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Abstract 
[bookmark: _Hlk75151170][bookmark: _Hlk63092970]Forests and tree-dominated land uses store large amounts of carbon stocks in plant biomass. However, anthropogenic changes in land use and land cover decrease tree cover and associated carbon stocks. Agroforestry has the potential to maintain or restore carbon in plant biomass but the amount will be influenced by various factors that may include land-use history and management practices. However, few studies explicitly address how these factors determine aboveground carbon stocks. Therefore, our study estimates aboveground carbon stocks in different land-use types, across stem diameters and geographic origin of tree species, and its structural controls. We particularly focus on the importance of land-use history in agroforestry systems. We conducted the study in the mosaic landscape of north-eastern Madagascar in old-growth forests, forest fragments, woody fallows, and vanilla agroforests. The agroforests differed in land-use history and were either directly derived from forest or derived from woody fallows after slash-and-burn shifting cultivation. Aboveground carbon stocks were highest in old-growth forests and lowest in woody fallows. Within vanilla agroforests, aboveground carbon stocks were highly variable: forest-derived agroforests stored significantly higher carbon stocks that were mainly stored in native and endemic species, whereas fallow-derived agroforests stored lower carbon stocks that were mainly provided by introduced species. Furthermore, aboveground carbon stocks were mainly controlled by stem density and stem diameter. In conclusion, forest-derived agroforests have the potential to maintain relatively high carbon stocks and a forest-like structure in the landscape, whereas fallow-derived agroforests contribute to convert historically forested open land into permanent tree-dominated land-use systems, thereby restoring carbon stocks. Thus, considering the land-use history of agroforests is important for conservation and restoration agendas.
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1. Introduction
Tropical forests play a globally important role for biodiversity and provide essential services to society (Corlett et al., 2008; Gibson et al., 2011; Watson et al., 2018). Furthermore, tropical forests have a strong influence on the global carbon cycle by storing up to 55% of global forest carbon stocks in plant biomass and soil (Pan et al., 2011). Consequently, the anthropogenic conversion of tropical forests has profound effects on many levels: forest conversion alters biodiversity and also impacts ecosystem functioning and ecosystem service provision of these forests (Brancalion et al., 2019; Isbell et al., 2015). Therefore, preventing tropical forest conversion is an important aspect of climate change mitigation and biodiversity conservation and represents a key goal in global international environmental agreements (Watson et al., 2018). Specifically, the strategies to reduce carbon emissions associated with deforestation and forest degradation are increasingly gaining attention by international policymakers (Brancalion and Chazdon, 2017; Chazdon et al., 2017; Verdone and Seidl, 2017). Additionally, international initiatives aim to mitigate climate change through carbon storage by restoring land and increasing tree cover in historically forested landscapes (Brancalion et al., 2019; Brancalion and Holl, 2020; Lewis et al., 2019).
The largest share of aboveground carbon stocks (ACS) in tropical forests is contained in trees (Clark et al., 2001; Houghton, 2007). Therefore, the most common proxy to evaluate these ACS within landscapes is to estimate the aboveground biomass of living plants, especially trees (Brown and Lugo, 1982; Chave et al., 2005), which can then be converted to estimate ACS. Specifically, in tropical human-modified landscapes, carbon storage is strongly influenced by land cover and land-use (Houghton, 2007). Hence, carbon-based funding schemes often translate into action on the ground via land management practices, such as agroforestry (Bhagwat et al., 2008; Lewis et al., 2019; Zomer et al., 2016).
[bookmark: _Hlk53406140]Agroforestry shapes human-modified landscape in many tropical countries by integrating trees into agricultural cropping systems for subsistence agriculture but also for cash-crop cultivation (Bhagwat et al., 2008; Zomer et al., 2016). Agroforestry has the potential to restore tree cover and associated carbon stocks (Albrecht and Kandji, 2003; Schroth et al., 2015). However, agroforests have contrasting land-use histories and can be either forest- or open-land-derived (Martin et al., 2020a), which might influence their role for carbon storage. Presumably, forest-derived agroforestry supports higher carbon stocks than open-land derived agroforestry, but essentially represents a degradation of forest, whereas open-land derived agroforestry contributes to rehabilitate historically forested open land (Martin et al., 2020a, 2020b). Even though several studies assess the carbon storage potential of agroforests (Beenhouwer et al., 2016), we are not aware of any study that directly compares carbon stocks of open-land- and forest-derived agroforests, thereby accounting for land-use history. 
