disturbance within the
forest and were separated by an average distance of 821 m (min = 596 m, max = 1367 m).
Because some small mammal species have large dispersal distances or home range sizes
(Jones et al. 2009; Whitmee and Orme 2013), our investigation was more analogous to
habitat use patterns than long-term occupancy which assumes population closure and
sample independence (MacKenzie et al. 2002). The former could also be used to investigate habitat effects on species distribution and abundance (Boyce et al. 2016).
Investigated mined sites had 4–15 pits site-1 while logged sites had logging intensities
of 2–7 trees site-1 (i.e. 0.68 ± 0.21 ha). Artisanal mining may or may not occur
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concomitantly with logging, but in most cases it occurs under the forest canopy to reduce
chances of aerial detection. We ensured that chosen sites did not accumulate both disturbance or degradation effects at the time of investigation. Neither of these activities used
heavy machinery such as skidders, loaders or excavators in the sites investigated. Because
these activities are predominant in certain communities (especially artisanal mining), we
purposively selected these localities for our investigation: Apinamang, Asiakwa, Kibi
Apapam and Segyimase. Unlike chainsaw milling, artisanal mining can occur at a place for
a long period of time with individuals creating small camps in the area. We therefore
selected more mined sites at Apinamang since the activity is widespread there with more
abandoned mined sites. We sampled 14 sites (5 logged, 4 mined, 5 undisturbed) in the first
trapping session (i.e. wet season: July 01–August 05, 2018) and increased it to 17 (6
logged, 5 mined, 6 undisturbed) in the second session (i.e. dry season: November 08–
December 19, 2018). Elevation, canopy cover, and distance of site to stream/river were
measured at each site to test for the effect of these variables on small mammal communities (Supplementary Material, Appendix S1). Elevation and distance measurements were
made using a handheld GPS device while canopy cover was measured via an ocular
estimation approach (Kent 2012). Due to the illegality of logging and mining activities in
the reserve, it was difficult to obtain information on the history of disturbance. We
observed occasionally that previously logged or abandoned mined sites showed signs of
recent human activity.

Live-trapping and animal handling
A total of 30 traps arranged in a 5 9 5 array of sampling points and separated by a distance
of 10 m were placed at each site for the live capture of small mammals. Tomahawk traps
(48.26 cm 9 15.24 cm 9 15.24 cm) were placed at the four outer corners and the center
of the array while Sherman traps (7.62 cm 9 8.89 cm 9 22.86 cm) were placed at all
intermediate knots (Appendix S2). Traps at each site/grid were active for three consecutive
nights per sampling session with arrays left unchanged during trapping sessions. This
resulted in a sampling effort of 1260 trap nights in the wet season and 1530 trap nights in
the dry season. All traps were placed at ground level preferably at places that provided
cover for small mammals (e.g. downed wood and rocks) and baited with peanut butter
mixed with oat, corn and dried fish. The traps were set before sunset on the first day and
checked daily between 6 and 9am for captures. Animals captured for the first time were
marked using ear tags with unique codes to allow for identification of recaptures (National
Band and Tag Company, USA). Recaptured individuals were counted only once for all
statistical analyses. Individuals were identified to the species level using identification
guides (Grubb et al. 1998; Kingdon et al. 2013; Monadjem et al. 2015) and assigned to a
dietary guild (Kissling et al. 2014).

Data analysis
We calculated three different measures of diversity (richness, Shannon–Wiener diversity
index and Pielou’s evenness Pielou 1966; Magurran 2004)) and tested for differences
between logged, mined and undisturbed forest study sites using Kruskal–Wallis test
(Shapiro Wilk normality test, p \ 0.05) (Sokal and Rohlf 1995). Abundance data for each
species was also subjected to Kruskal–Wallis analysis of variance to examine variation in
abundance among forest disturbance categories. Dunn’s test with ‘fdr’ Benjamini–
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Hochberg adjustment for multiple comparisons was applied for pairwise comparison to
further discriminate among the different forest disturbance categories when p \ 0.05 for
Kruskal–Wallis tests (Elliott and Hynan 2011). To examine the effect of disturbance
intensity on species abundance and richness, we classified sampled sites into areas of low
or high intensity and subjected the data to a Wilcoxon test. Low intensity disturbance sites
had 2–4 harvested trees or 4–9 mine pits while high intensity sites had 5–7 harvested trees
or 10–15 mine pits.
We applied non-metric multidimensional scaling (NMDS) to explore how small
mammal communities differed based on taxonomic composition (vegan package, Oksanen
et al. 2019). This was done using euclidean distances on Hellinger transformed species
abundance data. Environmental variables (i.e. canopy cover, elevation, stream proximity)
were then fit onto the ordination to identify how they can explain the shape of the plots
(function ‘envfit’). Additionally, effects of the forest disturbance categories, canopy cover,
elevation and distance to stream were analyzed using permutational multivariate analysis
of variance (PERMANOVA) (function ‘adonis’). If significant differences occurred, a
PERMANOVA pairwise comparison with Bonferroni correction was applied as a post-hoc
test. We pooled species abundance data from both seasons for all analyses (except disturbance intensity analysis) because overall and species-specific abundances did not differ
by season (p [ 0.05). All analyses were performed in the program R (R Core Team 2020).

