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Summary 

Approaches to restore post-mining areas should provide sustainable solutions for 

recovering biodiversity and ecosystem services in Afrotropical regions that 

experience massive deforestation. Key components that are impacted by surface 

mining activities and that restoration intervention should therefore target are 

biodiversity attributes (here, plants and arthropods) and ecosystem service 

provisioning. Previous studies focused on the effects of restoration activities on 

biodiversity and ecosystem services in other parts of the world, but the 

consequences of restoration decisions in post-mining areas in the Afrotropical 

region (here Ghana) remain understudied. To this end, l assessed levels of soil 

properties, biodiversity and ecosystem service in a post-mining area after two 

decades of active forest restoration by comparing them to attributes of the 

surrounding dominant land-use types and an unrestored former mine. 

l hypothesized that (i) the interventions applied to restore and manage a 

post-mining area improve ecosystem attributes (for example, the soil status and 

tree diversity) beyond conditions observed in unrestored gravel mines or in 

alternative dominant land-use types (agriculture and agroforestry plantations) and 

even reaching levels comparable to natural reference forest (Chapter III), (ii) soil 

conditions and the functional structure of tree communities drive ecosystem 

functions and multifunctionality in land-use types with trees, with highest 

multifunctionality levels in the restored and natural forests (Chapter IV), (iii) the 

structure of tree communities coupled with pronounced climatic seasonality 

support a higher number of arthropods and arthropod functional groups particularly 

in the wet season and in structurally heterogeneous land-use types (restored and 

natural forests) (Chapter V), and (iv) active forest restoration enhances the levels 

of ecosystem service provision similar to the reference forest with possible trade-

offs or synergies among individual ecosystem services across forest types 

(Chapter VI). 

Chapter I provides an introduction to deforestation, the causes and effects 

on local livelihood and biodiversity with particular reference to Ghana's rainforest 

and further highlights global and national initiatives, including active forest 
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restoration, to reverse or minimize the impacts of tropical deforestation. In addition, 

Chapter I highlights the benefits of restoration for local human communities and 

biodiversity, and Chapter II then details the methodological approaches applied 

for sampling ecosystem attributes.  

In Chapter III, l investigated soil properties in addition to below and above-

ground biomass of trees in an active post-mining restoration area. I compared 

these ecosystem’s attributes to levels in four alternative land-use types 

representing a gradient from an unrestored former mining site, to an agricultural 

field, to an agroforestry plantation and a natural forest as reference. The 

characteristic soil attributes for the restored forest (RF) were not significantly 

different from those in the natural reference forest (NF), except for bulk density 

(1.36 vs 1.17 gcm-3) and base saturation (92.26 vs 95.19%), but differed 

significantly from attributes in all other land-use types. The results indicate a 

successful restoration trajectory for soil attributes 20 years after restoration 

initiation. The improved soil conditions in the restored forest led to the development 

of dense vegetation cover, which fostered carbon sequestration through both 

above-and-below ground biomass increases. 

In Chapter IV, l tested whether the functional structure of tree communities 

affects the provision of ecosystem services in different land-use types. For 

functional composition, both the leaf economic spectrum and the seed mass 

dimensions separated different land-use types. The natural forest was dominated 

by acquisitive plant species, and the non-natural forest showed a higher variation 

in functional space (140.19 sd3 for agroforestry plantation and 109.40 sd3 for 

restored forest compared to 21.45 sd3 in the natural forest). The functional richness 

of tree communities was best explained by the soil conditions and was positively 

related to the provision ecosystem service proxies and multifunctionality across all 

forest types. 

In Chapter V, l addressed the research question on how post-mining 

restoration affects arthropod communities compared to a natural reference forest, 

alternative land-use types and an unrestored former mining site. Communities of 

ground-active arthropods differed significantly between land-use types depending 
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on the season. Arthropod communities of the restored forest plots had an 

intermediate position between the agroforestry plantation and the natural forest in 

terms of their taxonomic composition. The unrestored former mining site had a 

unique and significantly poorer community composition compared to the other 

land-use types. These variations in arthropod communities between land-use 

types were best explained by vegetation attributes, mainly taxonomic composition 

and diversity of tree communities and deadwood volume.  

By quantifying the various ecosystem attributes in the field and transforming 

them into ecosystem service proxies, l could primarily identify synergies with no 

apparent trade-off between ecosystem services across the forest land-use types 

(Chapter VI). For example, food tree biomass simultaneously increased with the 

number of litter decomposing arthropods indicating a synergetic relationship 

between supporting ecosystem services and food provisioning. In addition, fodder 

tree biomass simultaneously increased with the number of predaceous arthropods.   

This thesis contributes to a better understanding of the effects of active 

restoration at post-mining sites on relationships between soil and biodiversity 

attributes and their influence on ecosystem service provision in a severely 

understudied region that suffers from massive deforestation. The active restoration 

interventions established 20 years ago at a former mining site created a forest 

ecosystem that resembles the natural reference forest more than any of the 

alternative land-use types. However, it remains unclear how this system will 

change in the future and if a simultaneous provision of high soil quality and 

biodiversity and ecosystem service provision can successfully be accomplished in 

the long term. 

 

 

 

Keywords:  arthropods, biodiversity, ecosystem services, Ghana, post-mining 

restoration 
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Zusammenfassung  

Renaturierungskonzepte von Bergbaufolgelandschaften bieten nachhaltige 

Lösungen für die Wiederherstellung der biologischen Vielfalt und der 

Ökosystemleistungen, insbesondere für von massiver Entwaldung betroffenen 

Regionen wie der Afrotropis. Die wichtigsten Komponenten, die durch den 

Tagebau beeinträchtigt werden und auf die Wiederherstellungsmaßnahmen daher 

abzielen sollten, sind Merkmale der biologischen Vielfalt (hier Pflanzen und 

Arthropoden) und die Bereitstellung von Ökosystemleistungen. Frühere Studien 

konzentrierten sich auf die Auswirkungen von Renaturierungsmaßnahmen auf die 

biologische Vielfalt und die Ökosystemleistungen in anderen Teilen der Welt und, 

die Folgen von Renaturierungs entscheidungen in Bergbaufolgelandschaften in 

der afrotropischen Region (hier Ghana) sind nicht ausreichend untersucht. Zu 

diesem Zweck habe wurden die Bodeneigenschaften, die biologische Vielfalt und 

die Ökosystemleistungen in einem Bergbaufolgegebiet nach zwei Jahrzehnten 

aktiver Waldsanierung bewertet, indem sie mit den Eigenschaften der 

umliegenden vorherrschenden Landnutzungstypen und einer nicht sanierten 

ehemaligen Mine verglichen. 

Auf der Grundlage des oben genannten Ziels der Studie wurden folgende 

Hypothesem aufgestellt, dass (i) die Maßnahmen zur Wiederherstellung und 

Bewirtschaftung einer Bergbaufolgefläche die Ökosystemeigenschaften (z. B. den 

Bodenzustand und die Baumvielfalt) über die Bedingungen hinaus verbessern, die 

in nicht sanierten Kiesgruben oder in alternativen dominanten Landnutzungstypen 

(Landwirtschaft und agroforstliche Plantagen) beobachtet wurden, und sogar ein 

Niveau erreichen, das mit dem natürlicher Referenzwälder vergleichbar ist (siehe 

Kapitel III), (ii) die Bodenbedingungen und die funktionelle Struktur der 

Baumgemeinschaften die Ökosystemfunktionen und die Multifunktionalität in 

Landnutzungstypen mit Bäumen bestimmen (siehe Kapitel IV), (iii) die Struktur der 

Baumgemeinschaften in Verbindung mit einer ausgeprägten klimatischen 

Saisonalität eine höhere Anzahl von taxonomischen und fuktionellen Arthropoden 

gruppen fördert, insbesondere in der Regenzeit und in strukturell heterogenen 
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Landnutzungstypen (wiederhergestellte und natürliche Wälder) (Kapitel V), und 

(iv) die aktive Wiederherstellung von Wäldern das Niveau der Bereitstellung von 

Ökosystemdienstleistungen ähnlich dem des Referenzwaldes verbessert, mit 

möglichen Kompromissen oder Synergien zwischen einzelnen 

Ökosystemdienstleistungen in verschiedenen Waldtypen (Kapitel VI). 

Kapitel I gibt eine Einführung in das Thema Entwaldung, die Ursachen und 

die Auswirkungen auf die lokale Lebensgrundlage und die biologische Vielfalt mit 

besonderem Bezug auf den ghanaischen Regenwald, Darüber hinaus warden 

globale und nationale Initiativen vorgestellt, einschließlich der aktiven 

Wiederherstellung von Wäldern, um die Auswirkungen der tropischen Entwaldung 

umzukehren oder zu minimieren. Ferner werden in Kapitel I die Vorteile der 

Wiederherstellung für die lokalen Dorfgemeinschaften und die biologische Vielfalt 

erläutert, und in Kapitel II werden die methodischen Ansätze für die Erhebung von 

Ökosystemattributen vorgestellt. 

In Kapitel III wurde neben den Bodeneigenschaften auch die unter- und 

oberirdische Biomasse von Bäumen in einem aktiven 

Bergbaufolgesanierungsgebiet untersucht. Die aufgenommenen 

Ökosystemattribute warden mit den Werten in vier alternativen 

Landnutzungstypen verglichen, die einen Gradienten von einer nicht sanierten 

ehemaligen Bergbaustätte über ein landwirtschaftliches Feld bis hin zu einer 

agroforstlichen Plantage und einem natürlichen Wald als Referenz abdecken. Die 

charakteristischen Bodeneigenschaften des wiederhergestellten Waldes (RF) 

unterschieden sich nicht signifikant von denen des natürlichen Referenzwaldes 

(NF), mit Ausnahme der Schüttdichte (1,36 vs. 1,17 gcm-3) und der Basensättigung 

(92,26 vs. 95,19%), aber sie unterschieden sich signifikant von den Eigenschaften 

aller anderen Landnutzungstypen. Die Ergebnisse deuten auf eine erfolgreiche 

Wiederherstellung der Bodeneigenschaften 20 Jahre nach Beginn der 

Wiederherstellung hin. Die verbesserten Bodenbedingungen in dem 

wiederhergestellten Wald führten zur Entwicklung einer dichten Vegetationsdecke, 

welche die Kohlenstoffbindung durch die Zunahme der Biomasse über und unter 

dem Boden förderte. 
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In Kapitel IV wurde untersucht, ob die funktionale Struktur von 

Baumgemeinschaften die Bereitstellung von Ökosystemleistungen in 

verschiedenen Landnutzungstypen beeinflusst. Bei der funktionalen 

Zusammensetzung trennten sowohl das ökonomische Blattspektrum als auch die 

Samenmasse der auftretenden Bäume die verschiedenen Landnutzungstypen. 

Der Naturwald wurde von Pflanzenarten dominiert welche schnell Ressourcen 

akquirieren können, und der nicht natürliche Wald zeigte eine größere Variation im 

Funktionsraum (140,19 sd3 für agroforstliche Pflanzungen und 109,40 sd3 für 

wiederhergestellte Wälder im Vergleich zu 21,45 sd3 im Naturwald). Die 

funktionelle Vielfalt der Baumgemeinschaften wurde am besten durch die 

Bodenbedingungen erklärt und stand in allen Waldtypen in einem positiven 

Zusammenhang mit der Bereitstellung von Ökosystemdienstleistungsshätzem und 

der Multifunktionalität von Baumgemeinschaften. 

In Kapitel V wurde untersucht, wie sich die Wiederherstellung nach dem 

Bergbau auf die Arthropodengemeinschaften auswirkt im Vergleich zu einem 

natürlichen Referenzwald, zu alternativen Landnutzungsformen und zu einer nicht 

sanierten ehemaligen Mine. Die Gemeinschaften bodenaktiver Arthropoden 

unterschieden sich signifikant zwischen den Landnutzungstypen in Abhängigkeit 

von der Jahreszeit. Die Arthropodengemeinschaften des sanierten Waldes lag 

hinsichtlich ihrer taxonomischen Zusammensetzung zwischen der agroforstlichen 

Plantage und dem natürlichen Wald. Die nicht wiederhergestellte ehemalige Mine 

wies eine einzigartige und deutlich verarmte Gemeinschaftszusammensetzung im 

Vergleich zu den anderen Landnutzungstypen auf. Diese Unterschiede in den 

Arthropodengemeinschaften zwischen den Landnutzungstypen ließen sich am 

besten durch Vegetationsmerkmale erklären, vor allem durch die taxonomische 

Zusammensetzung und Vielfalt der Baumgemeinschaften und das 

Totholzvolumen.  

Durch die Quantifizierung der verschiedenen Ökosystemattribute im Feld 

und ihre Umwandlung in Schätzwerte für Ökosystemleistungen wurden in erster 

Linie Synergien ohne offensichtliche negative Bezwihungen zwischen den 

Ökosystemleistungen der verschiedenen Waldnutzungstyen festgestellt (Kapitel 
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VI). So nahm beispielsweise die Biomasse der Futterbäume gleichzeitig mit der 

Anzahl der streuzersetzenden Arthropoden zu, was auf eine synergetische 

Beziehung zwischen unterstützenden Ökosystemleistungen und der Bereitstellung 

von Nahrung hinweist. Außerdem nahm bspw die Biomasse der Futterbäume 

gleichzeitig mit der Anzahl der räuberischen Arthropoden zu.   

Diese Arbeit trägt zu einem besseren Verständnis der Auswirkungen der 

aktiven Wiederherstellung von Bergbaufolgelandschaften auf die Beziehungen 

zwischen Boden- und Biodiversitätseigenschaften und deren Einfluss auf die 

Bereitstellung von Ökosystemdienstleistungen in einer wenig untersuchten Region 

bei, die von massiver Entwaldung betroffen ist. Die aktive Wiederherstellung, die 

vor 20 Jahren an einem ehemaligen Bergbaustandort durchgeführt wurde, hat ein 

Waldökosystem geschaffen, das dem natürlichen Referenzwald ähnlicher ist als 

anderen alternativen Landnutzungstyen im Untersuchungsgebiet. Es bleibt 

abzuwarten, wie sich dieses System in Zukunft verändern wird und ob die 

gleichzeitige Bereitstellung von hoher Bodenqualität, biologischer Vielfalt und 

Ökosystemdienstleistungen langfristig geleistet wird. 
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Chapter I: General Introduction 

Deforestation continues to be one of the most pressing challenges for humanity, 

with effects manifested in loss of biological diversity, anthropogenic carbon 

emissions that drive global climate change, threatened food security issues and 

the destruction of local livelihoods (Hall et al., 2022; Acheampong et al., 2019; 

Giam, 2017; Grainger, 2008; Kindermann et al., 2008). Several factors, including 

land-use change (e.g., conversion of forests to agricultural land or urban 

settlements), mining, infrastructure development, logging, agricultural 

intensification, and wildfire, are the major drivers of deforestation worldwide 

(Szymañski et al., 2021; Haywood & Henriot, 2019; Juárez-Orozco et al., 2017; 

Sonter et al., 2017). Deforestation continues at high rates, with over 420 million 

hectares of forest lost globally since 1990 and 10 million hectares lost yearly 

between 2015 and 2020 (FAO & UNEP, 2020). Tropical forests, including Ghana's 

rainforest, are severely threatened by deforestation, with the rate of destruction 

becoming more extreme over the past decades (Kyere-Boateng & Marek, 2021; 

Roberts et al., 2021; Zeppetello et al., 2020).  

Over 794,214 hectares of forest cover were lost annually in Ghana between 

2013 and 2015 (Ghana Forestry Commission, 2017). According to a recent report 

from the Global Forest Watch, over 1.1 Mha of forest was lost between 2001 and 

2021, with adverse implications for biodiversity and local human communities. 

Primary causes are anthropogenically driven and usually linked to livelihood (e.g., 

agricultural expansion, hunting, artisanal mining, logging) and development (e.g., 

infrastructure projects; Bentsi-Enchill et al., 2022; Acheampong et al., 2019; 

Fagariba et al., 2018; Quacou, 2016). However, evidence of natural causes, 

including forest fires, plant diseases and pest infestation, also exists (Dahan & 

Kasei, 2022; Danquah, 2009).   

Efforts to reduce the impacts of deforestation and mitigate consequences 

for local communities have revolved around global and local initiatives, including 

forest protection and policy interventions, payment for ecosystem service 

programs to compensate local people for conserving forests, and a series of 

afforestation and restoration programs (Amoah et al., 2022; Damptey et al., 2022; 
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Viszlai et al., 2016). All these efforts are linked to the global commitment to 

restoring 350 million hectares of degraded lands by 2030, which has been 

embraced by voluntary commitments from regional and national actors (IUCN, 

2020). For instance, through the Forest Landscape Restoration Initiative 

(AFR100), Ghana is committed to restoring 2 million hectares of degraded lands 

by 2030 to enhance ecological integrity in degraded landscapes while improving 

local livelihoods (Foli, 2018).  

Historical and current restoration efforts have focused on enhancing 

ecosystem functioning, reflecting the collective value of plants and animals and the 

effects these activities have on the physical and chemical conditions in these 

environments (Jax, 2005). For instance, the improvement of soil conditions to 

support plant growth that translates into appropriate habitat conditions for 

arthropods (e.g., spiders, insects) to survive and contribute to major ecosystem 

functions has been the focus of many restoration programs (Parkhurst et al., 2021; 

Lal, 2015). Other benefits are seen in the enhancement of the provision of 

ecosystem services such as food, timber provisioning, carbon sequestration and 

cultural services (Mosier et al., 2021). Restoration, hence, aims at enhancing 

biodiversity and thereby improving human livelihoods (Bullock et al., 2011).   

Usually, a considerable amount of resources (e.g., money, time or labour) 

are invested into restoration programmes (Wainaina et al., 2020; De Groot et al., 

2013) which requires a retrospective assessment of the success against a set of 

indicator attributes from undisturbed, but comparable ecosystems as a reference. 

In this study, we relied on a series of indicators classified as ecological (soil 

nutrients, carbon sequestration) and biodiversity components (tree species and 

functional diversity, structural attributes and the activity density of selected 

arthropod groups). To meet the reference system criteria for assessing ecological 

restoration projects (Hernandez‐Santin et al., 2021; Pruitt et al., 2012; SER, 2004), 

we included the most dominant ecosystems in the area of the restored forest as 

reference systems for comparison of attributes. These include two forest reserves: 

a natural and undisturbed forest and an afforestation (agroforestry plantation) site. 

In addition to these two forests, agricultural fields reflecting the historical conditions 
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of the restored forest before it was mined were also included in the design. An 

unrestored former mining site was also added to the study design for comparison 

to unassisted succession development.  

The co-occurrence of these surrounding land-use types and the restored 

area presents an ideal situation for comparing ecosystem attribute recovery 20 

years after the start of active restoration. Therefore, this study aimed to investigate 

the effects of restoration activities that targeted vital ecosystem attributes in a 

restored former mining area with reference to the surrounding dominant land-use 

types. Specifically, l hypothesized that (i) the interventions applied to restore and 

manage a post-mining area improve ecosystem attributes (for example the soil 

status and tree diversity) beyond conditions observed in unrestored gravel mines 

or in alternative dominant land-use types (agricultural and agroforestry plantations) 

and even reaching levels comparable to a natural reference forest (Chapter III), (ii) 

soil conditions and the functional structure of tree communities drive ecosystem 

functions and multifunctionality in land-use types with trees, with the highest 

multifunctionality levels in the restored and natural forests (Chapter IV), (iii) the 

structure of tree communities coupled with pronounced climatic seasonality 

support a higher number of arthropods and arthropod functional groups, 

particularly in the wet season and in structurally heterogeneous land-use types 

(restored and natural forest) (Chapter V), and (iv) active forest restoration 

enhances the levels of ecosystem service provision similar to the reference forest, 

with possible trade-offs or synergies among individual ecosystem services across 

forest types (Chapter VI).               

                

1.1 Deforestation and restoration in tropical forests 

Tropical forests are incredibly diverse and serve as a habitat for large parts of the 

world’s biodiversity (Pillay et al., 2022; FAO & UNEP, 2020; Brockerhoff et al., 

2017; Giam, 2017). However, current estimates show that over 11.1 million 

hectares of forests were lost in the tropics in 2021 (Weisse & Goldman, 2022) due 

to human-mediated factors, including logging, agricultural expansion, mining, and 

wildfire (Kyere-Boateng & Marek, 2021; Acheampong et al., 2019; Giam, 2017). 
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Impacts are evident in the decreasing extent of tropical forest ecosystems, a 

reduction in biological diversity and ecosystem functioning, as well as in their ability 

to respond to disturbances (resistance and resilience) with serious implications for 

human livelihoods (McDonald et al., 2016; Lawrence & Vandecar, 2015).  

Several restoration programmes have been initiated to stop the 

deforestation of tropical forests or minimize its impacts on local livelihoods and 

biodiversity and enhance the ecosystem service provisioning of such landscapes. 

One such program is the National Plantation Development Program (NPDP), 

which aims to develop a sustainable forest resource base for future resource 

demands while simultaneously enhancing environmental quality (Guuroh et al., 

2021). In addition, at the local scale and as a corporate social responsibility, 

Newmont Ghana Gold Limited manages approximately 15.4 ha of a restored post-

mining site to provide basic ecosystem goods and services to local human 

communities (Damptey et al., 2020).  

 

1.2 Post-mining restoration  

Mining, in all forms, has the tendency to destroy landscapes, including forests, as 

well as affect biodiversity detrimentally at multiple spatial scales (Sonter et al., 

2018). To maximize the negative legacies, ecological restoration (either active or 

passive) is required to return a degraded ecosystem to recovery towards an 

appropriate reference ecosystem (Decleer & Bijlsma, 2021). Active restoration 

involves management techniques to eliminate the sources of disturbance while 

implementing strategies (e.g., tree planting) to accelerate recovery and overcome 

obstacles to recovery (Trujillo-Miranda et al., 2018; Holl & Aide, 2011). Passive 

restoration, however, involves eliminating environmental stressors (e.g., grazing, 

agricultural activities) for secondary succession to occur naturally (Morrison & 

Lindell, 2011).  

Applying either passive or active restoration approaches depends on the 

resilience of the degraded ecosystem in question, the goal of a particular 

restoration project, the financial resources available and the land-use history 

(Díaz-García et al., 2020; Festin et al., 2019; Rohr et al., 2016; Holl & Aide, 2011). 
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Methods of restoration include physical (e.g., ploughing and addition of topsoil, 

biochar), chemical (addition of lime, fertilizer) and biological (use of green plants 

and associated microorganisms) methods (Festin et al., 2019; Lim et al., 2014). 

Restoration activities in this study included ploughing to level post-mining pits, 

followed by the addition of fertile topsoil, liming and planting tree species with 

predicted ecological and economic benefits. 

 

1.3 The use of reference ecosystems in ecological restoration 

Reference ecosystems are useful for evaluating restoration success in regard to a 

defined target, and they provide a basis for monitoring and assessing restoration 

outcomes (Durbecq et al., 2020; Stoddard et al., 2006). Thus, they act as a 

blueprint for evaluating whether a particular restoration program is developing 

along a satisfying trajectory that will lead to the recovery of desired ecosystem 

services (Pollock et al., 2012). They are usually remnant undisturbed natural areas 

with characteristics including well-developed biodiversity (local native plants, 

animals and other biota), without any threats, and in close proximity to the restored 

area under assessment (Decleer & Bijlsma, 2021; SER, 2004).  

