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Abstract  17 

Tropical peat swamp forests contain diverse plant communities that support many endangered 18 

flora and fauna species. These forests are increasingly threatened by disturbances such as 19 

drainage, logging, and subsequent fire, yet little is known about tree species recovery from these 20 

threats. 21 

Tree species richness and diversity were measured in peat swamp forests of Central Borneo 22 

regenerating naturally after fires from 139 chronosequence plots. Our findings indicated that two 23 

to three decades after fire, similar levels of richness and diversity to relatively undisturbed 24 

reference forest are reached within sites. However, when averaged across landscapes our 25 

modelling shows that fires of average frequency of 50 years, or even 100 years, can substantially 26 

suppress tree species richness and diversity. Thus, even rare fires can reduce the species richness 27 

and diversity of tropical peat swamp forests. 28 

Two groups of tree species drove the difference in richness and diversity between disturbed and 29 

reference forests: ‘decreasers’ (occupying recently burnt forest and declining with fire exclusion) 30 

and ‘increasers’ that were only present in less disturbed forests and absent or rare in recently 31 

burnt forests. The decreasers were more common than the increasers. 32 

We conclude that peat swamp forests can recover adequately from fires through natural 33 

regeneration, and it is possible that artificial planting may speed up this process. Where possible, 34 

excluding fire from tropical peat forests will help to maintain the diversity of these threatened 35 

ecosystems and promote their recovery. 36 

Keywords: south-eastern Asia, Kalimantan, Species richness, Shannon diversity, peatland, 37 

Syzygium garcinifolia, Stemonourus scorpioides, Litsea oppositifolia   38 
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Introduction  39 

Approximately 13.4 million ha of tropical peatlands occurs in Indonesia, with exceptionally deep 40 

peatlands in Kalimantan on the island of Borneo (Anda et al. 2021). Peat swamp forests, one of 41 

the categories of peatlands (Page et al. 1999), contain distinctive plant communities and provide 42 

critical habitat for numerous animals, including threatened species such as orangutans, Pongo 43 

spp., Sumatran tiger, Panthera tigris sumatrae, and Bornean agile gibbon, Hylobates albibarbis 44 

(Morrogh-Bernard et al. 2003; Husson et al. 2018).  45 

In recent decades large areas of tropical peat swamp forest have been degraded through timber 46 

removal, agricultural expansion (including burning), and through associated access and drainage 47 

activities (Rieley et al. 2008). The drainage of water from peat domes has allowed periodic 48 

drying of surface peat and the initiation of cycles of human burning to maintain areas tree-free 49 

for future agricultural development (Morrogh-Bernard et al. 2003; Fuller et al. 2004; Yule 2010; 50 

Hoscilo et al. 2011; Posa et al. 2011). The net result of these actions is that large areas of 51 

peatlands, that were once naturally resistant to fires, become fire-prone systems (Turetsky et al. 52 

2015). In addition, climate change has increased the rate of peatland drying with several years of 53 

drought over the last two decades (Barber and Schweithelm 2000; Hirano et al. 2007). The large 54 

scale wildfires of 1997-98 throughout the tropics in Amazonia and Southeast Asia were linked to 55 

changes in land use and extended dry seasons that were likely caused by climate change 56 

(Cochrane 2002; Page et al. 2002). In the Southeast Asian region, fires in 2002 and 2006 57 

affected more that 8 million ha of peatlands (Page et al. 2009). Further extensive fires in 2015 in 58 

Indonesia burnt more than 2.5 million ha of forests and caused economic losses up to USD 16.1 59 

billion (World Bank 2016). Tropical peat swamp forests are particularly susceptible to fires 60 

because peat is extremely flammable when dry (Posa et al. 2011). Throughout the last two 61 
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decades more than 14% of the area of peat swamp forests in Sumatra and Kalimantan has been 62 

burnt at least once, and 23% has burnt more than twice, with an average fire return interval of 63 

less than 50 years (Vetrita and Cochrane 2020). In some areas of the former Mega Rice project 64 

of Central Kalimantan fires have burnt consecutively over five years (Page et al. 2009).  65 

Once affected by fires it is unknown how quickly and completely peat swamp forests can 66 

recover. Reduced canopy cover, decreased species richness, and high tree mortality are among 67 

the effects of fires on peat swamp forests (Yeager et al. 2003). Further, the high combustibility 68 

of peat and its capacity to smoulder for months destroys seedbanks and underground perennating 69 

organs (Page et al. 2009) and causes collapse of mature trees. While the detrimental effects of 70 

disturbances (such as logging and fire) on plant communities in tropical peat swamp forests have 71 

been reported at a plot scale (Yule 2010; Posa et al. 2011; Wijedasa et al. 2020), landscape scale 72 

changes at different fire return intervals has not been predicted. This is an important knowledge 73 

gap, as understanding how plant communities recover naturally after fire will help determine the 74 

impact of repeated fires in this ecosystem and stimulate the development of rehabilitation 75 

strategies after future fire events. 76 

The global ecological importance of peat swamp forests, including acting as carbon sinks and 77 

contributing significantly to the global carbon cycle (Page et al. 2006), combined with their 78 

threatened status and the increasing rate of anthropogenic disturbance, have generated a critical 79 

need to characterise their response and recovery from a variety of threatening processes. This 80 

study investigates the impact of fire on tree species recovery in the tropical peat swamp forests of 81 

