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Abstract 25 

Identifying the impacts of anthropogenic fires on biodiversity is imperative for human-26 

influenced tropical rainforests because – i) these ecosystems have been transformed by human-27 

induced fires for millennia; and ii) their effective management is essential for protecting the 28 

world’s terrestrial biodiversity in the face of global environmental change. While several short-29 

term studies present the impacts of fires on local plant diversity, how tropical plant diversity 30 

responds to fire regimes over long time scales is a significant knowledge gap, posing 31 

substantial impediment to evidence-based management of social-ecological systems. Using 32 

wet evergreen forests of Western Ghats of India as a model system, we discuss the synergistic 33 

effects of anthropogenic fires and enhanced aridity on tropical plant diversity over the past 34 

4000 years by examining fossil pollen-based diversity indices (e.g., pollen richness and 35 

evenness, and temporal β-diversity), past fire management, the intervals of enhanced aridity 36 

due to reduced monsoon rainfall, and land use history. By developing a historical perspective, 37 

our aim is to provide region-specific management information for biodiversity conservation in 38 

the Western Ghats. We observe that the Western Ghats agroforestry landscape switches 39 

between periods of no fires (4000-1800 yr BP, and 1400-400 yr BP) and fires (1800-1400 yr 40 

BP, and 400-0 yr BP), with both fire periods concomitant with intervals of enhanced aridity. 41 

We find synergistic impacts of anthropogenic fires and aridity on plant diversity uneven across 42 

time and suggest that this is potentially due to different land management strategies. For 43 

example, during 1800-1400 yr BP, diversity reduced in conjunction with a significant decrease 44 

in the canopy cover related to sustained use of fires, possibly linked to large-scale 45 

intensification of agriculture. On the contrary, the substantially reduced fires during 400-0 yr 46 

BP may be associated with the emergence of sacred forest groves, a cultural practice supporting 47 

the maintenance of plant diversity. Overall, notwithstanding apparent changes in fires, aridity, 48 

and land use over the past 4000 years, present-day plant diversity in the Western Ghats 49 
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agroforestry landscape falls within the range of historical variability. Importantly, we find a 50 

strong correlation between plant diversity and canopy cover throughout the record, 51 

emphasising the crucial role of active fire management and maintaining tree cover for 52 

biodiversity conservation. Systematic tree management in tropical social-ecological systems is 53 

vital for livelihoods of billions of people, who depend on forested landscapes. In this context, 54 

we argue that agroforestry landscapes can deliver win-win solutions for biodiversity as well as 55 

people in the Western Ghats and wet topics at large. 56 

 57 

Keywords 58 

Agroforestry; biodiversity conservation; evidence-based policymaking; fire management; 59 

social-ecological systems; wet tropics  60 
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1. Introduction 61 

Conservation managers aim to mitigate past environmental degradation and simultaneously 62 

strive to design resilient and self-sustaining future ecosystems (Society for Ecological 63 

Restoration International Science & Policy Working Group, 2004). The value of 64 

palaeoecological approach in conservation management has been widely recognised (Jackson, 65 

2007; Froyd and Willis, 2008; Birks, 2012; Gillson, 2015; Whitlock et al., 2018) because of 66 

the insights it can lend into past ecological information relevant to management frameworks 67 

(e.g., baseline conditions, historic land management). For example, fires have often been 68 

viewed as a damaging factor to forest ecosystems worldwide and, therefore, fire prevention is 69 

routinely implemented as a mechanism for landscape restoration and biodiversity conservation 70 

(Wright and Heinselman, 1973; Gadgil and Guha, 1993; Tacconni et al., 2007). However, 71 

diverse lines of research on ecological history (e.g., Swain, 1973; Clark et al., 1989; 72 

Dunwiddie, 2001; Burrows, 2008; Leys et al., 2014; Anderson and Keeley, 2018) demonstrate 73 

that fires are a fundamental ecological process in most ecosystems and strict fire prevention 74 

could be detrimental to biodiversity (Colombaroli et al., 2019; Słowiński et al., 2019; 75 

McLauchlan et al., 2020). While such scientific understanding has led to comprehensive fire 76 

management and conservation plans in some parts of the world (e.g., Brown et al., 1991; 77 

Keeley, 2006), there currently is a shortfall in evidence-based policymaking for effective 78 

biodiversity conservation in human-influenced tropical landscapes (Karanth and DeFries, 79 

2010; Juárez-Orozco et al., 2017). Considering the close association between tropical 80 

landscapes and fires since prehistoric times (Bowman et al., 2009; Cochrane, 2011; Roberts et 81 

al., 2017), it is imperative to identify the impacts of fires on biodiversity in these ancient social-82 

ecological systems. How tropical plant diversity responds to fire regimes over long time scales 83 

is a significant knowledge gap that needs to be addressed for sustainable management of these 84 

human-influenced landscapes (Driscoll et al., 2010; Seddon et al., 2014). 85 
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Among human-influenced landscapes, agroforestry – a practice of planting crops under 86 

or alongside native shade trees – holds special promise for biodiversity conservation (McNeely 87 

and Schroth, 2006; Bhagwat et al., 2008). Agroforestry landscapes promote intentional 88 

management of trees in productive agriculture and support the livelihoods of people including 89 

those living in world’s biodiversity hotspots (Ashley et al., 2006; Miller and Nair, 2006; Fisher 90 

and Christopher, 2007; Chavan et al., 2015). The Western Ghats of India (Fig. 1) is one such 91 

biodiversity hotspot with ancient agroforestry systems and well-established fire management 92 

practices (Asouti and Fuller, 2008; Krishna and Morrison, 2010). Notably, fires in the wet 93 

evergreen forests of the Western Ghats are predominantly anthropogenic in nature because 94 

fires caused by natural phenomena (e.g. lightning strikes) rarely spread beyond small areas in 95 

moist evergreen forest ecosystems (Kodandapani et al., 2004, 2008). However, small-scale 96 

farmers typically burn fallow land very locally and these fires may unintentionally spread over 97 

wide areas during exceptionally hot and dry years (Bowman et al., 2011; Cochrane, 2011). 98 

Such anthropogenic fires are particularly alarming in light of the projected weakening of the 99 

Indian Summer Monsoon (henceforth, monsoon) and resultant rainfall irregularities in the 100 

Subcontinent (Sinha et al., 2011; Roxy et al., 2015; Mishra et al., 2020). Thus, the most 101 

significant consequence of future environmental change could be extended periods of aridity, 102 

resulting into drier fuel loads and more frequent spread of anthropogenic fires beyond 103 

agricultural land (Kodandapani et al., 2009). In this context, we examine the combined effects 104 

of anthropogenic fires and aridity on plant diversity in the Western Ghats agroforestry 105 

landscapes over the past 4000 years, a period known for incipient weakening of monsoon and 106 

enhanced aridity in the Indian Subcontinent (Dixit et al., 2014; Kathayat et al., 2017). By 107 

developing a historical perspective, our aim is to provide region-specific management 108 

information for biodiversity conservation in the Western Ghats and wet tropical agroforestry 109 

landscapes at large. Thus, we address the following questions: 110 
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1) How has the plant diversity changed over the past 4000 years? 111 

2) What are the synergistic effects of anthropogenic fires and the weakening of monsoon 112 

(enhanced aridity) on plant diversity and vegetation composition? 113 

3) What are the potential implications of historical fire regimes in sustaining plant diversity in 114 

a tropical social-ecological system? 115 

These questions are relevant for understanding transformation of tropical forests into intricate 116 

social-ecological systems, assessing the role of fire management and its effects on plant 117 

diversity under current and future environmental change. 118 

 119 

2. Materials and methods 120 

2.1 The study site in the Western Ghats 121 

The Western Ghats is a mountain range running along the western coast of peninsular India 122 

(Fig. 1a). The mid-elevation (500–1500 m asl) terraces constitute over 90% of the Western 123 

Ghats, presenting a mosaic of wet evergreen rainforest and grasslands shaped by human 124 

activities, particularly fire (Premathilake, 2006; Kodandapani et al., 2009). Here we utilise one 125 

such mid-elevational sedimentary sequence (hereafter, Agroforest-1), derived from the Kodagu 126 

district of Karnataka i.e. the central part of the Western Ghats (Fig. 1). The region boasts the 127 

extensive network of wet evergreen rainforest reserves primarily of Mesua-Palaquium type 128 

(Ramesh and Pascal, 1997), occupying about 30% of the landscape (Fig. 1b; Bhagwat et al., 129 

2005a). In addition to these formally protected forests, c. 60% of the landscape is managed as 130 

agroforestry with high tree-canopy shading coffee plantations while remaining 10% of the 131 

landscape is under rice cultivation (Bhagwat et al., 2005b). The Agroforest-1 sequence is 132 

extracted from a small swamp situated in a coffee estate (12° 9' 14"N, 75° 42' 47"E; 910 m asl) 133 

surrounded by a patchwork of arable land and forest fragments (Fig. 1b). At the site, coffee 134 

(Coffea arabica var. robusta) is planted in the understorey of shade trees (Fig. 1c), many of 135 
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which are representative of native vegetation mixed with betel nut palm (Areca catechu; 136 

Bhagwat et al., 2012). The site is less than 10 km away from a forest reserve currently under 137 

government protection (Fig. 1b). 138 

Figure 1: (a) The Western Ghats (WG) of India (after Mirza et al., 2014). The circle represents 139 

the location of the study site in the Central part of the WG, located in Kodagu District, 140 

Karnataka. (b) Google Image of the Kodagu region; the sedimentary sequence under study 141 

(12°9'14"N, 75°42'47"E; shown with a circle) is derived from a coffee agroforestry setting from 142 

the middle reaches of the Western Ghats (Data source: https://earth.google.com/). (c) An 143 

example of a coffee plantation grown under the shade of native trees in Kodagu, Western Ghats, 144 

India. A layer of coffee bushes is seen in the understorey and a canopy of native trees is seen 145 

above this layer. Such plantations of shade-grown coffee in many tropical regions have canopy 146 

structure similar to that of secondary forests. The shade of native trees provides habitat for 147 

many forest-dwelling species in otherwise highly human-dominated landscapes (Image Credit: 148 

Shonil A. Bhagwat). 149 

https://earth.google.com/
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2.2 Extent and components of canopy cover 150 

Drawing upon a robust chronology and a high-resolution pollen record (Bhagwat et al., 2012; 151 