In evaluating restoration projects, one could compare the attributes of the 

restored area (here restored forest) to such a positive target reference (pre-

degraded state: here natural forest) and a negative reference (pre-restoration 

degraded state: here former mining site; Durbecq et al., 2020). To widen the scope 

of this comparison, we also included an alternative restoration approach 

(agroforestry plantation) and a dominant land-use type in the study region 

(agricultural fields; Figure 1).  
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Figure 1: Land-use types studied for ecosystem attributes. Historical states and 

alternative trajectories are represented by the black arrows, and a potential future 

state is represented by a grey arrow 

 

1.4 Evaluating restoration trajectories 

According to the Society of Ecological Restoration (SER, 2004), a restored 

ecosystem should have enough biotic and abiotic resources to continue its 

development without further assistance. Such systems are characterized by 

attributes including the presence of assemblages of species (both plants and 

animals) similar to the reference ecosystem, the presence of indigenous species 

and functional groups essential for the stability of the restored ecosystem, suitable 

integration into a larger ecological matrix, the absence of potential threats, the 

ability to endure normal periodic stress events in the local environment and a self-

sustaining system similar to the reference ecosystem (SER, 2004). There is, 

however, a high level of uncertainty about the effectiveness of restoration 

programs (Suding, 2011), which requires evaluation at different stages of a 

particular restoration program. Evaluating a restoration project at each stage of its 

trajectory allows for estimation of the level of success attained (Evangelista de 
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Oliveira et al., 2021). Such evaluation also allows tracking what works and what 

fails, thereby providing crucial information about best practices (Wortley et al., 

2013).  

To assess restoration outcomes, SER proposed nine key attributes 

categorized into three major ecosystem attributes, including vegetation structure, 

species diversity and ecological processes (Ruiz-Jaen & Mitchell Aide, 2005; SER, 

2004). However, recognizing that restoration is a social entity, there has been a 

series of proposals to include socio-economic values and the effect on human well-

being in restoration assessment (Wortley et al., 2013; Cardinale et al., 2012). 

Therefore, for this thesis, I utilized the framework mentioned above to evaluate 

restoration success, focusing on diversity (plant and arthropod richness and 

abundance), vegetation structure (vegetation cover, plant density and biomass) 

and ecological processes (nutrient cycling, herbivory, predation, carbon 

sequestration). Subsequently, I converted the measured attributes into ecosystem 

service proxies to quantify their potential effects on human well-being.   

 

1.5 Effect of restoration on ecosystem service provisioning 

ES(s), defined as the direct and indirect benefits people obtain from nature 

(Millennium Ecosystem Assessment, 2005; Daily, 1997), include provisioning 

(e.g., food, fodder, timber), regulating (e.g., climate, flood, disease regulation), 

cultural (e.g., aesthetic educational, recreational) and supporting services (e.g., 

soil formation, primary production, nutrient cycling; MEA 2005). Ecosystem 

transformation in times of global change coupled with an increasing human 

population is anticipated to reduce the ability of most ecosystems to offer goods 

and services to society (Gurgel et al., 2021; Guerry et al., 2015). An approach to 

promote the ability of ecosystems in terms of provisioning ecosystem services is 

restoration (Li et al., 2020; Alexander et al., 2016). Restoration, if successful, 

improves the flow of ecosystem services and biodiversity attributes (Bullock et al., 

2011). Restoration projects aim at recovering processes (e.g., decomposition, 

fluxes of nutrients and energy, nutrient cycling), functions (e.g., regulatory, habitat, 

production functions) and the structure (e.g., the activities of producers, 
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consumers, decomposers, abiotic components) of an ecosystem (Palmer & 

Stewart, 2020; Gann et al., 2019). 

 

1.6 Trade-offs, synergies and ecosystem restoration 

The increasing demand for natural resources from a growing human population 

exerts intense pressure on ecosystem services provided by ecosystems (Howe et 

al., 2014). For this reason, most restoration projects aim at simultaneously 

maximizing the recovery of the provision of multiple ESs in a particular ecosystem 

and within a specific time frame. Depending on the type of restoration and the aim 

of a particular restoration program (hereafter referred to as the management 

choices), several interactions and feedback among different services could occur 

(Haase et al., 2012; Rodríguez et al., 2006).  

The interactions among these services in an ecosystem could either be 

positive or negative (Birkhofer et al., 2015). A trade-off occurs when the increasing 

provision of one ES goes along with a decrease in another ES (Rodríguez et al., 

2006). For instance, intensive forest management for timber production (timber 

products and economic returns) led to a decrease in cultural values as well as 

reduced biodiversity in southern Swedish oak forests (Löf et al., 2016). Similarly, 

among six ESs assessed based on proxies in Zimbabwe, Chawanji et al. (2018) 

observed that the provisioning of several services could not coexist on the same 

landscape without undermining the provision of others (e.g., a trade-off exists 

between cattle density and water supply and between grazing capacity and carbon 

sequestration). Several other pieces of evidence of trade-offs among different 

services have been observed worldwide (e.g., among regulating and provisioning 

services in cultural landscapes (Birkhofer, 2021; Birkhofer et al., 2018; Turner et 

al., 2014) and more diverse ecosystems (Raudsepp-Hearne et al., 2010). 

Synergies between ES, on the other hand, occur when there is a 

simultaneous increase of more than one ES (e.g., the supply of one service leading 

to the supply of other services; Haase et al., 2012). Haase et al. (2012), for 

example, observed that forest restoration leads to simultaneous improvement in 

several cultural (e.g., recreational spaces), provisioning (e.g., food supply) and 
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regulating services (e.g., carbon storage). 
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Chapter II: General methodology 

2.1 Study areas 

This research was carried out in five distinct land-use types: 1.) an actively 

"restored forest" (Terchire restoration area; RF), 2.) an "agroforestry plantation" 

(Bosomkese forest reserve; AF), 3.) a "natural forest", (Asukese forest reserve; 

NF), 4.) an unrestored former "mining site" (Terchire abandoned gravel mine site; 

GS) and 5.) “agricultural fields” (surrounding arable lands; AG) are all located in 

the Tano North Municipal and Asutifi North political districts of the Ahafo and Bono 

regions within the Semi-Deciduous Vegetation Zone (SDVZ) of Ghana (Figure 1; 

Damptey et al., 2022). The zone has a mean daily temperature of 20˚C and annual 

precipitation between 900 and 1500 mm (rainfall peaks between July and August). 

The soil classification according to the United States Department of Agriculture 

(USDA) Soil Taxonomy and the Food and Agriculture Organization (FAO) World 

Reference Base is Ultisols (Acrisols and Nitisols) on the uplands and Fluvents 

(Fluvisols) and Inceptisols (Cambisols) in the lowlands. 

The Restored Forest (RF) lies at longitude 7˚14.075' W, latitude 2˚10.842' 

N and is located at Terchire in the Ahafo Region of Ghana. The RF site covers an 

area of about 15.4 hectares. It was previously gravel mined on the surface, and 

gravels from this area were used to construct the Sunyani-Kumasi highway (from 

1994 to 1995). The area was then abandoned after mining until it was in 1999, 

subject to some earthworks (levelling and filling pits with mineral-rich topsoil) and 

active forest restoration by planting potted indigenous (e.g., Celtis aldolfi-frider, 

Celtis zenkeri, Mangifera indica, Chrysophyllum albidum, Corynanthe pachyceras, 

Dichapetalum madagascariense, Pterygota macrocarpa, Ricinodendron 

heudelotii, Tetrapleura tetraptera and Sterculia Oblongata) and fast-growing exotic 

nitrogen-fixing (e.g., Leucaena leucocephala, Annona muricata, Terminalia 

catappa, Senna siamia, Tectona grandis, Cedrela odorata) tree seedlings. A 

planting distance of 2 m × 2 m and a density of 1,111 seedlings per hectare were 

applied. Newmont Ghana Gold Limited currently manages RF intending to create 

an ecosystem that could mimic nearby natural managed forests in terms of 
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ecosystem goods and services provision. 

The unrestored former mining site (GS) is 4 hectares in size and is located 

approximately 1.8 km from the RF site (Figure 2D), serving as a post-disturbance 

state reflecting the historical conditions of the RF site. The GS site lies at a 

longitude of 7˚14.150' W and a latitude of 2˚9.602' N. It has been abandoned since 

1995 and is currently experiencing massive soil erosion colonized by a few trees 

of Anacardium occidentale, or invasive species of Chromolaena odorata and 

Pennisetumi purpureum. 

The surrounding agricultural fields (AG; Figure 2D) in the vicinity of the RF 

site served as a pre-disturbance land-use reflecting the state of the current 

restored forest even before gravel mining. The AG site is cultivated with food crops 

such as maize, plantains, cassava, and cocoa and is occupied by a few remnant 

Figure 2: Map of Africa (A) showing Ghana with its regions (B), the Ahafo region 

with the two reference forests (C) and the restored forest and the historical land-

use types (D) 
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tree species that are left on farms to provide shade for crops. 

In addition, two managed forest reserves (Asukese Forest Reserve and 

Bosomkese Forest Reserve; Figure 2C) provide references (natural forest, NF) or 

alternative restoration approaches (agroforestry plantation, AF). Asukese Forest 

Reserve (NF) lies west of Sunyani – Mim highway through Atronie (About 19.3 km 

south-west of Sunyani). The NF site is located at a longitude of 2˚31.107' W and 

latitude of 7˚8.469' N, covers an area of about 26,936 hectares and is managed by 

the Sunyani Forest District. Three management zones are found within the NF site; 

the production zone (timber exploitation), degraded zone (under conversion and 

convalescence) and ecological zone (under protection; Ghana Forestry 

Commission, 2010). This study was carried out in the ecological sub-zone, which 

is protected with strong restrictions (limited access to people and resource 

extraction, except for domestic extraction and use of NTFPs) against 

anthropogenic activities (Ghana Forestry Commission, 2010). The NF site falls 

within the Moist Semi-deciduous North West (MSNW) vegetation zone (Hall & 

Swaine, 1981). The zone has a structure consisting of three stories (upper, middle 

and lower canopies) with tall emergent trees reaching up to 60 meters high and 

characterized by the dominance of economic timber species, including Triplochiton 

scleroxylon, Terminalia superba, Ceiba pentandra, Antiaris toxicaria, Pterygota 

macrocarpa, and Ricinodendron heudelotii (Ghana Forestry Commission, 2010). 

The Bosomkese Forest reserve (AF; Figure 2C) lies on longitude 2 ˚14.075' 

W, latitude 7˚6.338' N, and is located within the Semi-deciduous South East 

vegetation zone (SSEZ), approximately 28 km east of Sunyani (Swaine, 1996). 

The AF site covers an area of about 14,580 hectares and is managed by the 

Bechem Forest District (Ghana Forestry Commission, 2013). Because of 

degradation emanating from encroachment for farming, wildfire, illegal logging 

etc., the area has been subjected to massive agroforestry interventions involving 

the inter-planting of trees (exotic and indigenous species) with annual and 

perennial food crops (e.g., plantain, maize, cassava) to supply food and energy 

needs as well as environmental benefits to forest fringe communities (Ghana 

Forestry Commission, 2013). 
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The AG and GS sites represent the historical state of the RF site, with the 

AF site representing the alternative trajectory and the NF site representing the 

“possible” future reference (Figure 1). 

 

2.2 Sampling design 

Eight plots (20 × 20 m at least 200 m apart) in each of the five land-use types 

resulting in 40 sampling plots were demarcated (systematically) to assess soil, 

biodiversity, forest and land-use attributes. The assessment focused on tree 

communities (diversity, composition, structure, functional traits), arthropod 

communities (activity density, family and functional composition), and ecological 

processes (soil physical and chemical properties, decomposition rate and carbon 

sequestration), which were later quantified into proxy-based ecosystem services 

(Figure 3).  

 The analyses in this study are based on various methods for the attributes 

in Figure 3. Plant attributes focused on tree communities and were only surveyed 

for the land-use types with trees (NF, AF and RF). The results are featured in 

Chapters III, IV, V and VI. Arthropod communities focused on the activity density 

and family composition of major arthropod groups surveyed at the NF, AF, RF and 

GS sites. The results are featured in Chapters IV, V and VI. Ecological processes 

focused on soil properties, decomposition rate and carbon sequestration, which 

were studied in all five land-use types (NF, AF, RF, AG and GS sites), and the 

results are featured in Chapters III, IV, and VI. 
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Figure 3: Flowchart showing the measured ecosystem attributes (top level), the 

major metrics in each attribute category (intermediate level) and their 

transformation into ecosystem service proxies (bottom level) 

 

2.2.1 Sampling for soils 

In each plot (8 plots in 5 land-use types), l sampled for soil properties by taking five 

soil cores (four from the corners and one from the centre) from a depth of 0-15 cm 

with a soil auger (diameter = 6.4 cm). The five samples were thoroughly mixed to 

form a single composite sample per plot which was later analysed in the laboratory 

for physical (texture: sand, silt and clay) and chemical (Phosphorus, Nitrogen, 

Sodium, C:N, pH, Cation Exchange Capacity, Soil Organic Matter, Base 

Saturation, and the Major cations: Calcium, Magnesium, Potassium) properties. In 

addition, three replicated undisturbed soil core samples were taken per plot with a 

metal ring (100 cm3) to analyse and calculate bulk density at the plot level.  
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2.2.2 Sampling for tree communities 

In each plot, we counted and identified all trees with a diameter ≥ 10 cm at breast 

height (dbh). Trees were identified to species by a local botanist with the 

assistance of a field identification manual (Hawthorne & Gyakari, 2006). Tree 

diameter was measured with diameter tape, and tree height was estimated using 

a Nikon Forestry Pro-II Laser Rangefinder/Hypsometer (Nikon, USA) and specific 

wood density values obtained from the global wood density database (Zanne et 

al., 2009). 

 

2.2.3 Sampling for plant traits 

Plant traits such as the specific leaf area (SLA), leaf carbon and nitrogen ratio 

(C/N), isotopic carbon fraction (δ13C), stem dry matter content (SDMC), seed 

mass (Smass) and plant height (Phg) were considered in this study. For each 

inventoried tree, 4 individuals (canopy trees with leaves exposed to the sun and 

no visible damage) of each species per forest type were selected. For each tree 

selected, 4 to 8 leaves and 4 stems (10 cm) were sampled and weighed for their 

fresh weight. The fresh leaves were then scanned and images were uploaded onto 

ImageJ software (Rueden et al., 2017) to calculate their SLA. Leaf and stem 

samples were dried at a constant temperature of about 70°C for 72 hours and later 

weighed for their dry weight. Seed mass values for each species were obtained 

from the TRY Plant Trait Database (Lewis et al., 2013) and the Royal Botanic 

Gardens (https://data.kew.org/sid/). 

 

2.2.4 Sampling for arthropod communities 

Arthropod sampling was carried out using a standardized trapping method 

involving the use of pitfall traps to sample and estimate the activity density of 

arthropods based on their locomotory activities (Perner & Schueler, 2004). 

Sampling was carried out in two seasons (dry: January to March and wet: June to 

August). For each plot, five pitfall traps were installed (4 at the corners and 1 at the 

centre), filled with propylene glycol mixed with water (50:50%), and covered with 
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a selective wire grid to avoid litter-fall and to minimise by-catch (e.g., rats). Traps 

were further sheltered with a small roof to avoid dilution of the trapping solvent by 

water (Underwood & Quinn, 2010). Traps were emptied weekly for 10 weeks in 

each sampling season and stored in 70% ethanol. 

 

2.2.5 Proxy-based ecosystem service quantification 

The proxy-based ecosystem services considered in this study include provisioning 

(food, fodder, medicine, mulch tree biomass), regulating (predator numbers, 

carbon storage), supporting (decomposer numbers, nutrient cycling) and cultural 

(tree richness) services.  

Inventoried tree species were classified into providers of tree-related ES 

(food, fodder, fuelwood, medicine or mulch trees) based on the Useful Tropical 

Plants Database; Fern et al., 2014), and their biomass was calculated from an 

improved allometric equation for the pantropical region (In (AGB) = α +  βIn (p ×

D2 × H) +  ɛ;  Chave et al., 2014) based on tree dbh, estimated height, and specific 

wood density values of trees. The carbon stock for each tree was estimated by 

assuming 50% of each tree's biomass (Lewis et al., 2013). Arthropods were 

identified to family and later grouped into major feeding guilds as proxies for 

decomposers and predators. The rate of decomposition (a proxy for nutrient 

cycling) was estimated based on the tea bag index method (Keuskamp et al., 

2013).   

 

2.3 Chapter synthesis  

To assess the state of ecosystem attributes in the restored forest, pre-

restoration, alternative and reference land-use types, l carried out a systematic 

assessment of plant and arthropod communities, vegetation structure focusing 

on the vertical and horizontal orientation of trees, and ecological processes in 

five land-use types. Chapter I provides a basic overview of the ongoing 

deforestation, the causes and the consequences with particular reference to 

rainforest ecosystems in Ghana and further highlights global and national 
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strategies, including active forest restoration to minimize or stop deforestation. 

The benefits of restoration for local human communities and biodiversity are 

then discussed, followed by a generic overview of the study area, sampling 

design and data collection procedures (Chapter II). Afterwards, follows the 

various research chapters (Chapters III-VI) and the general discussion 

(Chapter VII) focusing on the aim and research hypotheses of this thesis. 

The research chapters start with an investigation into how the soil 

conditions of a former gravel mining area have improved by restoration 

activities (Chapter III) to support plant growth (Chapter IV), which then provides 

essential resources (e.g., food and habitat) for arthropods (Chapter V). 

Ultimately, ecosystem service proxies quantified from soils (Chapter III), tree 

(Chapter IV) and arthropod (Chapter V) communities allow a holistic 

perspective of the success of restoration activities in terms of benefits for local 

human communities presented in Chapter VI (Figure 4). 

 

Figure 4: Synthesis of the four research chapters (III-VI) in this dissertation, their 

relationships and the introduction (Chapter I) and study site and design (Chapter 

II) 
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Abstract  

The ongoing global deforestation resulting from anthropogenic activities such 

as unsustainable agriculture and surface mining threatens biodiversity and 

decreases both soil carbon and above-ground biomass stocks. In this study, 

we assessed soil properties and below- and above-ground biomass attributes 

in a restored former gravel mine area in Ghana two decades after active 

restoration with potted plants and fresh topsoil. We compared conditions to 

four alternative land-use types (unrestored abandoned gravel mine, 

agricultural field, agroforestry plantation, and natural forest) representing pre- 

and post-disturbance as well as natural reference states. We hypothesized 

that soil properties and related levels of below- and above-ground biomass in 

the restored forest share similarities with the natural reference systems and 

thereby are indicative of a trajectory towards successful restoration. Eight 

replicated subareas in each land-use type were assessed for a set of soil 

parameters as well as below- and above-ground biomass attributes. The soil 

properties characteristic for the restored forest differed significantly from pre-

restoration stages, such as the abandoned gravel site, but did not differ 

significantly from properties in the natural forest (except for bulk density and 

base saturation). Above-ground biomass was lower in the restored area in 

comparison to the reference natural forests, while differences were not 

significant for below-ground biomass. Silt and effective cation exchange 

capacity were closely related to above-ground biomass, while below-ground 

biomass was related to soil organic carbon, bulk density, and potassium 

concentration in soils. Our results suggest that major steps towards successful 

restoration can be accomplished within a relatively short period, without the 

wholesale application of topsoil. Improving soil conditions is a vital tool for the 

successful development of extensive vegetation cover after surface mining, 

which also affects carbon sequestration by both above- and below-ground 

biomass. We emphasize that the use of reference systems provides critical 

information for the monitoring of ecosystem development towards an expected 

future state of the restored area. 
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1 Introduction 

The global reduction in forest cover following anthropogenic activities such as 

unsustainable agriculture, mining, and construction threatens biodiversity, 

alters soil properties, and decreases both soil carbon and above-ground 

biomass stocks [1–3]. Ecological restoration aims to enhance the ecological 

properties of an ecosystem that has previously been degraded, damaged, or 

destroyed to its pre-disturbance state [4]. Ecological restoration should also 

enhance the provision of ecosystem services from restored sites [5]. Degraded 

ecosystems, once restored, need to be monitored and assessed as such 

assessment will help to minimize problems resulting from the weak 

implementation of restoration activities [6]. That is, results from these 

assessments further help to advise decision-makers and land managers about 

future restoration activities and possible changes [7]. 

 Evaluating the success of restoration projects has traditionally relied on 

descriptors of vegetation parameters [8,9]. However, there is a growing 

recognition that other descriptors, such as soil attributes, can give important 

additional insights into restoration success and associated levels of ecosystem 

services [10–12]. The ability of a particular soil to provide critical functions and 

ecosystem services (e.g., nutrient cycling, carbon sequestration, production of 

food, or physical stability) is usually assessed when evaluating restoration 

projects [13,14]. For example, levels of soil organic carbon, total nitrogen, and 

available potassium play an essential role in maintaining soil quality and fertility 

status [15,16] as well as vegetation recovery [17]. Nitrogen is an essential 

nutrient for plant growth, while soil texture correlates with hydrological 

processes such as run-off, infiltration rate and water holding capacity (e.g., 

[18]). Thus, the development of soil properties at restoration sites has 

profound effects on the structure and functioning of the ecosystem [17,19]. 

Restoration activities hold the potential to enhance soil conditions by retaining 
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and supplying nutrients to plants [20], creating a positive soil carbon budget and 

ultimately increasing biodiversity through changes in soil properties [21]. 

Vegetation benefits from physical support and other essential soil physical 

properties while soils benefit from vegetation-related functions such as nutrient 

cycling or erosion control [22–24]. These feedbacks link vegetation properties 

tightly to soil development, and vice versa, often resulting in a positive plant–

soil feedback loop [25]. Tropical forests and their biodiversity are facing 

persistent threats due to deforestation and forest alterations [2]. The high 

forests of Ghana have lost about 4.9 million hectares (as of 2010), with an 

annual deforestation rate of approximately 2 % [26]. This loss is mainly caused 

by anthropogenic factors (e.g., logging, farming, mining, and construction) and 

wildfires [27–29] and has motivated the implementation of restoration projects 

in the last few decades. 

 In this study, we aim at assessing the recovery of ecosystem functions 

and services in a restored area by comparing the status of its soil properties 

and below- and above-ground biomass attributes with four different alternative 

land-use types from surrounding areas: (I) a former gravel mine without human 

intervention for the last 20 years; (II) smallholder agricultural fields representing 

the historic pre-mining conditions in some sections of the restored forest; (III) 

agroforestry plantation (Bosomkese Forest Reserve), which has been 

subjected to illegal logging, encroachment for farming, and wildfires as well as 

afforestation interventions; and (IV) natural forest (Asukese Forest Reserve), 

which has been under strict protection for the last 86 years. Although reference 

ecosystems may offer an important baseline for restoration projects, since they 

represent a pre-disturbance state of an ecosystem [30], few studies have 

addressed this question experimentally using comparative analyses (e.g., [31]), 

and, to our knowledge, no studies have addressed whether the soil attributes 

and their associated carbon stock evolve after restoration with regard to 

alternative land-use types in a tropical forest. The co-occurrence of these 

alternative land-use types and the restored area at relatively small spatial 

scales offer ideal conditions to compare soil properties and below- and above-

ground biomass to understand the outcome of restoration activities 20 years 
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after their implementation. Under this framework and based on previous studies 

in tropical regions of Africa, we hypothesized that the intervention adopted by 

Newmont Gold Ghana Limited to restore and manage a formally abandoned 

gravel mine area has improved soil conditions and vegetation development 

towards levels observed in the agroforestry plantation and natural forest 

ecosystems in the study area. We further hypothesized that the observed levels 

of soil properties have a significant positive influence on carbon sequestration 

and that we expect to find strong correlations between soil properties and 

attributes related to carbon sequestration (e.g., organic root carbon and 

above-ground biomass). 

 

2. Materials and Methods 

2.1. Study Area 

The following land-use types were selected, each with eight replicated study 

plots for a system comparison: unrestored gravel mine site (GS) as a post-

disturbance state, agricultural field (AG) as pre-disturbance state, 

agroforestry plantation (AF) as alternate trajectory, and natural forest (NF) as 

reference state and restored forest (RF) (Figure 1).  

The RF covers an area of 15.4 ha and is located at Terchire in the Ahafo 

Region of Ghana (longitude 7◦14.075’ N, latitude 2◦10.842’ W). The GS covers 

an area of about 4 ha and is located 1.8 kilometres from the RF (longitude 

7◦14.150’ N, latitude 2◦9.602’ W). The GS has been abandoned since 1995 

and colonized by few Chromolaena odorata and Pennisetumi purpureum. The 

AGs are located in the surrounding areas of the RF and are cultivated with 

maize, plantain, cassava, cocoa, among others. Two managed forests 

reserves, the Asukese Forest Reserve (natural forest, NF) and the 

Bosomkese Forest Reserves (agroforestry plantation, AF), were included as 

forest reference systems in the study area. The NF is located in the moist semi-

deciduous north-west forest zone (latitude 7◦8.469’ N, longitude 2◦31.107’ W). 
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Figure 1. Known previous (black arrows) and potential future (grey arrows) 

state transitions of the restored forest over time. AG: agricultural field, GS: 

abandoned gravel-mined site, RF: restored forest, AF: agroforestry plantation, 

and NF: natural forest. 

