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Planting trees is proposed as an important climate mitigation tool, but can be detrimental to biodiversity and livelihoods if not carefully planned and managed, with landscape history and livelihoods in mind. In Madagascar, deforestation is of concern, and a threat to forest-adapted biota. However, much of Madagascar’s landscape harbours ancient mosaic and open ecosystems that are home to unique suites of flora and fauna and provide a wide range of ecosystem services. Though guidelines for ecologically and socially responsible reforestation are emerging, the potential role of landscape history and palaeoecology has been generally underemphasised. Here, using Madagascar as a case study, we argue that forest restoration projects need a sound understanding of landscape history that includes a greater integration of palaeoecological data. This would help establish the former composition and extent of forests and also investigate the antiquity of open and mosaic ecosystems. When economic interests are strong, information from palaeoecology and environmental history can help reduce biases when identifying appropriate locations and suites of species for forestation. Furthermore, a reflective approach to landscape history can contribute to restoration projects that integrate cultural and livelihood considerations. A transdisciplinary approach that considers local needs and cultural context can facilitate the design and implementation of restoration projects that share benefits equitably. Underpinning this ambition is a more comprehensive consideration of ecosystem service benefits in a changing climate that includes accurate carbon storage calculations, as well as other ecosystem services including water provision, soil formation and erosion prevention, grazing resources, medicine and cultural components.
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1 Introduction

Madagascar is a biodiversity hotspot (Myers et al., 2000; Antonelli et al., 2022) and a focus of conservation effort for several decades (Waeber et al., 2016). The island is one of the countries that have received the most external carbon mitigation and afforestation funding (Neudert et al., 2017). Yet, assessment of the last decades shows a discouraging lack of success in terms of both biodiversity protection and local livelihoods (Tsayem Demaze, 2014; Neudert et al., 2017). Analysis of historical national tree cover maps and satellite imagery show deforestation and forest fragmentation in several areas of Madagascar since the 1950s, with an increasing rate since 2005 (Vieilledent et al., 2018). In March 2019, the island’s new presidency announced a reforestation plan at the One Planet summit in Nairobi, committing to reforest at least 40,000 hectares per year for the next five years (Mandimbisoa, 2021). The goal is to restore 4 million ha of “degraded forests” in the island by 2030 within the northwest, east and central highlands regions (Lacroix et al., 2016; Ranjatson et al., 2019).

While reforestation of degraded forest areas can have biodiversity and carbon benefits if carefully managed, such initiatives will also have negative consequences for both people and biodiversity if they extend beyond formerly forested areas, or if inappropriate species are chosen (Bond et al., 2019; Vetter, 2020). Inadequate restoration may result when there are large economic interests at stake, for example for carbon or mining projects. Furthermore, the benefits of tree-planting risks being over-estimated if only above-ground biomass is considered, as most carbon is below ground (e.g. see Dass et al., 2018; Razafindrakoto et al., 2018; Veldman et al., 2019). In recent years, guidelines have emerged that advocate more ecologically sound and socially inclusive approaches to tree-planting, and that consider ecological relevance, drivers of forest loss, and social dimensions (e.g. see Brancalion and Holl, 2020; Di Sacco et al., 2021). However, though several such guidelines highlight the importance of distinguishing reforestation of degraded forests from the afforestation of landscapes in areas not formerly forested (Veldman et al., 2015; Boissière et al., 2021; Di Sacco et al., 2021), there has been little attempt to address how that distinction is established. Where afforestation is defined, it usually refers to tree plantations on land that did not harbor forest in the past 50 years (Bredemeier and Dohrenbusch, 2009). Yet, this baseline in the 1970s is unlikely to be an accurate reflection of the long-term history and ecological character of landscapes. Many landscapes have been radically transformed at least since the “great acceleration” of human impact in the 1950s, and most likely since the dramatic changes of the C18th and C19th including, industrialization and agricultural intensification, and European colonization (Dietl et al., 2015; Barak et al., 2016; Falk et al., 2019; Gillson et al., 2021).