Nogué et al., 2018), we classify Agroforest-1 fossil pollen taxa into three groups: canopy-152 

forming woody taxa (i.e. arboreal pollen (AP) types including trees, shrubs, lianas, climbers), 153 

grassland taxa (Poaceae and Cyperaceae), and herbaceous understorey taxa (all other non-154 

arboreal pollen types; Fig. 2). The percentage (%) abundances of the above groups specify the 155 

discrete extents of the canopy cover, grassland, and understorey vegetation in the Western 156 

Ghats agroforestry landscape respectively (Figs. 2-3a). Additionally, we provide the individual 157 

relative abundances of 20 habitat-specialist evergreen rainforest trees that are indicative of low 158 

disturbance and closed-canopy forest (Laurance et al., 2007; Fig. 2). These long-lived 159 

evergreen trees constitute the subsection of the Western Ghats rainforest exhibiting forest 160 

structural changes (Nogué et al., 2018). We also juxtapose the individual relative abundances 161 

of commonly cultivated plant taxa (e.g. Coffea) to differentiate the anthropogenic components 162 

of the forest ecosystem (Fig. 2). 163 

 164 

2.3 Plant diversity 165 

It is long debated whether or not pollen-assemblage richness accurately reflects plant diversity 166 

(see Birks et al., 2016), however, recent studies (e.g., Meltsov et al., 2011; Odgaard, 2013; 167 

Felde et al., 2014) demonstrate that within one vegetation or climatic region, pollen richness 168 

can give reliable estimates about the variation in plant richness and landscape structure. 169 

Following this lead, we apply rarefaction analysis to the terrestrial pollen dataset of Agroforest-170 

1 to determine plant richness i.e. plant diversity. Using the ‘vegan’ package (Oksanen et al., 171 

2013) and a self-written computer code in the R environment (R Core Team, 2014), we estimate 172 

richness as the effective number of taxa (N0), the expected number of common taxa (N1), and 173 

the expected number of dominant taxa (N2; Fig. 3b). These measures provide information at  174 
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different levels based on how rare and abundant taxa are weighted (Hill, 1973). Instead of 176 

taking a classical rarefaction approach (Birks and Line, 1992), we resample randomly and 177 

without replacement the pollen counts 1000 times to the smallest sample size (here n=243) to 178 

calculate the mean and 95% confidence intervals for N0, N1, and N2 (Felde et al., 2016; 179 

Finsinger et al., 2017). We also calculate the evenness as N2/N0 (Fig. 4), which is thought to 180 

be a reliable indicator of plant diversity (See Hill, 1973; Odgaard, 2008; Tuomisto, 2012). 181 

However, considering the size of the swamp under study (<1 ha) and corresponding small-182 

intermediate pollen source area (~10-20 km; Prentice, 1985; Sugita, 1993), our record would 183 

more likely show a high correlation between pollen-assemblage richness and evenness (e.g. in 184 

Colombaroli et al., 2013). To estimate diversity of the canopy-forming woody taxa, we apply 185 

the same method exclusively to the sum total of arboreal pollen (AP) types (including trees, 186 

shrubs, lianas, climbers) in the Agroforest-1 record (Fig. 4). 187 

 188 

2.4 Change in vegetation composition over time 189 

In palaeoecological time series, temporal β-diversity is a measure of change in vegetation 190 

composition between adjacent samples using the rate-of-change metric (Birks, 2007). To 191 

estimate change in vegetation composition over time, we first linearly interpolated the pollen 192 

percentages on equal time intervals, and subsequently calculated the dissimilarity between 193 

adjacent samples using the chord distance of square-root transformed percentage values (Birks 194 

and Birks, 2008). Chord distance values range between zero (no change in vegetation 195 

composition) and two (complete change in vegetation composition, i.e. the two assemblages 196 

have no species in common). The trends are illustrated by a LOESS-smoothed curve 197 

(Cleveland and Devlin, 1988). Considering the varying sample resolution across the 198 

Agroforest-1 sequence (Fig. S1), we present two sets of temporal β-diversity records obtained 199 

with different interpolation-window widths – one for the entire 4000-yr period at 260-yr 200 
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resolution while another for the last 2000 yr BP at 150-yr resolution (Fig. 3c). By employing a 201 

shorter interpolation-window width for the past 2000 years, we are able to visualise 202 

transformations in vegetation composition associated with intensified burning and land use 203 

change in the Western Ghats agroforestry landscape (Fig. 3c). 204 

 205 

2.5  Past fire management 206 

For reconstructing fire history, we perform high-resolution macroscopic charcoal analysis at 207 

1-cm resolution (~28 yr per sample). Following Finsinger et al., (2014), 1 cm3 of sediments are 208 

deflocculated and bleached overnight with a 10% Sodium hexametaphosphate + 5% Sodium 209 

hypochloride mixture followed by wet sieving through a 150 µm mesh. Thereafter, samples 210 

are suspended in 15% Hydrogen peroxide for 15-20 minutes, subsequently wet sieved and 211 

manually counted under a binocular microscope. To ensure the consistency in data collection, 212 

we re-analyse the macro-charcoal samples from 0-1197 yr BP utilised in Nogué et al., (2018b). 213 

In addition, we utilise Agroforest-1 microscopic charcoal record by Bhagwat et al., (2012; Fig. 214 

3e). All charcoal concentrations (number of pieces cm-3) are transformed to charcoal 215 

accumulation rates (CHAR; pieces cm-2yr-1) using the sediment accumulation-rate values in 216 

Nogué et al., (2018; see Fig. S1 and Table S4). Overall, macroscopic charcoal (<600 µm) and 217 

microscopic charcoal pieces can be dispersed over large distances (up to 30-50 km; Tinner et 218 

al., 1998; Oris et al., 2014; Adolf et al., 2018). Thus, the low-frequency background component 219 

of macroscopic charcoal (CHARback) and the microscopic charcoal trends are considered as 220 

proxies for the fire activity at the landscape-scale (Marlon et al., 2008; Adolf et al., 2018). We 221 

estimate the background component by interpolating the macro-charcoal record using a 222 

constant temporal resolution of 13 years (i.e. the median sediment-accumulation rate), followed 223 

by LOWESS smoothing (Fig. 3d). 224 

 225 



12 

 

2.6 Monsoon variability and intervals of enhanced aridity  226 

During the monsoonal months of June-September (JJAS), the Central Western Ghats receive 227 

c. 2000 mm of average rainfall (Ambinakudige and Sathish, 2009). While February-March can 228 

be the driest months with little to no rainfall, the pre-monsoon months of April-May bring 229 

small amount of rainfall (c. 200 mm/month; Sukumar et al., 2004). Taking this rainfall pattern 230 

into consideration, we bring two independent lines of evidence to detect the intervals of 231 

enhanced aridity in response to reduced monsoon rainfall. First, using a Community Climate 232 

System Model-based PaleoView (Fordham et al., 2017), we obtained mean JJAS rainfall for 233 

the Kodagu region at 20-yr resolution (Fig. 3f). Although PaleoView provides substantially 234 

lower JJAS rainfall values than the reported average (1300 vs. 2000 mm), it is the relative 235 

changes in rainfall that we focus on for identifying intervals of enhanced aridity on the regional 236 

scale. In addition, we employ an extremely high-resolution (c. 1.8 years on average) and well-237 

dated speleothem record from North India to identify the weakening of the monsoon in the 238 

Indian subcontinent (Kathayat et al., 2017; Fig. 3g). Despite possible regional heterogeneities 239 

within the subcontinent, we compare both records to identify common arid intervals across the 240 

past 4000 years. 241 

 242 

2.7 Land use history 243 

The Western Ghats has a long history of human occupation and modification as early as 244 

8,00,000 yr BP (Pappu and Deo, 1994; Gaillard et al., 2010). While the roots of agriculture-245 

pastoralism in the region can be traced back to c. 5000 yr BP (Fuller et al., 2004), the 246 

agroforestry systems in particular is thought to be in existence for the past 2000 years (Krishna 247 

and Morrison, 2010). Based on the review of archaeological and environmental history 248 

literature (e.g., Rice, 1878; Chandran, 1997; Asouti and Fuller, 2008; Krishna and Morrison, 249 

2010), we compiled a summary of land use history of the Kodagu region through notable 250 
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ecological, social and political changes (Fig. 3, top panel). The key societal transitions i.e. 251 

changes in land management either through intensification of existing strategies and/or through 252 

introduction of new means help us explore the historic roots of fires in the Western Ghats. 253 

Figure 3: Temporal transformation of the Western Ghats agroforestry landscape over the past 254 

4000 years:  255 
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(a) The extent (%) of the canopy cover (solid green) and the abundance of understory herbs 256 

(dashed); 257 

(b) Plant diversity signified using the pollen richness (N0) of all terrestrial taxa; 258 

(c) Temporal β-diversity (expressed in chord distance) suggestive of the change in vegetation 259 

composition over time, calculated at 260-yr resolution (dotted) and 150-yr resolution; 260 

(d-e) Anthropogenic fires based on macroscopic (CHAR; pieces cm-2yr-1) and microscopic 261 

(CHAR; x103 pieces cm-2yr-1) charcoal analysis; the thick brown line in macro-charcoal record 262 

is a 13-yr wide lowess-smoothing depicting charcoal background; 263 

(f) Regional monsoonal months (JJAS) rainfall (mm) at 20-yr interval; 264 

(h) δ18O speleothem record from North India demonstrating Indian Summer Monsoon (ISM) 265 

intensity (after Kathayat et al. 2017). 266 

Yellow bars highlight the intervals of increased aridity. Pink and blue bars indicate the 267 

Medieval Warm Period (MWP) and Little Ice Age (LIA). The top panel shows the summary 268 

of land use history of the Kodagu region through notable ecological, social and political 269 

changes (based on Rice, 1878; Subash Chandran, 1997; Asouti and Fuller, 2008; Krishna and 270 

Morrison, 2010). Within the Historic Period, S = Satavahana Dynasty (2050-1800 yr BP), K = 271 

Kadamba Dynasty (1600-1350 yr BP), H = Hoyasala Kingdom (850-650 yr BP), V = 272 

Vijayanagara Empire (600-350 yr BP), and BE = British Era (150-0 yr BP). SFG stands for 273 

sacred forest groves while CAF stands for coffee agroforestry. Grey areas highlight periods of 274 

societal transitions i.e. changes in land management either through intensification of existing 275 

strategies and/or through introduction of new means. The years 1780±60 yr BP, 1436±60 yr 276 

BP, and 359±30 yr BP mark the switches between the no-fire and fire periods (white and red 277 

arrows respectively) and are considered as points of major transformations in the system. 278 