[bookmark: _Hlk53406295]In north-eastern Madagascar, smallholder agroforests are a common element of the tropical mosaic landscape (Osterhoudt and Dove, 2017). These agroforests are used to cultivate vanilla (Vanilla planifolia), which is an important cash crop for the country’s economy and family livelihoods (Hänke et al., 2018). In these agroforests, small-statured trees provide support for the climbing vanilla orchid, and a variety of taller trees form the canopy and provide shade to the crop (Havkin‐Frenkel and Belanger, 2018). Household surveys from north-eastern Madagascar report that vanilla agroforests differ in land-use history: around 30% of vanilla agroforests are derived directly from the forest, whereas 70% of vanilla agroforests originate from fallow land that had formerly burned within the slash-and-burn cycle (Hänke et al., 2018). Global demand and high world market prices have led to a rapid expansion of vanilla agroforests in recent years (Llopis et al., 2019). Throughout Madagascar, forest cover decreased in the last decades, driven by agricultural practices and a diverse range of political, economic, cultural, demographic, and environmental factors (Scales, 2014). However, evidence of natural forest regeneration is limited (Harper et al., 2007; Irwin et al., 2010, Schüßler et al 2020). Thus, much of today’s remaining forest cover in north-eastern Madagascar is highly degraded and only a small share of old-growth forest remains intact (Schüßler et al., 2020). At the same time, Malagasy forests shelter a vast range of biodiversity with high endemism levels (Buerki et al., 2013; Callmander et al., 2011; Goodman and Benstead, 2005; Schatz, 2001; Willis, 2017), making these forest landscapes a national and global priority for conservation and restoration efforts (Ganzhorn et al., 2001; Myers et al., 2000; Willis, 2017).
[bookmark: _Hlk75335976][bookmark: _Hlk75334954]Vanilla agroforests cannot replace old-growth forests, but they can provide habitat for native wildlife (Hending et al., 2020, 2018; Martin et al., 2021; Fulgence et al., 2021; Raveloaritiana et al., 2021) and represent a means to retain or increase tree diversity and tree cover (Osen et al., 2021), and probably connectivity in a multifunctional landscape. Yet, considering their land-use history and management is key to unfold their full potential in a conservation context (Osen et al., 2021). Therefore, we hypothesize that land-use history also plays a role in determining the aboveground carbon stocks (ACS) in vanilla agroforests. Understanding to which extent vanilla agroforests of contrasting land-use history act as ACS reservoirs and understanding the driving factors at the plot level is important to better integrate such agroforests into conservation and restoration agendas.
[bookmark: _Hlk65860994]Using tree inventories, we examined the variation of ACS across tree-dominated land-use types in north-eastern Madagascar. The studied land-use types were forest- and fallow-derived vanilla agroforests, old-growth forests, forest fragments, and woody fallows as intermediary stages within a slash-and-burn shifting cultivation system. Specifically, we asked: (a) how do ACS vary among vanilla agroforests of contrasting land-use history as well as in comparison to other tree-dominated land-use types? (b) how do stem diameter and geographical origin vary proportionally across land-use types and how do they contribute to ACS patterns? Furthermore, we focussed specifically on vanilla agroforests and asked: (c) how does land-use history influence the respective effects of allometric variables underlying the ACS estimations within vanilla agroforests? 

2. Materials and Methods
2.1. Study area
We implemented our study in north-eastern Madagascar in the SAVA region (Figure 1). The tropical-humid climate has a mean annual temperature of 23.9°C and 2258 mm of mean rainfall per year across 58 study plots (based on CHELSA; Karger et al., 2017). The landscape is characterized by coastal lowlands, merging into hills and mountains, and was historically covered with humid evergreen forest with a high floristic diversity and high levels of endemism (Callmander et al., 2011; Goodman and Benstead, 2005; Schatz, 2001; Willis, 2017). Nowadays, the landscape comprises a mosaic of land uses consisting of vanilla agroforests, paddy rice fields, and different stages of slash-and-burn shifting cultivation for hill rice production (Malagasy: tavy), which is also a major driver of deforestation (Llopis et al., 2019). Additionally, the landscape is interspersed with forest fragments which are commonly used to harvest wood and other resources. Remnant areas of continuous old-growth forest with little or no human disturbance only remain in protected areas (Schüßler et al., 2020). The major cash crop in the study region is vanilla, which is cultivated in smallholder agroforests (Osterhoudt and Dove, 2017).