 

The AF is located in the semi-deciduous south-east forest zone (latitude 

7◦6.338’ N, longitude 2◦14.782’ W). The soils of the five land-use types are 

classified according to the United States Department of Agriculture (USDA) 

Soil Taxonomy and the Food and Agriculture Organization (FAO) World 

Reference Base as Ultisols (Acrisols and Nitisols) on the uplands and Fluvents 

(Fluvisols) and Inceptisols (Cambisols) in the lowlands [32]. Climatic 

conditions are very similar for all the five land-use types because of their 

nearby geographic location (maximum distance between the study sites = 10.8 

Km). Mean annual precipitation ranges between 900 to 1500 mm with two 

distinct seasons: a wet season (April–October) and a dry season (November–
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March). The mean daily temperature in the study region is 25◦C [29]. 

 At the time of mining operations at the GS (from 1994 to 1995), the 

topsoil was stripped but was not stockpiled. The subsoil was removed for road 

construction, leaving the area severely degraded and open. To initiate and 

assist the recovery of the degraded condition, fertile soil was brought from 

elsewhere to fill the mine-out pits, followed by the planting of potted seedlings 

of some selected tree species in 1999. Both indigenous and fast growing exotic 

nitrogen fixing trees (e.g., Leucaena leucocephala) were planted at a planting 

distance of 2 × 2 m and a density of 1111 seedlings per each hectare. In 2000, 

NGGL started to manage the planted trees to create an ecosystem that could 

be capable of providing basic ecosystem goods and services to society. 

 

2.2. Sampling Design 

In each of the five land-use types under assessment, eight plots with sizes of 

20 × 20 m were demarcated for sampling. All trees with a diameter ≥ 10 cm 

at breast height (dbh) were identified to species level and counted with the 

assistance of a local botanist and a field manual [33] in the RF, NF, and AF 

plots (the GS and AG plots did not have trees; hence, they were excluded for 

this measurement). The dbh of all stands was measured with a Vernier calliper, 

and individual tree height was estimated based on trigonometric calculations 

[34]. Above-ground biomass (AGB) for individual trees was determined using 

the measured dbh, the height, and wood density values obtained from the 

global wood density database [35] based on an improved allometric equation 

for the pantropical regions [36]. Roots were sampled using the soil core method 

[37] at a depth of 30 cm. Sampling for soil parameters was based on five 

replicated samples (four from each corner and one at the centre) in each plot 

with a soil auger (diameter = 6.4 cm). All replicated samples from the same plot 

were then pooled and thoroughly mixed to form a single composite sample, 

which was later analysed for chemical properties. Three replicated 

undisturbed soil cores for each plot were collected with a 100 cm3 metal ring 

and further analysed in the laboratory for bulk density. 
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2.3. Laboratory Analyses of Soil and Root Samples 

Except for the determination of bulk density, soil samples used for the 

determination of all other parameters were air-dried, crushed, and sieved 

through a 2 mm mesh. The recipient sample (< 2 mm) was analysed for pH, 

soil organic matter/soil organic carbon (SOM/SOC; %), N (%), P (mg kg−1), 

Na (Cmol kg−1), K (Cmol kg−1), Mg (Cmol kg−1), Ca (Cmolc kg−1), H (Cmolc 

kg−1), and Al (Cmolc kg−1) concentrations as well as particle size distribution. 

Soil pH was electrochemically determined using a multi-parameter PC 300 

series electrode at a ratio of 5:1 soil to water suspension [38]. Organic matter 

was estimated by the loss of weight on ignition method using a muffle furnace 

model L9/S, at 550 ◦C for four hours, whereas total nitrogen concentration was 

determined by the Kjeldahl method [38]. 

 Total phosphorus (P) was measured by the blue complex molybdate 

and thiophosphate method in acid solution and analysed using the Buck 

Scientific Spectrophotometer (BSS) model 280 G. The volumetric sodium 

tetraphenyl boron method was employed in estimating exchangeable Na and 

K, after dry ash digestion, and analysed with a Jenway flame photometer 

model PFP7, while Mg and Ca were determined with the aid of a 

Spectrophotometer (BSS 280 G), after extraction by ammonium acetate [38]. 

Exchangeable acidity due to hydrogen (H) and aluminium (Al) was extracted 

using a 0.1N KCl solution and the filtrate titrated with 0.05N NaOH to a 

colourless endpoint. Exchangeable acidity (Al and H) was determined by 

adding 4ml of 3N to the extract and titrated with 0.05N HCl to a pink endpoint. 

The effective cation exchange capacity (ECEC) was estimated through the 

summation of base cations (Na, K, Mg, and Ca) and acidic cations (H and Al), 

while base saturation (BS) was calculated as a percentage of the base cations 

of ECEC [39]. 

 For the physical parameters, bulk density (g cm−3) was analysed by 

using undisturbed soil cores collected in a 100 cm3 metal ring and weight 

determination after oven-drying [40]. The hydrometer method [41] was 
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employed for particle size analysis, and the textural class was determined 

through the textural triangle diagram according to the USDA soil texture 

classification system. Before analyzing root samples in the laboratory, samples 

were refrigerated at 4 ◦C for a week. Root biomass determination (%) followed 

the direct method [42]. 

 

2.4 Data Analysis 

All plant biomass data were square-root transformed while data on soil 

properties were log-transformed (Log (X + 1)). Prior to transformation, data 

were normalized to improve the homogeneity of variances and to reduce any 

possible weight that may be due to differences in scale (units) as well as 

making the model more robust [43,44]. To minimize the issue of multiple testing 

of soil properties, a global analysis was first performed with permutational 

multivariate analysis of variance (PERMANOVA) [45] based on Euclidian 

distance of the normalized data. Univariate PERMANOVA models were used 

to analyse the data for below- and above-ground biomass. The models for soil 

properties and below-ground biomass used the factors “land-use type” with 

the five levels RF, GS, NF, AF, and AG and the eight individual study plots as 

replicates. The model for the above-ground biomass only used the levels RF, 

NF, and AF as GS and AG plots did not contain any trees. All analyses were 

based on unrestricted permutation of raw data and 9999 permutations. 

Bootstrap means for the multivariate soil property data in all land-use types were 

calculated to provide means and ellipses shown in a non-metric multi-

dimensional scaling (n-MDS) ordination based on Euclidean distance [46]. The 

goodness of fit of the n-MDS ordination is reflected by its stress value [47]. 

Plymouth Routines in Multivariate Ecological Research (PRIMER 7 and the 

PERMANOVA add-on) [48] were used for these statistical analyses. 

 General linear mixed models (GLMMs) were used to test for an effect 

of soil properties on below-ground biomass. We used the factor “land-use 

type” as a random effect in these models. To avoid any bias induced by 

including highly correlated predictors [49], we excluded one variable from each 
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pair of variables with a correlation coefficient larger than 0.70 [50]. To avoid the 

overestimation of the models with spurious parameters with very poor weights 

on the models [51], we only fitted three-factor models in which the factors were 

added either additively or multiplicatively. We used the dredge function in the 

MuMIn package to generate the set of models based on maximum likelihood 

(ML) estimation and then ranked models following the Akaike information 

criterion corrected (AICc) for a small sample size [52]. We then calculated 

marginal R2m and conditional R2c [53] values. In the case of above-ground 

biomass, we did not use “land-use type” as a random factor as it only had three 

levels [49]. The relationship between environmental variables and above-

ground biomass attributes was therefore assessed with a General Linear Model 

(GLM), using the factor “land-use type” as a block factor. Again, the best model 

was selected based on AICc, followed by post-hoc multiple pairwise 

comparisons (Tukey’s test) to test the differences between land-use types. 

The R software [54] was used for these statistical analyses. 

 

3. Results 

3.1. Physicochemical Soil Properties 

In general, the soil properties of the RF showed similar values to the NF and AF, 

which suggested a positive development of soil properties as a result of the 

restoration interventions. Specifically, the RF showed similar pH, nitrogen (Na), 

phosphorus (P), sodium (Na), calcium (Ca), magnesium (Mg), soil organic 

matter (SOM), effective cation exchange capacity (ECEC), and carbon to 

nitrogen ratio (C/N) to the NF and AF (Table 1). However, significant 

differences were observed for bulk density, showing higher values for the RF 

and lower values for GS. N, P, and K concentrations were extremely low for the 

GS in comparison to the RF. Except for the GS (which had a C/N ratio of 32, 

which is considered above the ideal threshold [25] for plant growth), all other 

land-use types were below this threshold, with the lowest C/N values in NF. 
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Table 1. Soil properties (mean and standard errors) of the five land-use types. Significant differences between sites were tested 

with PERMANOVA, and P-values are presented. Identical letters denote no significant differences between variables, while 

different letters denote significant differences between variables. 

 

                   NF                 AF                RF               AG           GS

Properties Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE  Significance levels 

Sand (%) 62.14 ± 2.42 67.40 ± 2.32 61.62 ± 2.61 62.79 ± 1.66 61.49 ± 3.51 0.464 
Clay (%) 15.13 ± 2.76 12.62 ± 2.70 16.63 ± 3.30 20.90 ± 3.12 21.17 ± 4.85 0.343 
Silt (%) 22.74 ± 1.60 19.98 ± 2.45 21.75 ± 1.72 16.32 ± 1.82 17.35 ± 1.88 0.106 

BD (gcm−3) 1.17 ± 0.03c 1.28 ± 0.03b 1.36 ± 0.05ab 1.50 ± 0.06a 1.41 ± 0.08ab 0.001 
pH 5.71 ± 0.18b 6.44 ± 0.19a 5.69 ± 0.14b 6.19 ± 0.12a 4.51 ± 0.10c 0.001 

N (%) 0.29 ± 0.02a 0.19 ± 0.01b 0.22 ± 0.03ab 0.21 ± 0.01b 0.10 ± 0.01c 0.001 
P (mgkg-1) 6.01 ± 0.52b 9.33 ± 2.93b 8.44 ± 2.29b 31.37 ± 12.17a 2.83 ± 0.30c 0.009 

K (Cmolckg−1) 0.29 ± 0.02 0.22 ± 0.02 0.23 ± 0.05 0.26 ± 0.08 0.14 ± 0.00 0.195 
Na (%) 0.18 ± 0.02a 0.14 ± 0.00a 0.17 ± 0.01a 0.18 ± 0.02a 0.11 ± 0.01b 0.007 

Ca(Cmolckg−1) 10.85 ± 1.66a 12.91 ± 1.63a 9.48 ± 0.99a 11.09 ± 1.12a 5.48 ± 0.37b 0.003 

Mg(Cmolckg−1) 3.43 ± 0.53a 5.33 ± 1.06a 4.24 ± 0.83a 2.58 ± 0.69ab 1.69 ± 0.17b 0.011 
SOM (%) 7.98 ± 0.53a 7.04 ± 0.63a 8.80 ± 1.12a 8.50 ± 0.76a 4.55 ± 0.79b 0.004 

ECEC Cmolkg−1) 15.45 ± 1.49a 19.23 ± 2.03a 15.32 ± 1.69a 14.81 ± 1.45ab 8.92 ± 0.34b 0.004 
Base Saturation (%) 95.19 ± 0.88a 95.98 ± 1.38a 92.26 ± 0.85b 94.95 ± 0.65a 82.83 ± 2.06c 0.001 

C/N 16.68 ± 1.84c 21.53 ±1.69b 24.08 ± 3.27b 21.25 ± 1.69b 32.98 ± 7.21a 0.048 
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The calculated ECEC from the base cations (Na, K, Mg, and Ca) and acidic 

cations (H and Al) at the RF, NF, and AF had values above 15, and no significant 

difference was observed among these sites. The ECEC value of the RF was, 

however, significantly higher than both the GS and the AG. Base saturation was 

extremely high for all five sites (> 80 %) despite the exhibition of statistical 

differences. Soil pH was near neutral at AF and AG, slightly acidic at RF and NF, 

and acidic at the GS. In terms of physical parameters, the particle size distribution 

for all the sites exhibited relatively high sand contents (> 60 %) and low clay and 

silt contents, yielding texture of sandy - loam for RF, NF, and AF as well as AG, 

but sandy - clay loam for the GS. 

 PERMANOVA results showed significant differences in soil properties 

between the five land-use types (Sites − F 4,35 = 5.28, p < 0.001). Pairwise 

comparison between the five land-use types further revealed significant 

differences between the NF and the AF (p < 0.001), the NF and AG (p < 0.001), 

the NF and the GS (p < 0.001), the AF and the AG (p = 0.009), the AF and the GS 

(p < 0.001), the RF and the GS (P < 0.001) and AG and the GS (p < 0.001). No 

statistically significant difference was, however, established between the NF and 

the RF, the AF and the RF, and the RF and the AG (p > 0.05). Distinct and well-

defined groups (land-use types) based on soil properties were also displayed by 

the ordination of the bootstrap averages with a 2D stress value of 0.08. The GS 

is completely separated from the other land-use types, while a small marginal 

overlap is displayed between the NF and the RF. The three forest sites (NF, AF, 

and RF) are closely clustered away from the AG and the GS (Figure 2). 
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Figure 2. Non-metric multi-dimensional scaling (n-MDS) ordination showing 

resemblances between land-use types based on bootstrap average (av:) of soil 

properties with AG: agricultural field, GS: abandoned gravel-mined site, RF: 

restored forest, AF: agroforestry plantation, and NF: natural forest. 

 

3.2. Species Composition and Abundance 

n-MDS ordination revealed three distinct clusters when species composition 

among the three land-use types was compared with stress = 0.18 (Figure 3). 

Simper analysis confirmed mostly exotic tree species (Leucaena leucocephala, 

Cassia siamea) to be associated with RF, contributing about 30 % of the average 

similarity within the RF. Species composition for the AF consisted of both 

indigenous and exotic tree species (Ceiba pentandra, Cedrela odorata) while the 

NF was made up of only indigenous species. 
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Figure 3. Non-metric multi-dimensional scaling (n-MDS) ordination of species 

composition among the three land-use types with trees (24 sample plots) with RF: 

restored forest, AF: agroforestry plantation, and NF: natural forest. The length and 

direction of vectors represent the strength and direction of the association between 

tree species and land-use types. The circle indicates a maximum vector length 

corresponding to a Pearson correlation coefficient of 1.0 

 

3.3. Root Organic Carbon, Above-Ground Biomass, and Its Relationship to 

Soil Variables 

The results of the GLMMs showed that an increase in organic root carbon was 

positively related to an increase in soil potassium and soil organic carbon and 

negatively related to bulk density (Figure 4). 
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Figure 4. Significant relationship between organic root carbon and soil properties. 

The solid blue line represents the fitted relationship, and the grey area represents 

the 95% confidence interval. 

 

The marginal R2 of the model was 26 %, while the strong effect is related to the 

differences among sites (R2 conditional = 62 %). Root organic carbon was 

highest in the NF (47 %), followed by the RF (46 %), the AF (43 %), the GS (38 

%), and AG (38 %) (post-hoc Tukey´s test; Figure 5A). The best model for the 

variation in AGB fits with silt and ECEC (R2 =83 %). However, the highest 

proportion of the variance of this model was due to the effect of the block (the 
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differences among sites explained 50 % of the total variation). Thus, NF showed 

significantly higher values of AGB than RF (post-hoc Tukey´s test; Figure 5B). 

 

Figure 5. Box plot of organic root carbon (A) and above-ground biomass (B) 

between sites. The line represents the median value, the box limits are the 25th 

and 75th percentiles, error bars show 10th and 90th percentiles, and points show 

outliers. Different letters indicate significant differences between the land-use types 

(Tukey’s test, p < 0.05). 

ECEC played a secondary role, being negatively related to AGB, while AGB was 
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positively related to the increase of silt on RF and NF (Figure 6A & B). 

 

Figure 6 A & B: Relationship between above-ground biomass and significant soil 

attributes (ECEC and silt). The solid blue line represents the fitted relationship, 

and the grey area represents the 95 % confidence interval. ECEC: Effective cation 

exchange capacity. 

 

4. Discussion 

4.1. Influence of Restoration Interventions on Soil Attributes 

Understanding the successful strategies on soil reclamation is an essential goal 

of restoration ecology [55,56]. Our results from the study area support our initial 

hypothesis that soil attributes have been improved over time compared to pre-

disturbance and post-disturbance states. Soil properties in the restored forest 

differed significantly from these states but were not significantly different from 

natural forest 20 years after initiation of restoration (except for bulk density and 

base saturation). The restoration of post-mining sites by the establishment of 



Chapter III: Soil properties and biomass attributes in a former gravel mine area after 

two decades of forest restoration 

 

46 | P a g e  

 

permanent tree cover is a useful practice for remediation [57]. However, one of 

the main challenges at the initial stages is the development of favourable 

conditions for plant growth in mining areas because of their highly disturbed 

character with high toxicity, compaction, and reduction of nutrients [58]. 

Therefore, the success of the restoration of mined areas depends on revegetation 

practices, especially during initial stages that are crucial for survival [57,59]. Two 

factors potentially contributed to the successful establishment of the vegetation in 

our study area: first, the management decision to initially use fast-growing exotic 

species that can tolerate the harsh initial environmental constraints [8] and have 

an ability to fix atmospheric nitrogen. For example, Leucaena leucocephala, 

which was very dominant in the restored forest, has been discussed extensively 

in the literature for its role in nitrogen fixation (e.g., [60,61]). Cassia siamea with 

its extensive root distribution also played a major role in erosion control and soil 

stabilization of the restored forest [62]. Second, seedlings of the planted tree 

species were potted using fresh topsoil. 

 The topsoil used for the potted seedlings seems to serve as suitable soil 

nuclei in providing the necessary nutrients and proper retention of these nutrients 

(high CEC and base saturation) for the young growing trees. This approach 

further ensured the emergence of other plant species from seeds stored in the 

topsoil [22]. Fresh topsoil has previously proven essential for successful 

vegetation establishment because of the provision of vital resources for plant 

growth, especially nutrients (N) and SOC [22,63]. Moreover, dispersed seeds 

from the nearby surrounding areas reaching these soil nuclei support effective 

vegetation establishment at the site. This is evident by the many plant species 

currently found at the restored forest, as compared to the lack of these species in 

the nearby abandoned and unrestored gravel mine site. The restored forest 

shows a significant improvement in soil pH with similar values for the reference 

forest sites, while the unrestored gravel site was strongly acidic with low nutrient 

concentration, which might explain its poor vegetation establishment. Soil pH is 

one the most important indicators for estimating soil health in former mine soils, 
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as a result of its influence on nutrient cycling and soil properties [64]. For instance, 

soil pH is primarily ascribed to the substantial increase in the basic cations (Na, K, 

Mg, and Ca), together with the corresponding reduction of exchangeable acidity (H 

and Al) [40,65]. Therefore, the significantly higher concentrations of SOC and 

total N at the restored forest compared with the abandoned gravel mine site could 

be ascribed to the restoration interventions that led to improved vegetation growth 

and development, which directly influenced SOC and N contents [40]. 

 It is worth noting that previous studies have observed successful soil 

restoration of degraded mine sites after several decades [55,64,66]. Our results 

add to these studies by demonstrating that successful soil restoration could be 

obtained within two decades, at least in some tropical environments [56]. These 

results suggest that there is no universal global period for soil restoration, with 

significant differences depending on the specific context of each ecosystem, such 

as climatic conditions, surrounding vegetation, the origin of the disturbance, and 

the restoration approach [22,56,57,67]. Focusing on soil restoration, our results 

enable us to support afforestation after soil amendments as a critical catalyst for 

restoring soil properties after mining. 

 

4.2. Carbon Sequestration and Biomass Reclaim 

Forest functions as a terrestrial net sink in the global carbon cycle [68,69]. Our 

findings offer an insight into the potential impacts of restoration practices that aim 

at increasing plant biomass on C sequestration and the role of soil properties. 

Specifically, we show that middle-to-long term restoration practices increased 

biomass storage, but different patterns were observed for both the above- and 

below-ground components. We further show that active restoration practices 

(human intervention, initially planting trees in pots with topsoil) as opposed to 

passive restoration (unassisted recovery, sensu [70]) provide a more promising 

restoration approach after severe disturbance by surface mining. Although the 

restored forest area had a lower above-ground biomass compared to the natural 

forest and agroforestry plantation, similar root organic carbon concentration was 
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recorded across the three forest sites. The lower above-ground biomass stock 

recorded in the restored forest can be attributed to the higher number of trees 

with larger diameter in the natural forest [71–73]. Usually, mature forests are 

characterized by old trees with higher diameter; trees in younger stands on the 

contrary have smaller diameters in restored forest [74]. The lower above-ground 

biomass in the agroforestry plantation in comparison to the natural forest could be 

attributed mainly to anthropogenic disturbance such as logging and man-made 

wildfires in the area [28,29]. This highlights the impact that anthropogenic activity 

has on the functioning and service provision of forest ecosystems in the tropics. 

Root development and above-ground biomass are often positively related [75,76]. 

The restored forest shows similar root organic carbon concentration to the natural 

forest (in contrast to above-ground biomass), which suggests a faster recovery of 

below-ground than above-ground biomass. Roots constitute about 30% of the 

below-ground biomass with the highest production and turnover rates [77,78]. 

Studying the relationship between fine root biomass and vegetation recovery 

therefore seems crucial to better understanding long term carbon dynamics and 

storage patterns [77]. 

 Relationships between above or below-ground biomass and soil properties 

have been previously addressed [79–81]. The lack of significant relationships 

between biomass and soil properties in this study may stem from threshold effects 

that could create nonlinearities between variables [82]. Although specific 

mechanisms are not evident from our study, the results suggest that biomass 

variability may be related to some soil parameters. The best model selected silt 

and ECEC as predictors of above-ground biomass across the three forest sites. 

Organic root carbon was related to soil organic carbon, bulk density, and soil 

potassium concentration. The relative proportions of sand, silt, and clay play a 

vital role for vegetation establishment in restored ecosystems, mainly due to their 

effects on moisture and nutrient retention as well as bulk density. Silt reduces the 

number of both macrospores and microspores in sand and clay by creating more 

mesospores that contain available water at field capacity, which is used by plants 
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for various physiochemical activities [40]. Consistent with our results, other 

studies also suggest that there is generally a decrease of exchangeable cations 

with the increase in clay on acid soils [83,84]. 

 Concerning the organic root carbon, our results show positive feedback 

between root organic carbon and soil organic carbon. Most organic carbon in 

soils, such as organic and phenolic acids, are primarily plant-derived, being 

strongly determined by litter decomposition and root exudates [85]. Moreover, the 

improvement of the root system in restored areas has positive effects on nutrient 

cycling and C sequestration by promoting symbiotic association (i.e., mycorrhizas 

and N-fixing nodules), which together stimulates C sequestration by increasing 

the amount of C and nitrogen (N) entering soils [68,86]. Bulk density also accounts 

for the variations in root organic carbon among sites. Soil compaction strongly 

promotes water limitations and is known to drive seedling establishment in trees 

[87], potentially constraining plant root systems in mine soils [66]. The high bulk 

density in GS plots was due to the use of heavy machinery for mining, which 

caused soil compaction. Potassium is one of the essential elements for plants [88] 

and the positive relationship to below-ground biomass in this study is not 

surprising. 

 

5. Conclusions 

This study provides insights into the development of soil attributes and below- and 

above-ground biomass almost two decades after active forest restoration. Potted 

seedlings in fresh topsoil can serve as suitable soil nuclei in creating an optimal 

microclimate that overcomes potential limiting soil conditions at severely 

degraded mine sites. Our results suggest that major steps towards successful 

restoration can be accomplished within a relatively short period, without the 

wholesale application of topsoil. Improved soil conditions cause the development 

of extensive vegetation cover, which then influences carbon sequestration by 

both above- and below-ground biomass increases. By assessing restoration 

status compared to surrounding land-use types, we showed that the use of 
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reference systems provides critical information to judge the success of restoration 

approaches. Our findings improve the understanding of how an active restoration 

practice can mitigate the constraints inhibiting the recovery of former mining sites 

compared to pre- and post-disturbance, as well as natural reference states. 