Results
Abundance and diversity measures of small mammals
During the course of the investigation, we trapped a total of 98 unique individuals from 6
species with a sampling effort of 2790 trap nights (Table 1). This represented about 43% of
the small mammal species that have been documented for the reserve (Lindsell et al. 2019).
Rarefaction curves also indicate that more species are present in the forest (Appendix S3).
Five species were recorded in logged compared to four in both mined and undisturbed
forest study sites (Fig. 2). Sampled species comprised of different dietary guilds with
mined forest study sites consisting of only omnivores (Table 1: insectivores, herbivores
and omnivores). Two species (Lophuromys sikapusi [rusty-bellied brush-furred rat] and
Lemniscomys striatus [typical striped grass mouse]) found in logged sites were not found in
Table 1 Species abundance, dietary guilds and IUCN Red List status (LC least concern, NT near threatened)
in the different forest disturbance sites
Species

Forest disturbance (abundance)

Foraging guild

Red List status

Mined

Logged

Undisturbed

Malacomys edwardsi

1

22

30

Omnivore

LC

Praomys tullbergi

3

13

8

Omnivore

LC

Cricetomys emini

5

1

4

Omnivore

LC

Lophuromys sikapusi

3

4

0

Omnivore

LC

Lemniscomys striatus

0

3

0

Herbivore

LC

Crocidura grandiceps

0

0

1

Insectivore

NT
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Fig. 2 Mean abundance per site of captured species in the different forest disturbance categories. Each
species was analyzed independently using non-parametric Kruskal–Wallis test. Letters indicate statistical
differences based on Dunn’s correction test (displayed for only significant parameters) and error bars
represent the standard error (SE). Significant (*p \ 0.05, **p \ 0.01) and non-significant disturbance
category comparisons for each species is denoted by ‘stars’ and ‘ns’ respectively

undisturbed forest study sites (rusty-bellied brush-furred rat was however found in mined
sites). Crocidura grandiceps (large-headed shrew) which is considered to be near threatened by the IUCN was only captured in undisturbed forest sites (Table 1). The two most
abundant species captured were Malacomys edwardsi (Edward’s swamp rat) and Praomys
tullbergi (Tullberg’s soft-furred mouse), occurring primarily in logged and undisturbed
forest study sites (Fig. 2; Table 1). Mean abundance of Edward’s swamp rat for example,
was significantly lower in mined compared to logged and undisturbed forest study sites.
Species richness was similar in logged, mined and undisturbed forest study sites (Kruskal–
Wallis test: df = 2, KW = 0.458, p = 0.795, Fig. 3a). Diversity and evenness were generally high in logged but did not significantly differ from mined and undisturbed forest
study sites (Fig. 3b, c). We found no differences between low and high intensity disturbance areas for logged and mined sites based on abundance and species richness (Fig. 4).
Additionally, the relationship between disturbance intensity (i.e. standardized scores) and
abundance was weak and negative (r = - 0.191, p = 0.421) (Appendix S4).

Community composition of small mammal under logging and mining
Small mammal composition at the forest floor differed significantly between the forest
disturbance categories (PERMANOVA: df = 2, F = 4.913, p = \ 0.001; Fig. 5, Appendix
S5). Post-hoc tests revealed that while undisturbed and logged study sites did not differ in
the composition of small mammals (F = 1.742, p = 0.576), they both differed from mined
study sites in the composition of species (undisturbed vs. mined—F = 9.346, p = 0.018;
logged vs. mined—F = 4.473, p = 0.030). Patterns of community composition were
related to elevation (r2 = 0.453, p = 0.020) and site proximity to streams (r2 = 0.436,
p = 0.023, Fig. 6, Appendix S6) indicating that composition in study sites at higher elevations were different from sites at lower elevations. Also, sites closer to streams differed
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Fig. 3 Plot of species richness
(a), Shannon–Wiener diversity
index (b), and Pielou’s evenness
(c) per site. p-values are based on
a non-parametric Kruskal–Wallis
test. Rarefaction curves are
provided in Appendix S3

in composition from sites farther away from streams. For example, species in undisturbed
sites such as Edward’s swamp rat were associated with higher elevation levels and were in
close proximity to streams while the typical striped grass mouse occurred at intermediate to
lower elevations, was found farther from streams and was generally more abundant in the
logged forest sites (Fig. 6).