[image: ]
Figure 1: Study area map. Panel A: the island of Madagascar with the SAVA region at the north-eastern coast; panel B: the SAVA region with four main cities Sambava, Andapa, Vohemar, and Antalaha.; panel C: the study area with 2017 forest cover (Vieilledent et al., 2018), 10 study villages, and the two sampling sites in the old-growth forest of Marojejy National Park. This is a 1.5-column fitting image.
2.2. Study design and sampled land-use types
We conducted tree inventories and assessed aboveground carbon stocks (ACS) in the most common tree-dominated land-use types in the study region, namely vanilla agroforests, old-growth forests, forest fragments and naturally regenerating woody fallow as part of the slash-and-burn cycle. Vanilla agroforests differ in land-use history and can either be forest-derived or fallow-derived. Forest-derived agroforests are established by thinning the forest, cleaning the understory, and planting vanilla under the canopy of the forest remnant trees. Fallow-derived agroforests originate from fallow land that had formerly burned within the slash-and-burn cycle before trees re-established and vanilla was planted (Figure 2). We worked in ten villages within the study region (Figure 1c). Around each village, we selected three vanilla agroforests, one forest fragment, and one naturally regenerating woody fallow (Figure 2). Out of 30 chosen vanilla agroforests in our study, 20 agroforests were fallow-derived, and 10 agroforests were forest-derived. Since two landowners withdrew from the study, we finally collected data on 28 vanilla agroforests: 10 forest-derived and 18 fallow-derived agroforests. The 10 naturally regenerating woody fallows (Malagasy: savoka) in our study were characterized by a mix of herbaceous plants, shrubs and small trees, and had last burned 5 - 17 years before data collection. All 10 chosen forest fragments were either private or communal land that had not been burned in living memory but showed signs of regular extraction of timber, firewood, and other products. 
Additionally, we chose 10 old-growth forest plots within the Marojejy National Park. The park is the largest old-growth forest persisting in the study area and the extraction of timber, firewood, and other products is not allowed (Goodman, 2000). We chose 10 old-growth forest plots at two sites (5 plots at each), which showed the least indication of recent human disturbance at elevations below 700 meter above sea level (m.a.s.l.).
Overall, we worked on 58 plots and collected data between September 2018 and January 2019.
[image: ]
Figure 2: Schematic concept of typical transformation pathways from the old-growth forest into different land-use types highlighting the different land-use history pathways of vanilla agroforests. Artwork: Marie Rolande Soazafy. This is a 2-column fitting image
2.3. Plot design
We collected all data within circular plots of 25 m radius (1962.5 m2). We derived the mean slope and mean elevation of each study plot from the 30 m-resolution digital surface model "ALOS World 3D" by the Japan Aerospace Exploration Agency (JAXA) and applied slope correction. Plot slopes spanned from 1.6° to 27.4° (mean 9.8°, standard deviation (SD) 5.8°) and plot elevation spanned from 20 to 819 m.a.s.l (mean 208 m.a.s.l, SD 213 m.a.s.l.; Appendix H).
2.4. Aboveground plant biomass and carbon stocks assessment
On each plot, we recorded all plants with free-standing stems with ≥8 cm of diameter at breast height (DBH), including trees, arborescent herbs, palms, and tree ferns (but excluding lianas). For each individual, we measured the DBH at 1.3 m or immediately above the tallest buttress or stilt root, whenever this exceeded 1.3 m (Osen et al., 2021). Additionally, we recorded the total height of each individual from the base of the trunk to the highest point of the crown, using a Vertex III height meter (Haglöf, Långsele, Sweden). In the case of palms, we defined height as the length from the base of the trunk to the base of the lowest living leaf (Condit, 2008). 
We measured wood density for all tree species using a Pilodyn 6J wood tester (PROCEQ SA, Zurich, Switzerland). The Pilodyn wood tester measures the penetration depth of a metal pin into the stem wood of a tree and this value can be recalculated into wood density, using formula (1) following Kotowska et al. (2015), where h is the pin penetration [mm] and s is the wood density [g/cm3]:
ln(s) =0.8711 - 0.5763*ln(h) 	 (1).
We pooled pilodyn pin penetration values per species and matched them to the dataset. We obtained pilodyn values for 93% of all tree individuals and converted them to wood density values. If pilodyn values were not available for a certain species, we retrieved wood density values from the global wood density database (Chave et al., 2009) using the function “getWoodDensity” from the R-package BIOMASS (Réjou-Méchain et al., 2017). This function provided wood density data at the species, genus, or family level, depending on data availability (for 6% of all tree individuals). For 18 trees (0.3% of all tree individuals), we had no field measurements and could not retrieve wood density data from Chave et al. (2009), so we assigned the respective genus mean wood density value derived from our dataset (for 3 individuals). If genus mean wood density values were not available (for 15 individuals), we assigned the respective plot mean wood density derived from our dataset (Appendix G).