Tree planting in areas that were not historically forested may negatively impact biodiversity and ecosystem services provided by ancient open and mosaic landscapes (Bond et al., 2019; Vetter, 2020; García-Dory et al., 2021; Lehmann et al., 2021). Afforestation projects commonly use exotic species and compromise other ecosystem services including water provision, grazing/forage, and biodiversity (Stickler et al., 2009; Bond et al., 2019; García-Dory et al., 2021). Loss of access to such ecosystem services is of particular concern given that Madagascar is one of the world’s poorest countries, with almost 80% living below the poverty line $1.90 a day (Neugarten et al., 2016; Baumann, 2021). Most rural communities in Madagascar are directly dependent on ecosystem services, and multiple livelihood streams are essential in buffering environmental shocks (Huff, 2014). While carbon markets are frequently touted as a win-win solution for both climate and people, payments for ecosystem services may not reach the most vulnerable and can furthermore create a dependence on short-term external payments that are not sustainable and would erode social-ecological resilience and adaptive capacity in the longer-term (Bulte et al., 2008; Gross-Camp et al., 2012; Kronenberg and Hubacek, 2013). It is therefore vital that attempts to mitigate climate change consider local livelihoods and biodiversity and integrate more accurate carbon storage calculations alongside consideration of other ecosystem services.

Here, we advocate for the integration of palaeoecological approaches that can be used to explore former forest extent and history over timescales that are ecologically relevant, using case studies from Madagascar (Virah-Sawmy, 2009; Razafimanantsoa, 2022). Such palaeoecological methods include the analysis of fossil pollen from lake sediments, the analysis of charcoal to reconstruct fire history, stable isotopes to investigate vegetation and climate, dung fungal spores to reconstruct changes in the abundance of herbivores, diatoms to examine water quality, and geochemistry to investigate the interacting effects of climate and disturbance. We argue that determining appropriate reference conditions for restoration requires establishing the extent and composition of vegetation over time-periods that are relevant to landscape history and allow the impact of environmental change to be assessed over timescales of decades to centuries and even thousands of years. In Madagascar, human settlement (around 2000 years ago, Douglass et al., 2019), the Medieval Climate Anomaly (around 1000 years ago) and European colonization since the 19th Century, (Rid, 2010) provide critical reference conditions, that can help to distinguish ancient open and mosaic ecosystems from formerly forested areas. Research around such milestones in history, also contributes to disentangling anthropogenic and environmental drivers of land-cover change. This information is valuable in exploring the resilience of social-ecological systems, providing an underpinning for explorations of future sustainability under different scenarios of climate and land-use change.




2 The importance of landscape history– where and how should reforestation take place

There is no doubt that deforestation has taken place in some areas of Madagascar particularly in the last 50 years (Zaehringer et al., 2015; Vieilledent et al., 2018; Suzzi-Simmons, 2023). However, the idea that the whole island was once entirely covered by forest has been disproved by a growing number of palaeoecological studies, which suggest that open, mosaic and fire-adapted ecosystems are an integral part of many Malagasy landscapes outside of the mesic northeast (Figure 1).




Figure 1 | Mosaic landscapes of Madagascar (A) next to Tsaramandroso village in the Northwest (Photo: A. Razafimanantsoa, 2011) (B) Landscape between Morondava and Malaimbandy, Southwest (Photo: Andriantsaralaza, S. 2021) (C) Tampoketsa grassland – forest mosaic of the Central Highlands of Madagascar (Photo:  Kull, July 2019) (D) Littoral Forests, South East Efatsy Manombo, SE of Madagascar (Photo: Onjalalaina, 2020).