  279 
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3. Results 280 

3.1 Trends in canopy cover and plant diversity 281 

The canopy cover exhibits considerable changes over the past 4000 years (Figs. 2-3a). The 282 

canopy cover is initially stable (23-29%) but then significantly declines to its lowest (14%) c. 283 

2250 yr BP. Subsequently, a notable increase is visible until 2000 yr BP (~28%), followed by 284 

a series of fluctuations during 2000-1450 yr BP incorporating phases of both high canopy cover 285 

(~36% c. 1750 yr BP) and high openness (e.g. 16% c. 1550 yr BP). Over the next 850 years, 286 

the canopy cover substantially increases up to 48-51% (c. 1100-750 yr BP). From 600 yr BP 287 

onwards, the canopy-forming woody taxa gradually shrink to constitute c. 30% of the present-288 

day landscape (Figs. 2-3a). 289 

The pollen richness (N0 = 24-58) and evenness (N2/N0 = 0.07-0.13) show largely 290 

analogous trends, collectively identifying plant diversity changes over time (Fig. 4). Starting 291 

from intermediate values (N0 = 35-37), the pollen richness consistently declines reaching its 292 

minima (N0 = 24) c. 2250 yr BP. The corresponding evenness values show modest fluctuations 293 

between 0.08 and 0.1. The period between 2250 and 1450 yr BP shows a dissonance between 294 

the two: the richness subsequently recovers to a stable state (N0 = 35-42 except 25 c. 1550 yr 295 

BP) whereas the evenness decreases until 1550 yr BP before increasing to 0.1. A perpetual rise 296 

is visible in both richness and evenness during 1450 and 1050 yr BP; both reach the highest 297 

values (N0 = 58 and N2/N0 = 0.13) in the sequence around 700 yr BP. While the richness 298 

remains high until 450 yr BP, the evenness starts to drop. Subsequently, there is an overall 299 

declining trend in both indices. The present-day pollen richness value (N0= 41) is slightly lower 300 

than its immediate no-fire counterpart in the Historic Period but higher than its oldest, no-fire 301 

counterpart (Figs. 3 and 5). Importantly, except a visible setback c. 1550 yr BP, the number of 302 

canopy-forming woody taxa hardly varies over the past four millennia (see the oldest and 303 
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present-day values in Fig. 5). Evidently, there is a strong correlation (R2 = 0.78) between the 304 

plant diversity and the canopy cover in the Western Ghats agroforestry landscape (Fig. 6). 305 

In case of vegetation composition over time (temporal β-diversity), there is an overall 306 

increasing trend throughout the record (Fig. 3c). During 4000-2350 yr BP, the temporal β-307 

diversity increases and decreases between 0.4 to 1.22, followed by an upward trend until 1050 308 

yr BP (visible in both curves; more peculiar the 2000-yr curve in Fig. 3c). There is a modest 309 

drop in the temporal β-diversity during 1000-700 yr BP, however, it successively stabilises to 310 

constitute the present-day value of 1.5. 311 

 312 

3.2 Anthropogenic fires, land use changes and intervals of enhanced aridity 313 

We find no evidence of fire occurrence between 4000 and 1800 yr BP (Figs. 3d-e). This period 314 

witnesses several changes in land use from localised agro-pastoral subsistence to beginnings 315 

of arboriculture and subsequently, the onset of rice cultivation alongside sedentary herding 316 

(Fig. 3; Asouti and Fuller, 2008). Fires first appear in the landscape c. 1800 yr BP and continue 317 

until 1400 yr BP (Figs. 3d-e). This period coincides with the large-scale establishment of paddy 318 

fields in the region, subsequently augmented with intensified arboriculture (Fig. 3; Chandran, 319 

1997). Negligible fires are noted over the period of next ~1000 years, which is associated with 320 

intensified arboriculture, onset of agroforestry as well as the first organised attempts of slash-321 

and-burn in the Western Ghats region (Krishna and Morrison, 2010). Fires reappear in the 322 

landscape c. 400 yr BP, albeit at a much lower degree (Fig. 3d-e). This period coincides with 323 

the emergence and maintenance of sacred forest groves in the Kodagu region (Bhagwat et al., 324 

2014). The last 150 years witness extensive logging followed by the development of coffee-325 

based commercial agroforestry in the Western Ghats and a near-complete ban on slash-and-326 

burn practice under the British rule (Ambinakudige and Sathish, 2009). 327 
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  Comparing regional JJAS rainfall and the overall monsoon intensity, the three 328 

pronounced aridity intervals are observed: regional aridity during 3550-2950 yr BP and 329 

subcontinental aridity during 2550-1450 yr BP, and the last 800 yr BP (except a short, wet 330 

regional spell c. 500 yr BP; Figs. 3e-f). The warm interval of the Medieval Warm Period 331 

(MWP) is observed to be overall wet while the cooler Little Ice Age (LIA) conditions are 332 

coterminous with substantial aridity and extreme variability as seen through the weaker 333 

monsoon rainfall and deteriorating regional rainfall in the Central Western Ghats region. 334 

Figure 4: The pollen richness (N0 = Total number of taxa present; N1 = Total number of 335 

common taxa present; N2 = Total number of dominant taxa present) and evenness (N2/N0) 336 

values of all terrestrial taxa and those of canopy-forming woody (AP) taxa from the Western 337 

Ghats. Shaded areas indicate the width of the 95% confidence interval around estimates. The 338 

no-fire and fire periods are shown by white and red arrows, respectively. Yellow bars highlight 339 

the intervals of enhanced aridity. Pink and blue bars indicate Medieval Warm Period (MWP) 340 

and Little Ice Age (LIA). Grey areas highlight major periods of societal transitions i.e. changes 341 

in landscape management (see Fig. 3 and Sections 3-4 for details).  342 
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Figure 5: A relationship between plant diversity and anthropogenic fires in the Western Ghats 343 

agroforestry landscape. The pollen richness (N0) values for all terrestrial taxa and canopy-344 

forming woody taxa are plotted against macro- and micro-CHAR values (pieces cm-2yr-1) and 345 

the points are connected in a chronological sequence. The solid circle represents the initial 346 

(oldest) plant diversity value in the sequence while the triangle shows the present-day value. 347 

Two fire periods, 1800-1400 yr BP and 400-0 yr BP are visible in Figs. 2-4: the years 1780±60 348 

yr BP, 1436±60 yr BP, and 359±30 yr BP mark the switches among the no-fire and fire periods. 349 

The years associated with highest and lowest points in plant diversity and significant biomass 350 

burning events are also shown. Note: The sample interval for pollen-based plant diversity 351 

indices and microscopic charcoal is 4-cm while that of for macroscopic charcoal is 1-cm. Thus, 352 

the corresponding macroscopic charcoal dataset in this comparative analysis resulted in a 353 

different CHAR ranges (0-4 cm-2yr-1) as compared to the complete data range (0-8 cm-2yr-1) 354 

seen in Figs. 2-3.  355 
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4. Discussion 356 

In the Western Ghats agroforestry landscapes, we find two distinct periods of fire – 1800-1400 357 

yr BP and 400-0 yr BP – that are concomitant with enhanced aridity (Figs. 3-4). Extended 358 

periods of aridity mean drier fuel loads and intensified fire frequency in the wet evergreen 359 

Western Ghats forests (Kodandapani et al., 2004). The synergy between two environmental 360 

stressors could exacerbate the drying of these wet tropical forests, making the forest canopy 361 

more open and affecting plant diversity in the Western Ghats. We interpret the switches 362 

between the fire and no-fire periods as points of major transformations in this tropical 363 

landscape (Figs. 2-5) and explore their relationships with the overall plant diversity and 364 

canopy-forming woody taxa. As land use patterns (agriculture, grazing, logging) further 365 

influence the severity of disturbance events and the rate of recovery in and around tropical 366 

rainforests, we subsequently interpret these results in the context of past landscape 367 

management and future conservation strategies for the Western Ghats and human-influenced 368 

wet tropical landscapes at large. 369 

 370 

4.1 Linkages between plant diversity and the canopy cover in the Western Ghats 371 

We find a strong correlation between plant diversity and the canopy cover in the Western 372 

Ghats: higher the canopy cover, higher the number of taxa in the landscape (Figs. 3a-b and 6). 373 

In human-influenced tropical landscapes, high canopy cover would mean less fragmented 374 

landscape (Chazdon, 2003). Thus, the overall sustainability of plant diversity in this social-375 

ecological system does seem to be closely linked with the extent of canopy cover. The changes 376 

in canopy cover have little effect on the diversity of canopy-forming woody taxa, which has 377 

remained steady over the course of past 4000 years (Figs. 3-4). Thus, high plant diversity in 378 

the Western Ghats agroforestry landscape is associated with the increased variety (and 379 

abundance) of herbaceous taxa i.e. understorey vegetation (Figs. 3a-b). Tree cover in the 380 
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landscape is capable of reducing the severity of microclimatic changes including higher 381 

temperatures, increased wind speed, lower humidity, and lower soil moisture (Freidenburg, 382 

1998; Kapos et al., 1997). As a result, there may be less edge-related disturbance and more 383 

habitat available for forest-dwelling understorey taxa (Bhagwat et al., 2005b; Muthuramkumar 384 

et al., 2006). The overall congruence between the extent of the herbaceous understorey and 385 

canopy cover in the Western Ghats (Fig. 3a) is indicative of the above ecological processes, 386 

thereby highlighting the significance of tree cover in sustaining plant diversity in tropical 387 

social-ecological systems. 388 

Figure 6: A relationship between plant diversity (based on pollen richness, N0) and the canopy 389 

cover (Arboreal Pollen (AP) %) in the Western Ghats agroforestry landscape. The coefficient 390 

of determination (R2) shows that the strength of association is high. 391 

 392 

4.2 Synergistic effects of anthropogenic fires and enhanced aridity on plant diversity 393 

Plant diversity is very weakly correlated with anthropogenic fires (Fig. 5). Both highest and 394 

lowest plant diversity are observed when fires were completely absent. At the same time, 395 
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neither of the fire periods (1800-1400 yr BP and 400-0 yr BP) resulted into the extensive loss 396 

of taxa but shows their intermediate range (Figs. 4-5). The only significant decline in plant 397 

diversity amid the first fire period (1800-1400 yr BP) is c. 1550 yr BP (1529±60 yr BP in Fig. 398 

5). The decline in the canopy-forming woody taxa is also visible around this time, which 399 

otherwise show no change across the past 4000 years (Figs. 4-5). These complexities highlight 400 

the non-linear relationship between plant diversity and fires: the sustained burning coupled 401 

with enhanced aridity seems to reduce plant diversity through increased canopy openings (Fig. 402 