To estimate the aboveground plant biomass for trees (plants with woody stems, see Schatz (2001)), we used the pantropical allometric model by Chave et al., (2014) (Table 1).
For other non-woody plants such as palms, tree ferns (Cyathea sp.), bananas (Musa sp.), or traveller palms (Ravenala madagascariensis), we used different allometric equations from the literature (Table 1). For the arborescent monocotyledonous plants Dracaena sp. and Pandanus sp. we are not aware of any published allometric equation, so we used the same equation as for palms due to their structural similarity.
We obtained aboveground carbon stocks (ACS) by multiplying the estimated aboveground plant biomass per plant by 0.5, based on the assumption that plant biomass is 50% composed of carbon (Brown and Lugo, 1982; Chave et al., 2005). Only for the arborescent herbs of Musa sp., we multiplied the estimated aboveground biomass per plant by 0.46 to obtain ACS, following the concept of Danarto and Hapsari (2015). Overall, we summed up values for every plant per plot to obtain stand-scale ACS.
	Aboveground biomass per growth form
	Allometric equations
	Authors

	Trees
	AGB = 0.0673* (rho*D²*H)0.976
	Chave et al., 2014

	Tree ferns (Cythea sp.))
	AGB = 2.70*10-3*(D²*H)1.19
	Beets et al., 2012

	Ravenala madagascariensis
	ln (AGB)= -5.08 + 5.654*ln(H)–0.772*(ln(H)) ²
	Randrianasolo et al., 2019

	Banana (Musa sp.)
	AGB = 0.0303*D2.1345
	Danarto and Hapsari, 2015

	Palms
	AGB0.25 = 0.55512*(0.37* D² * Hstem)0.25
	Goodman et al., 2013

	Dracaena sp.
	AGB0.25 = 0.55512*(0.37* D² * Hstem)0.25
	Goodman et al., 2013

	Pandanus sp.
	AGB0.25 = 0.55512*(0.37* D² * Hstem)0.25
	Goodman et al., 2013



Table 1: Allometric equations used to determine aboveground biomass (AGB) for different tree-like plant growth forms. AGB is the estimated aboveground biomass (in kg), D the trunk DBH (DBH in cm), H the total height (in m), and rho the wood density (in g/cm3)

2.5. Species geographic origin
[bookmark: _Hlk75336927]We identified all living stems with DBH ≥ 8 cm on the plots and assigned local and scientific names with the help of one local expert and one taxonomic expert from the Missouri Botanical Garden team in Antananarivo. Scientific names and information on the geographic origin of each identified species are based on the Tropicos Madagascar Catalogue (https://www.tropicos.org/Project/Madagascar; accessed in January 2020; see Osen et al. (2021) for further details). 
2.6. Data analysis
We performed all analyses in R 3.6.3 (R Core Team, 2019) and used the R-package ggplot2 (Wickham, 2011) for data visualization.
To assess differences of ACS between the land-use type, we first tested for normality and homogeneity of variances. To meet the ANOVA-specific assumptions of homogeneity of variance, we log-transformed the ACS values and therefore address proportional rather than absolute variation (Mascaro et al., 2011). Then, we conducted an analysis of variance (ANOVA), followed by a Tukey's posthoc test using the R-package multcompView (Graves et al., 2019). 
To quantify the proportional contribution of stem diameter to stem density and ACS per land-use type, we assigned all stems to diameter classes: we classified plants with a DBH from 8-20cm as small-sized stems; plants with a DBH from >20-40cm as medium-sized stems; and plants with a DBH >40cm as large-sized stems, in line with McNicol et al. (2018).