The “whole island forest” was an idea based on sparse data and anecdotal evidence from the 18th century (McConnell and Kull, 2014). Nevertheless, deforestation rates are still measured relative to a the presumed former 100% forest cover, leading to dramatic over-estimation of deforestation rates in areas that harbor ancient open and mosaic landscapes (Huff and Orengo, 2020). Such calculations assume unforested landscapes are degraded, without investigation the landscape history. This approach leads to neglect of the conservation of open and mosaic landscapes and the ecosystem services that they provide (Raveloaritiana et al., 2023) (see case study 1). Such assumptions can also have negative consequences for communities who are blamed for forest destruction or poor land stewardship (Seagle, 2012) (see case study 2). It is therefore essential to distinguish the extent of former forest cover prior to human arrival in Madagascar, the historical accounts of forest cover and its trajectory in recent centuries, in order that appropriate locations for reforestation can be identified.

To accurately calculate deforestation rates, we need to understand the former extent of forest cover in the early and mid-Holocene. Prior to human settlement and expansion c 2500–1350 years ago (Crowley, 2010; Douglass et al., 2019), closed canopy rainforest occurred only in the mesic northeast of the island, and eastern coastal strip (Straka, 1996; Moat and Smith, 2007). In the north-west, where rainfall is lower and more seasonal, tropical dry forests predominated, interspersed with succulents and heathlands (shrublands dominated by the family Ericaceae) (Figure 2). In the arid south-western part of the island, rainfall is too low to support true forests (ie. those that are fire intolerant and with a closed or near closed canopy) and open and arid-adapted landscapes including the spiny thickets existed here (Figure 2). Between these mesic and arid extremes, for example in the Highlands of Central Madagascar, there were mosaic ecosystems where true forest occurred only in patches (Figure 2) within matrices of ancient fire-prone grasslands, heathlands and woodland or savannas (e.g. (Burney et al., 2003; Virah-Sawmy et al., 2009b). These mosaic landscapes need particular consideration in reforestation planning, so that forests do not encroach on ancient open landscapes elements that harbor unique biodiversity (Bond et al., 2008; Willis et al., 2008). Specifically, fossil pollen data from lake sediments be used to identify whether forest distribution was once continuous, or was always patchy. This information can inform landscape management and restoration plans, a point illustrated by a case study from the Central Highlands of Madagascar.




Figure 2 | Summary of the Holocene vegetation reconstruction in Madagascar based on published vegetation records. The time span covered by each record is (A) Matsumoto and Burney, 1994; Burns et al., 2016; Voarintsoa et al., 2017; (B) Burney, 1993; Virah-Sawmy et al., 2016; Razanatsoa et al., 2021a; Razanatsoa et al., 2022; (C) Burney, 1987a; Burney, 1987b; Straka, 1996; Razafimanantsoa, 2022; Burney, 1987c; MacPhee et al., 1985; (D) Virah-Swamy et al., 2009a; 2009b; Virah-Sawmy, 2009. Map of main vegetation types based and simplified from Moat and Smith (2007).





2.1 Case study 1: Central Highlands

The Central Highlands are one of the main focuses for afforestation schemes in Madagascar. They are currently dominated by grasslands with patches of forest that are largely confined to ravines. This landscape is assumed to be highly degraded, however, palaeoecological investigations in the Central Highlands suggest the long-term presence of mosaic landscapes, where forest patches of variable extent co-existed with more open landscape elements including grasslands, heathlands and savannas (Burney, 1987b; Gasse and Van Campo, 2001; Razafimanantsoa, 2022). Though rainfall in the Central Highlands is high enough to support forests, open landscapes are likely maintained by fire and herbivory, as occurs in much of sub-Saharan Africa (Bond et al., 2005; Archibald et al., 2019). In such mosaic landscapes, co-existence of different vegetation types in the same climatic zone is mediated by topography, local hydrology and fire-vegetation-herbivory feedbacks, with forest elements generally confined to ravines which have greater water availability and are somewhat protected from fire (Bond and Keeley, 2005; Bond et al., 2005; Lehmann et al., 2011). Once established, fire sensitive forest elements can maintain themselves by shading out the herbaceous layer, which excludes fire except in extreme fire events or in the case of deliberate clearance by people (Staver et al., 2011; Archibald et al., 2019). Modeling experiments that predict forest cover based solely on rainfall are therefore likely to over-estimate past and present forest cover (Bond and Keeley, 2005; Bond et al., 2005) whereas those including fire more accurately represent the occurrence of savanna and grasslands throughout much of sub-Saharan Africa, including all but the eastern-most coastal strip in Madagascar (Bond and Keeley, 2005; Bond et al., 2005; Lehmann et al., 2011).