However, communities with higher plant biomass will push themselves, in a positive 

plant–soil feedback loop, to an overall more fertile environment. This makes it 

challenging to infer the specific role of individual soil properties on the development 

of vegetation cover. Future monitoring of restoration trajectories in the study area 

should therefore focus on individual processes and mechanisms to which our study 

provides first insights. 
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Abstract 

Plant functional traits are useful in tracking changes in the environment, and 

play an important role in determining ecosystem functioning. The relationship 

between plant functional traits and ecosystem functioning remains unclear, 

although there is growing evidence on this relationship. In this study, we tested 

whether the functional structure of vegetation has significant effects on the 

provision of ecosystem services. We analysed plant trait composition 

(specific leaf area, leaf carbon and nitrogen ratio, isotopic carbon fraction, 

stem dry matter content, seed mass and plant height), soil parameters 

(nutrients, pH, bulk density) and proxies of ecosystem services (carbon stock, 

decomposition rate, invertebrate activity) in twenty-four plots in three tropical 

ecosystems (active restored and natural forests and an agroforestry plantation) 

in Ghana. For each plot, we measured above- ground biomass, decomposition 

rates of leaves and invertebrate activity as proxies for the provision of ecosystem 

services to evaluate (i) whether there were differences in functional composition 

and soil properties and their magnitude between ecosystem types. We further 

aimed to (ii) determine whether the functional structure and/or soil parameters 

drove ecosystem functions and multifunctionality in the three ecosystem types. 

For functional composition, both the leaf economic spectrum and seed mass 

dimension clearly separated the ecosystem types. The natural forest was 

more dominated by acquisitive plants than the other two ecosystem types, while 

the non-natural forests (agroforest and restored forest) showed higher variation 

in the functional space. The natural forest had higher values of soil properties 

than the restored forest and the agroforestry plantation, with the differences 

between the restored and agroforestry plantation driven by bulk density. Levels 

of ecosystem service proxies and multifunctionality were positively related to 

the functional richness of forest plots and were mainly explained by the 

differences in site conditions. Our study demonstrated the effects of functional 

forest structure on ecosystem services in different forest ecosystems located 

in the semi-deciduous forest zone of Ghana. 
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1. Introduction 

The ability of an ecosystem to cope with and adapt to global change has been 

an emerging ecological research topic in the last decade [1,2]. Relevant 

advances are necessary to support ecosystem research that will inform policy 

or design land management or ecological restoration strategies [3]. 

Ecosystem services involve the functioning and properties of an ecosystem, 

usually driven by species diversity and composition [4–6]. Thus, approaches 

aiming to address the impacts of global changes require an understanding of 

how changes in biodiversity affect ecosystem functioning [7]. For instance, the 

relationship between species richness and ecosystem functioning has been 

discussed in numerous ecosystems [8–10]. However, there is a general 

agreement that the functional structure of the communities (the functional trait 

composition and diversity sensu Mouillot et al. [11]) is a better reflection of 

ecosystem functioning than species richness [12,13]. 

Different strategies are required by plants in the acquisition and utilisation 

of resources within their environment. These strategies are defined by traits 

related to fitness, affecting growth, reproduction, survival and mortality [14]. 

Functional traits are therefore used as proxies to explain species performance 

and their assembly within communities as well as their impact on ecosystem 

functioning [13,15,16]. In addition, trait components relate to above-ground 

biomass production [17–22] and provide initiative links to ecological mechanisms, 

especially for separating the selection and complementarity effects [23]. 

Furthermore, functional trait approaches have been used to explore the effects of 

soil, and topographic properties on variations in tree above-ground carbon stocks 

[24], with the impact of species composition on ecosystem function also evaluated 

using the same approach [12]. Traits hence offer a lens to assess how community 
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composition and diversity define ecosystem functioning and service delivery [7]. 

Traits include the whole plant characteristics (e.g., leaves, stems, 

seeds) that reflect the strategies used by plants to acquire resources, 

reproduce and compete in an ecosystem [16,25,26]. These strategies used 

by plants in acquiring, processing and investing resources could vary between 

species characterising different ecosystems and could also affect the 

functioning of ecosystems [13,17,27]. These variations in traits (e.g., leaves 

or stems) could explain species strategies that influence their performance 

and ecosystem functioning [28,29]. For instance, traits related to plant 

structure and physiology, such as specific leaf area (SLA), stem dry matter 

content (SDMC), and leaf nutrient concentration, determine the quality and 

quantity of the litter produced, which could subsequently indirectly influence 

the carbon (C) storage and decomposition rate of leaves [30,31]. An- other 

central issue is understanding the links between functional diversity and 

ecosystem functions [12,32]. The coexistence of functional strategies not only 

allows fuller resource exploitation by the plant community as a whole across 

time and space [31,33], but also seems to be a key determinant for other 

ecosystem services, such as soil organism diversity and biotic control by insects 

[3,34–36]. Functional trait approaches hence provide a window to evaluate the 

role of the functional structure of plant communities influencing ecosystem 

functions [12,30,31]. Most studies frequently quantified single or very few 

ecosystem services [7]. However, to address questions on the simultaneous 

provision of multiple services and the development of efficient management 

strategies, progress is needed to understand how functional structure and 

synergies within ecosystem functioning translate into interactions between 

ecosystem services [3,37,38]. 

Drivers of biodiversity change that influence ecosystem processes and 

functioning include land-use, climate change and deforestation [39,40]. In the 

tropics, deforestation is a known major threat to biodiversity that subsequently 

impacts societies and hinders the functioning of ecosystems and the services 
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they provide [41–43]. Approaches to reversing and minimising deforestation 

impacts have revolved around agroforestry (food and tree production) and 

restoration activities (passive or active [44]). Restoration hence assists in the re-

colonisation of plant species with diverse strategies in resource release, and 

helps to offset the losses from deforestation by reducing carbon emissions, while 

at the same time restoring vital ecosystem goods and services essential for 

human well-being [44–47]. 

This study used the functional trait approach to understand ecological 

processes in different ecosystem types (restored forest, agroforestry system and 

natural forest). To ad- dress this, studies have concluded that the intrinsic 

properties of each environment, such as edaphic factors, need to be incorporated 

in addition to functional traits to link community plant functional parameters and 

ecosystem processes [48]. Furthermore, previous evidence suggests that soil 

parameters and ecosystem properties may influence functional trait composition, 

and thus, these factors may not be independent of each other [49]. Thus, 

gaining knowledge of the dynamics of ecosystem processes in land 

management in relation to the functional traits of plant communities and their 

soil properties will provide critical information on ecosystem services. 

Specifically, we assessed: (i) whether there were differences in functional 

composition and soil properties and the magnitude of differences between the 

ecosystem types; and (ii) whether the functional structure and/or soil 

parameters drove ecosystem functions and multifunctionality in the three 

ecosystem types. To achieve the above aims, we analysed plant trait 

composition (SLA, C/N, δ13C, SDMC, Smass and Phg), soil parameters 

(nutrients, pH, BD), and other ecosystem functions related to services (based on 

proxies) across an actively restored forest, agroforestry plantation and a 

natural forest in the semi-deciduous forest zone of Ghana. We considered 

the methodological framework proposed by previous studies [3,12,31] for the 

design of experimental tests of the relative roles of community-weighted 

means (CWM) and functional diversity in ecosystem processes based on 
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seven plant functional traits related to plant resource use and growth 

strategies. In addition, we relied on the carbon stock, decomposition rate of 

leaves, predators, and decomposing organism numbers as proxies to estimate 

the services derived from each ecosystem type. 

 

2. Materials and Methods 

2.1. Study Site Description 

We analysed plant trait composition, soil parameters and ecosystem services 

across three ecosystem types (actively “restored forest”, RF; “agroforestry 

plantation”, AF; and “natural forest”, NF) in a semi-deciduous forest zone 

(SDFZ), all located in the Ahafo and Bono regions of Ghana (Figure 1). The 

zone has a mean daily temperature of 20 ◦C, mean annual precipitation ranging 

between 900 and 1500 mm (rainfall peak between July and August [45]) and a 

soil classification according to the United States Department of Agriculture 

(USDA) Soil Taxonomy and the Food and Agriculture Organisation (FAO) 

World Reference Base as Ultisols (Acrisols and Nitisols) in the uplands and 

Fluvents (Fluvisols) and Inceptisols (Cambisols) in the lowlands [45].  

The RF located in Terchire (7◦14′4.78′′ N, 2◦10′49.88′′ W) is a post mine 

area that has been actively restored with both indigenous and exotic tree species 

(e.g., Morinda lucida Benth, Terminalia suberba Engl. & Diels, Albizia zygia (DC.) 

J. F. Machr., Cedrela odorata L., Mangifera indica L.) after soil improvement to 

provide essential ecosystem goods and services to society. On the other hand, 

AF (7◦6′20.76′′ N, 2◦15′22.64′′ W) is a forest reserve experiencing massive 

degradation. Because of its degraded nature, it has been subjected to 

agroforestry programs (food crops interplant with trees) to supply both food and 

energy needs as well as environmental benefits to fringe communities. In 

contrast, NF (7◦9′13.72′′ N, 2◦31′4.96′′ W) is a protected forest reserve under strict 

restrictions against anthropogenic activities [44]. 
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2.2. Data Collection 

We analysed plant trait composition, soil properties and ecosystem services 

across the three ecosystem types (actively “restored forest”, RF; “agroforestry 

system”, AF; and “natural forest”, NF). To this end, we demarcated eight plots 

of sizes 20 × 20 m in each of the three ecosystem types to sample ecosystem 

services using proxies, plant traits and soil attributes. To quantify the species 

abundance and composition of each woody species in the rainy season, we 

counted and identified all trees with a diameter ≥ 10 cm at breast height (dbh) 

to species level with a local botanist’s assistance and a field manual [50]. We 

chose a minimum dbh threshold ≥ 10 cm as this threshold encompasses the 

main diversity of tropical forest trees [51]. Then, we calculated each identified 

tree’s above-ground biomass using an improved allometric equation for the 

pantropical region [In (AGB) = α + βIn (p × D2 x H) + ε; [52]] based on tree dbh, 

estimated height, and specific wood density values of trees obtained from the 

global wood density database [53]. 

 

2.3. Ecosystem Functions and Multifunctionality 

Except We relied on the carbon stock, decomposition rate, pest regulation 

activities of predators, and decomposing organism numbers as proxies to 

estimate our study forest plots’ ecosystem services. In estimating carbon dioxide 

storage in tree tissues, the carbon stock was assumed to be 50% of the 

calculated above-ground biomass of each tree for each forest plot expressed 

per hectare [54]. Decomposition (the rate by which nutrients from plant tissues 

such as leaves are released back into the ecosystem through the activities of 

detritivores arthropods [55]) was estimated with a standardised method involving 

the use of tea bags as a proxy [56]. Regulating (control of pests) and 

supporting (organic matter decomposition) ecosystem services were also 

estimated using predators and decomposing organism numbers as proxies [44].  
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In sampling these organisms, we relied on five pitfall traps in each plot 

for each ecosystem type. Arthropod sampling was performed for ten weeks 

(June to August 2019) and was emptied weekly. Trapped samples were 

taxonomically grouped according to the available literature (order, suborder or 

family) and subsequently classified into major functional groups (decomposers 

as supporting services and predators as regulating service providers). 

 

Figure 1. Map of the study region with the various ecosystem types. (A) 

Africa, (B) Ghana and (C) Ahafo region 

 

2.4. Functional Composition and Diversity 

We ranked the species by their relative abundances for trait measurements and 

selected those species representing at least 90% of the total plant woody 

abundance measured in each plot. This resulted in a total of 38 different sampled 

species, many of which appeared in more than one sampling forest type 

(Appendix A, Table A1), from which 7 plant functional traits (Table 1) related to 
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plant resource use (water, nutrient and light), reproductive effort and growth 

strategies were measured. 

Trait attributes were collected in July 2020 (the peak biomass production 

period when rainfall was at its peak in the study region), except for seed mass 

compiled from seed databases available from the TRY Plant Trait Database [57] 

and the Royal Botanic Gardens, http://data.kew.org/sid/ (accessed on 28 

August 2021). We selected 4 individuals of a species from each ecosystem 

type, constituting 152 individual trees per ecosystem type and 456 trees for the 

entire study. The chosen trees were canopy trees with leaves exposed to the 

sun and no visible damage. Therefore, we sampled 4 to 8 leaves from the 4 

individual trees of each species. Fresh leaf and stem samples were first 

weighed and dried to a constant temperature of approximately 70 ◦C for 72 h. 

Before drying the leaf samples, their area was scanned (with Canon CanoScan 

LiDE 300 Flatbed Scanner; Canon Inc., Tokyo, Japan), images were 

uploaded onto ImageJ software [58], and leaf area was calculated following 

Glozer [59]. All trait measurements were carried out according to the criteria and 

methodology defined by Pérez-Harguindeguy et al. [60]. 

 

 

 

 

 

 

 

 

 

 

 

http://data.kew.org/sid/
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Table 1. Plant functional traits sampled and their respective functional roles 

in the ecosystem. 

Organ Trait Abb Unit Functional Role References 

Leaf 
Specific 
leaf area 

SLA m2 kg−1 

Reflects whole-plant growth 
and photosynthetic efficiency 

of a species 
[61,62] 

 

Leaf carbon 
and 

nitrogen 
ratio 

C/N  

It is an indicator of nitrogen-
use efficiency reflecting the 
metabolic status of C and N 

in leaves 

[63,64] 

 
Isotopic 
carbon 
fraction 

δ13C ‰ 
Reflects gas exchange and 

water-use efficiency 
[65] 

Stem 
Stem dry 

matter 
content 

SDMC mg g−1 

Relates above-ground 
storage of carbon and 

stimulates plants’ resistance 
to physical hazards 

[33,66] 

Seed Seed mass Smass mg 

Moderates a trade-off 
between plants’ rate of seed 

production per unit mass 
invested in reproduction and 
the mass of each offspring 

[67] 

Whole 
plant 

Plant height Phg m 
Reflects a species ability to 
utilize light and above the 

ground competition 
[68,69] 

 

SLA was calculated as leaf area divided by the leaf dry mass, while the 

SDMC was calculated by dividing the oven-dry weight of the stem by the fresh 

weight. Leaf chemical traits, including carbon, nitrogen and isotopic carbon 

(δ13C), were analysed at the Centre for Stable Isotope Research and Analysis 

(George August Universität, Göttingen, Germany). Seed mass for each species 

was obtained from the TRY Plant Trait Database [57] and the Royal Botanic 

Gardens (https://data.kew.org/sid/, accessed on 28 August 2021), while plant 

height (the vertical distance from the topmost living or dead part of the tree to 

the upslope side of the trunk base; [70]) for each tree was measured using 

Nikon Forestry pro II Laser Rangefinder/Hypsometer. 

The functional composition of each community was obtained following Garnier 
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et al. [71]. First, the traits were weighted by the relative abundance of their 

constitutive species to calculate the community weighted mean (CWM) in each 

plot. Then, we estimated the functional diversity per community based on 

functional richness (Frich) and Rao’s quadratic entropy (RaoQ [72–76]). Frich 

represents the amount of the functional space, where each trait is a dimension 

occupied by all the species present and characterises the change in functional 

space caused by the difference in the community structure [74,75]. RaoQ 

integrates the relative abundances of species with a measure of the pairwise 

functional differences between species [76,77]. 

 

2.5. Soil Properties Measurement 

We took replicated soil samples (five samples combined into a composite sample) 

from each plot and ecosystem to analyse physical and chemical properties in the 

laboratory. The soil properties analysed included nutrient concentrations 

(nitrogen, phosphorus, magnesium, sodium, potassium and soil organic 

concentration—SOC), pH, and bulk density (BD). For the methodological details 

involved in sampling and analysis, see Damptey et al. [45]. 

 

2.6. Data Analysis 

First, to identify major axes of attribute covariation and reduce the dataset to the 

same functional dimensions per component (soil parameters—SP; functional 

composition—FC; ecosystem services—ES), which is specially recommended for 

hypervolume analysis [78], we performed principal component analysis (PCA). 

We performed one PCA for each component with the mean value per plot of 

their attributes for ES (carbon stock, decomposition rate, pest control and 

decomposers) and SP (N, P, Mg, Na and K concentration, pH, BD and SOC) 

and the CWM for FC (SLA, SDMC, C/N, δ13C, Phg and Smass). We used 

the first three principal components for posterior analyses. To explore the 

distinctiveness between ecosystem types for soil properties and functional 

composition, we calculated the mean effect size (Hedges’d) and bias-corrected 
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95% bootstrap confidence intervals (effsize package [79]). The mean effect size 

was considered significantly different from zero when its confidence interval 

did not bracket zero. 

Then, to assess the degree of similarity among the three ecosystem types 

for each study component independently (SP, FC and ES), we used the first 

three PCA axes to calculate each component’s hypervolume (SP, FC and ES) 

using a multidimensional kernel density estimation procedure. This approach 

quantified the magnitude of the occupied functional space by the n-

dimensional space method [80]. First, we calculated the total amount of the 

multidimensional space occupied by each component independently. The 

estimation of the n-dimensional hypervolume calculated this multidimensional 

space for each component and ecosystem type. Then, we calculated the 

overlap between the hyper- volumes among ecosystem types for each 

component with the correlation analysis of the “hypervolume” package, which 

compared the similarity between different hypervolumes using the Sørensen 

index [81]. 

To determine which attributes of the functional structure (functional trait 

composition and diversity) and soil parameters were best associated with each 

ecosystem service and multifunctionality, we conducted maximum likelihood 

techniques with a linear function using the likelihood package. We only fitted 

three-factor models to avoid overestimating the models with spurious 

parameters with very poor weights [82]. The factors were added either 

additively or multiplicatively. Due to the influence of ecosystem type on the 

functional composition and soil properties (as we observed in the effect size 

results), we also included the factor “ecosystem type” as a block factor. Then, 

models were ranked by their Akaike information criterion (AICc), and corrected 

for small sample size [83]. Models were considered to be equally supported if 

the difference in AIC was less than two units. 

All statistical analyses were performed, producing all figures in the R 

3.6.1 statistical platform [84]. 
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3. Results   

The first three components of the PCA accumulated 70.01%, 71.65% and 93.06% 

for SP, FC and ES, respectively (Table 2). The first principal component of the soil 

properties (explaining 32.30% of the variance) represented a gradient of soil 

nutrient availability (concentration of soil nitrogen, potassium, sodium and 

organic matter). In comparison, the second PCA axis (22.87%) was mainly 

associated with differences in the pH and concentration of soil phosphorus, and 

the third component (14.84%) was related to bulk density. With regard to the 

functional composition, the first principal component (34.27%) reflected 

coordination between SLA (specific leaf area) and δ13C (isotopic carbon fraction), 

which is representative of the leaf economics spectrum, and seed mass. The 

second principal component (20.70%) reflected a covariation in tissue resistance, 

as reflected by the gradient in SDMC (stem dry matter content) and C/N, while the 

third component (16.68%) was defined by plant height. The first component of the 

ecosystem services (39.69%) reflected invertebrate activity in both pest control and 

decomposition (higher abundance of predators and decomposers), while the 

second (30.34%) and third (23.03%) were linked to carbon stock and 

decomposition rate, respectively. Most functional traits values were higher in the 

natural forest than the other ecosystem types (Appendix A, Table A2). 

 

 

 

 

 

 

 

 

 

 



Chapter IV: The functional structure of tropical plant communities and soil properties 

enhance ecosystem functioning and multifunctionality in different ecosystems in Ghana 

 

76 | P a g e  

 

Table 2. Variance partitioning of trait attributes for the three ecosystem types. 

 Source of Variance 

Soil properties PC1 PC2 PC3 

pH 4.0 61.0 7.0 

N 50.0 14.0 23.0 

P 15.0 62.0 15.0 

K 55.0 2.0 4.0 

Na 47.0 14.0 8.0 

Mg 14.0 17.0 38.0 

SOC 42.0 21.0 49.0 

BD 4.0 37.0 72.0 

% variance 32.3 22.9 14.8 

Functional composition      

SLA 53.0 24.0 12.0 

SDMC 2.0 64.0 44.0 

Seed mass 46.0 33.0 33.0 

C:N 37.0 56.0 23.0 

δ¹³C 52.0 30.0 36.0 

Plant height 29.0 13.0 71.0 

% variance 34.3 20.7 16.7 

Ecosystem service proxies      

Carbon stock 10.0 78.0 46.0 

Predator no. 68.0 27.0 26.0 

Decomposer no. 72.0 13.0 20.0 

Decomposition rate 2.0 55.0 83.0 

% variance 39.7 30.3 23.0 
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3.1. The relationship of Ecosystem Types with Soil Parameters and 

Functional Composition 

Overall, natural forest showed greater soil properties (higher nutrient 

concentration and lower bulk density) than non-natural forests (restored and 

agroforestry) (Figure 2), with the differences among restored forest and 

agroforestry plantation determined by bulk density (Figure 2). The functional 

space was greatest for the restored forest (257.60 sd3) (Figure 3A), representing 

higher soil variability than the natural forest (65.67 sd3) and agroforestry 

plantation (77.49 sd3). The restored forest and agroforestry plantation showed a 

higher functional space overlap (35%) in terms of soil properties. However, the 

percentage of functional space overlap in the natural forest was higher than that 

in the restored forest (29%) and the agroforestry plantation (26%; Figure 3A). 

In terms of functional structure, the main differences among the types of 

ecosystems were determined by the leaf economic spectrum (LES) and seed 

mass dimension, showing higher values in the natural forest than in the restored 

forest and agroforestry plantation (Figure 2), which suggests that the functional 

composition of the natural forest was dominated by acquisitive plants with higher 

seed mass, in contrast with the non-natural forests. With regard to  

the functional composition (Figure 3B), the natural forest showed the lowest 

functional space (21.45 sd3), while the non-natural forest showed higher variation 

(agroforest 140.19 sd3 and restored 109.40 sd3). However, for the functional 

space overlaps, the pattern was the same for soil properties, showing that the 

restored forest and agroforestry plantation had the highest overlap (45%), while 

the natural forest was more similar to the restored forest (24%) than the 

agroforestry plantation (19%; Figure 3B). 
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Figure 2. Mean effect size (Hedges’d) and bias-corrected 95% bootstrap 

confidence intervals for differences between the ecosystem types for each PC 

dimension of the functional composition and soil parameters (see Table 2). 

 

 

Figure 3. Estimated three-dimensional hypervolumes for the three ecosystem 

types (see Table 2). Each plant dimension was based on the first PCA axis of 

the different attributes belonging to soil properties (A) and functional trait (B) 

dimensions. Overlap among each type of ecosystem based on the Sørensen 

similarity index is shown. 
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3.2. The Influence of Functional Structure and Soil Properties on Ecosystem 

Services and Multifunctionality across Ecosystems 

The results from the n-dimensional hypervolume revealed similar variability 

among the three ecosystem types (63.55 sd3 for natural, 69.06 sd3 for restored 

and 58.70 sd3 for agroforest). In contrast with the previous dimensions (SP and 

FC), the restored and natural forests were more similar (45%) than the restored 

forest and agroforestry plantation (31%) and agroforestry plantation and natural 

forest (21%; Appendix A, Figure A1). 

Our results showed that the ecosystem services and multifunctionality 

were explained mainly by the differences in site conditions of each ecosystem 

(except for decomposition rate), with FRic providing supplementary 

explanations independent of the selected ecosystem (additive interactions in 

all cases; Table 3). Hence, our model confirmed invertebrate activity, carbon 

stock and multifunctionality to be influenced by the differences in ecosystems 

and positively related to FRic (R2 = 0.52, R2 = 0.58, R2 = 0.47, respectively). 