To disentangle how much of the variation in ACS within vanilla agroforests can be explained by which of the allometric variables that underlie the ACS estimations, we set up a Linear Mixed Model (LMM) using the R-package lme4 (Bates et al., 2015). However, LMMs are impaired by collinearity (Zuur, 2009), so we first calculated a correlation matrix of all structural variables, to identify potential collinearity between variables, using the R-package corrplot (Wei et al., 2017). Since the mean DBH and mean height were highly correlated (Appendix A), we only selected mean DBH for our model. For the first LMM, we selected mean DBH, mean wood density and stem density as explanatory variables and scaled them to zero mean and unit variance, to facilitate effect size comparison. To test whether responses would differ between forest- and fallow-derived agroforests, we included interactions between land-use history (forest-derived vs. fallow-derived agroforest) and all explanatory variables. Furthermore, we included ‘village’ (N = 10) as a random effect to control for the nested structure of our sampling plots. Since the response variable ACS was not normally distributed, we applied a square root-transformation to the response variable (Mascaro et al., 2011). We checked model diagnostics for over- or underdispersion, outliers, and heteroscedasticity using the R-package DHARMa (Hartig, 2021) and found no model misspecification problems. We extracted model fit values using the R-package Effects (Fox and Weisberg, 2018) and produced model outputs with the R-package report (Makowski et al., 2020).
3. [bookmark: _Ref66646505][bookmark: _Hlk51315449]Results
3.1. Aboveground carbon stocks across land-use types
Mean aboveground carbon stocks (ACS) ranged from 5 megagram/hectare (Mg/ha) in woody fallows to 178 Mg/ha in old-growth forests. Forest fragments (51 Mg/ha) stored 71% less ACS than old-growth forests. Mean ACS between forest fragments and forest-derived agroforests (52 Mg/ha) was at par. Among vanilla agroforests, ACS differed significantly, based on land-use history: fallow-derived agroforests (16 Mg/ha) stored 69% less ACS compared to forest-derived agroforests. However, fallow-derived agroforests stored 220% more ACS than woody fallows (Figure 3; Appendix B).
[image: ]
Figure 3: Aboveground carbon stocks [Mg/ha = megagram/hectare] across the studied land-use types. Each point represents one study plot. The black horizontal lines within the boxplot represent the median of aboveground carbon for each land-use type. The lower and upper hinges of each box relate to the first quartile and the third quartile, respectively. The annotations (a-d) within the graph indicate signiﬁcant differences between land-use types after running ANOVA and Tukey’s HSD posthoc test. See Appendix C for numeric results. This is a 1.5-column fitting image. 

3.2. Contribution of stem diameter and geographic origin to total ACS
[bookmark: _Hlk52476409]Across all land-use types, large-sized stems (DBH >40 cm) were proportionally rare and represented only 1 - 5% of all stems (Figure 4A), yet they accounted for 21 - 42% of ACS in human-modified land-use types and even 61% of ACS in old-growth forests (Figure 4B). Within vanilla agroforests, small-sized stems (DBH 8 – 20 cm) represented the largest proportion in fallow-derived agroforests (83% of stems) and forest-derived agroforests (59% of stems) but accounted only for 24% of ACS in fallow-derived and 16% of ACS in forest-derived agroforests. Medium-sized stems (DBH >20°cm - 40 cm) represented 13% of stems in fallow-derived and 36% in forest-derived agroforests and accounted for 35% of ACS in fallow-derived and 55% of ACS in forest-derived agroforests. Large-sized stems (DBH >40 cm) represented only 3% of stems in fallow-derived and 5% in forest-derived agroforests, yet they accounted for 42% of ACS in fallow-derived and 30% of ACS in forest-derived agroforests (Appendix D). 
Old-growth forests and forest fragments harboured almost exclusively endemic and native stems (Figure 4C). In forest-derived agroforests, 84% of stems were endemic or native while introduced stems represented 13% of stems and contributed only to 5% of AC (Figure 4D). In contrast, fallow-derived agroforests were dominated by introduced stems (63%) which contributed to 56% of ACS. Endemic and native stems represented 31% of stems in fallow-derived agroforests and contributed to 34% of ACS. Woody fallows had a higher share of endemic and native stems (62%) with a higher contribution to ACS (75%) compared to fallow-derived agroforests (Appendix E).
	[image: ]



Figure 4: Proportional contribution of stem diameter classes and species’ geographic origin to stem density and aboveground carbon stocks (ACS) per land-use type. Panel A: contribution of stem diameter classes (small diameter ranges from 8-20cm, medium sized-diameter from >20-40cm, and large trees with DBH>40cm) to stem density per land-use type; panel B: contribution of stem diameter classes to ACS per land-use type; panel C: contribution of species’ geographic origin (endemic; native; introduced; unknown) to stem density per land-use type; panel D: contribution of species’ geographic origin to ACS per land-use type. See Appendix D & E for numeric summary. This is a 2-column fitting figure.