Fire- and grazing- adapted traits are common in many highlands species, strongly suggesting the presence of open vegetation elements, including grassland, heathland and savannas (e.g. Burney, 1987a; Burney, 1987b; Straka, 1996; Razafimanantsoa, 2022). Some of the grasslands, especially on the western flank, are highly biodiverse ancient grasslands, probably originating from the Neogene period (Bond et al., 2008; Vorontsova et al., 2016; Hackel et al., 2018; Vorontsova et al., 2020), while others are likely to be of anthropogenic origin. A recent pollen record from Tampoketsa-Ankazobe wetland, in the eastern slopes of the Highlands demonstrated the abundance of ericoid shrubland during the early Holocene, (Razafimanantsoa, 2022) (see Figure 3) confirming previous studies showing extensive presence of heathlands (Burney, 1987c; Straka, 1996) and supported by the high diversity of Ericaceae species in Madagascar (Grubb, 2003). While attention usually focuses on forest loss, the conversion of heathlands to grasslands warrants further attention and conservation/restoration effort (Silander et al., 2023).




Figure 3 | Summary pollen diagram of the dominant taxa in Tampoketsa-Ankazobe site, Central Highlands Madagascar during the Holocene (Adapted from Razafimanantsoa, 2022).



The palaeoecological and evolutionary data highlight the importance of considering landscape-specific histories in designing restoration in the Highlands. Though grasslands dominate the Highlands today, it is likely that heathland, woodland, savanna elements and forest patches were more extensive in the past and co-existed alongside grasslands in some areas (Burney, 1987a; Burney, 1987b; Straka, 1996; Razafimanantsoa, 2022) (see Figure 3). A further concern of tree planting initiatives is the selection of species, and how this selection process takes place. Many forest plantation projects in the Highlands use alien species that have negative effects on soil and water and creating novel landscapes with reduced ecosystem service provision. Eucalyptus has now infiltrated the remaining vestige of indigenous Tapia savanna woodland (Uapaca bojeri), leading to increased fire intensity and decreased regeneration of native species including the Tapia seedlings (Baohanta et al., 2012; Rakotondrasoa et al., 2012).

In assessing degradation and forest loss, the distinction is critical between true forests from wooded savannas. The latter maintain a near continuous herbaceous layer, with scattered tree cover, and which are fire and grazing adapted. In the Central Highlands, ancient Tapia (Uapaca) woodlands are now classified as savannas based on their functional traits (Solofondranohatra et al., 2018; Salmona et al., 2020). Native savanna trees such as the “olive tree” Noronhia lowryi originated in the Miocene period, c. 6.5 million years ago, concurrent with the global spread of savannas (Salmona et al., 2020). Classifying all savannas and heathlands as degraded forests (see for example Joseph and Seymour, 2020; Joseph and Seymour, 2021) is ecologically inaccurate and can lead to further errors in estimating forest loss and in encouraging tree planting schemes that replace unique open and mosaic ecosystems and associated ecosystem services (Raveloaritiana et al., 2023). Forest restoration (i.e. restoring previously forested areas with indigenous species) should be emphasized over afforestation of landscapes whose history is uncertain and which may contain ancient grasslands, heathlands and savannas. In south-east of Madagascar, for example, fast-growing native species such as Treblus mauritianus, Syzygium bernieri, Treculia madagascariensis and Uapaca thouarsii (Manjaribe et al., 2013) provide crucial ecosystem services as well as maintaining biodiversity.

The false dichotomy between forest-grassland (Joseph and Seymour, 2020; Joseph and Seymour, 2021) has diverted attention away from the loss and conversion of heathlands and savannas in the highlands, which are also ancient elements of the vegetation. Distinguishing ancient grasslands and mosaic ecosystems from derived anthropogenic ones is only one strand of a comprehensive conservation approach to the highlands that includes the conservation and restoration of ancient mosaic landscapes, reforestation in appropriate areas, as well as fire management that reflects the history and ecology of the region (Razafimanantsoa, 2022).