Furthermore, pairwise comparison (Tukey post-hoc test) among ecosystem types 

showed the highest carbon stock (Appendix A, Figure A2) and 

multifunctionality (Figure 4) in the natural forest, rather than in the non-natural 

forests, while both the natural and restored forests showed higher invertebrate 

activity than agroforestry plantation (Appendix A, Figure A2). In contrast, the 

decomposition rate was mostly determined by a negative relationship with the 

soil bulk density dimension (R2 = 0.24; Table 3). 
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Table 3. Summary of the best-fitted models analysing ecosystem services in 

response to functional structure (composition and diversity) and soil factors. AICc 

= Akaike information criterion for small samples; ∆AICc = difference between 

the AICc of a null model and the best model (∆AIC < 2 in all cases). 

 

Figure 4. Relationship between ecosystem multifunctionality and functional 

richness per site (natural forest in red, restored forest in green and agroforestry 

plantation in blue). The shaded area shows 95% confidence intervals. 
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4. Discussion 

In general, we observed differences in the functional space of soil properties, 

trait composition and ecosystem service proxies between the three ecosystem 

types. This study highlights the positive role of functional structure (mainly 

functional richness) of plant communities in driving ecosystem functioning 

and multifunctionality. The differences in the functional space of ecosystem 

services and trait compositions between ecosystem types resulted from 

different management decisions. Interestingly, the restored forest took an 

intermediate position between the natural forest and the agroforestry 

plantation for the studied dimensions. That is, the restored forest showed 

higher similarity for all the study dimensions with the natural forest than the 

agroforestry plantation, indicating a successful trajectory of the post-mining 

area under restoration over time. 

 

4.1. Ecosystem Type Relationship with Soil Parameters and Functional 

Composition 

In terms of soil properties, we observed the natural forest to have overall 

better soil attributes than the other ecosystem types, which was quite expected 

because of the natural forest age, level of protection, and plant species pool. 

Nevertheless, lower nutrient concentrations but higher pH and phosphorus levels 

were observed for the agroforestry plantation. This phosphorus concentration 

might have been caused by the excessive use of fertilisers (both organic and 

inorganic) for crop farming in the agroforestry plantation. In an agroforestry 

plantation, farmers inter-planting food crops with trees rely on fertilisers when 

natural remedies are insufficient to yield optimal results within the shortest 

possible time. This might have subsequently led to an increase in soil pH 

because of the alkaline nature of some applied fertilisers [85]. In contrast, soil 

fertility and pH in the restored forest did not differ significantly from those in the 

natural forest. Nevertheless, this did not imply a high similarity in the soil 

properties of either type of ecosystem, which is explained by the highest bulk 
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density value in the restored forest. The high bulk density in the restored forest is 

due to the historical use of heavy machinery during the mining era. Although the 

restored forest seems to be on a recovery trajectory in soil development [45], its 

higher bulk density is due to some compaction issues that could improve with 

time. 

This study also detected a consistent variation in the functional trait 

composition among the natural and non-natural forests (restored forest and 

agroforestry plantation). That is, the hypervolumes of the natural forest showed 

low overlap in terms of functional composition with regard to the others. This 

is not surprising because, in a previous study, we observed strong differences 

in terms of plant composition among these three ecosystems [45]. The strong 

role of species turnover as the main driver of functional trait variation is in 

accordance with previous studies at the local scale in tropical (e.g., Oliveras et al. 

[86]) and temperate forests (e.g., de la Riva et al. [87]). Indeed, Oliveras et al. [86] 

reported a high species replacement along an elevational gradient in a tropical 

forest from Ghana, reflecting the strengths of local filtering in each type of 

ecosystem. However, the non-natural forests showed higher functional 

overlap among them in terms of species composition (see also Damptey et al. 

[45]). One of the main reasons could be the use of exotic tree species with 

similar traits, such as Cedrela odorata L., which increases the functional 

similarity of both non-natural forests compared with the natural forest. We 

found that the differences in the functional composition of the natural forest 

with regard to the non-natural forests were mainly determined by the 

dimension related to leaf economics spectrum theory (sensu Wright et al. [88]) 

and seed mass. Therefore, communities from the natural forest were 

dominated by fast-growing, acquisitive species with high resource uptake and 

low water and nutrient use efficiency (higher values of SLA and lower δ13C; 

[88,89]), and higher seed mass. This general pattern is consistent with 

previous studies where neotropical forests show higher values of SLA than 

less productive environments [90–92] because, in these productive habitats, 
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competition for light may promote the selection of resource-acquisitive species, 

where it is better to grow faster and compete for light [89,92]. Indeed, as the 

climatic variables (primarily temperature and precipitation) set broadly similar 

conditions among the three ecosystems, our observations suggest that the 

intrinsic properties of each environment, such as edaphic factors, determine 

the functional composition of the communities. For instance, the highest soil 

fertility enhances the acquisitive strategies of the natural forest, while the 

lower water (high BD) and nutrient availability promoted by land-use 

management over soil productivity, seem to favour species with long-term 

investment and nutrient retention in the non-natural forests. In addition, the faster 

resource acquisition strategy was also positively related to higher values of 

seed mass. 

Similarly, Cornelissen [93] reported a positive relationship between leaf 

area and seed size in woody species. Overall, higher seed mass may enhance 

seedling success [94,95] at the expense of producing fewer seeds per unit of 

reproductive effort and reducing dispersal capability [96,97]. In a previous study, 

we also observed a higher biomass of food and fodder trees in the natural forest 

[44]. Since the size of the seeds in tropical trees is related to fruit size [98], this 

is probably a pattern resulting from historical selection by the local population 

that has favoured tree species with specific traits. Overall, our results provide 

novel insight into the effects of anthropogenic activity as the main driver of plant 

community assembly in tropical forests, pointing out that there is a strong 

pressure of certain functional strategies in non-natural management ecosystems. 

 

4.2 Functional Structure and Soil Properties Influence Ecosystem Services 

and Multifunctionality across Ecosystems 

We observed that invertebrate activity, carbon stock and multifunctionality 

were mainly driven by the specific properties of each ecosystem type, 

probably determined by the respective management focus (protection, 

convalescence or agroforestry). For instance, the natural forest had the highest 
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carbon stock, which is not surprising because mature tropical forests are 

frequently dominated by old trees with a high diameter [99,100]. We have 

previously identified higher above-ground biomass, root organic carbon content, 

and tree species richness in natural forest [44,45]. 

In addition, the observed association of invertebrates (predators and 

decomposers) could be a response of these groups to diverse vegetation and 

complexity of the stand structure, which probably results in the availability of 

various food resources and habitat niches [101,102]. However, the restored 

forest is mostly dominated by trees in younger stands with smaller diameters 

and above-ground biomass compared with the agroforestry plantation. Hence, 

the high number of invertebrates in the restored forest compared with the 

agroforestry plantation may result from different factors. The complex topsoil and 

soil surface structure in the restored forest [45] may enhance invertebrate activity. 

This complex topsoil serves as a habitat for numerous invertebrates providing 

shelter, protection, and food re- sources, as well as serving as breeding grounds 

[103]. On the other hand, the lower activity of invertebrates in the agroforestry 

plantation could be related to agricultural management practices in the area. 

For instance, the application of pesticides reduces many non-target 

invertebrate numbers [104]. Independent of the major driver, land-use 

intensification seems to result in a shift towards lower invertebrate activity in 

tropical tree-dominated ecosystems, supporting previous studies in the tropics 

[105], and globally [106,107]. 

The natural and restored forests shared the highest functional space 

for ecosystem services driven by carbon storage, regulating invertebrate 

activities (decomposers and pest control) and decomposition rates. A higher 

functional space overlap between the natural and restored forest ecosystem 

services could be related to both ecosystems sharing an almost similar 

volume of above-ground biomass, organic root carbon, and soil properties 

(see Damptey et al. [45]) emanating from the previous restoration 

interventions. This indicates successful ongoing ecological development of the 



Chapter IV: The functional structure of tropical plant communities and soil properties 

enhance ecosystem functioning and multifunctionality in different ecosystems in Ghana 

 

85 | P a g e  

 

restored forest, which improves with better management options. Accordingly, 

available soil nutrients should help plants grow faster and increase biomass 

productivity [108,109]. Fertile soils in the natural and restored forests may have 

translated into higher tree species diversity and their functional attributes, thereby 

enhancing their carbon storage potentials (productivity [110–112]). 

We also observed that functional richness and/or soil properties drive 

ecosystem functions and multifunctionality across ecosystem types 

[23,113,114]. The ability of each forest (ecosystem) to simultaneously perform 

multiple ecosystem functions (multifunctionality [115]), such as carbon storage, 

increasing decomposer abundance and pest control, is influenced positively 

by the functional richness of the particular ecosystem in question. Usually, 

diverse trees with multiple traits lead to efficient resource utilisation and 

subsequent improvement in ecosystem functioning, such as productivity 

[116,117], which may explain the positive relationship between functional 

richness and carbon stock. The role of functional diversity in carbon storage 

has been discussed extensively. For instance, a study by Mensah et al. [118] 

revealed a positive relationship between functional diversity (richness and 

evenness) and carbon storage. Similarly, Shen et al. [116] discussed the role 

of functional diversity in influencing carbon storage, which reflects the relative 

importance of complementarity effects [119]. Furthermore, invertebrate 

numbers (a proxy for pollinators, decomposers and pest regulators) also 

correlated positively with functional richness, in agreement with several 

studies [120,121]. This relationship resulted from the fact that diverse tree 

richness offered various ecological niches that supported the activities of most 

invertebrates, providing several ecosystem functions [122,123]. For instance, 

higher functional richness may provide suitable foraging and nesting resources, 

favour food web interactions, and support the survival and activities of 

invertebrates [124], thereby influencing ecosystem multifunctionality [125]. 

In addition, our results show negative feedback between 

decomposition rates and soil bulk density. The decomposition rate is strongly 
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influenced by soil bulk density [126] because soil compaction strongly 

promotes water limitations [127,128], reduces oxygen and limits nutrient 

transportation through soil constraining indigenous flora, plant root systems 

and soil organic matter [129]. Therefore, reduced aeration, characterizing 

soils with higher bulk density, has been postulated as a driver limiting the 

activities of soil- decomposing microbes [130]. In fact, in a previous study 

[45], we observed that bulk density also accounts for the variation in root organic 

carbon in these areas. Thus, variation in microbiota, soil invertebrates and root 

morphology due to varying soil BD may affect decomposition rates 

[129,131,132]. 

 

5. Conclusions 

Our study highlights that tropical tree-dominated ecosystems with higher 

functional diversity are superior in providing multiple ESs, compared to less 

functionally diverse forests [133–135]. Higher functional richness of tree 

communities holds the potential to enhance ecosystem multifunctionality, 

independent of the ecosystem type. From the results of this study, it is evident 

that it is crucial to preserve natural and restored forests as key reservoirs of 

ecosystem services, especially in tropical countries such as Ghana, where 

deforestation continues to threaten the livelihoods of local human communities 

and biodiversity per se. It is also essential to develop appropriate restoration 

protocols and management strategies that could favour functional diversity and 

soil properties in tropical forests to enhance the provision of ecosystem 

services. 
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Appendix A 

 

Table A1. Tree species considered for trait measurement. Family names of 

species adopted from The Plant List [136]. 

Species Family 

Antrocaryon micraster A. Chev. & Guillaumin Anacardiaceae 
Alstonia boonei De Wild. Apocynaceae 

Funtumia elastica (Preuss) Stapf Apocynaceae 
Holarrhena floribunda (G. Don) T. Durand & Schinz Apocynaceae 

Rauvolfia vomitoria Afzel. Apocynaceae 
Spathodea campanulata P. Beauv. Bignoniaceae 

Distemonanthus benthamianus Baill. Leguminosae 
Terminalia ivorensis A. Chev. Combretaceae 

Terminalia suberba Engl. & Diels Combretaceae 
Antidesma laciniatum Müll. Arg. Phyllanthaceae 

Macaranga barteri Müll. Arg Euphorbiaceae 
Albizia zygia (DC.) J. F. Macbr. Leguminosae 

Anthocleista nobilis G. Don Gentianaceae 
Amphimas pterocarpoides Harms Leguminosae 
Bombax buonopozense P. Beauv. Malvaceae 

Ceiba pentandra (L.) Gaertn. Malvaceae 
Cola gigantea A. Chev. Malvaceae 

Mansonia altissima (A Chev.) A Chev. Malvaceae 
Pterygota macrocarpa K. Schum. Malvaceae 

Azadirachta indica A. Juss. Meliaceae 
Entandrophragma angolense (Welw.) C. DC. Meliaceae 

Entandrophragma utile (Dawe & Sprague) Sprague Meliaceae 
Khaya anthotheca (Welw.) C. DC. Meliaceae 

Piptadeniastrum africanum (Hook.f.) Brenan Leguminosae 
Antiaris toxicaria (Lesch.) Moraceae 

Ficus exasperata Vahl Moraceae 
Milicia excelsa (Welw.) C. C. Berg Moraceae 

Morus mesozygia Stapf Moraceae 
Pycnanthus angolensis (Welw.) Warb. Myristicaceae 

Margaritaria discoidea (Baill.) G. L. Webster Phyllanthaceae 
Morinda lucida Benth. Rubiaceae 

Blighia sapida K.D. Koenig Sapindaceae 
Chrysophyllum albidum G. Don Sapotaceae 
Sterculia rhinopetala K. Schum. Malvaceae 

Celtis adolfi-friderici Engl. Cannabaceae 
Celtis mildbraedii Engl. Cannabaceae 

 

https://en.wikipedia.org/wiki/Meliaceae
https://en.wikipedia.org/wiki/Meliaceae
https://en.wikipedia.org/wiki/Meliaceae
https://en.wikipedia.org/wiki/Meliaceae
https://en.wikipedia.org/wiki/Sapindaceae
https://www.google.com/search?sxsrf=ALeKk000ecqxriCJ-LCOTqJkJab10Y4yCA:1613055645903&q=Sapotaceae&stick=H4sIAAAAAAAAAONgVuLUz9U3MMnNyS58xGjCLfDyxz1hKe1Ja05eY1Tl4grOyC93zSvJLKkUEudig7J4pbi5ELp4FrFyBScW5JckJqcmpgIAVrFwNlEAAAA
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Figure A1. Estimated three-dimensional hypervolumes for the three study sites 

(see Table 2). Each plant dimension was based on the first PCA axis of the 

different attributes belonging to ecosystem services dimensions. Overlap among 

each type of forest based on Sørensen similarity index is shown. 
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Figure A2. Boxplot between ecosystem types and ecosystem services 

dimensions (PC1—invertebrate activity; PC2—carbon stock dimensions) (see 

Table 2). The line inside the box represents the median value, the box limits are 

the 25th and 75th percentiles, error bars show 10th and 90th percentiles. 

 

Table A2. Functional trait values (averages) for ecosystem types 

Plant abundance and 

measured functional traits 

Natural 

forest 

Restored 

forest 

Agroforestry 

plantation 

Plant abundance (n/ha) 157 119 153 

Specific leaf area (m/kg2) 80.646 66.326 47.018 

Leaf carbon and nitrogen ratio 13.292 12.192 12.480 

Isotopic carbon fraction (‰) 31.117 31.174 30.523 

Stem dry matter content (mg/g1) 0.423 0.411 0.418 

Seed mass (mg) 0.907 0.569 0.666 

Plant height (m) 14.532 14.655 16.120 
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Abstract 

In an Afrotropical region experiencing massive deforestation, restoration 

approaches should provide sustainable solutions for recovering biodiversity. 

Arthropods are a sensitive taxonomic group for habitat alteration by deforestation 

and can be good indicators for restoration studies.  Ground-dwelling arthropods 

provide important ecosystem functions, such as predation or organic matter 

decomposition, thereby contributing to ecosystem functionality. The 

consequences of post-mining management on arthropods in the Afrotropical 

region remain understudied. We carried out a comprehensive sampling of ground-

dwelling arthropods in the dry and wet seasons across four land-use types in the 

semi-deciduous forest zone of Ghana. We then analysed whether the specific tree 

communities, vegetation structure and seasonal differences affected arthropod 

communities in the restored post-mining forest compared to the dominant 

alternative land-use type (agroforestry plantation), a natural reference (natural 

forest) or an unmanaged former mining area (gravel mine). In total, 43364 

arthropods were sampled and assigned to 78 taxonomic groups representing 14 

order/sub-order, 28 beetle families, 25 spider families, 5 hunting guilds of spiders 

and 6 trophic groups of beetles. Overall, Araneae, Coleoptera, Hymenoptera and 

Orthoptera all had higher activity-densities in the wet season. The vegetation 

structure of the three land-use types with trees supported a greater overall activity-

density of arthropods and a more diverse functional composition compared to the 

unmanaged gravel site. Pronounced variation between the dry and wet seasons 

further influenced the taxonomic and functional composition. The active forest 

restoration of this post-mining area is a promising approach to drive arthropod 

communities towards a comparable state observed in the natural forest.  

 

Keywords: Afrotropical, arthropod community, functional composition, post-

mining, vegetation complexity 
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Introduction 

Arthropods play a key role in ecosystem functioning and provide important 

ecosystem services for human societies, including local communities in Western 

Africa (Isaacs et al., 2009; Culliney, 2013; Høye & Culler, 2018; Sagi & Hawlena, 

2021). Between 5 and 10 million terrestrial arthropod species have been described 

worldwide (Ødegaard, 2000; Novotny et al., 2002; Stork, 2018), of which up to 3.7 

million species are found in the tropics (May, 2010). The Afrotropical region 

features a wide range of natural habitats with diverse plant and animal 

communities (Stuart et al., 1990), many of which are endemic to the region. In 

terms of ecosystem services provided by arthropods (Biondi et al., 2015; Dangles 

& Casas, 2019), pollination, nutrient regulation, soil formation and pest control 

contribute to human well-being (Rader et al., 2016; Schowalter, 2017; Birkhofer et 

al., 2018). Thereby, arthropods contribute to global food security (van der Sluijs & 

Vaage, 2016) and consequently reduce poverty (Dangles & Casas, 2019), as for 

example, predators (e.g., spiders) prey on herbivorous organisms, which could 

become pests on crops (Nyffeler et al., 2016). 

 Arthropod populations and diversity are threatened by human activities 

stemming from agricultural intensification, mining and land-use conversion or 

habitat loss (Birkhofer et al., 2015; Picanço et al., 2017; Seibold et al., 2019; 

Damptey et al., 2022a). Mining has been a crucial economic sector in many 

developing countries but comes with costs for biodiversity and interrupts the 

provision of several ecosystem services to human society (Schueler et al., 2011; 

Sonter et al., 2018; Ofosu et al., 2020; Asare et al., 2022). For instance, surface 

mining leads to the degradation of forests that would have otherwise provided 

habitat for pollinating or seed-dispersing arthropods, with consequences for local 

and global food security (Sonter et al., 2018). In addition, a shortage of productive 

land coupled with changing local and regional weather conditions because of land 

degradation and climate change leads to a decline in farm productivity and an 

increase in food insecurity globally (Ime & Ekong, 2015). Similarly, the removal of 

trees during mining eliminates the ability of forests to store carbon, with severe 
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implications for climate change (Ontl et al., 2020). Moreover, a land-use change 

that involves the conversion of a particular land-use type (e.g., natural forest) to 

alternative land use (e.g. agroforestry plantations) is known to result in a loss of 

arthropod biodiversity in some regions (e.g. Newbold, 2018). The high rate of 

conversion of tropical forests to other land uses is also anticipated to have 

consequences for both local and regional biodiversity, with cascading effects on 

other ecological processes (Schroeder et al., 2021). For instance, it is very obvious 

that the conversion of forests to agricultural lands or recreational parks affects 

arthropod diversity on a global scale (Perry et al., 2016; Millard et al., 2021), but 

the effect of restoring post-mining areas through restoration or agroforestry on 

arthropods is relatively unknown in Ghana and responses may differ among 

different taxonomic or functional arthropod groups. Restoration in Ghana 

sometimes takes the form of agroforestry, where economic and ecological valued 

tree species are interplanted with food crops to meet societal needs or enrichment 

planting to restore degraded forests (Damptey et al., 2021). Although several 

studies have discussed the devastating effects of land-use change on arthropods 

elsewhere in the world (e.g. Cardoso et al., 2020; Gagnarli et al., 2021), the 

consequences of land-use conversion and post-mining restoration in Ghana and 

Western Africa, in general, remain understudied. 

 In addition to the impact of land-use changes, pronounced seasonal 

differences will also affect the taxonomic and functional composition of arthropod 

communities (Wardhaugh et al., 2018). In Ghana, the two major seasons are 

based on the amount of precipitation, differences in temperature and the number 

of dry months (Owusu & Waylen, 2013). The characteristic rainfall in the wet 

season (April to July) should facilitate the emergence of arthropods from soil and 

the development of large patches of potential host plants (Basset et al., 2015). 

However, the dry season, with its long period of drought conditions, is 

accompanied by water stress-inducing physiological constraints and limited 

resource availability, thereby limiting the ability of arthropods to perform essential 

ecological functions and other services (Huberty & Denno, 2004).  
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 To address the question of how post-mining restoration affects arthropod 

communities compared to a natural reference system, an alternative land use type 

and an unmanaged former mining area in the two major seasons in Ghana, we 

tested the following hypotheses: (i) land-use types with diverse tree communities, 

and heterogeneous vegetation structure (natural and restored forest) support a 

higher number of arthropod orders, functional groups and overall activity density 

than in agroforestry plantation and former mining area and (ii) the effect of land-

use types on the taxonomic and functional composition of arthropods depends on 

the season with the strongest expected differences between land-use types with 

trees and agroforestry plantation and former mining area in the wet season. 

 

Materials and methods 

Study area 

The studied land-use types include the following: 1.) an actively "restored forest" 

as restoration activity (Terchire restoration area; RF), 2.) an "agroforestry 

plantation" as an alternative land-use (Bosomkese forest reserve; AF), 3.) a 

"natural forest" as a natural reference, (Asukese forest reserve; NF) and 4.) an 

unmanaged "gravel site" as an unmanaged system (Terchire abandoned gravel 

mine site; GS). All land-use types lie in a semi-deciduous forest zone (SDFZ) and 

are located in the Ahafo and Bono regions of Ghana (Figure 1; Damptey et al., 

2022b). The forest zone is characterised by a mean daily temperature of 20˚C and 

annual precipitation ranging between 900 to 1500 mm (rainfall peaks between July 

and August; Damptey et al., 2021). 

The RF is located in Terchire (7°14'4.78" N, 2°10'49.88" W), about 24 km 

from Sunyani, the Bono regional capital of Ghana. It was actively restored after 

gravel mining by planting leguminous cover crops (e.g., Mucuna bracteata, Luffa 

eagyptiaca, Pueraria phaseoloides) and trees, both indigenous (e.g., Morinda 

lucida Benth, Terminalia suberba Engl. & Diels, Albizia zygia (DC) J. F. Machr, 

Mangifera indica L., Ceiba pentandra (L.) Gaertn.) and exotic (e.g., Tectona 

grandis L. f., Cedrella odorata L., Senna siamia (Lam.) H. S. Irwin & Barneby) 
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species after soil improvement and cover crops to provide essential ecosystem 

goods and services to local communities (Damptey et al., 2022b). The vertical 

profile of tree communities in RF is mainly uniform and characterised by upper 

canopy trees. The AF (7° 6'20.76" N, 2°15'22.64" W) is a degraded forest that has 

been subjected to agroforestry programs (food crops interplanted with trees) to 

supply both food and energy needs as well as environmental benefits to local 

communities. It is characterised by frequent annual wildfire events (Damptey et al., 

2020). The NF (7° 9'13.72" N, 2°31'4.96" W) is a protected forest reserve under 

strict restrictions against anthropogenic activities. It is composed of native tree 

species, including Celtis mildbraedii, Triplochiton scleroxylon, Cola gigantea, 

Nesogordonia papaverifera. The vertical profile of tree communities in NF is a 

multi-layered structured with shrub layer, lower canopy, upper canopy and 

emerging trees. The GS is a four-hectare abandoned gravel mine (7°14'9.26"N, 

2°9'36.13"W) located about 1.8 km from RF and colonised by the following invasive 

species; Chromolaena odorata and Pennisetumi purpureum (Damptey et al., 

2020). Table 1 provides an overview of selected vegetation attributes in all land-

use types (Damptey et al., 2020, 2021).



Chapter V: Effects of post-mining forest restoration and alternative land-uses on ground-dwelling arthropods in Ghana 

 

116 | P a g e  

 

 

Table 1 Vegetation structure (means and standard errors) of tree communities in the studied land-use types.  