3.3. Determinants of aboveground carbon stocks within vanilla agroforests
[bookmark: _Hlk53388234][bookmark: _Hlk71905424]The allometric variable model (Figure 5; Appendix F) revealed that ACS significantly increased with increasing mean stem diameter and stem density. Both stem density and stem diameter had comparable effects on ACS. Mean wood density showed a positive trend but no significant effect on ACS. Furthermore, land-use history did not show significant interactions neither with mean diameter, stem density nor mean wood density, showing that the effect of all three variables on ACS is the same in forest- and fallow-derived agroforests. The model's explanatory power related to the fixed effects alone was high (marginal R² of 0.91). 
[image: ]
Figure 5: Effects of allometric variables on aboveground carbon stocks (ACS) across vanilla agroforests of different land-use history, based on a multiple linear mixed effects model. Panel A: effects of mean DBH (diameter at breast height) on ACS across agroforests; panel B: effect of stem density on ACS across agroforests; panel C: effect of mean wood density on ACS across agroforests. Solid regression lines show significant model predictions (p-value<0.05). Dashed line shows the non-significant correlation. We included all allometric variables in interaction with land-use history (forest-derived vs fallow-derived vanilla agroforest) and added ‘village’ (N = 10) as a random effect. This is a 2-column fitting image. See Appendix F for numeric model results.

4. Discussion 
Based on plot inventory data, we demonstrate that old-growth forests provided the highest aboveground carbon stocks (ACS) in the mosaic landscape of north-eastern Madagascar, but other tree-dominated land-use types such as vanilla agroforests or forest fragments also contributed to ACS at moderate levels. Within vanilla agroforests, ACS were highly variable and strongly differed based on land-use history: mean ACS in fallow-derived agroforests were 68% lower than in forest-derived agroforests. Additionally, ACS in forest-derived agroforests were mainly provided by native and endemic trees, whereas ACS in fallow-derived agroforests were mainly provided by introduced trees. Furthermore, we show that among the allometric variables which underlie the ACS estimations, stem diameter and stem density had comparable effects on ACS in agroforests, whereas wood density played a minor role, independent of land-use history. 
[bookmark: _Hlk73369798][bookmark: _Hlk74580365]Overall, our findings emphasize the importance to consider land-use history when assessing the carbon storage potential of agroforests: forest-derived agroforests can play an important role to maintain ACS through large-statured native and endemic tree species, yet these agroforests result from forest degradation. In contrast, fallow-derived agroforests largely comprise introduced tree species but contribute to recover ACS on historically forested fallow land, especially if trees are allowed to mature. 
4.1	Aboveground carbon stocks across land-use types
[bookmark: _Hlk65865100]The mean ACS of old-growth rainforest in our study (177 Mg/ha) was slightly lower compared to mean estimates of 209 Mg/ha recorded for tropical lowland rainforests in continental Africa (Slik et al., 2013). Other studies from Malagasy lowland rainforests also report mean ACS estimates of 150 Mg/ha (Vieilledent et al., 2016) and 99.5 Mg/ha (Asner et al., 2012), that lie below the mean of 209 Mg/ha for African lowland rainforests (Slik et al., 2013). This difference could trace back to the structural composition of Malagasy lowland forests with relatively low canopies and relatively high stem densities compared to other tropical forests in continental Africa (Gouvenain and Silander, 2003). These structural characteristics are likely independent of human influence but rather linked to cyclone dynamics (Gouvenain and Silander, 2003), which regularly lead to locally strong tree damages, especially along the eastern coast (Birkinshaw and Randrianjanahary, 2009) where we conducted this study.
Large-sized trees with a DBH >40 cm were rare in our study, yet they contributed disproportionately to ACS across all land-use types, representing a sizeable component of the landscape's carbon reservoir. Furthermore, large-sized trees are often old, prolonging the residence time of carbon within the wood (Chambers et al., 1998). Apart from their outstanding role for carbon stocks, large-sized trees within landscapes represent keystone structures and play unique ecological roles which cannot be fully compensated by younger and smaller trees, making the global decline of large-sized trees even more worrying (Lindenmayer et al., 2012). 