3 Balancing trade-offs between biodiversity, carbon storage a resource management

The primary motivation for most forest plantation projects is their perceived benefit to carbon storage to mitigate climate change. For example, the global carbon mitigation frameworks of the Clean Development Mechanism (CDM) and Reduced Emissions from Deforestation and Degradation (REDD and REDD+) have created new economic incentives for low income nations to engage in afforestation in Africa (Leach and Scoones, 2015; Bastin et al., 2019). However, in Madagascar, there is limited evidence for the success of these projects (Neudert et al., 2017), attributed to the choice of species, the way ecosystem service benefits are calculated, and to whom, and how, benefits are accrued.

Carbon calculations are typically incomplete or inaccurate and other ecosystem services, including cultural ones, are seldom considered. A particular problem is tendency to use above ground biomass as the main indicator of carbon stocks, which can lead to the underestimation of carbon stored in open and mosaic ecosystems. In Madagascar, as elsewhere, soil carbon pools hold three times higher than above-ground (Powers et al., 2011; Grinand et al., 2017; Ramifehiarivo et al., 2017; Dass et al., 2018; Razafindrakoto et al., 2018; Veldman et al., 2019; Yang et al., 2019).

Payments for avoided deforestation can in theory provide a more stable revenue than other forms of livelihood such as charcoal production or swidden agriculture (Neudert et al., 2018). However, communities are receiving fewer benefits than expected from REDD projects due to structural and institutional challenges locally, and also governance failure (Neudert et al., 2017). They therefore rely on multiple coping strategies to buffer environmental shocks.

At the same time, there are competing interests for example from agriculture or mining and these financial interests are backed by powerful organisations that may overpower local voices and concerns over biodiversity loss. While the benefits of carbon storage and export revenue are derived globally and nationally, the costs of biodiversity protection, including loss of agricultural areas, loss of access to non-timber forest products, and loss of income derived from charcoal production, are born locally (Scales, 2014; Neudert et al., 2017).

For long-term sustainability, tangible compensations to local communities based on principles of co-management and self-determinacy are vital (Neudert et al., 2017; Bond et al., 2019; Temperton et al., 2019; Razanatsoa et al., 2021b). Collaborations are needed that consider landscape history and social context in restoration projects that improve food security and sustainability of livelihoods, while also conserving the biodiversity on which ecosystem services depend. Participatory and ground-up approaches can help in selecting species that are locally appropriate and therefore more likely to survive as well as providing benefits beyond carbon storage, and material, cultural and educational benefits that contribute to the sustainability of conservation projects (Razanatsoa et al., 2021b), especially where competing interests are at play and valuable resources at stake (Virah-Swamy et al., 2009a; 2009b). Case study 2 from the Fort Dauphin area of southeast Madagascar illustrates these points.



3.1 Case study 2: littoral forests of southeast Madagascar

The littoral forests are Madagascar’s most endangered and range-restricted vegetation type, and are of high conservation value due to their scarcity and abundance of endemic species (Watson et al., 2004; Ingram and Dawson, 2005; Consiglio et al., 2006; Dawson and Ingram, 2008; Virah-Sawmy et al., 2009b). They are also used by communities for a range ecosystem services including oil, firewood, timber, medicine, animal food, human food, fibres and oil, as well as for spiritual purposes (Dawson and Ingram, 2008; Virah-Sawmy et al., 2014b). Their distribution closely coincides with the occurrence of ilmenite, and the forest patches have therefore been targeted for mining operations by QMM, a collaboration between Rio Tinto and the Malagasy Government. In assessing the environmental impact of mining operations, high rates of deforestation over recent decades were calculated relative to a presumed 100% former forest cover (Huff and Orengo, 2020). Based on this calculation, QMM argued that the rate of littoral forest destruction by local communities was unsustainable and would far exceed that of the planned mining operations (Bidaud et al., 2015). This argument was key in the progress and approval of the mining plans (Consiglio et al., 2006).