Discussion
As chainsaw milling, artisanal mining and other anthropogenic disturbance pressures
continue to increase within tropical forests, it becomes vital to understand how species and
communities react to different habitat disturbances mediated by humans for appropriate
conservation and management interventions. We therefore examined the effects of logging
(chainsaw milling) and mining (artisanal mining) on forest floor small mammals using live
trapping protocols established at multiple locations. Our results showed that: (a) mean
abundance of certain species (e.g. Edward’s swamp rat) was significantly higher in logged
and undisturbed forest sites compared to mined forest sites; (b) mean richness, diversity
and evenness were lower in mined forest sites but did not differ significantly across logged,
mined and undisturbed forest sites; (c) mining may potentially alter the community
composition of small mammals and; (d) elevation and site distance to streams appear to be
correlated with community composition of small mammals.
Habitat disturbances can facilitate the invasion of more generalized small mammal
species (Mazerolle et al. 2001). Two species, rusty-bellied brush-furred rat and typical
striped grass mouse were captured only in disturbed forest sites (logged and mined) and
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Fig. 4 Effect of disturbance
intensity on abundance (a) and
species richness of small
mammals (b)

Fig. 5 Non-metric
multidimensional scaling plot of
small mammal composition
based on data from all trapping
sessions (K = 3, Stress = 0.013)

they are both known to be habitat generalists, i.e. able to cope with disturbed forests and
other habitat types (Hutterer et al. 1992; Weber and Fahr 2007). The large-headed shrew,
on the other hand, is a forest specialist captured in undisturbed sites and is considered to be
threatened according to the IUCN Red List status (Hutterer 2008). Forest sites with mining
had lower species abundance and diversity compared to undisturbed forest sites, but the
difference was not significant as in other studies (Ardente et al. 2016; Attuquayefio et al.
2017).
Differences in dietary guild composition observed across the different disturbance
categories in forests, provide initial indications that omnivores may cope well under disturbance pressures. Vulnerability of some dietary guilds may explain the varying
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Fig. 6 Non-metric
multidimensional scaling plot of
small mammal composition (i.e.
species are displayed on plots)
with response surfaces fitted for
significantly correlated variables:
a site elevation (m) and b site
distance from streams (m)