Old-growth forests harboured more large-sized trees and stored significantly more ACS than all human-modified land-use types, corroborating that the density of large trees predominantly explains ACS variation in pantropical forests (Slik et al., 2013). Additionally, old-growth forests harboured almost exclusively endemic and native stems which further underlines the ecological importance of old-growth forests, making their protection the most effective strategy to maximize carbon storage as well as associated biodiversity and ecosystem services (Cook-Patton et al., 2020; Lewis et al., 2019). Yet, high land-use pressure often causes habitat fragmentation (Haddad et al., 2015), restricting continuous old-growth forests to protected areas (Morelli et al., 2020). Outside of protected areas, forests often undergo degradation to fragments or transformation to other land uses and the remaining Malagasy forest cover is highly fragmented (Vieilledent et al., 2018). The forest fragments in our study stored 71% less ACS than old-growth forests, likely due to the selective extraction of large-sized trees from forest fragments, as residents use these fragments to obtain timber and other forest products (Urech et al., 2015). Even though forest fragments undergo structural degradation, lose large-sized trees, and store less ACS than old-growth forests, they can still provide habitat for forest-dependent tree species (Osen et al., 2021), thus playing an important ecological role in the mosaic landscape. However, in a pantropical comparison, Madagascar counts among the countries with the highest forest fragment loss rates (Hansen et al., 2020) and studies predict that forest fragments in the agricultural landscapes are likely to disappear over time (Morelli et al., 2020; Schüßler et al., 2020).
In our study, forest-derived agroforests had a lower stem density than forest fragments but harboured proportionally more large-diameter trees (DBH >40 cm), which resulted in similar mean ACS for both land-use types. Considering the distribution of stems, more than 70% of stems in forest fragments had a small diameter (DBH <20 cm) and contributed proportionally little to ACS, whereas forest-derived agroforests had a higher share of large and medium-sized stems, with a proportionally high ACS contribution. Most likely, this is linked to farmer’s agroforest management strategies to maintain few but large stems in their agroforests to provide shade for the vanilla vines. In this context, the felling of large trees would cause damage to nearby vanilla vines and ultimately reduce vanilla yields, thus farmers carefully consider the costs and benefits of felling large trees in their vanilla agroforests (personal communication with farmers). Similar management practices have been reported from coffee agroforests, where farmers retain large trees and remove smaller trees (Valencia et al., 2016). 
Additionally, ACS in forest-derived agroforests was mainly stored in endemic or native stems, whereas introduced stems contributed only to 5% of ACS. Thus, forest-derived agroforests can contribute to sustain endemic and native tree species and promote the longevity and stability of ACS within the mosaic landscape, as they rarely undergo drastic clearing after initial establishment (Martin et al., 2020b). 
Fallow-derived agroforests stored 68% less ACS than forest-derived agroforests and were mainly dominated by small stems (DBH <20 cm) whereas large stems (DBH >40 cm) were rare. Additionally, ACS in fallow-derived agroforests was mainly stored in introduced stems. However, in comparison to woody fallows, fallow-derived agroforests had 67% more ACS. This indicates that the transformation from woody fallows to fallow-derived vanilla agroforests provides a tree rehabilitation potential because fallow-derived vanilla agroforests can become structurally similar to forest-derived agroforests over time (Martin et al., 2020b), which likely also translates into increasingly similar ACS in agroforests over time. However, when comparing fallow-derived agroforests with woody fallows, ACS in fallow-derived agroforests were mainly stored in introduced stems (63% of stems; 56% of ACS), whereas ACS in woody fallows were mainly stored in native and endemic trees (62% of stems; 75% of ACS). This suggests that the transformation from woody fallows to fallow-derived agroforests might increase ACS at the expense of native tree species because farmers prefer the use of introduced tree species in fallow-derived agroforests. This has also been reported from cacao and coffee agroforests, where management practices on fallow-derived agroforests favoured introduced tree species (Anglaaere et al., 2011), or pioneer species with negative impacts on late-successional trees of conservation concern (Valencia et al., 2016).
4.2	Disentangling effects of ACS variation within vanilla agroforests
[bookmark: _Hlk65860135][bookmark: _Hlk65857422]Looking at the allometric variables which underlie the ACS estimations, our results show that variation in ACS was mainly influenced by mean stem diameter and stem density per plot, whereas mean wood density played only a minor role, and land-use history had no significant effect on ACS variation. Thus, agroforests with more and larger stems increase ACS, independent of land-use history. Consequently, maintaining large-diameter trees or promoting their growth would lead to ACS increases in both types of agroforests. This result is in line with findings from other tropical forest systems, which show that increases in the frequency and mean size of stems influence biomass accumulation (Jucker et al., 2016; Bordin et al., 2021; Slik et al 2013) and ACS variation is largely driven by differences in stem density, light availability and structural complexity (van der Sande et al., 2017).