An alternative explanation for the patchy distribution of the littoral forest is that its extent is controlled mainly by local environmental factors such as soil and topography, and that it already existed in a patchy or mosaic form before human occupation. This hypothesis was tested by analyzing fossil pollen from within and outside forest patches. The results showed the presence of ancient fire adapted heathlands and open woodlands, pre-dating human arrival in Madagascar (Virah-Sawmy et al., 2009a; Virah-Sawmy et al., 2009b). Furthermore, the work demonstrated the ability of the forests to recover from natural disturbances including climatic perturbations and storm surges. The results suggest that littoral forest was always fragmented, its distribution confined to localized areas defined by local topographic, edaphic and hydrological factors (Virah-Sawmy, 2009; Virah-Sawmy et al., 2009a; Virah-Sawmy et al., 2009b). Forest loss has accelerated in recent decades, exacerbated by road construction during the exploratory phases of mining operations (Bidaud et al., 2015). However, the forest losses prior to mining operations, labeled as ‘catastrophic’, were inferred from current distribution and in incorrect assumption of 100% historical forest cover. The falsely high deforestation rates were used to obscure the negative impacts of mining, without conservation of the natural mosaic composition of the landscape.

The findings have implications for how littoral forests are managed and how the impacts of communities are perceived. Though QMM planned for mining operations to have Net Positive Impact (NPI), the success of this policy is disputed, and the ilmenite operations have been criticized for their impact on biodiversity and communities (Virah-Sawmy et al., 2014a; Huff and Orengo, 2020). First, NPI is calculated relative to the projected rate of forest destruction in the absence of mining, which as explained above is erroneously high due to an assumed former 100% forest cover and associated high rate of forest destruction. Any slowing of this perceived deforestation rate (“avoided deforestation”) is presented as a net positive impact i.e. forest destruction can still occur, but if the rate is calculated to be lower than the current rate calculated relative to past 100% forest cover, this is counted as a positive impact. Second, the effect of other mining impacts included construction of a dam, deforestation, afforestation with alien species, destruction of culturally important sites, loss of access to reeds and fisheries were not properly accounted for. Villagers displaced from their land were poorly compensated, if at all, and were moved to areas with soils unsuitable for farming and dislocated from cultural heritage (Huff and Orengo, 2020). Communities suffered loss of access to resources such reed beds and fisheries, either directly through prohibition of access, or indirectly through pollution of water and dam construction. Education programs instigated by QMM have also been criticized, doing little more than reinstate practices such as basket weaving that were only disrupted because of mining operations (Huff, 2014; Huff and Orengo, 2020). Rio Tinto retracted its NPI policy in 2016 on the grounds that it is not always achievable (de Silva et al., 2019).

Around Fort Dauphin, the meagre compensation, low land price and loss of access to resources were accepted by poor communities, who were struggling to survive. The high levels of poverty and urgent need for employment and economic interests and pressures by the national government and international companies mean implementing strict conservation of all forests is not an option (Virah-Swamy et al., 2009a; 2009b). Instead, Virah-Sawmy and Ebeling (2010) advocate for a more environmentally sensitive and inclusive approach to conservation and landscape management that considers biodiversity alongside local needs cultural context and landscape history Virah-Sawmy and Ebeling 2009a; 2009b. Palaecological information can help acknowledge or hopefully reduce biases in the way we manage and restore landscapes, especially when economic interests are at stake and local communities can easily be marginalized. Nevertheless, the spectre of “green-washing” remains ever-present in conservation mechanisms that are embedded in neo-liberalism (Adams, 2017).