3). The prolonged use of fires can generate habitat heterogeneity by opening and increasing 403 

gaps and creating snags and deadwood patsches, resulting in increasing the number of potential 404 

ecological niches (Pausas and Keeley, 2019). In keeping with this, we find a greater temporal 405 

β-diversity (i.e. change in vegetation composition) during this fire period, indicating a higher 406 

degree of ecological transformation in response to fires, increased seasonality, and land use 407 

(e.g., the extensive establishment of rice cultivation; Fig. 3). 408 

 Overall, the loss in plant diversity, especially that of woody taxa, c. 1550 yr BP would 409 

have had serious implications for ecosystem services. In this context, the reduction in fires c. 410 

1450 yr BP onwards and subsequent substantial upsurge in both woody taxa as well as overall 411 

plant diversity over the next 850 years is interesting (Figs. 3c-e). Moreover, during this period, 412 

several habitat-specialist trees also found their way back after long hiatuses (e.g. 413 

Dipterocarpus, Myristica) while some made their first appearance (e.g. Dichapetalum, 414 

Poeciloneuron) in this Western Ghats agroforestry sequence, indicating a post-disturbance 415 

transition towards a closed canopy evergreen forest (Figs. 2-3a). Interestingly, temporal β-416 

diversity remained high until 1000 yr BP, c. 400 years after the end of the first fire period. This 417 

may suggest a long vegetation recovery time or that other factors (e.g. land use) had been 418 

critical in forest transformation. Overall, the increased plant diversity and canopy cover during 419 

the no-fire period (1400-400 yr BP) are more or less coterminous with organised slash-and-420 
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burn agriculture, intensification of arboriculture, and the onset of agroforestry during the warm-421 

wet Medieval Warm Period (Fig. 3; Asouti and Fuller, 2008; Kathayat et al., 2017). A 422 

collective strategy for curtailing the use of fires (e.g., infrequent, very localised burns) and 423 

planting trees and shrubs on productive agricultural land could have played an important role 424 

in invigorating plant diversity in the region (Figs. 3 and 5). Such large-scale changes in land 425 

use may be achievable only due to paradigm shifts in local communities (e.g. Luoga et al., 426 

2005; Dalle et al., 2006) i.e. changes in their attitude towards forests in recognising their value 427 

as a prime resource and provider of ecosystem services (Bhagwat et al., 2014). Appreciating 428 

the importance of forests, native trees, and their ability to foster biodiversity in connection with 429 

ecosystem services (Ellison et al., 2017) could have been a timely comprehension for 430 

predominantly agro-pastoral societies in the face of changing climate (i.e. the Medieval Warm 431 

Period). The subsequent reduction of canopy cover and loss of plant diversity over the course 432 

of Vijayanagara Empire (Fig. 3), however, could indicate deleterious impacts of intensified 433 

urbanism and consequent resource pressures on the Western Ghats forests (Morrison, 2013). 434 

  Lastly, the return of fires c. 400 yr BP is in concurrence with the emergence of sacred 435 

forest groves in the Kodagu region (Fig. 3; Bhagwat et al., 2014). Although created as dedicated 436 

places for worship, the formation of sacred forest patches could have led to unintentional 437 

protection and conservation of native trees (see the highest extent (16%) of habitat-specialist 438 

trees in Fig. 2; Bhagwat and Rutte, 2006). In maintaining sacred forest groves, a strict 439 

demarcation of forested and agricultural land parcels was implemented by the local dynasty 440 

and indigenous communities living under its rule (Belliappa, 2008), which could have 441 

effectively resulted into increased canopy cover in the region (Fig. 2). Thus, more coherent 442 

social-ecological systems in the Western Ghats can be attributed to the communities actively 443 

managing the landscape through a moderated use of fires and through maintenance as well as 444 
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restoration of trees (Nogué et al., 2018), making positive influences on plant diversity during 445 

the Little Ice Age-induced aridity. 446 

The British occupation of the Western Ghats over the past 150 years established 447 

commercial agroforestry as well as state forestry, setting the new tone for forestry operations 448 

and overall landscape management to date (Chandran, 1997). During this period, forest 449 

working plans, essentially modelled after European forestry systems, were adopted extensively 450 

in the Western Ghats (Rangarajan, 1996; Ribbentrop, 1900); forest management was 451 

centralised around the production of large timber volumes and generation of cash revenue from 452 

forest resources (Guha, 1983; Rajan, 1998). The overall colonial view of forests as a 453 

commodity resulted in complete banning of the slash-and-burn practice, which came in direct 454 

conflict with traditional forest management practices (Gadgil and Guha, 1993). Under such 455 

completely altered landscape management strategy, the Kodagu region experienced the 456 

establishment of commercial coffee estates c. 100 yr BP (1854 CE; Ambinakudige and Choi, 457 

2009). Records indicate that when coffee was introduced, growers substantially cleared the 458 

forest to plant coffee but when coffee plants could not survive heavy monsoon rains, shade 459 

grown coffee became the cultivation practice in the area (Ambinakudige and Sathish, 2009). 460 

Both the phases of reduction and revival of the canopy cover and that of plant diversity are 461 

visible in the Western Ghats agroforestry sequence, so is the gradual rise in vegetation 462 

transformation (Figs. 3a-c). Despite the banning of slash-and-burn practice, fires continued to 463 

occur in the Western Ghats landscape, perhaps as a sign of resistance from indigenous 464 

communities to ‘formal’ forest management (Thekaekara et al., 2017). The overall degree of 465 

burning in this fire period, however, has been much lower than that of during the previous fire 466 

period (1800-1400 yr BP; Figs. 3d-e). From a historic perspective, the present-day plant 467 

diversity in the Western Ghats agroforestry landscape falls within the range of historical 468 

variability: while the present-day plant diversity values are slightly lower than those in the 469 
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previous fire period, they are higher in comparison with their oldest (no-fire) counterparts (see 470 

Figs. 3 and 5). In other words, shade grown coffee cultivation in this part of Western Ghats 471 

somewhat reduced the overall plant diversity in merely 100 years (Fig. 3). However, with its 472 

ability to increase canopy cover through deliberate maintenance of trees, this cash-crop 473 

intensification also paved ways to revive plant diversity in the future. Today’s landscape under 474 

shade-grown coffee cultivation (over 60% of the landscape) where native shade trees constitute 475 

a major share of the evergreen forest canopies (Fig. 2), offers avenues for fostering biodiversity 476 

in the Western Ghats.  477 

 478 

4.3 Implications for ecological management in the Western Ghats and tropical 479 

agroforestry landscapes 480 

4.3.1 Importance of conservation beyond forest reserves 481 

Alongside other long-term, pollen-based diversity studies in the tropics (e.g., Weng et al., 2006; 482 

Figueroa-Rangel et al., 2012; Palazzesi et al., 2014; Rodríguez-Zorro et al., 2018), this record 483 

echoes the unique ecological character of the tropics at large: the tree-covered landscape matrix 484 

is the most important determinant of sustaining biodiversity in the tropics. From a conservation 485 

point of view, our results further underline the need for maintaining trees in human-influenced 486 

tropical landscapes. While forest reserves in the tropics are strictly protected for biodiversity 487 

conservation, such areas might fall short in fulfilling their purpose without conservation 488 

management in the landscapes surrounding them (DeFries et al., 2010; Karanth and DeFries, 489 

2010). Tree management in tropical landscapes under mounting anthropogenic pressures is 490 

quite challenging, calling for pragmatic solutions that support both biodiversity and people. As 491 

envisaged in India’s National Agroforestry Policy (Chavan et al., 2015), increasing area under 492 

agroforestry would be one of the most practical ways to do so – its potential in providing 493 

habitats outside formally protected land, connecting nature reserves, and alleviating resource-494 
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use pressure on conservation areas is already substantiated (Bhagwat et al., 2008; Schroth et 495 

al., 2004). Interestingly, positive canopy cover-biodiversity correlation is already visible in the 496 

modern-day coffee-dominated agroforestry landscapes in the Western Ghats (Kushalappa et 497 

al., 2019) and in other kinds of tropical agroforestry systems elsewhere (Tscharntke et al., 2011; 498 

Acabado and Martin, 2018; Ticktin et al., 2018), providing region-specific analogues for wider 499 

implementation. 500 

  Furthermore, this record (Fig. 2) shows that habitat-specialist trees have persisted in the 501 

Western Ghats landscape over the past 4000 years (e.g., Eleocarpus, Syzygium), reappeared at 502 

<1000-yr intervals (e.g., Holigarna, Myristica, Reinwardtiodendron), or even “arrived” during 503 

the first fire period (e.g., Poeciloneuron, Litsea). Throughout the record, these habitat-504 

specialist trees continue to constitute c. 25-33% of the Western Ghats wet evergreen forest 505 

cover (Fig. 2), suggesting the resilience of old-growth trees towards varying degrees of land 506 

use and management. While a few of them (e.g., Dipterocarpus, Hopea, and Palaquium) are 507 

already part of historic baselines that conservationists valorise in planning and restoration of 508 

the Western Ghats (Muthuramkumar et al., 2006), our long-term, pollen-based record provides 509 

further, empirical support to this assumption. Patches of native trees on agroforestry landscapes 510 

would, thus, be natural places to focus organised conservation and restoration efforts beyond 511 

forest reserves. However, to sustain the conservation potential of agroforestry systems, a 512 

balance between production and protection of natural features in the landscape is essential 513 

(Bhagwat et al., 2008). Thus, keeping remnants of such forests within agroforestry plantations 514 

and redesigning annual croplands to include features (e.g. hedgerows) of old-growth trees can 515 

contribute to landscape-level connectivity, thereby making biodiversity conservation more 516 

effective (Bobo et al., 2006; Morel and Nogué, 2019). 517 

  518 
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4.3.2 Towards effective fire management 519 

We find a weak correlation between anthropogenic fires and plant diversity in the wet 520 

evergreen forests of the Western Ghats: a significant impact on the diversity of woody and 521 

herbaceous taxa does seem to be associated with intensified canopy opening through continued, 522 

extensive use of fires. Importantly, the relationship between fires and canopy-forming woody 523 

taxa in the Western Ghats (Fig. 5) provides a new perspective to look at slash-and-burn 524 

agriculture, which is a localised, short-term burning practice. In the Indian Subcontinent, it is 525 

practiced as a fertilising process through destroying crop residues near the onset of the pre-526 

monsoon rainfall during the months of April and May (~20% of the annual rainfall; Sukumar 527 

et al., 2004). While it is restricted to agricultural lands, the probability of spread of fire from 528 

agricultural lands into forest lands increases with the fragmentation of the landscape and 529 

dryness of fuels (Kodandapani et al., 2004). This often leads to conflict between rural, 530 

indigenous communities and the Indian Forestry Departments (IFDs), resulting into 531 

incendiarism, rapid fragmentation of landscape and loss of forests that IFDs hopes to avoid 532 