functional group compositions observed in human-altered forest sites (Luke et al. 2014;
Maure et al. 2018). Given that most species in our study were omnivores and there was
only one insectivore (large-headed shrew) and one herbivore species (typical striped grass
mouse), no general statement about these two more specialized dietary guilds can be made.
Unlike other studies, we found no significant relationship between disturbance intensity
and species abundance or richness, most likely because disturbance intensity was rather
similar across sites, differing only in the number of pits and logged trees (Carreño-Rocabado et al. 2012; Burivalova et al. 2014). Older sites may show faster signs of passive
recovery in terms of both flora and fauna than newly disturbed sites of the same size (Meli
et al. 2017; Lawer et al. 2019). The disturbance history of our sites is unknown and cannot
be reconstructed due to the activities being illegal, but we assume that our replicated
sampling design could randomly capture a variety of different disturbance histories and
therefore seems unlikely to bias our results. Future studies may additionally incorporate
disturbance age and eventually confirm our results with even stronger effects additionally
mediated by disturbance age.
Community composition of small mammals differed between the disturbance categories
being especially different in mined forest sites. Pits in mined sites reduce the surface area
that small mammals using the forest floor can use for shelter or nesting (and limit
movement) (Sasaki et al. 2015; Cristescu et al. 2016). Thus, the very low relative abundance per species recorded in mined sites could have influenced the variation in community composition observed. The most commonly captured species, Edward’s swamp rat
and Tullberg’s soft-furred mouse were of similar proportions in both logged and undisturbed forest sites. Because the forest is still connected, there might be movement of
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animals between sites thus, the lack of compositional differences between logged and
undisturbed forest sites (Sverdrup-Thygeson et al. 2017). We suppose that wood residue
generated from chainsaw milling operations (e.g. slab, billet, rejected beams) could have
constituted coarse woody debris thus, likely influencing the presence and abundance of
Edward’s swamp rat, a forest dwelling species and other small mammals in logged forest
sites. Our arguments are supported by studies that have demonstrated the positive relationship between coarse woody debris and small mammal communities (Loeb 1999;
Sullivan et al. 2012; Craig et al. 2014; Seip et al. 2018). Further, as chainsaw milling
involves selective removal of single or few trees, the activity tends to mimic natural
canopy openings (e.g. tree fall) to which small mammals are probably adapted to and hence
we do not find differences in community composition between logged and undisturbed
forest sites (Wells et al. 2007).
We found that elevation and proximity of sites to streams were correlated with community composition of small mammals. However, an alternative test (Permanova) did not
reveal a significant impact of these factors on community composition, indicating that
these conclusions may be less robust if based on our study only. Elevational gradients have
been shown to be related to soil properties (He et al. 2016; Badı́a et al. 2016) which in turn
affect the distribution and composition of plants and invertebrates (Jing et al. 2005; Junker
and Larue-Kontić 2018), thus influencing food and shelter resources required by small
mammals. The non-linear relationship between small mammal composition and elevation
likely suggests differential species responses as well as potential vulnerabilities in the
presence of anthropogenic pressures (Flores et al. 2018). Furthermore, the uniqueness and
intrinsic value of riparian zones make them important wildlife habitats as they influence
species distribution and terrestrial food webs (Kauffman et al. 2001; Anthony et al. 2003).
For example, the emergence of aquatic invertebrates or insects export energy to terrestrial
systems in the form of food for riparian predators (Sanzone et al. 2003; Gratton and Vander
Zanden 2009; Dreyer et al. 2015). Also, high plant cover or vegetation in riparian areas
serve as food sources and may provide protection from predators hence, influencing
community composition (Hamilton et al. 2015). Thus, the patterns of community composition observed likely reflect the changes in occurrence and abundance of species over
elevational as well as across aquatic-terrestrial gradients.

Management and conservation implications
With this study we could show that forest disturbance by logging and mining affect forest
floor small mammal communities, presumably through changes in the presence and
abundance of species. Whereas mining could potentially change the composition of forest
floor small mammals, the effects from logging appeared to be minimal. Beside human
disturbance, other environmental factors related to the micro-habitat may influence small
mammal communities (Roberts et al. 1978; Stancampiano and Schnell 2004). In our study,
elevation and proximity of sites to streams/rivers influenced community composition of
small mammals.
There is strong evidence that human disturbance activities affect habitat use patterns of
animals (Béchet et al. 2004; Howey et al. 2016; Cruz et al. 2018). Small mammal persistence may be impeded with increasing habitat fragmentation or decreasing connectivity
due to their limited dispersal ability (Bailey et al. 2010; Braaker et al. 2014; SverdrupThygeson et al. 2017). Presently, our findings suggest the possible use of logged sites from
chainsaw milling by small mammals as refuge for shelter or food among others.
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The current trend of economic development in the country will continue to stimulate the
growth of both the artisanal and small-scale mining and chainsaw milling sectors with
potential ramifications for biodiversity due to deforestation or habitat loss. Our study has
shown that chainsaw milling can be sustainable with minor to no impact on small mammals, whereas artisanal and small-scale mining needs to be observed and regulated more
carefully having stronger impacts on the small mammal community.
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Ardente NC, Ferreguetti ÁC, Gettinger D et al (2016) Diversity and impacts of mining on the non-volant
small mammal communities of two vegetation types in the Brazilian Amazon. PLoS ONE 11:1–16.
https://doi.org/10.1371/journal.pone.0167266
Asamoah KA, Duah-Gyamfi A, Dabo J (2011) Ecological impacts of uncontrolled chainsaw milling on
natural forests. Ghana J For 27:12–23
Attuquayefio DK, Owusu EH, Ofori BY (2017) Impact of mining and forest regeneration on small mammal
biodiversity in the Western Region of Ghana. Environ Monit Assess 189:237. https://doi.org/10.1007/
s10661-017-5960-0
Badı́a D, Ruiz A, Girona A et al (2016) The influence of elevation on soil properties and forest litter in the
Siliceous Moncayo Massif, SW Europe. J Mt Sci 13:2155–2169. https://doi.org/10.1007/s11629-0153773-6
Bailey D, Schmidt-Entling MH, Eberhart P et al (2010) Effects of habitat amount and isolation on biodiversity in fragmented traditional orchards. J Appl Ecol 47:1003–1013. https://doi.org/10.1111/j.13652664.2010.01858.x
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