4 Discussion – toward a transdisciplinary approach

Though deforestation and forest fragmentation in Madagascar are of great concern (Vieilledent et al., 2018), the misrepresentation of ancient open or mosaic ecosystems as ‘degraded’ forests or of anthropogenic origin has hampered conservation protection, alienated local communities and also enabled the destruction of wildlife habitats due to mining endeavors and afforestation schemes (Bond et al., 2008; Virah-Sawmy et al., 2014a; Bond et al., 2019; Huff and Orengo, 2020). Such schemes have also contributed to the disenfranchisement of communities and the loss of livelihoods (Huff and Orengo, 2020). A transdisciplinary approach is needed that considers landscape history, assesses ecosystem services holistically and accurately, and includes stakeholders and communities in decision-making and planning (Figure 4) (Fischer et al., 2020; Edrisi and Abhilash, 2021; Robinson et al., 2021).




Figure 4 | An integrated assessment of landscapes that considers landscape history, current ecological knowledge of pattern and process, and stakeholder perspectives on the history, culture and ecosystem services that landscapes provide.



The perceptions, management and afforestation initiatives of the Malagassy landscapes do not originate from local communities, but are based on anecdotal “baselines”, reinforced by narratives entangled in degradation and economic interests (Pollini, 2010; Hajdu and Fischer, 2017). For example, the assumption that all open ecosystems in Madagascar are degraded forests continues to underpin calculations of deforestation rates and debates in the literature (Huff and Orengo, 2020; Joseph and Seymour, 2020; Joseph and Seymour, 2021). However, the dichotomy between forest versus degraded forest is an artificial one that does not consider the spectrum of open and mosaic landscapes including savannas, heathlands and shrubland. Classifying such landscapes as degraded forest leads to over-estimation of deforestation rates and neglect of conservation of open and mosaic ecosystems including ancient grasslands, heathlands and savanna woodlands (Bond et al., 2019).

Current debates over whether open ecosystems are ancient or anthropogenic in Madagascar (Joseph and Seymour, 2020; Joseph and Seymour, 2021), are missing a key challenge for an informed and bottom up approach to conservation and restoration, which is to distinguish which open landscapes are ancient or anthropogenic, their historic nature and their current value to communities in ecosystem service provision (Vetter, 2020; Lehmann et al., 2021). The current polarization of forested versus degraded land obfuscates a sound ecological discussion of the ecological function of open and mosaic landscapes and their longevity and importance as biodiversity hotspots. Though principles for considering landscape history in restoration ecology and reforestation are emerging (Di Sacco et al., 2021), there have as yet been few attempts to integrate long-term data sets into restoration plans. In fact, a range of ecological and palaeoecological techniques are available to explore these questions, yet they remain underutilized (Virah-Sawmy et al., 2009b; Crowley et al., 2021; Gillson et al., 2021).

Palaeoecology can provide important information on the former extent of forest cover and the antiquity of mosaic and open ecosystems. Palaeoecological data can also guide the species used in reforestation, providing information on former forest composition that could be used to select indigenous instead of exotic species (Wingard et al., 2017). Though Pinus, Eucalyptus and Acacia, are favored because of their high survival rate and rapid growth compared with many native species (Carriere and Randriambanona, 2007; Verhaegen et al., 2011; Kull et al., 2019; Randriambanona et al., 2019), these plantations are low in biodiversity and negatively impact soil and water provision provided by open and mosaic ecosystems (Charles and Dukes, 2008; Stickler et al., 2009; Bond, 2019; Kull et al., 2019).

It is of course essential that the benefits of tree-planting on carbon storage are accurately calculated. The benefits of afforestation with non-native species are likely to be over-estimated, when only above-ground biomass, the most commonly used measurement in the REDD and REDD+ initiative, is used (Leach and Scoones, 2015; Panfil and Harvey, 2016; Bastin et al., 2019). Carbon calculations based on above-ground biomass have underestimated carbon storage in grasslands, savannas and heathlands, despite their potential as carbon sinks (Veldman et al., 2019), favoring the accelerated loss of high-conservation-value ecosystems with low above-ground biomass and exacerbating loss of biodiversity elsewhere through displaced agricultural expansion (Bond et al., 2019). In addition, it is critical that REDD+ and other carbon storage and afforestation schemes consider the wider range of ecosystem services provided by mosaic and open ecosystems, and their importance in local livelihoods (Lehmann et al., 2021). Some land-uses including agroforestry generally are able to maintain good soil carbon stocks (Rakotovao et al., 2020). Taviala (agroforestry) can help to maintain forest cover and also provides food and other resources as well as opportunities for producing high value cash crops such as vanilla and silk (Virah-Sawmy et al., 2015; Reuter et al., 2016; Rakotonarivo et al., 2017; Hending et al., 2018; Hewson et al., 2019; Hending et al., 2020; Schüßler et al., 2020; Wurz et al., 2022). The benefits of agroforestry to biodiversity are greater in forest-derived than fallow-derived land (Osen et al., 2021) Multiple livelihood streams from Taviala can buffer households against environmental shocks and improve the security of land-tenure, as well as providing habitat for biodiversity (Rakotonarivo et al., 2017; Schüßler et al., 2020).