(Singh, 2008; Thekaekara et al., 2017). Bringing past analogues of indigenous people’s 533 

practices to curb fires and subsequent revival of the Western Ghats rainforest and plant 534 

diversity, we demonstrate that the limited, planned use of fires on agricultural land on localised 535 

scales may not leave a negative impact on plant diversity including canopy-forming woody 536 

taxa (see the discussion on sacred forest groves in Section 3.2). Since agroforestry landscapes 537 

hold a promise of connecting nature reserves by increasing tree cover in the landscape 538 

(Bhagwat et al., 2008), we propose that low intensity biomass burning on agricultural lands 539 

would be a more practical solution, accommodating both traditional practice and avoidance of 540 

fires into forest reserves in the Western Ghats. These could be considered as “prescribed burns” 541 

on agroforestry landscapes, an evidence-based “middle ground” for a collective engagement 542 

of two key actors in executing National Agroforestry Policy. We argue that such measures will 543 
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sincerely help facilitate the effective implementation of this economically and ecologically 544 

important policy and its desired positive social-ecological outcomes. 545 

 546 

5. Conclusions 547 

The synergistic impacts of anthropogenic fires and enhanced aridity on plant diversity in one 548 

of world’s ancient social-ecological systems point out the non-linear relationship between plant 549 

diversity and human-induced fires. While there are examples of reduced plant diversity due to 550 

consistent fire coupled with enhanced aridity, our work also brings positive narratives where 551 

the limited, localised use of fires could have promoted the revival of plant diversity in the 552 

Western Ghats. Despite apparent changes in fires, aridity, and land use, the present-day plant 553 

diversity in the Western Ghats agroforestry landscape falls within the range of historical 554 

variability. Interestingly, the diversity of the canopy-forming woody taxa in this record remains 555 

almost constant over the course of past 4000 years and the variations in plant diversity in this 556 

tropical landscape are largely constituted by changes in herbaceous understorey. Furthermore, 557 

in accordance with other tropical records, our data demonstrate that the canopy cover is the 558 

most crucial determinant of sustaining plant diversity in a tropical landscape. Thus, the tree-559 

covered matrix, even if fragmented, is one key landscape feature that needs to be conserved 560 

because of its role in providing refugia for important elements of tropical biodiversity 561 

(Bhagwat et al., 2012). Therefore, biodiversity conservation in the tropics needs to go beyond 562 

reserves; strictly protected areas might be inadequate to fulfil their purpose without 563 

conservation management in the landscapes surrounding them (Karanth and DeFries, 2010). 564 

Under mounting anthropogenic pressures, tree management in the tropical social-ecological 565 

systems calls for pragmatic solutions that support both ecological and social components of the 566 

landscape. Through the use of palaeoecological data from the Western Ghats, we show that 567 

people can play an active role in forest conservation and in sustaining plant diversity through 568 
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reduced biomass burning and intentional woodland management. Thus, we argue that for the 569 

success of ecological management in this (and other) human-influenced tropical regions, it is 570 

important to recognise that people are part of the landscape. Conservation-restoration efforts 571 

for sustaining biodiversity in the face of future monsoon variability can succeed only if they 572 

are planned in tandem with careful, evidence-based incorporation of traditional land 573 

management practices. Our work demonstrates that ancient tropical agroforestry systems form 574 

a good practice example of such collaborative efforts and have the potential to benefit both 575 

biodiversity and people. 576 

 577 

Acknowledgments 578 

Our work is part of ‘Project EARNEST: Examining the Agroforestry Landscape Resilience in 579 

India to inform Social-Ecological Sustainability in the Tropics’, an Marie Skłodowska-Curie 580 

Actions Individual Fellowship awarded to CK under European Union’s Horizon 2020 research 581 

and innovation programme under the grant agreement no. 795557. We thank T. Brncic for help 582 

with coring, C.G. Kushalappa, and the College of Forestry for field assistance. We are grateful 583 

to R. Premathilake, K. Anupama, S. Prasad, and the Palynology Laboratory at the French 584 

Institute, Pondicherry, for their help with pollen identification. We thank D. Sinclair, Oxford 585 

Long Term Ecology Laboratory for her help in sub-sampling of the core. We also thank S. 586 

Subitani and I. Figueiral from ISEM, Montpellier for their help in macroscopic charcoal 587 

processing and identification. Special thanks to P. Rodríguez-Zorro, R. Cassino, S. Yoshi 588 

Maezumi for interesting outlooks on ecology and fire regimes in other parts of the tropics. We 589 

extend our deep gratitude towards K. J. Willis, C. G. Kushalappa, and R. Premathilake 590 

regarding their insightful comments on the early stages of this work. 591 

  592 



29 

 

References 593 

Acabado, S., Martin, M., 2018. The Ifugao agrocultural system: bridging culture and nature 594 

to enhance tropical biodiversity, in: Exploring Frameworks for Tropical Forest 595 

Conservation: Integrating Natural and Cultural Diversity for Sustainability - a Global 596 

Perspective. UNESCO, Mexico City, Mexico., pp. 228–253. 597 

https://doi.org/https://doi.org/http://creativecommons.org/licenses/by-sa/3.0/igo/ 598 

Adolf, C., Wunderle, S., Colombaroli, D., Weber, H., Gobet, E., Heiri, O., van Leeuwen, 599 

J.F.N., Bigler, C., Connor, S.E., Gałka, M., La Mantia, T., Makhortykh, S., Svitavská-600 

Svobodová, H., Vannière, B., Tinner, W., 2018. The sedimentary and remote-sensing 601 

reflection of biomass burning in Europe. Glob. Ecol. Biogeogr. 27, 199–212. 602 

https://doi.org/10.1111/geb.12682 603 

Ambinakudige, S., Choi, J., 2009. Global coffee market influence on land-use and landcover 604 

change in the Western Ghats of India. L. Degrad. Dev. 20, 327–335. 605 

https://doi.org/10.1002/ldr 606 

Ambinakudige, S., Sathish, B.N., 2009. Comparing tree diversity and composition in coffee 607 

farms and sacred forests in the western ghats of India. Biodivers. Conserv. 18, 987–608 

1000. https://doi.org/10.1007/s10531-008-9502-5 609 

Anderson, M.K., Keeley, J.E., 2018. Native Peoples’ Relationship to the California 610 

Chaparral, in: Underwood, E.C. (Ed.), Valuing Chaparral. Springer International 611 

Publishing, pp. 79–121. https://doi.org/10.1007/978-3-319-68303-4_4 612 

Ashley, R., Russell, D., Swallow, B., 2006. The policy terrain in protected area landscapes: 613 

Challenges for agroforestry in integrated landscape conservation. Biodivers. Conserv. 614 

https://doi.org/10.1007/s10531-005-2100-x 615 

Asouti, E., Fuller, D.Q., 2008. Trees and Woodlands of South India: Archaeological 616 

Perspectives. Left Coast Press, Walnut Creek, California. 617 



30 

 

Belliappa, C.P., 2008. Nuggets from Coorg History. Rupa Publications, New Delhi, India. 618 

Bhagwat, S.A., Kushalappa, C.G., Williams, P.H., Brown, N.D., 2005a. A landscape 619 

approach to biodiversity conservation of sacred groves in the Western Ghats of India. 620 

Conserv. Biol. 19, 1853–1862. https://doi.org/10.1111/j.1523-1739.2005.00248.x 621 

Bhagwat, S.A., Kushalappa, C.G., Williams, P.H., Brown, N.D., 2005b. The role of informal 622 

protected areas in maintaining biodiversity in the Western Ghats of India. Ecol. Soc. 10, 623 

8. https://doi.org/10.1111/j.1523-1739.2005.00248.x 624 

Bhagwat, S.A., Nogué, S., Willis, K.J., 2014. Cultural drivers of reforestation in tropical 625 

forest groves of the Western Ghats of India. For. Ecol. Manage. 329, 393–400. 626 

https://doi.org/10.1016/j.foreco.2013.11.017 627 

Bhagwat, S.A., Nogué, S., Willis, K.J., 2012. Resilience of an ancient tropical forest 628 

landscape to 7500 years of environmental change. Biol. Conserv. 153, 108–117. 629 

https://doi.org/10.1016/j.biocon.2012.05.002 630 

Bhagwat, S.A., Rutte, C., 2006. Sacred groves : potential for biodiversity management. Ecol. 631 

Soc. Am. 9295, 519–524. https://doi.org/10.1890/1540-9295(2006)4 632 

Bhagwat, S.A., Willis, K.J., Birks, H.J.B., Whittaker, R.J., 2008. Agroforestry: a refuge for 633 

tropical biodiversity? Trends Ecol. Evol. 23, 261–267. 634 

https://doi.org/10.1016/j.tree.2008.01.005 635 

Birks, H.J.B., 2012. Ecological palaeoecology and conservation biology: Controversies, 636 

challenges, and compromises. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 8, 292–304. 637 

https://doi.org/10.1080/21513732.2012.701667 638 

Birks, H.J.B., 2007. Estimating the amount of compositional change in late-Quaternary 639 

pollen-stratigraphical data. Veg. Hist. Archaeobot. 16, 197–202. 640 

https://doi.org/10.1007/s00334-006-0079-1 641 

Birks, H.J.B., Birks, H.H., 2008. Biological responses to rapid climate change at the Younger 642 



31 

 

Dryas–Holocene transition at Krakanes, western Norway. The Holocene 18, 19–30. 643 

Birks, H.J.B., Felde, V.A., Bjune, A.E., Grytnes, J.-A., Seppä, H., Giesecke, T., 2016. Does 644 

pollen-assemblage richness reflect floristic richness? A review of recent developments 645 

and future challenges. Rev. Palaeobot. Palynol. 228, 1–25. 646 

https://doi.org/10.1016/j.revpalbo.2015.12.011 647 

Birks, H.J.B., Line, J.M., 1992. The use of rarefaction analysis for estimating palynological 648 

richness from Quaternary pollen-analytical data. The Holocene 2, 1–10. 649 

https://doi.org/10.1177/095968369200200101 650 

Bobo, K.S., Waltert, M., Sainge, N.M., Njokagbor, J., Fermon, H., Mühlenberg, M., 2006. 651 

