

  forests-13-00297




forests-13-00297







Forests 2022, 13(2), 297; doi:10.3390/f13020297




Article



The Functional Structure of Tropical Plant Communities and Soil Properties Enhance Ecosystem Functioning and Multifunctionality in Different Ecosystems in Ghana



Frederick Gyasi Damptey 1,*[image: Orcid], Klaus Birkhofer 1, Imma Oliveras Menor 2,3 and Enrique G. de la Riva 1[image: Orcid]





1



Department of Ecology, Brandenburg University of Technology Cottbus-Senftenberg, 03046 Cottbus, Germany






2



UMR AMAP: Botanique et Modélisation de l’Architecture des Plantes et des Végétations, Institute de Recherche pour de Développement (IRD), CNRS, INRAE CIRAD, Université Montpellier, 34090 Montpellier, France






3



Environmental Change Institute, School of Geography and the Environment, University of Oxford, Oxford OX1 2JD, UK









*



Correspondence: frederickgyasi.damptey@b-tu.de







Academic Editors: Zuoqiang Yuan, Guigang Lin and Cristina Aponte



Received: 11 January 2022 / Accepted: 7 February 2022 / Published: 12 February 2022



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 system) 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 system, with the differences between the restored and agroforestry systems 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 [4,5,6]. 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 [8,9,10]. 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 [17,18,19,20,21,22] 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 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]. Another 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 [3,34,35,36]. 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 they provide [41,42,43]. 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 [44,45,46,47].



This study used the functional trait approach to understand ecological processes in different ecosystem types (restored forest, agroforestry system and natural forest). To address 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 system 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 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 system”, 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].




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 +  β In    ( p ×  D 2     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


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].



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).




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 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].
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Table 1. Plant functional traits sampled and their respective functional roles in the ecosystem.






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 utilise 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 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 [72,73,74,75,76]). 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 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 hypervolumes 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].





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).



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 and agroforestry systems 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 agroforest (77.49 sd3). The restored forest and agroforestry system 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 agroforest (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 and agroforest (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 system had the highest overlap (45%), while the natural forest was more similar to the restored forest (24%) than the agroforest (19%; Figure 3B).




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 system (31%) and agroforestry system 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 agroforest (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).





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 system for the studied dimensions. That is, the restored forest showed higher similarity for all the study dimensions with the natural forest than the agroforestry system, 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 system. This phosphorus concentration might have been caused by the excessive use of fertilisers (both organic and inorganic) for crop farming in the agroforestry system. In an agroforestry system, 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 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 system). 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 [90,91,92] because, in these productive habitats, 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 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 system. Hence, the high number of invertebrates in the restored forest compared with the agroforestry system 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 resources, as well as serving as breeding grounds [103]. On the other hand, the lower activity of invertebrates in the agroforestry system 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 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 [110,111,112]).



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, favor 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 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 [133,134,135]. 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 favor functional diversity and soil properties in tropical forests to enhance the provision of ecosystem services.
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Table A1. Tree species considered for trait measurement. Family names of species adopted from The Plant List [136].
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	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



	Ricinodendron heudelotii (Baill.) Heckel
	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



	Triplochiton scleroxylon 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
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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. 
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Table A2. Functional trait values (averages) for ecosystem types.
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	Plant Abundance and

Measured Functional Traits
	Natural Forest
	Restored Forest
	Agroforestry System





	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/g)
	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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Figure 1. Map of the study region with the various ecosystem types. (A) Africa, (B) Ghana and (C) Bono regionThe 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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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). 
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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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Figure 4. Relationship between ecosystem multifunctionality and functional richness per site (natural forest in red, restored forest in green and agroforestry system in blue). The shaded area shows 95% confidence intervals. 
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Table 2. Variance partitioning of trait attributes for the three ecosystem types.
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Soil Properties

	
Source of Variance




	
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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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; ΔAICc = difference between the AICc of a null model and the best model (ΔAIC < 2 in all cases).
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	Ecosystem Services
	Factors
	Relation
	R2
	AICc
	ΔAICc





	Invertebrate

activity
	Null Model

Site+Frich
	

+
	

0.52
	80.36

71.42
	

0.00



	Carbon stock




	Null Model

Site+Frich
	

+
	

0.58
	72.28

60.94
	

0.00



	Decomposition

Rate
	Null Model

Soil BD
	

-
	

0.24
	67.97

64.38
	

0.00



	Multifunctionality




	Null Model

Site+Frich
	

+
	

0.47
	10.57

3.82
	

0.00
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  forests-13-00297


  
    		
      forests-13-00297
    


  




  





media/file8.jpg
i

Hedges'd





media/file11.png
A .

Nutrients ¥y

Overlap

Agrof.vs Rest. = 0.35
Agrof.vs Nat. = 0.26
Nat. vs Rest. = 0.29

-2

] 2
Bulk density

LES
and ® -
Seed mass )
Y -
9
4
Overlap

Agrof. vs Rest. = 045
Agrof.vs Nat. =0.19
Nat. vs Rest. =0.24

Tissue
Resistance

o

2

> n 2>

Plant Height






media/file6.jpg





media/file13.png
Ecosystem function multifunctionality

1.2

1.0

02 04 06 08

I
0.00 0.05

| I I l I l
010 015 020 025 030 035

Functional Richness






media/file10.jpg
oo
T e w08
[ttt






media/file7.png
A

]
5
%
\
Ref Scale: 1:5,000 o
B
it /

Ref e: 1:10,000,000

o

® Town

[ | Anato Region

[_| Regional Boundary

- Asukese Foresl Reserve (NF)
- Terchire Restoration Area (RF)
- Bosomkese Forest Reserve (AF)

Atronie

Ref Scale: 1:250,000






media/file12.jpg
o
a
S o
3 24
2
5 /
s o ]
o
E
S&o_‘/
‘60
5
2 < |
E o
2
> o
oo
8
i

T T T T T T T
000 005 010 015 020 025 030 035

Functional Richness





media/file9.png
Soil
properties

Functional
composition

Soil Nutrient

pH and P

Bulk density

LES and
Seed mass

Tissue
resistance

Plant height

Agroforest vs Restored forest

Restored forest vs Natural forest

Agroforest vs Natural forest

| —
—® e
1 |
H——
—a—
3 2 3 0 9 2 A

Hedges'd






media/file5.png
Invertebrate activity
o

.
.
A

Naunai Forest

Rosfaod

Agroforest

Carbon stock
e

-1+

2

Nalnai Forest

Rost'oud

Agroforest






media/file3.png
Overlap

Agrof. vs Rest. = 0.31
Agrof. vs Nat.

.26
45

0
0

—
—

Nat. vs Rest





media/file0.png





media/file4.jpg
‘Carbon stock

Tenaroes  Resows | Aghest

T foe Resed ot






media/file2.jpg
Overlap

Agrof.vs Rest. = 0.31
Agrof.vs Nat. =026
Nat. vs Rest =045