Protected area expansion is another approach that can potentially mitigate carbon emissions while at the same time maintaining essential ecosystem services that bolster livelihoods, especially during times of environmental and economic stress (Waeber et al., 2016; Lehmann et al., 2021). However, it is important that local communities are consulted in the designation and management of such areas. In Madagascar, sacred groves protected by local taboos were incorporated into protected area planning (Virah-Sawmy et al., 2014b; Nopper et al., 2017; Schüßler et al., 2020), so that conservation planning reinforced and did not erode local culture and traditions.

Palaeoecology will be only one strand in developing a more nuanced, ecologically sound and locally appropriate approach to landscape restoration (Gillson et al., 2021). Local communities are often the ones who benefit the least from afforestation, resource extraction, and even some forms of conservation (Neudert et al., 2017).

Understanding the importance of cultural landscapes in maintaining diverse ecosystem services and buffering livelihoods against environmental shocks will require close engagement with communities. This will require a transdisciplinary approach that incorporates more accurate calculation of carbon stocks, a better understanding and reflexivity of landscape history, consideration of process (how decisions are made) and impacts of access to resources and livelihoods (Sayer et al., 2013; Fischer et al., 2020). A more inclusive approach to restoration is needed that considers desired futures and acceptable trade-offs between ecosystem services and resource provision (Fischer et al., 2020; Di Sacco et al., 2021; Gillson et al., 2021). Social processes are needed that aim to facilitate constructive debate among interest groups toward a common understanding and resolution of complex objectives in restoration, especially when there are competing powerful economic interests at stake (Sayer et al., 2013; Fischer et al., 2020). Palaeoecological information has the potential to be an important source of data that can help acknowledge or reduce biases in the way we perceive, manage and restore landscapes (Gillson, 2015).




5 Conclusions

Though motivated by legitimate concerns to halt deforestation and mitigate global emissions, poorly planned and implemented tree-planting projects risk - and have already resulted in - exacerbated degradation either directly through loss or replacement of indigenous vegetation or indirectly through social and economic displacement (Fairhead et al., 2012; Larson et al., 2013).

In Madagascar, accumulated evolutionary, comparative and palaeoecological knowledge suggest the antiquity of open and mosaic ecosystems, establishing them as valid conservation targets (Burney et al., 2003; Bond et al., 2008; Virah-Sawmy et al., 2009b; Vorontsova et al., 2016; Hackel et al., 2018; Vorontsova et al., 2020). Mosaic landscapes of forested and open ecosystems provide higher biodiversity and a wider range of ecosystem services than forested landscapes alone (Raveloaritiana et al., 2023) – and this is especially true where afforestation schemes use invasive alien species. The carbon storage capacity of open and mosaic landscapes has been underestimated and needs to be considered in restoration projects. Looking ahead, it is vital for both biodiversity and local communities that carbon storage schemes look beyond afforestation to consider more complex, nuanced and authentic landscape mosaics that reflect landscape history and better serve both biodiversity and people. Understanding the history and culture of landscapes requires a multi-disciplinary approach underpinned by biological science but that considers local context, landscape history and stakeholder needs to co-design restoration, conservation and carbon mitigation projects that contribute to social-ecological resilience.
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