From forest to farmland: Species richness patterns of trees and understorey plants along 652 

a gradient of forest conversion in Southwestern Cameroon. Biodivers. Conserv. 653 

https://doi.org/10.1007/s10531-005-3368-6 654 

Bowman, D.M.J.S., Balch, J., Artaxo, P., Bond, W.J., Cochrane, M.A., D’Antonio, C.M., 655 

Defries, R., Johnston, F.H., Keeley, J.E., Krawchuk, M.A., Kull, C.A., Mack, M., 656 

Moritz, M.A., Pyne, S., Roos, C.I., Scott, A.C., Sodhi, N.S., Swetnam, T.W., 2011. The 657 

human dimension of fire regimes on Earth. J. Biogeogr. 38, 2223–2236. 658 

https://doi.org/10.1111/j.1365-2699.2011.02595.x 659 

Bowman, D.M.J.S., Balch, J.K., Artaxo, P., Bond, W.J., Carlson, J.M., Cochrane, M.A., 660 

D’Antonio, C.M., DeFries, R.S., Doyle, J.C., Harrison, S.P., Johnston, F.H., Keeley, 661 

J.E., Krawchuk, M.A., Kull, C.A., Marston, J.B., Moritz, M.A., Prentice, I.C., Roos, 662 

C.I., Scott, A.C., Swetnam, T.W., Van Der Werf, G.R., Pyne, S.J., 2009. Fire in the 663 

earth system. Science 324, 481–484. https://doi.org/10.1126/science.1163886 664 

Brown, P.J., Manders, P.T., Bands, D.P., Kruger, F.J., Andrag, R.H., 1991. Prescribed 665 

burning as a conservation management practice: A case history from the Cederberg 666 

mountains, Cape Province, South Africa. Biol. Conserv. 56, 133–150. 667 



32 

 

https://doi.org/10.1016/0006-3207(91)90014-Z 668 

Burrows, N.D., 2008. Linking fire ecology and fire management in south-west Australian 669 

forest landscapes. For. Ecol. Manage. 255, 2394–2406. 670 

https://doi.org/10.1016/j.foreco.2008.01.009 671 

Chandran, M.D.S., 1997. On the ecological history of the Western Ghats. Curr. Sci. 73, 146–672 

155. https://doi.org/10.2307/24098268 673 

Chavan, S.B., Keerthika, A., Dhyani, S.K., Handa, A.K., Newaj, R., Rajarajan, K., 2015. 674 

National Agroforestry Policy in India: A low hanging fruit. Curr. Sci. 108, 1826–1834. 675 

Chazdon, R.L., 2003. Tropical forest recovery: Legacies of human impact and natural 676 

disturbances. Perspect. Plant Ecol. Evol. Syst. 6, 51–71. https://doi.org/10.1078/1433-677 

8319-00042 678 

Clark, J.S., Merkt, J., Muller, H., 1989. Post-glacial fire, vegetation, and human history on 679 

the northern alpine forelands, south-western Germany. J. Ecol. 897–925. 680 

https://doi.org/10.2307/2260813 681 

Cleveland, W.S., Devlin, S.J., 1988. Locally Weighted Regression: An Approach to 682 

Regression Analysis by Local Fitting. J. Am. Stat. Assoc. 83, 596–610. 683 

Cochrane, M.A., 2011. The past, present, and future importance of fire in tropical rainforests, 684 

in: Bush, M.B., Flenley, J.R., Gosling, W.D. (Eds.), Tropical Rainforest Responses to 685 

Climatic Change. Springer-Verlag Berlin Heidelberg, pp. 213–240. 686 

https://doi.org/10.1007/978-3-642-05383-2_7 687 

Colombaroli, D., Beckmann, M., van der Knaap, W.O., Curdy, P., Tinner, W., 2013. Changes 688 

in biodiversity and vegetation composition in the central Swiss Alps during the 689 

transition from pristine forest to first farming. Divers. Distrib. 19, 157–170. 690 

https://doi.org/10.1111/j.1472-4642.2012.00930.x 691 

Colombaroli, D., Mistry, J., Milner, A., Vannière, B., Adolf, C., Bilbao, B.A., Carcaillet, C., 692 



33 

 

Connor, S., Daniau, A.L., Hawthorne, D., Jeffers, E., Larson, E., Petrokofsky, G., 693 

Power, M.J., Sinnadurai, P., Berrio, J.C., Cassino, R., Gildeeva, O., Grosvenor, M., 694 

Hardiman, M., Hennebelle, A., Kuosman, N., Lestiennne, M., Portes, M.C., Rockell, G., 695 

Tsakiridou, M., Walsh, A., 2019. Diverse knowledge informing fire policy and 696 

biodiversity conservation. DiverseK Policy Brief. 697 

https://doi.org/10.13140/RG.2.2.22601.29284 698 

Dalle, S.P., Blois, S. De, Caballero, J., Johns, T., 2006. Integrating analyses of local land-use 699 

regulations , cultural perceptions and land-use/land cover data for assessing the success 700 

of community-based conservation. For. Ecol. Mana 222, 370–383. 701 

https://doi.org/10.1016/j.foreco.2005.10.052 702 

DeFries, R., Karanth, K.K., Pareeth, S., 2010. Interactions between protected areas and their 703 

surroundings in human-dominated tropical landscapes. Biol. Conserv. 143, 2870–2880. 704 

https://doi.org/10.1016/j.biocon.2010.02.010 705 

Dixit, Y., Hodell, D.A., Petrie, C. a., 2014. Abrupt weakening of the summer monsoon in 706 

northwest India ~4100 yr ago. Geology 42, 339–342. https://doi.org/10.1130/G35236.1 707 

Driscoll, D.A., Lindenmayer, D.B., Bennett, A.F., Bode, M., Bradstock, R.A., Cary, G.J., 708 

Clarke, M.F., Dexter, N., Fensham, R., Friend, G., Gill, M., James, S., Kay, G., Keith, 709 

D.A., MacGregor, C., Russell-Smith, J., Salt, D., Watson James, J.E.M., Williams 710 

Richard J., R.J., York, A., 2010. Fire management for biodiversity conservation: Key 711 

research questions and our capacity to answer them. Biol. Conserv. 143, 1928–1939. 712 

https://doi.org/10.1016/j.biocon.2010.05.026 713 

Dunwiddie, P.W., 2001. Using Historical Data in Ecological Restoration: A Case Study from 714 

Nantucket, in: Egan, D., Howell, E.A. (Eds.), Historical Ecology Handbook. Island 715 

Press, Washington, D.C., pp. 367–390. 716 

Ellison, D., Morris, C.E., Locatelli, B., Sheil, D., Cohen, J., Murdiyarso, D., Gutierrez, V., 717 



34 

 

Noordwijk, M. van, Creed, I.F., Pokorny, J., Gaveau, D., Spracklen, D. V., Tobella, 718 

A.B., Ilstedt, U., Teuling, A.J., Gebrehiwot, S.G., Sands, D.C., Muys, B., Verbist, B., 719 

Springgay, E., Sugandi, Y., Sullivan, C.A., 2017. Trees, forests and water: Cool insights 720 

for a hot world. Glob. Environ. Chang. 43, 51–61. 721 

https://doi.org/10.1016/j.gloenvcha.2017.01.002 722 

Felde, V.A., Bjune, A.E., Grytnes, J.A., Birks, H.J.B., 2014. A comparison of novel and 723 

traditional numerical methods for the analysis of modern pollen assemblages from major 724 

vegetation-landform types. Rev. Palaeobot. Palynol. 210, 22–36. 725 

https://doi.org/10.1016/j.revpalbo.2014.06.003 726 

Felde, V.A., Peglar, S.M., Bjune, A.E., Grytnes, J.A., Birks, H.J.B., 2016. Modern pollen–727 

plant richness and diversity relationships exist along a vegetational gradient in southern 728 

Norway. Holocene 26, 163–175. https://doi.org/10.1177/0959683615596843 729 

Figueroa-Rangel, B.L., Willis, K.J., Olvera-Vargas, M., 2012. Late-Holocene successional 730 

dynamics in a transitional forest of west-central Mexico. Holocene 22, 143–153. 731 

https://doi.org/10.1177/0959683611414929 732 

Finsinger, W., Kelly, R., Fevre, J., Magyari, E.K., 2014. A guide to screening charcoal peaks 733 

in macrocharcoal-area records for fire-episode reconstructions. The Holocene 24, 1002–734 

1008. https://doi.org/10.1177/0959683614534737 735 

Finsinger, W., Morales-Molino, C., Gałka, M., Valsecchi, V., Bojovic, S., Tinner, W., 2017. 736 

Holocene vegetation and fire dynamics at Crveni Potok, a small mire in the Dinaric Alps 737 

(Tara National Park, Serbia). Quat. Sci. Rev. 167, 63–77. 738 

https://doi.org/10.1016/j.quascirev.2017.04.032 739 

Fisher, B., Christopher, T., 2007. Poverty and biodiversity: Measuring the overlap of human 740 

poverty and the biodiversity hotspots. Ecol. Econ. 62, 93–101. 741 

https://doi.org/10.1016/j.ecolecon.2006.05.020 742 



35 

 

Flenely, J.R., 2005. Palynological richness and tropical rainforest, in: Bermingham, E., Dick, 743 

C.W., Moritz, C. (Eds.), Tropical Rainforest: Past, Present, and Future. Chicago 744 

University Press, Chicago, pp. 72–77. 745 

Fordham, D.A., Saltré, F., Haythorne, S., Wigley, T.M.L., Otto-Bliesner, B.L., Chan, K.C., 746 

Brook, B.W., 2017. PaleoView: A tool for generating continuous climate projections 747 

spanning the last 21 000 years at regional and global scales. Ecography (Cop.). 40, 001–748 

011. https://doi.org/10.1111/ecog.03031 749 

Freidenburg, L.K., 1998. Physical Effects of Habitat Fragmentation, in: Fielder, P.L., 750 

Kareiva, P.M. (Eds.), Conservation Biology for the Coming Decade. Chapman and Hall, 751 

New York, New York, USA., pp. 66–79. https://doi.org/10.1007/978-1-4757-2880-4 752 

Froyd, C.A., Willis, K.J., 2008. Emerging issues in biodiversity & conservation management: 753 

The need for a palaeoecological perspective. Quat. Sci. Rev. 27, 1723–1732. 754 

https://doi.org/10.1016/j.quascirev.2008.06.006 755 

Fuller, D., Korisettar, R., Venkatasubbaiah, P.C., Jones, M.K., 2004. Early plant 756 

domestications in southern India: Some preliminary archaeobotanical results. Veg. Hist. 757 