Vegetation attributes Land-uses 

Restored forest Agroforestry 
plantation 

Natural forest Gravel site 

Tree species (n/ha) 9 ± 1.7 7 ± 0.9 12 ± 0.9 1 ± 0.3 
Tree abundance (n/ha) 30 ± 3.6 27 ± 2.9 23 ± 2.7 2 ± 0.4 
Tree diameter (cm) 30.5 ± 4.7 38.5 ± 3.8 51.4 ± 5.4 9.2 ± 3.5 
Basal area (m2/ha) 3.0 ± 0.9 4.7 ± 0.4 6.9 ± 1.2 0.9 ± 0.3 
Tree height (m) 13.3 ± 0.3 15.2 ± 0.8 14.3 ± 0.2 4.4 ± 1.7 
Deadwood volume (m3/ha) 1740.2 ± 338 5816.7 ± 1209.0 7626.1 ± 2277.2 0.0 ± 0.0 
Litter depth (cm) 2.8±0.1 2.1±0.1 3.1±0.1 0.0±0.0 
Canopy openness (%) 19.2±1.4 20.2±0.9 12.7±0.7 91.4±0.9 
Species composition 18% exotic, 82% 

native 
6% exotic, 94% native 100% native - 

Dominant tree species leucaena 
leucocephala, Senna 
siamea, Mangifera 
indica, Morinda lucida, 
Terminalia superba, 
Annona muricata, 
Albizia zygia, Blighia 
sapida 

Ceiba pentandra, 
Triplochiton  
scleroxylon, 

Cedrela odorata, 

Terminalia superba, 

Cola gigantea, 

Mangifera indica, 

Dialium guineense, 

Microdesmis puberula, 

Cola nitida, 

Celtis mildbraedii, 

Albizia zygia, 

Alstonia boonei 
 

Celtis mildbraedii, 
Triplochiton  
scleroxylon, 

Cola gigantea, 
Nesogordonia  
papaverifera, 

Celtis aldolfi-frider, 

Albizia zygia, 

Chrysophyllum albidum, 

Cola nitida, 

Tetrapleura tetraptera, 

Sterculia rhinopetala, 

Entandrophragma utile 
 

Anacardium 
occidentale 
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Figure 1 Map of Ghana (A) with the study region in Ghana and the studied land-

use types (B)  

 

Sampling design  

The four land-use types were studied across both seasons (dry and wet) in the 

semi-deciduous forest zone (SDFZ) of Ghana. Each land-use was studied in eight 

replicate 20 × 20 m plots, resulting in 32 study plots. Basic vegetation attributes 

(Table 1) were surveyed and used to describe the major dendrological 

characteristics of each land-use type (see also Damptey et al., 2020, 2021). A 

standardised trapping method involving the use of pitfall traps was used to sample 

and estimate the activity density (A_D: number of samples caught divided by the 

sampling effort) of ground-dwelling arthropods based on their locomotory activities 

(Perner & Schueler, 2004; Greenslade, 1964).  

 Ground-dwelling arthropod communities were continuously sampled, with 

five pitfall traps in each plot being emptied weekly for 10 weeks in each sampling 

season. The first campaign was conducted in the dry season (January to March 

2019), followed by the wet season campaign (June to August 2019). Pitfall traps 

were filled with a 50:50% mixture of propylene glycol and water, and all pitfall traps 
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were covered by small roofs to avoid dilution of the trap liquid by rain (Underwood 

& Quinn, 2010). Pitfall trap samples were stored in 70% ethanol and later sorted 

into taxonomic groups (order, suborder or family) according to available 

identification keys (for spiders; Dippenaar-Schoeman & Jocqué, 1997) and 

insects; Picker (2012). Individuals of the orders Coleoptera and Araneae were 

always sorted at the family level. The Coleoptera (beetle) families were 

subsequently classified into trophic groups (detritivores, herbivores, carnivores, 

and fungivores; some families cannot be assigned to one of those categories 

leading to the combined classes herbivores & detritivores and carnivores & 

detritivores; Lassau et al., 2005). The Araneae (spider) families were also 

classified into hunting guilds (sensing web, ground hunters, ambush hunters, other 

hunters and specialist spiders; Cardoso et al., 2011). 

 

Data analyses 

Arthropod community data for plots within each land-use type were pooled 

together and log transformed [log (x+1)]. Activity density (A_D) of arthropods for 

land-use types and seasons was estimated based on the number of individuals 

sampled divided by the sampling effort (Greenslade, 1964).  

 A non-metric multidimensional scaling ordination (NMDS) based on Bray-

Curtis similarities was created to visually represent the multivariate relationship 

within and between sampling plots of different land-use types and seasons. The 

goodness of fit of NMDS ordinations was evaluated using the 2-d stress value 

(Clarke et al., 2014). For the NMDS based on the taxonomic composition of all 

arthropods, vectors were superimposed for orders with Pearson correlation 

coefficients > 0.2 with axis scores. For the identification of Coleoptera and Araneae 

families and functional groups that were characteristic of land-use types or 

seasons, similarity percentage analysis (SIMPER) was used based on Bray-Curtis 

similarity and a cut-off value of 70% for the total contribution (Somerfield & Clarke, 

2013). Statistical analyses and visualisations were carried out with the Plymouth 

Routines in Multivariate Ecological Research (PRIMER vs 7; Clarke & Gorley, 
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2015) or R statistical computing software version 2.15.3 (R Core Team, 2019). 

 

Results 

Arthropod taxonomic composition 

In total, 43364 arthropods were sampled and assigned to 78 taxonomic groups 

representing 14 order/sub-order (Appendix A), 28 beetle families (divided into 6 

trophic groups), and 25 spider families (divided into 5 hunting guilds). The 

arthropod communities at the former gravel mine are unique for both seasons, 

followed by a gradient from the agroforestry plantation to the restored and the 

natural forest communities with increasing activity densities of Blattodea, Julida, 

Hymenoptera, Coleoptera and Araneae along that gradient independent of the 

season (Fig. 2). The restored forest plots have an intermediate position between 

the agroforestry plantation and the natural forest arthropod communities. Within 

land-use types, Hemiptera had a higher activity density in the dry season 

compared to the wet season. Blattodea and Julida had the highest activity density 

in the natural forest and were absent from the gravel site. Within land-use types, 

Orthoptera had a higher activity density in the wet season, and Polydesmida were 

only present in the wet season. 
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Figure 2 Non-metric multidimensional scaling ordination based on log-transformed 

(log(x+1)) activity densities of arthropod orders or suborders and Bray-Curtis 

similarities between plots of different land-use types (○ Restored forest, × 

Agroforestry plantation, + Natural forest, and ◊ Gravel site) and seasons (green = 

wet, red = dry). The 2-d stress value is 0.06. Symbols of each land-use type and 

season combination are connected by minimum spanning trees 

 

Spider family composition 

The total activity density of spiders was higher in NF (3.03) than RF (2.79), AF 

(1.59) and GS (1.35) and also higher in the wet (5.44) than in the dry season (3.32). 

The families Lycosidae, Salticidae and Zodariidae, dominated communities, 

amounting to more than 50% of all individuals in each of the four land-use types. 

Most families (e.g. Corinnidae, Ctenidae, Migidae, Zodariidae) had higher activity 

densities in the wet season, except Oxyopidae, which had a higher activity density 

in the dry season, and Lycosidae and Salticidae, which did not differ much between 

seasons (Fig. 3). Spider family composition showed a gradient from the dry season 

agroforestry plantation and the gravel site for both seasons towards the restored 

forest and the natural forest plots for both seasons. For spider communities, the 

wet season agroforestry plots hold an intermediate position between the restored 

and natural forest plots. 
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Figure 3 Non-metric multidimensional scaling ordination based on log-transformed 

(log(x+1)) activity densities of spiders and Bray-Curtis similarities between plots of 

different land-use types (○ Restored forest, × Agroforestry plantation, + Natural 

forest, and ◊ Gravel site) and seasons (green = wet, red = dry). The 2-d stress 

value is 0.19. Symbols of each land-use type and season combination are 

connected by minimum spanning trees 

 

The average dissimilarity between the dry and wet season plots was 44% and was 

driven by a higher activity density of Salticidae, Zodariidae, Ctenidae, Corinnidae, 

Lycosidae and Cyrtaucheniidae in the wet season (Table 2). In terms of 

dominance, the dry season plots were dominated by Lycosidae (28% of all 

individuals), Zodariidae (25%), Salticidae (15%) and Corinnidae (12%) and 

differed from wet season plots due to an even higher dominance of Lycosidae 

(52%) but lower dominance of Zodariidae (16%) and Salticidae (12%) in the wet 

season. 
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Table 2 Contribution of spider families to the dissimilarities in community 

composition between the wet and dry season plots based on similarity percentage 

analysis (SIMPER; AD = Average activity density, Diss. = Average Dissimilarity, 

SD = Standard Deviation, Contrib.% = Contribution percentage to overall 

dissimilarity, Cum. % = Cumulative contribution percentage). 

Family Wet AD Dry AD Diss. Diss./SD Contrib.

% 

Cum.% 

Salticidae 1.83 1.52 6.89 1.49 15.83 15.83 

Zodariidae 2.46 1.22 6.75 1.59 15.50 31.32 

Ctenidae 1.60 0.76 5.66 1.47 12.99 44.31 

Corinnidae 1.35 0.63 5.06 1.26 11.62 55.93 

Lycosidae 2.83 2.70 4.30 1.43 9.88 65.81 

Cyrtaucheniidae 0.85 0.14 3.98 1.13 9.15 74.96 

 

Spider hunting guilds 

Ground hunters (A_D = 4.13) were the most dominant group across land-use 

types, followed by other hunters (A_D = 2.61), specialists (A_D = 1.59), sensing 

web (A_D = 0.35) and ambush hunters (A_D = 0.07). Ground hunters were more 

active in RF than GS, AF and NF (Fig. 4A). Sensing spiders were rather active in 

the AF than NF, RF and GS (Fig. 4B). Other hunters were also more active in NF 

than RF, AF and GS (Fig. 4C). For specialist's spiders, higher activity density was 

recorded for NF compared to RF, GS and AF (Fig. 4D).  
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Figure 4 Box plots for activity densities in different hunting guilds (A, ground 

hunters; B, sensing web; C, other hunters and D, specialist spiders) between land-

use types: RF, restored forest; AF, agroforestry plantation; NF, natural forest and 

GS, gravel site. Single points indicate outliers based on Median and Interquartile 

Deviation Method (IQD). 

 

Beetle family composition 

The taxonomic composition of beetle communities differed significantly between 

land-use types (F3,27 = 14.52; p < 0.001) and seasons (F1,27 = 46.14; p < 0.001). 

The differences between land-use types did depend on the season (F3,27 = 10.80; 

p < 0.001). Pairwise statistical comparisons indicated significant differences in 

family composition between beetle communities of the natural forest and the 

agroforestry plantation (t = 4.41, p < 0.001), restored forest (t = 3.24, p < 0.001), 

gravel site (t = 4.50, p < 0.001) and between the restored forest and the 

agroforestry plantation (t = 2.02, p = 0.005), gravel site (t = 3.86, p < 0.001) as well 

as between the agroforestry plantation and the gravel site (t = 3.78, p < 0.001). 
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Beetle communities at the former gravel mine were unique and more 

heterogeneous during the dry season than during the wet season, with a higher 

activity density of Elateridae at the gravel site plots (Fig. 5). The beetle 

communities in the wet season restored and natural forest plots resembled each 

other and were characterised by higher activity densities of Histeridae, 

Hydrophilidae and Staphylinidae. While beetle communities did not differ between 

the natural and restored forests in the wet season, they differed in the dry season. 

Beetle communities in the agroforestry plantation in the wet season resembled 

forest communities in the dry season more than other communities in habitats with 

trees in the wet season.  

 

Figure 5 Non-metric multidimensional scaling ordination based on log-transformed 

(log(x+1)) activity densities of beetles and Bray-Curtis similarities between plots of 

different land-use types (○ Restored forest, × Agroforestry plantation, + Natural 

forest, and ◊ Gravel site) and seasons (green = wet, red = dry). The 2-d stress 

value is 0.13. Symbols of each land-use type and season combination are 

connected by minimum spanning trees  

 

In terms of dominance, the dry season plots were dominated by Tenebrionidae 

(36% of all individuals), Nitidulidae (20%), Carabidae (10%) and Erotylidae (8%) 
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and differed from wet season plots by and even higher dominance by 

Scarabaeidae (26%) and Carabidae (22%) but lower dominance of Staphylinidae 

(13%), Nitidulidae (9%) and Cetonidae (7%). The average dissimilarity between 

the dry and wet season plots was 65% and was driven by a higher activity density 

of Scarabaeidae, Carabidae, Staphylinidae, Hydrophilidae, Histeridae, and 

Cetonidae in the wet season but a higher activity density of Tenebrionidae and 

Nitidulidae in the dry season (Table 3).  

 

Table 3 Contribution of beetle families to the dissimilarities in community 

composition between the wet and dry season plots based on similarity percentage 

analysis (SIMPER; AD = Average activity density, Diss. = Average Dissimilarity, 

SD = Standard Deviation, Contrib.% = Contribution percentage to overall 

dissimilarity, Cum. % = Cumulative contribution percentage). 

Family Wet AD Dry AD Diss. Diss./SD Contrib.% Cum.% 

Scarabaeidae 3.47 0.94 9.86 1.58 15.06 15.06 

Carabidae 2.95 0.97 7.69 1.59 11.76 26.82 

Tenebrionidae 1.08 2.24 5.90 1.34 9.02 35.84 

Staphylinidae 2.00 1.00 5.49 1.50 8.38 44.22 

Hydrophilidae 1.66 0.19 5.11 0.91 7.81 52.03 

Histeridae 

Cetonidae 

Nitidulidae 

1.46 

1.07 

1.52 

0.10 

0.09 

1.57 

4.69 

4.33 

4.04 

1.09 

1.04 

1.15 

7.17 

6.62 

6.17 

59.20 

65.82 

71.99 

 

Beetle trophic groups  

Based on the activity density of beetle trophic groups, the following order reflects 

their dominance across land-use types: detritivores (67%), carnivores (18%), 

herbivores (8%) and fungivores (7%). The activity density of detritivores (F3,28 = 

29.95; p < 0.001), carnivores (F3,28 = 13.76; p < 0.001), herbivores (F3,28 = 31.64; 

p < 0.001), fungivores (F3,28 = 46.14; p < 0.001), herbivores & detritivores (F3,28 = 

33.34; p < 0.001) and carnivores & detritivores (F3,28 = 46.64; p < 0.001) differed 

significantly between land-use types. Except for beetle families classified as 

herbivores & detritivores combination (Fig 6F), the natural forest had significantly 
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higher activity densities for all trophic groups. The gravel site recorded the lowest 

activity density for all trophic groups (Fig. 6). 

 

 

Figure 6 Box plots for activity densities in different trophic groups of beetle 

functional groups (A, detritivores; B, herbivores; C, fungivores, D, carnivores; E, 

carnivores & detritivores, and F, herbivores & detritivores) between land-use types: 

RF, restored forest; AF, agroforestry plantation; NF, natural forest and GS, gravel 

site. Single points indicate outliers based on Median and Interquartile Deviation 

Method (IQD).  

 

Discussion 

Our comparison of arthropod communities between an actively restored post-

mining forest, a dominant alternative land-use type (agroforestry plantation), a 

natural reference (natural forest) and an unmanaged former mining area (gravel 
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mine) provides the first assessment of the effects of land-use decisions in former 

mining areas in Western Africa on arthropod communities. The observed 

pronounced differences between communities at a relatively coarse level of 

taxonomic (order to family) and functional (spider hunting guilds and beetle trophic 

groups) classification emphasize the need to address these effects in times of 

global insect decline (Cardoso et al., 2020; Wagner et al., 2021). 

 

Taxonomic composition of arthropod communities 

The observed dominance structure in the studied arthropod communities supports 

our hypothesis that land-use types with diverse and heterogeneous vegetation 

structure (Tab. 1) support a greater range of arthropod taxa and overall higher 

activity density (see also Gardner et al., 1995; Mata et al., 2020; Damptey et al., 

2022a). The land-use types dominated by trees in this study (natural forest, 

agroforestry plantation and restored forest) offered additional niches and 

resources to support the activity of arthropods compared to the unrestored gravel 

mine. Meloni et al. (2020) showed that even ground-dwelling arthropods benefit 

from more diverse vegetation and the resulting habitat attributes. Diverse 

vegetation provides more refuge and protection from predators, resulting in higher 

survival and reproductive success in potential prey taxa (Wenninger & Inouye, 

2008; Zou et al., 2013). For predators, diverse vegetation often correlates with 

higher prey availability supplying food needs (Schuldt et al., 2011; Štokmane & 

Spuņģis, 2016; Staab & Schuldt, 2020). Deadwood and litter further promote the 

activity of detritivores, fungivores and arthropod predators that are part of the 

detritivores food web in forests (Sereda et al., 2012, 2015; Tonin et al., 2018). 

 Heimonen et al. (2013) emphasised the pronounced seasonal variation of 

herbivorous insects (e.g., mostly Orthopteroidea) that is common in tropical rain 

forests. For example, increasing resource concentration in the wet season is a 

significant factor in determining the population size in specialist herbivore 

populations (Doublet et al., 2019) and beetle communities (deCastro-Arrazola et 

al., 2018). The observed differences between the two seasons support our 
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hypothesis that arthropod taxonomic composition is strongly influenced by 

seasonality across the different land-use types in our study (Lingbeek et al., 2017). 

Richards & Windsor (2007) observed significant seasonal variation in arthropod 

abundance in a lowland moist forest. Similarly, Wagner (2001) observed significant 

seasonal changes in arthropod fauna in a rain forest. Our study observed a higher 

activity density of Orthoptera (mainly herbivorous) and Polydesmida (mainly 

detritivorous) in the wet season than in the dry season. Several factors related to 

macro and micro-climatic changes (e.g., temperature, rainfall, humidity, day 

length, decomposition rate of organic materials etc.) might have caused this 

pattern (Halsch et al., 2021; Wardhaugh et al., 2018; Belchior et al., 2016; Anu et 

al., 2009). In addition to abiotic conditions, food resources fluctuate seasonally, 

further affecting arthropod emergence, activity, and reproduction (Silva et al., 

2011; Richards & Windsor, 2007). Therefore, both structure- and resource-

mediated effects likely affected arthropod communities between the seasons 

(Diehl et al. 2012). Independent of season, arthropod communities changed along 

a management intensity gradient in the sequence of agroforestry plantations to 

actively restore to natural forest arthropod communities. Therefore, the restored 

communities hold an intermediate position between the plantations and natural 

forests. 

 

Spider families and hunting guilds 

Similar to arthropod communities in general, spider communities are affected by 

vegetation structure, the presence of potential prey, as well as changes in abiotic 

conditions (Yamazaki et al., 2017; Rosa et al., 2018; Müller et al., 2022). The 

restored and natural forests were taxonomically richer than the agroforestry 

plantation and the gravel site, reflecting the various ecological niches that forest 

ecosystems provide to arthropods (Rosa et al., 2018). Generally, more complex 

vegetation offers a wider range of prey (e.g., (Diehl et al., 2013) as well as more 

diverse niches for spiders (Cardoso et al., 2011; Stańska et al., 2018). The 

observed higher activity-density of spiders in the wet season results from 
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precipitation, which drives plant growth as food for insects acting as prey for 

spiders (Rodríguez-Rodríguez et al., 2015). Spiders that construct sensing webs 

had higher activity-densities in the land-use types dominated by trees resulting 

from the higher vegetation density and availability of web sites (see Pinto et al., 

2021). Balfour & Rypstra (1998) emphasised the role of habitat structure for web 

support and the availability of suitable microhabitats for web-building spiders. 

Ambush hunters also had a higher activity-density in land-use types that were 

dominated by trees. Ambush hunters (e.g., Thomisidae) often hide in flowers or on 

leaves to catch prey (Heiling et al., 2006; Willemart & Lacava, 2017) and, therefore, 

also rely on vegetation structure.  

 

Beetle families and trophic groups 

The activity-density of beetles even differed between the three land-use types with 

trees, with the restored forest (dominated by non-native tree species, e.g., Tectona 

grandis, Senna siamia) recording lower activity-densities than the agroforestry 

plantation and the natural forest. This trend is in line with previous studies that 

observed a lower beetle diversity in a non-native forest plantation, such as a 

restored forest, compared to an old-native forest (Fischer & Lindenmayer, 2007). 

This pattern could be attributed to the fact that younger restored forests still support 

fewer tree species with limited ability to offer food and niches compared to forests 

of intermediate age (Lachat et al., 2012). 

Moreover, the lower activity-density of beetles in the open gravel site could 

be attributed to the absence or limited availability of suitable habitats and food 

resources (Perry et al., 2016). The family Cetoniidae associated with the land-use 

types with trees has feeding preferences for plant tissues, exudates, and organic 

materials (deadwood) (Mudge et al., 2012), which characterised the forest plots in 

this study. The higher activity-density of Cetoniidae in the tree land-use types could 

be due to the potential existence of numerous ant colonies (not quantified in this 

study) for which several species of Cetonidae are predators (Holm & Marais, 

1992). Expectedly, most beetle families showed higher activity-density in the wet 
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than in the dry season, in line with previous studies documenting higher diversities 

of beetles compared to the dry season (Andresen, 1999; Nyeko, 2009) and often 

attributed to the higher quality and quantity of food resources in the wet season 

(Wardhaugh et al., 2018).  

Similar to the activity-density of arthropods, all trophic groups of beetles 

classified in this study showed significantly higher activity-density in the "tree" land-

use types than in the "open" gravel site affirming the positive relationship between 

beetle functional groups and high vegetation structure (Sattler et al., 2010; 

Damptey et al., 2022a). Trophic groups such as detritivores (Wende et al., 2017; 

Mestre et al., 2018; Parisi et al., 2018) or herbivores  (O'Brien et al., 2017) may 

have benefited from resources and habitat conditions provided by deadwood and 

leaf litter in the land-use types with trees. Similar to spiders, predaceous beetles 

may have also benefited from the higher prey availability in these land-use types 

(Diehl et al., 2013; Damptey et al., 2021). 

 

Conclusion 

The studied active forest restoration shows some promise in moving arthropod 

communities towards states observed in the natural forest, but arthropod 

communities in the agroforestry plantations were already more dissimilar. The 

patterns in arthropod communities observed for the land-use types depended on 

seasons, with the wet season making essential resources available for arthropods. 

Leaving former mining sites unmanaged is not a promising option, as arthropod 

communities and their habitat resource requirements were poor in the gravel site 

compared to the restored and natural reference forest and even the agroforestry 

plantation. We recommend that restoration activities in degraded post-mining 

regions of Ghana should focus on using mostly native tree species since they have 

the ability to supply habitat and food resources tailored to the needs of local 

biodiversity. 
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Appendix 

Table A1 Number of individual arthropod order/suborder for land-use types (RF, 

restored forest; AF, agroforestry plantation; NF, natural forest and GS, gravel site) 

and seasons (DS, dry; WS, wet) 

Order/suborder Land-use types Seasons 

RF AF NF GS DS WS 

Acari 83 27 176 0 102 184 
Araneae 984 567 1064 477 1173 1919 
Blattodea 366 208 1276 0 784 1066 
Coleoptera 1330 1555 2656 223 1400 4364 
Glomerida 701 123 682 14 421 1099 
Hemiptera 189 195 359 109 616 236 
Hymenoptera 7098 4471 7979 2042 8716 12874 
Julida 261 336 409 0 453 553 
Opiliones 13 6 21 0 0 40 
Orthoptera 2299 1629 1502 1709 3103 4036 
Polydesmida 69 90 35 7 0 201 
Ricinulei 5 2 4 0 0 11 
Scolopendra 1 0 1 0 0 2 
Scorpiones 4 2 5 0 0 11 

Total 13403 9211 16169 4581 16768 26596 
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Abstract 

Active restoration of degraded areas with multi-purpose tree species has been 

proposed as a measure to counter the losses from deforestation and mitigate 

consequences for local human communities. In a restoration project at a former 

mining site in Ghana, ecosystem services (ES) proxies in an actively restored 

forest were compared to a local agroforestry plantation and a natural forest. The 

results provide information about   trade-offs and synergies between proxies of 

multiple ES(s). ES proxies were assessed according to the following categories: (a) 

food-tree ES: biomass of food and fodder trees, (b) other trees ES: biomass of 

fuelwood, medicine or mulch trees, (c) ES-providing arthropods: the number of 

detritivorous and predaceous arthropods, (d) carbon storage, and (e) tree diversity. 