In our study, mean wood density showed a positive trend but had no significant effect on ACS variation agroforests, independent of land-use history. Usually, succession theory in wet tropical forests predicts that fast-growing tree species are soft-wooded and are initially abundant, but dense-wooded tree species replace them in the long term (Poorter et al., 2019). However, the effect of wood density on ACS in agroforests seems to be less relevant, as long as stand basal area remains high. 
4.3	Integrating vanilla agroforests of contrasting land-use history into conservation and restoration agendas
[bookmark: _Hlk65873992]Our results show that ACS in vanilla agroforests were extremely variable, but consistently much lower than in old-growth forests. Consequently, tree-dominated agriculture practices such as agroforestry cannot replace but complement old-growth forests to maintain carbon stocks in a human-modified landscape. Vanilla agroforests can act as permanent carbon stock reservoirs because once they are successfully established, vanilla sales provide considerable income, making it unprofitable to abandon or clear-cut the agroforests (Martin et al., 2020b). Yet, agroforests show significant differences in species composition, diversity, and structure compared to the old-growth forest (Osen et al., 2021) and these differences also result in ACS differences. Furthermore, the contrasting land-use histories of agroforests require different approaches to unfold their full potential within national conservation and restoration agendas. We show that forest-derived agroforests stored significantly higher carbon stocks that were mainly stored in native and endemic species, whereas fallow-derived agroforests stored lower carbon stocks that were mainly provided by introduced species. Thus, a narrow focus on carbon may incentivize maintaining large-diameter stems while losing sight of many species with low carbon values but considerable local and biological importance (Ferreira et al., 2018). Due to the unique species assemblages in Malagasy lowland forests with large numbers of endemic species, human modifications could lead to local species loss, culminating in extinction. This might have severe consequences because even small threats to plant diversity can have direct effects on community diversity, structure, and function of mammals and birds (Park and Razafindratsima 2019). This calls for strategies that align both carbon stocks and biodiversity goals. 
Our results further show that land-use history is intricately linked with land management interventions and affects the potential of vanilla agroforests to store ACS. Interventions to cut stems, add stems, or retain stems affect the stem density and diameter, which had the strongest influence on ACS. Changes in the basal area also influence the canopy structure (Midgley et al., 2002) and the selection of which tree species to extract, retain or add, directly influences species richness (Braga et al., 2019). Thus, land-use history offers different baselines for management interventions to promote both carbon stocks and biodiversity goals: forest-derived agroforests can achieve high ACS if landowners retain a diversity of large-sized native and endemic trees. Maintaining closed canopies would be most favourable for endemic biodiversity (Raveloaritiana et al., 2021) and predation (Schwab et al., 2021). Additionally, increasing canopy cover does not seem to impair yields, so vanilla agroforests can contribute to maintaining ACS and increase canopy cover within the landscape matrix over time, without yield trade-offs (Martin et al., 2020b). However, if canopy clearing interventions are necessary, they should target small-statured trees, while maintaining large-diameter trees to limit ACS losses. In contrast, fallow-derived agroforests largely host introduced tree species but contribute to ACS recovery on historically forested fallow land, especially if they allow trees to mature, resulting in large-diameter trees. To increase benefits for biodiversity in fallow-derived agroforests, the provision of incentives, for example embedded in sustainability certification schemes, might encourage landowners to maintain or plant native or endemic trees species (Tscharntke et al., 2015). Thus, fallow-derived agroforests provide favourable conditions to equally promote ACS, biodiversity, and ecosystem services, if management interventions maximize structural and floristic diversity.
5. Conclusion
This study confirms the unique value of old-growth forests to combine large carbon reservoirs while sheltering associated biodiversity. We also provide empirical support that agroforests can act as carbon reservoirs in a multifunctional landscape, but considering their land-use history and management is important to maximise their benefits: forest-derived agroforests support higher aboveground carbon stocks than fallow-derived agroforests and have the potential to maintain a forest-like structure with native and endemic trees in the landscape, whereas fallow-derived agroforests take land out of the slash-and-burn cycle by converting it into permanent tree-dominated land-use systems. Thus, fallow-derived agroforests provide favourable conditions for long-term tree cover rehabilitation with low opportunity costs. If landowners aim to increase carbon stocks in their agroforests, they best retain large-diameter trees or promote their growth. Additionally, the local and biological importance of taxonomic and functional tree diversity calls for strategies that safeguard habitat, biodiversity, and ecosystem services.
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