Archaeobot. 13, 115–129. https://doi.org/10.1007/s00334-004-0036-9 758 

Gadgil, M., Guha, R., 1993. This Fissured Land: An Ecological History of India. University 759 

of California Press, Berkley. 760 

https://doi.org/10.1093/acprof:oso/9780198077442.001.0001 761 

Gaillard, C., Mishra, S., Singh, M., Deo, S., Abbas, R., 2010. Lower and Early Middle 762 

Pleistocene Acheulian in the Indian sub-continent. Quat. Int. 223–224, 234–241. 763 

https://doi.org/10.1016/j.quaint.2009.08.021 764 

Gillson, L., 2015. Biodiversity conservation and environmental change: using palaeoecology 765 

to manage dynamic landscapes in the Anthropocene. Oxford University Press, Oxford, 766 

UK. 767 



36 

 

Guha, R., 1983. Forestry in British and Post-British India: an historical analysis. Econ. Polit. 768 

Wkly. 17, 1882–1896. 769 

Hill, O., 1973. Diversity and Evenness : A unifying notation and its Consequences. Ecology 770 

54, 427–432. 771 

Jackson, S.T., 2007. Looking forward from the past: history, ecology, and conservation. 772 

Front. Ecol. Environ. 5, 455. https://doi.org/10.1890/1540-773 

9295(2007)5[455:LFFTPH]2.0.CO;2 774 

Juárez-Orozco, S.M., Siebe, C., Fernández y Fernández, D., 2017. Causes and effects of 775 

forest fires in Tropical Rainforests: a bibliometric approach. Trop. Conserv. Sci. 10, 1–776 

14. https://doi.org/10.1177/1940082917737207 777 

Kapos, V., Wandelli, E., Camargo, J.L., Ganade, G., 1997. Edge-related changes in 778 

environment and plant responses due to forest fragmentation in Central Amazonia, in: 779 

Laurance, W.F., Bierregaard, R.O. (Eds.), Tropical Forest Remnants: Ecology, 780 

Management and Conservation of Fragmented Communities. The University of Chicago 781 

Press, Chicago, Illinois, US, pp. 33–44. 782 

Karanth, K.K., DeFries, R., 2010. Conservation and management in human-dominated 783 

landscapes: Case studies from India. Biol. Conserv. 143, 2865–2869. 784 

https://doi.org/10.1016/j.biocon.2010.05.002 785 

Kathayat, G., Cheng, H., Sinha, A., Yi, L., Li, X., Zhang, H., Li, H., Ning, Y., Edwards, R.L., 786 

2017. The Indian monsoon variability and civilization changes in the Indian 787 

subcontinent. Sci. Adv. 3, e1701296. 788 

Keeley, J.E., 2006. Fire management impacts on invasive plants in the western United States. 789 

Conserv. Biol. https://doi.org/10.1111/j.1523-1739.2006.00339.x 790 

Kodandapani, N., Cochrane, M.A., Sukumar, R., 2009. Forest fire regimes and their 791 

ecological effects in seasonally dry tropical ecosystems in the Western Ghats, India, in: 792 



37 

 

Cochrane, M.A. (Ed.), Tropical Fire Ecology: Climate Change, Land Use and Ecosysem 793 

Dynamics. Springer Praxis Books, pp. 335–354. 794 

https://doi.org/10.1191/030913300667747149 795 

Kodandapani, N., Cochrane, M.A., Sukumar, R., 2008. A comparative analysis of spatial, 796 

temporal, and ecological characteristics of forest fires in seasonally dry tropical 797 

ecosystems in the Western Ghats, India. For. Ecol. Manage. 256, 607–617. 798 

https://doi.org/10.1016/j.foreco.2008.05.006 799 

Kodandapani, N., Cochrane, M.A., Sukumar, R., 2004. Conservation Threat of Increasing 800 

Fire Frequencies in the Western Ghats, India. Conserv. Biol. 18, 1553–1561. 801 

Krishna, K.R., Morrison, K.D., 2010. History of South Indian Agriculture and 802 

Agroecosystems, in: Krishna, K.R. (Ed.), Agroecosystems of South India: Nutrient 803 

Dynamics, Ecology and Productivity. Brown Walker Press, Boca Raton, Florida, pp. 1–804 

51. 805 

Kushalappa, C.G., Bhavya, C.K., Raghuramulu, Y., Vaast, P., Garcia, C., Konerira, N., 2019. 806 

Can coffee based agroforestry conserve biodiversity? Evidence of exotics replacing 807 

native trees, in: The 4th World Congress on Agroforestry. Montpellier, France. 808 

Laurance, W.F., Nascimento, H.E.M., Laurance, S.G., Andrade, A., Ewers, R.M., Harms, 809 

K.E., Luizão, R.C.C., Ribeiro, J.E., 2007. Habitat fragmentation, variable edge effects, 810 

and the landscape-divergence hypothesis. PLoS One 2, e1017. 811 

https://doi.org/10.1371/journal.pone.0001017 812 

Leys, B., Finsinger, W., Carcaillet, C., 2014. Historical range of fire frequency is not the 813 

Achilles’ heel of the Corsican black pine ecosystem. J. Ecol. 102, 381–395. 814 

https://doi.org/10.1111/1365-2745.12207 815 

Luoga, E.J., Witkowski, E.T.F., Balkwill, K., 2005. Land cover and use changes in relation to 816 

the institutional framework and tenure of land and resources in eastern Tanzania 817 



38 

 

Miombo woodlands. Environ. Dev. Sustain. 7, 71–93. https://doi.org/10.1007/s10668-818 

003-4013-8 819 

Marlon, J.R., Bartlein, P.J., Carcaillet, C., Gavin, D.G., Harrison, S.P., Higuera, P.E., Joos, 820 

F., Power, M.J., Prentice, I.C., 2008. Climate and human influences on global biomass 821 

burning over the past two millennia. Nat. Geosci. 1, 697–702. 822 

https://doi.org/10.1038/ngeo313 823 

McLauchlan, K.K., Higuera, P.E., Miesel, J., Rogers, B.M., Schweitzer, J., Shuman, J.K., 824 

Tepley, A.J., Varner, J.M., Veblen, T.T., Adalsteinsson, S.A., Balch, J.K., Baker, P., 825 

Batllori, E., Bigio, E., Brando, P., Cattau, M., Chipman, M.L., Coen, J., Crandall, R., 826 

Daniels, L., Enright, N., Gross, W.S., Harvey, B.J., Hatten, J.A., Hermann, S., Hewitt, 827 

R.E., Kobziar, L.N., Landesmann, J.B., Loranty, M.M., Maezumi, S.Y., Mearns, L., 828 

Moritz, M., Myers, J.A., Pausas, J.G., Pellegrini, A.F.A., Platt, W.J., Roozeboom, J., 829 

Safford, H., Santos, F., Scheller, R.M., Sherriff, R.L., 2020. Fire as a fundamental 830 

ecological process : Research advances and frontiers. J. Ecol. 1–23. 831 

https://doi.org/10.1111/1365-2745.13403 832 

McNeely, J.A., Schroth, G., 2006. Agroforestry and biodiversity conservation - Traditional 833 

practices, present dynamics, and lessons for the future. Biodivers. Conserv. 15, 549–834 

554. https://doi.org/10.1007/s10531-005-2087-3 835 

Meltsov, V., Poska, A., Odgaard, B. V., Sammul, M., Kull, T., 2011. Palynological richness 836 

and pollen sample evenness in relation to local floristic diversity in southern Estonia. 837 

Rev. Palaeobot. Palynol. 166, 344–351. https://doi.org/10.1016/j.revpalbo.2011.06.008 838 

Miller, R.P., Nair, P.K.R., 2006. Indigenous agroforestry systems in Amazonia: From 839 

prehistory to today. Agrofor. Syst. 66, 151–164. https://doi.org/10.1007/s10457-005-840 

6074-1 841 

Mirza, Z.A., Sanap, R. V., Bhosale, H., 2014. Preliminary review of indian eumenophorinae 842 



39 

 

(Araneae: Theraphosidae) with description of a new genus and five new species from 843 

the western ghats. PLoS One. https://doi.org/10.1371/journal.pone.0087928 844 

Mishra, V., Thirumalai, K., Singh, D., Aadhar, S., 2020. Future exacerbation of hot and dry 845 

summer monsoon extremes in India. npj Clim. Atmos. Sci. 3, 1–9. 846 

https://doi.org/10.1038/s41612-020-0113-5 847 

Morel, A.C., Nogué, S., 2019. Combining Contemporary and Paleoecological Perspectives 848 

for Estimating Forest Resilience. Front. For. Glob. Chang. 2, 1–17. 849 

https://doi.org/10.3389/ffgc.2019.00057 850 

Morrison, K.D., 2013. The Human Face of the Land: Why the past matters for India’s 851 

environmental future. Nehru Memorial Museum and Library, New Delhi, India. 852 

Muthuramkumar, S., Ayyappan, N., Parthasarathy, N., Mudappa, D., Raman, T.R.S., Selwyn, 853 

M.A., Pragasan, L.A., 2006. Plant community structure in tropical rain forest fragments 854 

of the Western Ghats, India. Biotropica 38, 143–160. https://doi.org/10.1111/j.1744-855 

7429.2006.00118.x 856 

Nogué, S., Tovar, C., Bhagwat, S.A., Finsinger, W., Willis, K.J., 2018. Exploring the 857 

Ecological History of a Tropical Agroforestry Landscape Using Fossil Pollen and 858 

Charcoal Analysis from Four Sites in Western Ghats, India. Ecosystems 21, 45–55. 859 

https://doi.org/10.1007/s10021-017-0132-1 860 

Odgaard, B. V., 2013. Reconstructing Past Biodiversity Development, in: Encyclopedia of 861 

Quaternary Science: Second Edition. https://doi.org/10.1016/B978-0-444-53643-862 

3.00177-1 863 

Odgaard, B. V., 2008. Species richness of the past is elusive — evenness may not be. Terra 864 

Nostra 2, 209. 865 

Oksanen, J., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O’Hara, R., Simpson, G., 866 

Solymos, P., Stevens, M., Wagner, H., 2013. Vegan: Community Ecology Package. R 867 



40 

 

package version 2.0-10. R Packag. version. 868 

https://doi.org/10.4135/9781412971874.n145 869 

Oris, F., Ali, A.A., Asselin, H., Paradis, L., Bergeron, Y., Finsinger, W., 2014. Charcoal 870 

dispersion and deposition in boreal lakes from 3 years of monitoring: Differences 871 

between local and regional fires. Geophys. Res. Lett. 41, 6743–6752. 872 

https://doi.org/10.1002/2014GL060984 873 

Palazzesi, L., Barreda, V.D., Cuitiño, J.I., Guler, M. V., Tellería, M.C., Ventura Santos, R., 874 