Eight replicated plots with sizes of 20 m × 20 m were established in each forest type, 

and the following ES proxies were quantified: tree diversity was estimated as 

taxonomic richness of all trees with a diameter at breast height ≥ 10 cm in  each plot. 

Tree species were then classified into ES categories (food, fodder, fuelwood, 

medicine, or mulch). Ground-dwelling arthropods were sampled for 10 weeks with 

five pitfall traps in each plot and categorized as decomposers and predators. Tree 

above-ground biomass was estimated based on the measured tree diameter, 

height, and specific wood density using an improved allometric equation. The 

above-ground biomass was later converted into carbon storage by assuming 50% of 

the above-ground biomass of each tree. ES proxies based on tree biomass were 

highest in the natural forest. Fodder, medicine, fuelwood, and mulch ES proxies 

were significantly higher in the restored forest than the agroforestry system. 

Decomposer arthropods were most dominant in the natural forest, followed by the 

restored forest and the agroforestry plantation. Predacious arthropods were 

more dominant in the restored forest than in the other forest types. Carbon 

storage was highest in the natural forest, followed by the agroforestry plantation 

and the restored forest. The actively restored forest took an intermediate position 

between the agroforestry plantation and the natural forest regarding values for all 

nine ES proxies. Out of the 14 possible relationships between food or fodder and 
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other ES proxies, five were significantly positive (synergies) with no observed trade-

offs (significant negative relationships). High fodder production in the restored 

and natural forests went along with higher values of other biomass ES proxies 

and numbers of beneficial arthropods, while higher food biomass also correlated 

positively with numbers of decomposing arthropods. Our results document that 

active restoration of degraded sites provides a valuable framework to promote ES 

provision to local communities compared to agroforestry plantation, but at the cost 

of lower food and fuelwood biomass and carbon storage compared to natural 

forests. 

 

Keywords: active restoration, biodiversity, deforestation, ecosystem 

services, forest, Ghana, mining 

 

1. Introduction 

Deforestation and forest degradation in the tropics persistently continues due to 

unsustainable agriculture practices, mining, logging, construction of infrastructure, 

and urban expansion (Seymour and Harris, 2019). In 2019, about 11.9 million 

hectares of tree cover was lost in the tropics (Weisse and Goldman, 2020). 

Between 2010 and 2015, Ghana lost about 0.6% of its protected forest reserves 

because of factors such as illegal logging, encroachment for farming, and wildfire 

(Acheampong et al., 2019). Globally, deforestation is known as a major driver for 

the substantial loss of biodiversity and a decline in the provision of ecosystem 

services (ES) (Ciccarese et al., 2012) that affects numerous people worldwide 

(United Nations Convention to Combat Desertification [UNCCD], 2014). The 

productivity of food systems that local communities depend on for their livelihoods 

is severely affected by ongoing deforestation (Nunoo et al., 2015). 

 One approach to revert losses from deforestation and mitigate 

consequences for local communities is active restoration, for example, with multi-

purpose tree species that are capable of providing several ES (Reubens et al., 
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2011; Gamfeldt et al., 2013; Zemp et al., 2019). Deforestation often affects climatic 

variability leading to either prolonged drought or flooding which both impact food 

production (Chirwa and Adeyemi, 2019). Active restoration involves the direct 

planting of seeds or seedlings to aid the recovery of deforested and degraded 

lands to reach a pre- defined restoration aim (Morrison and Lindell, 2011; 

Crouzeilles et al., 2017). The success of restoration activities often is measured by 

improvement of soil fertility, carbon sequestration and the recovery of biodiversity 

in general (Chazdon, 2008). The benefits provided by restored ecosystems to 

local communities should be an additional focus of restoration programs (Erbaugh 

et al., 2020). Active forest restoration may contribute to the provision of ES (Bullock 

et al., 2011; Benayas and Bullock, 2012; Shimamoto et al., 2018; Damptey et al., 

2020), defined as functions and products that benefit society (Millennium 

Ecosystem Assessment [MEA], 2005). The introduction of a new tree species or 

the loss of a certain species from a particular area may alter levels of various ES 

(Brockerhoff et al., 2017). Active restoration directly affects the establishment of 

tree species but further indirectly alters the composition of biotic communities in 

restored areas by its effects on functionally important organisms such as predators 

(e.g., spiders) of forest pests (e.g., silk and carpenter moths) or decomposers 

(e.g., woodlice) which contribute to nutrient cycles (Fragoso and Varanda, 2011; 

Nicholls and Altieri, 2013; Kremen et al., 2018; Donkersley, 2019; Luong et al., 

2019). 

Ecosystem services include provisioning (e.g., food, fodder, energy), 

regulating (e.g., climate and pest regulation, carbon sequestration), and other 

indirect supporting   services   that are required for the production of the 

provisioning and regulating services (e.g., soil formation, nutrient cycling, primary 

production) [Millennium Ecosystem Assessment [MEA], 2005]. These services 

are associated to several groups of so called service-providing organisms 

performing related ecosystem functions (Luck et al., 2003). For instance, 

predators regulate crop pests as natural enemies, and detritivorous insects 

decompose dead organic matter contributing to nutrient cycling and thereby to 
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improved agriculture production and carbon sequestration (Birkhofer et al., 2015). 

In addition to these services, ecosystems also produce some disservices 

(hereafter Ecosystem Disservice- EDS; Lyytimäki and Sipilä, 2009), as for 

example pest infestations may lead to trade-offs with ES. Insects, as very 

abundant invertebrates in tropical forests, produce a range of services and 

disservices with the potential for trade-offs and synergies (Dangles and Casas, 

2019). 

Today, restoration and conservation activities often focus on 

simultaneously enhancing more than one ES and avoiding trade-offs, thereby 

creating synergies to meet the diverse needs of society (Birkhofer et al., 2018, 

2019; Shimamoto et al., 2018; Zeng et al., 2019). Ecosystem multifunctionality 

(EM) describes the ability of an ecosystem to supply multiple ecosystem functions 

simultaneously to satisfy different societal needs and preferences (Mander et al., 

2007; Hölting et al., 2019). Manning et al. (2018) emphasized the importance 

of high biodiversity for the provision of ES because different species contribute 

to different ecosystem functions. The EM approach hence integrates measures of 

the relative supply of multiple ecosystem functions and services to evaluate 

multiple restoration targets based on a high number of individual indicators 

(Strobl et al., 2019). The multifunctional nature of ecosystems and the proposed 

multifunctionality approach cause the need to consider synergies and trade-offs 

between ES and functions (Raudsepp-Hearne et al., 2010; Gamfeldt et al., 2013; 

Peña et al., 2018). Berry et al. (2020), for example, discussed synergistic 

relationships between carbon storage and biodiversity, whereby the provision on 

one allowed for greater levels of the other. Damptey et al. (2020) also 

highlighted that higher tree biodiversity in actively restored forests goes along 

with improved soil conditions, providing support for the assumption that higher 

biodiversity enhances EM. However, trade-offs, on the other hand, occur when 

the increase in one ES leads to a decrease in another ES (Bennett et al., 2009; 

Birkhofer et al., 2015; Lafond et al., 2017). Trade- offs has previously been 

observed between aesthetic or cultural values of forests and timber production 
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(Peña et al., 2018; Turkelboom et al., 2018) or between food provision and net 

primary productivity (Li et al., 2020). 

In this study, we analysed the levels and relationships between proxies of 

multiple ES in three different forest types (actively restored forest, agroforestry 

system, and natural forest in Ghana). The restored forest is a previous gravel mine 

site that was replanted with both native and exotic trees species after soil 

amendments (Damptey et al., 2020). ES proxies were assessed in the following 

categories: (a) food-related tree ES (biomass of food and fodder trees), (b) other 

tree ES (biomass of fuelwood, medicine or mulch trees), (c) ES providing 

arthropods (number of decomposers and predators), (d) carbon storage, and 

(e) tree diversity. The resulting data was then used to analyse the performance 

of multiple ES proxies in the three alternative forest types and to identify trade-offs 

and synergies between food- related ES (a) and other ES proxies (b–e). Major 

objectives of this study are to assess how active forest restoration 20 years after 

the initiation of restoration practices (i) determined levels of individual ES 

proxies compared to alternative forest types and if (ii) synergies or trade-offs 

between food-related and other ES proxies are evident across forest types. We 

hypothesize that active forest restoration enhances levels of food and fodder ES 

compared to the natural forest and to a lesser extent compared to the 

agroforestry system. However, high provision of food and fodder-related ES 

proxies is hypothesized to come at the cost of other ES proxies, like carbon 

storage or tree diversity. 

 

2. Materials and methods 

2.1. Study Area 

The three forest areas are Terchire restoration area (actively “restored forest”), 

Bosomkese forest reserve (“agroforestry plantation”) and Asukese forest reserve 

(“natural forest”). All forests are located in the Semi-Deciduous Forest Zone (SDFZ) 

of Ghana with a mean annual precipitation ranging between 900 and 1,500 mm 
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and mean daily temperature of 25◦C (Figure 1). The restored forest area was 

gravel mined on the surface for road construction until 1998 and in 1999 the area 

was subjected to active restoration by planting both indigenous and fast-growing 

exotic nitrogen-fixing tree seedlings at a planting distance o f  2 m ×  2  m  a n d  

a  d e n s i t y  of 1,111 seedlings per hectare. The restored forest covers 15.4 ha 

(longitude 7◦14.075’ W, and latitude 2◦10.842’ N). The agroforestry plantation 

used to be a degraded forest reserve which was subjected to enrichment planting 

of trees inter-planted with both annual and perennial food crops (e.g., plantains, 

maize, cassava) to supply food and energy to local communities (longitude 

2◦14.782’ W, and latitude 7◦6.338’ N). The natural forest is a protected forest 

reserve with strong restrictions (limited access to people and resource use) 

against anthropogenic activity (longitude 2◦31.107’ W, and latitude 7◦8.469’ N) 

(Damptey et al., 2020). 

 

2.2. Sampling Design 

Eight plots (20 × 20 m) were demarcated (systematically) and sampled in each of 

the three forest types. We counted, recorded and identified all trees with a diameter 

≥ 10 cm at breast height (dbh) to species level with the assistance of a local 

botanist and an experienced forest guard (member of the Ghana Forest Services 

Division) and a field manual (Hawthorne & Gyakari, 2006). The ecological 

significance of tree species was calculated based on the Importance Value Index 

(IVI = Relative density + Relative frequency + Relative abundance) measured as 

the sum of the relative density (
No.of individuals of species A

Total no.of individuals of all species
× 100), frequency 

(
Frequency of species A

Sum of frequency values for all species
× 100) and abundance (

Total no.of individuals found

No.of quadrats of occurrence
×

100) of individuals per species (Curtis and McIntosh, 1950). Tree species were 

then classified into providers of tree-related ES (food, fodder, fuelwood, medicine 

or mulch trees)  based on an existing database (Useful Tropical Plants Database; 

http://tropical.theferns.info/; Fern et al., 2014) (Table 1). The biomass of each 

http://tropical.theferns.info/
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classified tree species was estimated based on the measured dbh (D), tree height 

(H), and specific wood density (𝑝) based on an improved allometric equation for 

the tropical trees (In (AGB) = α +  βIn (p × D2 × H) +  ɛ;  Chave et al., 2014)  . The 

specific wood density for each tree was obtained from several database or sources 

(Appendix 2).Tree carbon stock was estimated by assuming 50% of the above-

ground biomass of each tree (Lewis et al., 2013). The local richness of tree species 

at each plot was made comparable by rarefying species richness to the observed 

minimum of 11 trees with a diameter ≥ 10 cm at one study plot. 

Ground-dwelling arthropods were continuously sampled for ten weeks 

(June to August 2019), with five pitfall traps in each plot being emptied weekly. 

Pitfall traps were filled with 50:50 propylene glycol mixed with water and a few 

drops of odour-free detergent to reduce the surface tension (Schmidt et al., 2006; 

Pais & Varanda, 2010). Traps were then sheltered by small rain covers to minimize 

dilution by rain (Underwood & Quinn, 2010). Traps were left unused for one week 

prior to trapping to reduce any digging-in bias due to attraction of arthropods by 

cutting of roots (Greenslade, 1973). Pitfall trap samples were stored in 70% 

ethanol and later sorted into taxonomic groups according to available literature 

(order, suborder or family), followed by classification into major feeding guilds 

(decomposers or predators). 

 

2.3. Data analysis 

To statistically compare the resemblance between plots within and between forest 

types, we created a resemblance matrix showing all pairwise similarities between 

plots based on Gower similarities calculated from all nine ES proxies (Table.1; 

values of ES proxies were log (x+1) transformed prior to analyses). Gower 

similarities internally standardize all ES proxies individually to values ranging from 

0 to 1 and this approach then allows for the construction of resemblance matrices 

based on variables that are measured on different scales (e.g. biomass of 

medicine tree and abundance of predators). The resulting resemblance matrix was 
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then analysed with permutational analysis of variance (PERMANOVA) as the 

appropriate statistical method for distance-based analyses (Anderson et al., 2008). 

PERMANOVA is a common method to analyse resemblance matrices that can be 

based on uni- or multivariate data. PERMANOVA has the advantage over 

alternative parametric methods that it does not make assumptions about normality 

of the dependent data (as p-values are derived from permutations). We used 

PERMANOVA with identical model and design settings for all uni- and multivariate 

data to provide a standard analytical framework for all analyses. Multivariate data 

was further tested for homogeneity of dispersion using the PERMDISP routine as 

described in Anderson (2006). As a visual representation of the multivariate 

relationship between sample plots and also ES proxies, we show a non-metric 

multidimensional scaling ordination (NMDS) based on the GOWER resemblance 

matrix with vectors for all nine ES proxies superimposed based on Pearson 

correlation coefficients with site score in the NMDS. 

To then statistically compare levels of individual ES proxies related to tree 

biomass (food, fodder, medicine, mulch and fuelwood tree biomass), ES providing 

arthropods (decomposer and predator numbers), carbon storage and tree diversity 

between actively restored forest and other forest type plots, we constructed 

resemblance matrices for each log (x+1) transformed variable using Euclidean 

distances. All uni- and multivariate PERMANOVA analyses were performed with a 

one-factorial design (forest type: restored forest, agroforestry plantation and 

natural forest) and 9999 unrestricted permutation of the raw data (Anderson et al., 

2008). In case of a significant PERMANOVA result, levels of the factor forest type 

were compared with pairwise PERMANOVA for post-hoc testing. Correlations 

among food-related ES (food and fodder-tree biomass) and all other ES proxies 

were tested with Pearson correlations using the “ggubr” package (Kassambara, 

2020). Test statistics for PERMANOVA models include F-values with degrees of 

freedom for the main factor and the residuals, pairwise post-hoc PERMANOVA is 

given with t-values and correlation results are presented with Pearson correlation 

coefficients. Statistical analyses and visualizations were carried out with the 
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Plymouth Routines in Multivariate Ecological Research (PRIMER vs 7, with the 

PERMANOVA add-on; Clarke and Gorley, 2015) or Sigma Plot Version 12.0 

(Systat Software, 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 (A) Map of Ghana showing the (B) Natural forest (Asukese forest 

reserve), (C) Restored forest (Terchire restoration area) and, (D) Agroforestry 

plantation (Bosomkese forest reserve) 
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Table 1 Ecosystem Service (ES) proxies quantified in this study in major ES categories with rationale for their use in this 

study, examples and literature references supporting their classification. 

ES category ES proxy Rationale Examples References 

Provisioning Food tree biomass 
 

Production of fruits, nuts, 
leafy vegetables which 
serve as dietary and 

nutritional components 

Elaeis guineensis, Cola nitida, 
Dialium guineense, Terminalia 

catappa, Tetrapleura tetraptera, 
Artocarpus altilis, Mangifera indica 

Powell et al., 2015; 
Reed et al., 2017 

 Fodder tree biomass Leguminous tree parts 
as essential components 
of fodder resources for 

livestock 

Moringa oleifera, Leucaena 
leucocephala, Albizia ferruginea, 

Tetrapleura tetraptera 

Jasaw et al., 2017; 
Vandermeulen et al., 

2018 

 Medicine tree biomass Used as traditional 
medicine and also raw 

materials for the 
pharmaceutical industry 

Tetrapleura tetraptera, 
Antidesma laciniatum, 

Moringa oleifera, 
Nesogordonia papaverifera 

Voeks and Rahmatian, 
2004; Caballero-Serrano 

et al., 2019 

 Fuelwood tree biomass Supply of energy 
required for food 

production 

Cassia siamea, 
Celtis zenkeri, 

Leucaena leucocephala, 
Holarrhena floribunda 

Brockerhoff et al., 2017 

 Mulch-tree biomass Leguminous tree 
species used to improve 

soil fertility 

Albizia zygia, 
Leucaena leucocephala 

Kearney et al., 2019; 
Wagner et al., 2019 

Regulating Predator  numbers Predaceous arthropods 
that contribute to pest 

control 

Spiders (Order: Araneae), Ground 
beetles (Order: Coleoptera, 

Family: Carabidae) 

Brockerhoff et al., 2017 

 Carbon storage Storage of carbon 
dioxide in tree tissues 

All tree species González-Díaz et al., 
2019; Hand et al., 2019 

Supporting Decomposer numbers Detritivorous arthropods 
that contribute to organic 

matter decomposition 

Millipedes (Orders: Glomerida & 
Julida) 

Brockerhoff et al., 2017 

Cultural Tree richness (rarefied) Spiritual and symbolic 
interaction with nature 

All tree species Brockerhoff et al., 2017; 
Kearney et al., 2019 



Chapter VI: Trade-offs and synergies between food and fodder production and other 

ecosystem services in an actively restored forest, natural forest and an agroforestry 

system in Ghana 

 

156 | P a g e  

 

3. Results 

3.1. Tree structure 

The restored forest had 43 species (Supplementary Appendix 1) with the most 

important species according to IVI being Senna siamea (IVI=33.9), Leucaena 

leucocephala (IVI=33.4), Terminalia superba (IVI=24.3) and Morinda lucida 

(IVI=13.4). The agroforestry plantation was characterised by major contributions 

of Terminalia superba (IVI=52.8), Ceiba pentandra (IVI=46.6), Cedrela odorata 

(IVI=34.5) and Triplochiton scleroxylon (IVI=22.1). The natural forest was also 

characterised by Celtis mildbraedii (IVI=34.5), Triplochiton scleroxylon (IVI=21.1) 

and Nesogordonia papaverifera (IVI=17.5). 

 

Figure 2 Non-metric multidimensional scaling ordination based on Gower 

similarities between plots of different forest types and values for all ES proxies (see 

Table 1). The 2-d stress value is 0.15. Symbol colours represent forest types: ●, 

agroforestry plantation (Bosomkese forest reserve); ●, natural forest (Asukese 

forest reserve) and ○, actively restored forest (Terchire restoration area: N=8 per 

forest type). Vectors are superimposed for all nine ES proxies with vector length 

scaled according to Pearson correlation coefficients with site scores along both 

NMDS axes. 
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3.2. Food-related ES proxies 

Forest types differed significantly in food tree biomass (F2,21 =4.13; p =0.031). The 

food tree biomass in the natural forest was significantly higher than in the restored 

forest (t=2.6; p=0.022), with no significant differences between the agroforestry 

plantation compared to the natural or the restored forest (Figure 3A). Forest types 

differed significantly in fodder tree biomass (F2,21=5.31; p=0.013) with significantly 

lower biomass in the agroforestry plantation compared to the natural forest (t=2.68; 

p=0.020) and the restored forest (t=2.67; p=0.020) (Figure 3B). Characteristic food 

and fodder tree species in the restored forest were Mangifera indica, Annona 

muricata, Terminalia catappa, Chrysophyllum perpulchrum and Elaeis guineensis. 

Tetrapleura tetraptera, Chrysophyllum albidum and Cola gigantea were 

characteristic for the natural forest plots, while the agroforestry plantation plots 

were characterized by Cola gigantea and Dialium guineense. 
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Figure 3 Box plots of A) food tree and B) fodder tree biomass in the agroforestry 

plantation (Bosomkese forest reserve), actively restored (Terchire restoration 

area) and natural forest (Asukese forest reserve; N=8 per forest type).  The line 

represents the median value, the box limits are the 25th and 75th percentiles, error 

bars show 10th and 90th percentiles on a log scale. Different letters indicate 

significant differences between the forest types according to pairwise 

PERMANOVA. 
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3.3. Other ES proxies 

Forest types did not differ significantly in other tree related ES like fuelwood tree 

biomass (F2,21 =0.20; p=0.820), medicinal tree biomass (F2,21 =1.81; p=0.195) and 

mulch tree biomass (F2,21 =2.85; p=0.079). 

Forest types differed significantly in the number of predatory arthropods 

(F2,21 =12.66; P<0.001). The agroforestry plantation plots had significantly fewer 

predators compared to the natural forest (t=4.04; p=0.003) and the restored forest 

(t=4.54; p=0.001) (Figure 4A). The observed differences in the number of 

predatory arthropods were mainly driven by a higher number of individuals in the 

beetle families Staphylinidae and Histeridae, spider families Lycosidae, 

Corinnidae, Ctenidae and in the order Opiliones in the restored forest compared 

to the agroforestry system. Individuals from the beetle families Carabidae and 

Dytiscidae, and the spider families Cyrtaucheniidae and Barychelidae were more 

abundant in agroforestry plantation compared to the restored forest. 

The number of decomposer arthropods differed significantly between forest 

types (F2,21=10.57; p=0.001). Decomposer numbers were significantly higher in the 

natural forest (t=5.64; p=0.001) and the restored forest (t=2.07; p=0.042) 

compared to the agroforestry plantation plots (Figure 4B). The differences between 

restored forest and the agroforestry plantation were characterized by higher 

numbers of individuals in the beetle family Tenebrionidae and the millipede orders 

Glomerida, Julida and Polydesmida in the restored forest plots. The natural forest 

plots had higher numbers of individuals in the millipede order Glomerida and the 

beetle family Tenebrionidae as well as more cockroaches (order Blattodea). 
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Figure 4 Box plots of arthropod A) predator and B) decomposer numbers in the 

agroforestry plantation (Bosomkese forest reserve), actively restored (Terchire 

restoration area) or natural forest (Asukese forest reserve; N=8 per forest type). 

The line represents the median value, the box limits are the 25th and 75th 

percentiles, error bars show 10th and 90th percentiles on a log scale. Different 

letters indicate significant differences between the forest types according to 

pairwise PERMANOVA. 
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Carbon storage differed significantly between forest types (F2,21=5.84; p=0.011) 

with significantly lower values in the restored forest compared to the agroforestry 

plantation (t=2.26; p=0.004) and the natural forest (t=3.12; p=0.011) (Figure 5A). 

Forest types differed significantly in rarefied tree species richness (F2,21=6.53; 

p=0.007) with the restored forest (t=3.28; p=0.001) and the agroforestry system 

(t=3.22; p=0.007) having lower taxonomic richness than the natural forest plots 

(Figure 5B). The following tree species exclusively occurred in the natural forest 

plots: Celtis aldolfi-frider, Celtis zenkeri, Chrysophyllum albidum, Corynanthe 

pachyceras, Dichapetalum madagascariense, Pterygota macrocarpa, 

Ricinodendron heudelotii, and Sterculia oblongata. 
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Figure 5 Box plots of A) carbon storage and B) tree species richness in the 

agroforestry plantation (Bosomkese forest reserve), actively restored (Terchire 

restoration area) or natural forest (Asukese forest reserve; N=8 per forest type). 

The line represents the median value, the box limits are the 25th and 75th 

percentiles, error bars show 10th and 90th percentiles on a log scale. Different 

letters indicate significant differences between the forest types according to 

pairwise PERMANOVA. 
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3.4. Trade-offs and synergies in ES proxies 

The natural forest had the highest relative values for all 8 out of 9 ES proxies, with 

carbon storage being the only exception and no apparent trade-offs between pairs 

of ES proxies (Figure 6). 

 

Figure 6 Rader plot showing the relationship between ecosystem service proxies 

in forest types: ●, agroforestry plantation (Bosomkese forest reserve); ●, natural 

forest (Asukese forest reserve) and ○, actively restored forest (Terchire 

Restoration area: N=8 per forest type). The highest average for each ES proxy 

across the three forest types was set to 100% and values for the same ES proxy 

in the other two forests were scaled accordingly. 
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Out of 14 possible relationships between food or fodder tree biomass and the other 

seven ES proxies, five were significantly positive (synergies) with no significant 

negative relationships (trade-offs). Food tree biomass was significantly correlated 

to the number of decomposer arthropods (R=0.43, p=0.037; Figure 7A). Fodder 

tree biomass was significantly correlated to medicine (R=0.78, p=0.001; Figure 7B) 

and mulch tree biomass (R=0.62, p=0.001; Figure 7C), and the number of 

decomposer (R=0.57, p=0.003; Figure 7D) and predatory (R=0.54, p=0.006) 

arthropods (Figure 7E). 

 



Chapter VI: Trade-offs and synergies between food and fodder production and other 

ecosystem services in an actively restored forest, natural forest and an agroforestry 

system in Ghana 

 

165 | P a g e  

 

 

Figure 7 Relationship between A) food tree biomass and decomposer arthropod 

numbers, or fodder tree biomass and B) medicine tree biomass, C) mulch tree 

biomass, D) decomposer and E) predatory arthropod numbers across forest types: 

●, agroforestry plantation (Bosomkese Forest Reserve); ●, natural forest (Asukese 

Forest Reserve) and ○, actively restored forest (Terchire Restoration area; N=8 

per forest type). 
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4. Discussion 

Ecosystems with diverse tree communities are often superior in the provision of 

multiple ecosystem services compared to less diverse forests (Bullock et al., 2011; 

Gamfeldt et al., 2013; Brockerhoff et al., 2017). Trees contribute to provisioning 

(food, fodder, and fuelwood), regulating (pest regulation, carbon storage), 

supporting (habitat for organisms) and cultural (aesthetic, symbolic and religious) 

ecosystem services and determine the dynamics and functioning of forests 

(Blicharska & MikusińSki, 2014; Brockerhoff et al., 2017; Mori et al., 2017; Reed 

et al., 2017). Active restoration promoted selected ecosystem services (fodder tree 

biomass and predator numbers) compared to agroforestry in our study. However, 

levels of ES proxies in the natural forest were at least comparable or higher to the 

highest levels in agroforestry and actively restored forest plots for all ES proxies 

that differed significantly between forest types. Considering the ES proxies 

quantified in this study, optimal levels are only provided by the natural forest, 

followed by the actively restored forest which holds an intermediate position 

between natural and agroforestry plots showing the lowest benefits. Across forest 

types, several positive relationships between food and fodder tree biomass and 

other ES proxies became evident from multivariate analyses and highlight the 

potential to restore forests with the target to simultaneously promote multiple ES. 

 

4.1. ES proxies and forest types 

Forest types offer different levels of ecosystem services due to specific properties 

of individual tree species (Gamfeldt et al., 2013; Fu et al., 2015; Bordt and Saner, 

2019). Forest management (both agroforestry and active restoration) resulted in 

lower tree species richness compared to natural forest plots in our study, which 

may constrain the provision of biodiversity-based ecosystem functions due to 

negative effects on service-providing organisms (Hättenschwiler et al., 2005; 

Gessner et al., 2010; Conti & Díaz, 2013; Faucon et al., 2017; Albrich et al., 2018). 

Decomposer abundance indeed resembled the observed pattern for tree species 
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richness between forest types, but estimated levels of carbon storage did not differ 

significantly between agroforestry and natural forest plots. Active restoration, on 

the other hand, resulted in relatively high fodder tree biomass and a large number 

of predatory organisms. The high number of predatory organisms in actively 

restored forest plots and natural forests may be a response of these beneficial 

arthropods to more diverse vegetation often coupled with higher prey availability 

(structure-mediated and resource-mediated effects, Diehl et al., 2012). Natural 

forest plots indeed had the highest tree species richness and potentially offered 

diverse habitat structure supporting predatory organisms (see also Bianchi et al., 

2006; Staab and Schuldt, 2020). Actively restored forest plots on the other hand 

did not have significantly richer tree communities compared to agroforestry plots. 

A previous study, however, showed that actively restored forest plots had a more 

complex topsoil and soil surface structure than agroforestry plots (Damptey et al., 

2020) thereby potentially also supporting higher predator numbers. 

 Agroforestry programs in the tropics often aim for an increasing timber or 

food production (Waldron et al., 2017; Santoro et al., 2020). The observed 

significantly higher food tree biomass in agroforestry plots compared to actively 

restored forest plots is therefore not surprising. This benefit, however, comes at 

the cost of significantly lower numbers of beneficial arthropods. Previous studies 

highlighted the important role of soil invertebrates as key drivers of soil functioning 

and ecosystem service provision (Lavelle et al., 2006; Birkhofer et al., 2011; 

Soliveres et al., 2016) making them valuable indicators of overall soil quality (Fu 

et al., 2015). Hence, the low decomposer numbers in agroforestry plots should be 

perceived as a warning sign for the limited value of these agroforestry approaches 

in the study region (see also Damptey et al., 2020). However, in contrast to our 

hypothesis, agroforestry plots still produced a higher food tree biomass compared 

to actively restored forest plots. Restoration approaches need to be optimized 

towards higher levels of food tree growth if food supply is relevant for the region 
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4.2. Relationships between food-related and other ES 

Human societies demand different ES which are often competing with each other, 

and thus, trade-offs are more common than synergistic relationships in changing 

ecosystems (Fu et al., 2015). In our comparison of active restoration to other forest 

types, we observed several synergies between food or fodder tree biomass and 

other ES proxies, but no trade-offs which is in contrast to our hypothesis. Food tree 

biomass increased with the number of decomposer arthropods, whereas fodder 

tree biomass correlated with medicine and mulch tree biomass and decomposer 

or predatory arthropod numbers. High decomposer activity accelerates litter 

decomposition and remobilizes nutrients essential for the growth of plants (Kitz et 

al., 2015; Eisenhauer et al., 2018; Maldonado et al., 2019). Decomposers have 

been found to contribute to reduced soil compaction and increased soil aeration 

which is essential for crop production (Manning et al., 2016). These active 

contributions of decomposing arthropods to primary production explain their 

positive correlation to food and fodder tree biomass. Fodder tree biomass also 

correlated positively with predatory organism numbers, which may result from the 

presence of different ecological niches for predatory organism or the presence of 

preferred tree species in plots with higher fodder tree biomass. Diverse forests 

often also harbour greater predator (natural enemies) abundance which may 

simultaneously result in improved control of pests (Staab & Schuldt, 2020). 

The fact that the majority of tree species recorded had multiple purposes to 

some extend partly explains the positive relationships between different tree-

related ES proxies. For instance, Moringa oleifera serves well as food, fodder, and 

plant-derived medicine species, Tetrapleura tetraptera is also used as medicine, 

for food and fodder, Leucaena leucocephala serves as fodder for livestock, mulch 

for crop cultivation and fuelwood for household cooking while Senna siamea is 

known for its medicinal, fodder and fuelwood uses in the study regions. 
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5. Conclusion  

Our comparison of ecosystem service proxies between actively restored forest, 

agroforestry and natural forest plots highlighted the high value of natural forests 

for the provision of ES in the study region. However, creating a forest composition 

resembling the natural forest plots through post-mining restoration approaches 

may not be a realistic goal. Alternative restoration practices are therefore needed 

to optimize the provision of ES and active restoration seems to provide a viable 

option, as levels of fodder tree biomass, predator and decomposer numbers were 

relatively high. However, future active restoration approaches should be optimized 

towards higher levels of food tree biomass that are at least comparable to levels 

in agroforestry plots and would support local human communities. The monitoring 

of ES proxies in actively restored forests should further continue as the trajectory 

of these plots over time is unknown. 
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Chapter VII: General Discussion 

This study presents the first assessment of biodiversity (plants and invertebrates) 

attributes, soil conditions and ecosystem services, comparing post-mining 

restoration forest with land-use types along a gradient from pre-disturbance, pre-

restoration, alternative land-use to a natural forest in West Africa. The four 

research chapters (III-VI) focus on the level of success in biodiversity recovery and 

soil condition improvement of an active post-mine restoration project.  

The first study (Chapter III) focused on the soil conditions of the different 

land-use types and their relationship with plants and biomass attributes. Chapter 

IV further broadens our understanding through a functional trait approach of 

strategies in different tree species for acquiring and utilising resources that affect 

plant fitness, reproduction, mortality and competition abilities in each land-use 

type. Chapter V presents the observed relationship between biodiversity attributes 

(e.g., the link between arthropods and plant components), arthropod trophic 

complexity and strategies used for resource acquisition. The final Chapter (VI) 

assesses the possible trade-offs and synergies between ecosystem service 

proxies across land-use types. Here, l provides insight into the key findings of each 

chapter and their management implications for restoration activities with a focus 

on biodiversity and local human communities. I also provide recommendations for 

future research and restoration approaches and a critical discussion of some 

limitations of the study. 

 

Main findings 

 

1. Active forest restoration positively impacts soil conditions and related 

levels of above and below-ground biomass within 20 years: this study showed 

an improvement in soil conditions resembling those observed in the natural 

reference forest after active restoration (Chapter III). Except for bulk density, which 

was similar to the pre-restoration states (gravel site and agricultural field), the 

levels of most of the basic soil chemical properties (e.g., pH, N, P, K, Na, Ca, Mg, 

ECEC) resembled those of the natural reference forest, indicating a trajectory of 
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soils in the restored forest towards conditions in the natural forest.  

The improved soil conditions after active forest restoration could be 

attributed to management decisions to use fast-growing tree species (e.g., Senna 

siamea) with extensive root distribution systems that can hold and stabilize 

disturbed lose soils after mining. In addition, adding tree species with the ability to 

fix atmospheric nitrogen (e.g., Leucaena leucocephala) helped improve the soil 

conditions in the restored forest. These mixes of tree species influenced the quality 

and content of organic materials and subsequently affected the composition of 

microbial communities for nutrient cycling (Pietrzykowski, 2019). Through 

facilitation and resource partitioning, using mixed tree species in post-mining 

restoration remains a viable option for ecological succession, and the successful 

establishment of tree communities is hence essential for facilitating soil 

development after disturbance (Macdonald et al., 2015). The high soil bulk density 

in the restored forest could reflect the lingering effects of compaction from heavy 

machinery during the mining era. Soils with high bulk density affect infiltration 

rates, rooting depth penetration, available water capacity, and the activities of soil 

microorganisms, affecting soil productivity (Strock et al., 2022; Li et al., 2002). This 

issue could be improved over time through reduced tillage coupled with planting 

mixed tree species with different rooting depths (Hobson et al., 2021; Schlüter et 

al., 2018). 

 

2. Plant communities and soil properties drive ecosystem multifunctionality: 

the functional structure parameters (composition and diversity of forest 

communities) driving ecosystem multifunctionality showed comparable variability 

among the three forest ecosystems (Chapter IV). Ecosystem services and 

multifunctionality were best explained by the differences between the site 

conditions (soil and tree communities), with the functional richness of tree 

communities providing additional explanatory power independent of the selected 

ecosystem. The highest functional space for ecosystem services was shared by 

the natural and restored forest and was mainly driven by carbon storage, 

invertebrate activities and decomposition rates. These results could be explained 
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by the fact that these two ecosystems share similar volumes of above-ground 

biomass, organic root carbon and soil properties resulting from previous 

management activities, especially in the restored forest. The observed similarity 

between the restored and natural forest could be explained by the fertile soil 

conditions of both ecosystems, which might have translated into higher tree 

species diversity and the respective functional attributes, subsequently enhancing 

productivity (carbon storage potential; Måren & Sharma, 2021; Kothandaraman et 

al., 2020). Ultimately, the ability of each forest type to perform multiple ecosystem 

functions simultaneously (multifunctionality) depends on their functional richness 

driven by the local soil conditions (Huang et al., 2019; Thompson & Gonzalez, 

2016).  

 

3. Active forest restoration improves habitat conditions, promotes resource 

availability and creates diversified ecological niches for arthropod 

communities: the composition of arthropod communities differs between land-use 

types and seasons based on the degree to which resources (habitat and food) are 

available for arthropods. We observed a diverse tree community and higher 

volumes of deadwood in the tree land-use types (agroforestry plantation, restored 

and natural forests) than in the historical land-use type (unrestored former gravel 

mine land and agricultural fields; Chapter V), explaining part of the observed 

variation between arthropod communities across the land-use types. Arthropod 

activity density was significantly lower at the unrestored former gravel site and was 

not comparable to levels in the natural forest, the restored forest and the 

agroforestry plantation. All the forest systems had some dominant groups, such as 

Blattodea, Julida, Hymenoptera, Coleoptera and Araneae, independent of the 

season. For arthropod community composition, the restored forest was completely 

distinct from the gravel site and had an intermediate position between the 

agroforestry plantation and the natural forest, indicating some success in restoring 

arthropod communities with the restoration intervention. This is best explained by 

the diverse plant communities or the heterogeneous structure of tree communities 

across the land-use types. Diverse plant communities are more productive (Allan 
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et al., 2011; Tilman et al., 2001), provide a larger number of niche opportunities 

(Rutten et al., 2021) and supply more resources for arthropods (Schuldt et al., 

2019). According to the habitat heterogeneity hypothesis (MacArthur, 1972), 

heterogeneous plant communities increase the availability of ecological niches, 

which facilitate the co-existence of many species (McClain & Barry, 2010) with 

cascading effects on ecosystem functioning (Tao et al., 2019). Deadwood and litter 

components in the forest land-use types offer important microhabitat and food 

resources for predaceous arthropods and their associated prey (Mhlanga et al., 

2022; Dufour-Pelletier et al., 2020). Thus, both structure- and resource-mediated 

effects affect arthropod communities across the different land-use types (Diehl et 

al., 2013). 

Similarly, spider communities were taxonomically richer in the restored and 

natural forests than in the agroforestry system and the gravel site. These 

differences could be attributed to the variation in vegetation structure, prey 

availability and abiotic conditions defining food and habitat resources for spiders 

and their prey (Müller et al., 2022; Rosa et al., 2018; Yamazaki et al., 2017). The 

characteristic complex vegetation attributes of the restored and natural forests 

should offer a wider range of prey (Diehl et al., 2013) as well as more diverse 

niches for spiders (Stańska et al., 2018; Cardoso et al., 2011).  

For beetle communities, a significant difference in activity density was 

observed between the land-use types with trees and the gravel site, but even within 

the forest types. Among forest types, the restored forest recorded the lowest 

activity density compared to the agroforestry plantation and the natural forest. A 

possible explanation could be the dominance of non-native tree species, e.g., 

Tectona grandis and Senna siamia, as well as its succession stage. This confirms 

the results of a previous study (e.g., Fischer & Lindenmayer, 2007) that observed 

a lower beetle diversity in a non-native young forest plantation compared to an old-

native forest. Old native forests are usually characterized by higher arthropod 

diversity because of their stable climatic conditions, higher plant species richness 

providing food resources and their structural complexity enhancing the habitat 

needs of beetles (Schowalter, 2017). 
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4. Seasonal conditions drive arthropod communities across land-use types: 

in addition to productivity and structure-mediated effects, seasonality also played 

a major role in shaping arthropod communities by influencing plant resource 

distribution and concentration for most arthropod groups in our study. Pronounced 

seasonal variations that characterize tropical rain forests determine the quality and 

quantity of resources available at a particular period for arthropod activities (Basset 

et al., 2015). Most arthropod taxonomic groups in this study showed a higher 

activity density in the wet season, reflecting the concentration of resources 

available for arthropods (da Silva et al., 2011). Water and light available in the wet 

season allow plants to flush young leaves as an important resource for herbivorous 

arthropods (Richards & Windsor, 2007). In addition, the wet season might have 

facilitated the emergence of arthropods from the soil and the development of large 

patches of potential host plants (Basset et al., 2015). The higher activity density of 

predatory arthropods (e.g., spiders) recorded in our study in the wet season could 

probably be the result of the increased activity density of other arthropods serving 

as prey for spiders (Dennis et al., 2015). Wardhaugh et al. (2018) observed a 

strong seasonal variation in beetle communities driven by temperature and 

peaking in the summer wet season in a tropical rainforest. Similarly, in a 

neotropical rainforest, significant seasonal variation in Diptera (Corethrellidae) 

communities was observed with a peak breeding period in the rainy season (Legett 

et al., 2018). Depending on the land-use type (e.g., farmland), pronounced 

seasonal fluctuations were also observed for butterfly communities in a Western 

African dryland ecosystem (Schmitt et al., 2021). The lower activity density of 

arthropod communities observed in this study in the dry season could be attributed 

to a long period of drought conditions coupled with water stress, which might have 

induced physiological constraints on plants, thereby limiting plant resources 

essential for arthropod activities (Huberty & Denno, 2004). 
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5. Levels of proxy-based ecosystem services differed between forest types, 

with optimal levels provided by the natural forest: different levels of ecosystem 

services were observed for each forest type, with optimal levels provided only by 

the natural and the restored forest holding an intermediate position between the 

natural forest and the agroforestry plantation (Chapter VI). The differences in the 

levels of ecosystem service provisioning could be attributed to the management 

strategies that influenced tree species composition in each forest. The specific 

properties of individual tree species translate into different levels of ecosystem 

services (Gamfeldt et al., 2013). 

The tree species composition in the restored forest consisted of about 30 % 

of exotic species. The agroforestry consisted of a mixture of exotic and indigenous 

tree species, with only indigenous species characterizing the natural forest 

(Chapter III). Tree species were significantly more diverse in the natural forest than 

in the restored and agroforestry systems (Chapter V). Forest management for 

agroforestry and restoration focused on planting a few tree species with the ability 

to stabilize and improve soil conditions or provide food and fuelwood for local 

human communities, with little focus on species that could improve carbon storage 

potential or enhance the activities of ecosystem service providing organisms. 

Forest management practices in both the restored forest and the agroforestry 

plantation hence limited the provision of biodiversity-based ecosystem functions 

due to the type of tree species selected for restoration activities. Numerous studies 

have discussed the species-biodiversity-ecosystem service relationship. For 

instance, the conversion of pine to spruce plantations resulted in negative 

consequences for biodiversity (e.g., pest and pathogen outbreaks) and many 

ecosystem services (e.g., trade-offs; Felton et al., 2020). More diverse tree 

communities provide higher levels of multiple ecosystem services in northern 

Europe (e.g., biomass production, game production potential, soil carbon storage 

and berry production; Gamfeldt et al., 2013). 
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6. Synergetic relationships with no apparent trade-offs between pairs of 

ecosystem service proxies in the different forest types: synergies are 

observed when the provision of one service goes along with higher levels of 

another service (Berry et al., 2020). An increase in the levels of one ecosystem 

service that relates to a decrease in another ecosystem service results in trade-

offs (Lafond et al., 2017; Birkhofer et al., 2015; Bennett et al., 2009). Most 

restoration programs, however, aim at the simultaneous enhancement of more 

than one ecosystem service and try to avoid trade-offs, thereby creating synergies 

to meet the diverse needs of society (Birkhofer et al., 2019; Zeng et al., 2019).  

Five of the fourteen possible relationships observed between ecosystem 

services in our study were significantly positive (synergies) with no observed trade-

offs (Chapter VI). We observed a simultaneous increase in food tree biomass with 

increasing numbers of decomposing arthropods, confirming the synergy between 

supporting (soil formation) services and food provisioning. Decomposing 

organisms usually reduces soil compaction, increases soil aeration and facilitates 

the breakdown of organic materials into more elementary substances useful for 

food production (Ravn et al., 2020; Whalen, 2014).  

In addition, decomposing organisms accelerate litter decomposition and 

remobilize nutrients for food production (Maldonado et al., 2019; Eisenhauer et al., 

2018). Similarly, fodder tree biomass also correlated positively with the numbers 

of predaceous arthropods resulting from the development of a wider niche range 

in fodder tree communities. 
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Conclusion  

In addressing deforestation in Afrotropical regions, it is evident that active forest 

restoration provides a sustainable option to minimize the impact on biodiversity 

and ecosystem service provision to local communities. This study revealed an 

improvement in soil conditions to levels comparable to the states observed in the 

undisturbed natural forest after two decades of active forest restoration. This 

successful trajectory was facilitated by the use of potted seedlings with fresh 

topsoil, which served as suitable soil nuclei in creating an optimal microclimate that 

overcame potential constraints emanating from mining-induced disturbances. 

Even though restoration efforts most commonly promote the establishment of 

native tree species, our study highlights that the use of fast-growing exotic tree 

species coupled with their extensive root distribution systems provided support for 

soil formation and the development of vegetation cover. This limited the impacts 

of soil erosion associated with mining and increased the carbon sequestration 

potential by both above and below-ground biomass.  

Forest ecosystems with higher functional diversity were superior in 

providing multiple ecosystem services simultaneously, confirming the positive role 

of plant communities in driving ecosystem functioning and multifunctionality. 

Overall, we observed several synergies between ecosystem services with no 

apparent trade-offs. In addition, these diverse plant communities further support 

rich arthropod communities by providing food and habitat resources.  

Comparing biodiversity attributes and ecosystem services between land-

use types, the restored forest mostly took an intermediate position between the 

natural forest and the agroforestry plantation and often resembled the natural 

forest more, indicating a successful restoration trajectory after 20 years. The active 

forest restoration approach is more promising than agroforestry in restoring tree 

and arthropod biodiversity towards a state that resembles the natural forest. 

Leaving former mining sites unmanaged is not a sustainable option for restoration 

targeting biodiversity and ecosystem service recovery, as communities were poor 

and did not resemble the natural reference forest. 

This research improves our understanding of how an active restoration 
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approach can improve soil conditions, biodiversity and ecosystem service 

provision compared to pre-and post-disturbance and a reference state. As a result, 

we recommend the future refinement of restoration approaches and management 

strategies tailored to enhance functional diversity for both tree and arthropod 

communities and soil properties for maximum ecosystem service provision. Table  

1 presents an overview of the levels of biodiversity and ecosystem services 

assessed  for all the land-use types.
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Table 1: Levels of biodiversity attributes and ecosystem services across land-use types. Chapter(s) each attribute was 
studied are indicated 

Attributes Land-use types Remarks  Chapter 

AG GS AF RF NF 

Tree communities 

Species and functional diversity - - ++ ++ +++ Tree communities were more diverse in NF 
compared to RF and AF  

III, IV, V, VI 

Arthropod communities 

Activity density - + ++ +++ +++ Arthropod activity density were higher for NF and 
RF than AF and GS 

IV, V, VI 

Ecological processes 

Soil nutrients ++ + ++ ++ +++ Soil conditions were better in NF, RF, and AF than 
AG and GS 

III, IV 

Carbon storage - - +++ ++ +++ Carbon storage was significantly higher in NF and 
AF than RF 

III, IV, VI 

Ecosystem service proxies 

Food tree biomass - - +++ ++ +++ Food tree biomass was higher in NF and AF than 
RF 

VI 

Fodder tree biomass - - ++ +++ +++ Fodder tree biomass was lower in AF than RF and 
NF 

VI 

Fuelwood biomass - - ++ ++ +++ Fuelwood biomass was higher in NF than FR and 
AF 

VI 

Medicinal tree biomass - - ++ +++ +++ Medicinal tree biomass was higher in NF than RF 
and AF 

VI 

Mulch tree biomass - - + ++ +++ Mulch tree biomass was higher in NF than RF and 
AF 

VI 

Decomposers - - ++ +++ +++ NF had higher decomposers than FR and AF IV, V, VI 
Predators - - ++ +++ +++ RF had higher predators than NF and AF IV, V, VI 

NB: - (no records), +(High/good), ++(Higher/better), +++ (Highest/best)
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