2014. Fossil pollen records indicate that Patagonian desertification was not solely a 875 

consequence of Andean uplift. Nat. Commun. 5, 1–8. 876 

https://doi.org/10.1038/ncomms4558 877 

Pappu, R.S., Deo, S.G., 1994. Man-land relationships during Palaeolithic times in the Kaladgi 878 

Basin, Karnataka. Deccan College, Post-Graduate and Research Institute, Pune, India. 879 

Pausas, J.G., Keeley, J.E., 2019. Wildfires as an ecosystem service. Front. Ecol. Environ. 17, 880 

289–295. https://doi.org/10.1002/fee.2044 881 

Premathilake, R., 2006. Relationship of environmental changes in central Sri Lanka to 882 

possible prehistoric land-use and climate changes. Palaeogeogr. Palaeoclimatol. 883 

Palaeoecol. 240, 468–496. https://doi.org/10.1016/j.palaeo.2006.03.001 884 

Prentice, I.C., 1985. Pollen representation, source area, and basin size: Toward a unified 885 

theory of pollen analysis. Quat. Res. 23, 76–86. https://doi.org/10.1016/0033-886 

5894(85)90073-0 887 

R Core Team, 2014. R: a language and environment for statistical computing. 888 

Rajan, R., 1998. Imperial environmentalism or environmental imperialism? European 889 

forestry, colonial foresters and the agendas of forest management in British India 1800–890 

1900, in: Groves, R.H., Damodaran, V., Sangwan, S. (Eds.), Nature and the Orient: The 891 

Environmental History of South and Southeast Asia. Oxford University Press, New 892 



41 

 

Delhi, India. 893 

Ramesh, B.R., Pascal, J.P., 1997. Atlas of endemics of the Western Ghats (India): 894 

distribution of tree species in the evergreen and semi-evergreen forests. Institut francais 895 

de Pondichery, Pondicherry, India. 896 

Rangarajan, M., 1996. Fencing the Forest: Conservation and Ecological Change in India’s 897 

Central Provinces 1860-1914. Oxford University Press, New Delhi. 898 

Ribbentrop, B., 1900. Forestry in British India. Calcutta Government Press, Calcutta, India. 899 

Rice, B.L., 1878. Mysore and Coorg: gazetteer compiled for the Government of India. Vol. 900 

III Coorg. Mysore Government Press, Bangalore. 901 

Roberts, P., Hunt, C., Arroyo-Kalin, M., Evans, D., Boivin, N., 2017. The deep human 902 

prehistory of global tropical forests and its relevance for modern conservation. Nat. 903 

Plants. https://doi.org/10.1038/nplants.2017.93 904 

Rodríguez-Zorro, P.A., Turcq, B., Cordeiro, R.C., Moreira, L.S., Costa, R.L., McMichael, 905 

C.H., Behling, H., 2018. Forest stability during the early and late Holocene in the igapó 906 

floodplains of the Rio Negro, northwestern Brazil. Quat. Res. (United States) 89, 75–89. 907 

https://doi.org/10.1017/qua.2017.99 908 

Roxy, M.K., Ritika, K., Terray, P., Murtugudde, R., Ashok, K., Goswami, B.N., 2015. 909 

Drying of Indian subcontinent by rapid Indian ocean warming and a weakening land-sea 910 

thermal gradient. Nat. Commun. 6, 7423. https://doi.org/10.1038/ncomms8423 911 

Schroth, G., Fonseca, G. a. B. Da, Harvey, C. a., Vasconcelos, H.L., Goscon, C., Izar, A.-912 

M.N., 2004. Agroforestry and biodiversity conservation in Tropical Landscapes. Island 913 

Press. https://doi.org/10.1007/s10457-006-9011-z 914 

Seddon, A.W.R., Mackay, A.W., Baker, A.G., Birks, H.J.B., Breman, E., Buck, C.E., Ellis, 915 

E.C., Froyd, C.A., Gill, J.L., Gillson, L., Johnson, E.A., Jones, V.J., Juggins, S., Macias-916 

Fauria, M., Mills, K., Morris, J.L., Nogués-Bravo, D., Punyasena, S.W., Roland, T.P., 917 



42 

 

Tanentzap, A.J., Willis, K.J., Aberhan, M., van Asperen, E.N., Austin, W.E.N., 918 

Battarbee, R.W., Bhagwat, S.A., Belanger, C.L., Bennett, K.D., Birks, H.H., Bronk 919 

Ramsey, C., Brooks, S.J., de Bruyn, M., Butler, P.G., Chambers, F.M., Clarke, S.J., 920 

Davies, A.L., Dearing, J.A., Ezard, T.H.G., Feurdean, A.N., Flower, R.J., Gell, P., 921 

Hausmann, S., Hogan, E.J., Hopkins, M.J., Jeffers, E.S., Korhola, A.A., Marchant, R., 922 

Kiefer, T., Lamentowicz, M., Larocque-Tobler, I., López-Merino, L., Liow, L.H., 923 

Mcgowan, S., Miller, J.H., Montoya, E., Morton, O., Nogué, S., Onoufriou, C., Boush, 924 

L.P., Rodriguez-Sanchez, F., Rose, N.L., Sayer, C.D., Shaw, H.E., Payne, R., Simpson, 925 

G., Sohar, K., Whitehouse, N.J., Williams, J.W., Witkowski, A., 2014. Looking forward 926 

through the past: Identification of 50 priority research questions in palaeoecology. J. 927 

Ecol. 102, 256–267. 928 

Singh, P.P., 2008. Exploring biodiversity and climate change benefits of community-based 929 

forest management. Glob. Environ. Chang. 18, 468–478. 930 

https://doi.org/10.1016/j.gloenvcha.2008.04.006 931 

Sinha, A., Berkelhammer, M., Stott, L., Mudelsee, M., Cheng, H., Biswas, J., 2011. The 932 

leading mode of Indian Summer Monsoon precipitation variability during the last 933 

millennium. Geophys. Res. Lett. 38, 2–6. https://doi.org/10.1029/2011gl047713 934 

Słowiński, M., Lamentowicz, M., Łuców, D., Barabach, J., Brykała, D., Tyszkowski, S., 935 

Pieńczewska, A., Śnieszko, Z., Dietze, E., Jażdżewski, K., Obremska, M., Ott, F., 936 

Brauer, A., Marcisz, K., 2019. Paleoecological and historical data as an important tool in 937 

ecosystem management. J. Environ. Manage. 236, 755–768. 938 

https://doi.org/10.1016/j.jenvman.2019.02.002 939 

Sugita, S., 1993. A Model of Pollen Source Area for an Entire Lake Surface. Quat. Res. 39, 940 

239–244. https://doi.org/10.1006/qres.1993.1027 941 

Sukumar, R., Suresh, H.S., Dattaraja, H.S., John, R., Joshi, N.V., 2004. Mudumalai forest 942 



43 

 

dynamics plot, India., in: Losos, E.C., Leigh, Jr., E.G. (Eds.), Tropical Forest Diversity 943 

and Dynamism, Findings From a Large-Scale Plot Network. University of Chicago 944 

Press, Chicago. 945 

Swain, A.M., 1973. A history of fire and vegetation in northeastern Minnesota as recorded in 946 

lake sediments. Quat. Res. 3, 383–396. 947 

Tacconni, L., Moore, P.F., Kaimowitz, D., 2007. Fires in tropical forests – what is really the 948 

problem? Lessons from Indonesia. Mitig. Adapt. Strateg. Glob. Chang. 21, 55–66. 949 

https://doi.org/10.1007/s11027-006-9040-y 950 

Thekaekara, T., Vanak, A.T., Hiremath, A., Rai, N.D., Ratnam, J., Sukumar, R., 2017. Notes 951 

from the Other Side of a Forest Fire. Econ. Polit. Wkly. 52, 22–25. 952 

Ticktin, T., Quazi, S., Dacks, R., Tora, M., McGuigan, A., Hastings, Z., Naikatini, A., 2018. 953 

Linkages between measures of biodiversity and community resilience in Pacific Island 954 

agroforests. Conserv. Biol. 32, 1085–1095. https://doi.org/10.1111/cobi.13152 955 

Tinner, W., Conedera, M., Ammann, B., Gäggeler, H.W., Gedye, S., Jones, R., Sägesser, B., 956 

1998. Pollen and charcoal in lake sediments compared with historically documented 957 

forest fires in southern Switzerland since AD 1920. Holocene 8, 31–42. 958 

https://doi.org/10.1191/095968398667205430 959 

Tscharntke, T., Clough, Y., Bhagwat, S.A., Buchori, D., Faust, H., Hertel, D., Hölscher, D., 960 

Juhrbandt, J., Kessler, M., Perfecto, I., Scherber, C., Schroth, G., Veldkamp, E., 961 

Wanger, T.C., 2011. Multifunctional shade-tree management in tropical agroforestry 962 

landscapes - A review. J. Appl. Ecol. 48, 619–629. https://doi.org/10.1111/j.1365-963 

2664.2010.01939.x 964 

Tuomisto, H., 2012. An updated consumer’s guide to evenness and related indices. Oikos 965 

121, 1203–1218. https://doi.org/10.1111/j.1600-0706.2011.19897.x 966 

Weng, C.Y., Hooghiemstra, H., Duivenvoorden, J.F., 2006. Challenges in estimating past 967 



44 

 

plant diversity from fossil pollen data: statistical assessment, problems, and possible 968 

solutions. Divers. Distrib. 12, 310–318. https://doi.org/10.1111/j.1366-969 

9516.2006.00230.x 970 

Whitlock, C., Colombaroli, D., Conedera, M., Tinner, W., 2018. Land-use history as a guide 971 

for forest conservation and management. Conserv. Biol. 32, 84–97. 972 

https://doi.org/10.1111/cobi.12960 973 

Wright, H.E., Heinselman, M.L., 1973. The ecological role of fire in natural conifer forests of 974 

western and Northern North America–Introduction. Quat. Res. 3, 319–328. 975 

https://doi.org/10.1007/bf03400628  976 



45 

 

Supplementary Figure 1: Variation in the sample resolution across the Agroforest-1 sequence 977 

informing two interpolation-window widths of 260 and 150 years for calculating temporal β-978 

diversity i.e. change in vegetation composition over time. 979 