Kalimantan, Indonesia. Specifically, the study aimed to: (a) determine the rate of post-fire 82 

recovery of species richness and diversity; (b) identify how changes in fire frequency alter tree 83 

species diversity and richness at the landscape level; (c) identify tree species most at risk from 84 

fire and, (d) provide recommendations for current and future restoration projects.  85 
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Material and Methods 86 

Study sites and data measurements 87 

Peat swamp forests growing on either the Mawas or the Sebangau peat domes near Palangka 88 

Raya, in Central Kalimantan, on Borneo Island were selected for this study (Fig.1). Areas of peat 89 

swamp forest within and near the Sebangau National Park (NP) with no known fire history were 90 

designated as reference forest, noting that Sebangau NP had a history of selective logging prior 91 

to declaration of the park in 2004. The peat swamp forests near Tumbang Nusa research station 92 

had a history of past logging, and some were burnt in one, two or multiple fires over 1997 - 2015 93 

years (Fig. 1). All burnt peat swamp forests sampled for this study have regenerated naturally. 94 

For the analysis, our chronosequence dataset contained 139 plots randomly located, but with 95 

time since fire (TSF) corresponding to 7 elapse times: 4 years=14 plots, 5 years=9 plots, 7 96 

years=14 plots, 10 years=19 plots, 16 years=30 plots, 20 years=11 plots, 22 years=12 plots. The 97 

other 30 plots were the reference plots (unburnt). The unequal number of plots reflected the 98 

difficulties of establishing plots for some TSF categories, e.g., inaccessible flooded areas, or 99 

areas converted to plantations or too close to roads or canals. The TSF was determined from fire 100 

history data of the Ministry of Environment and Forestry of Indonesia and from consultation 101 

with local authorities. All plots were established at least 50 - 100 metres from roads and canals. 102 

In each plot, larger trees with a diameter at breast height (DHB) at 1.3 m ≥10 cm were measured 103 

within 300 - 400 m2 plot boundaries, and smaller trees and saplings with DBH <10 cm were 104 

measured in smaller sub-plots (40 m2). All measured trees were identified with either local or 105 

scientific names. Among the 126 tree species encountered, about 17 species could not be 106 

identified beyond family, so a morphospecies approach that allocated each unknown species a 107 

unique code (e.g. Litsea oppositifolia and Litsea sp. 1) was applied to facilitate the analysis.  108 
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Theil’s uncertainty coefficient (Theil 1972) was used to calculate the correlation between the 109 

TSF and both the fire frequency and inter-fire interval classes, resulting in high correlations in 110 

both cases (0.73 and 0.77). This was due to expected associations among the three variables; for 111 

example, most recently burnt plots were also frequently burnt and had short inter-fire intervals. 112 

Given the confounding among the three fire variables, TSF alone was used due to its simplicity 113 

and management relevance for building a better understanding of the recovery of these forests 114 

from novel logging and burning disturbance.  115 

 116 

 117 
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Figure 1. Study site location in Central Kalimantan, Indonesia. Black dots represent study sites. 118 

 119 

Data analysis 120 

Tree species richness (number of species) and Shannon diversity were modelled as a function of 121 

time since fire (t) by fitting a logistic function given by: 122 

f(t) = 𝐾𝐾/[1 + ((𝐾𝐾 − 𝑃𝑃0) 𝑃𝑃0⁄ )exp[−𝑟𝑟 × 𝑡𝑡]]    Eq (1) 123 

where K is the maximum species richness (or diversity), P0 is the species richness (or diversity) 124 

at zero years since fire, and r controls the rate of increase in species richness (or diversity) with 125 

time towards the asymptotic value K. Thus, we used two different versions of equation (1) – one 126 

for analysing species diversity and one for analysing species richness. 127 

 128 

Statistical models were fitted using Bayesian Markov chain Monte Carlo methods within 129 

OpenBUGS. Errors (residuals) were assumed to have a normal distribution. Vague (flat) priors 130 

were specified to limit the priors’ influence on the estimated parameters. These were uniform on 131 

the range 0 to 10 for the parameters r and P0, and on the range 0 to 100 for the parameter K. The 132 

upper limits of these uniform distributions were chosen to ensure they did not constrain the 133 

posterior. The precision (reciprocal of the variance) of the residuals was given a gamma prior 134 

with both parameters equal to 0.001 (mean=1, variance=1000). 135 

For unburnt sites with a history of selective logging these values were treated as being censored 136 

(with a minimum value of 50 years), with times since fire of all sites assumed to be drawn from a 137 

common exponential distribution. A statistical model in which the residuals were spatially 138 

correlated was also analysed (using the spatial.exp function in OpenBUGS); this model 139 
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generated qualitatively similar results to the model that ignored spatial correlation, so it will not 140 

be discussed further. 141 

 142 

The above analysis examines how species richness and diversity vary with time since fire. We 143 

also examined how the average species richness and diversity across sites (i.e., averaged over a 144 

landscape) is expected to vary with the mean fire interval occurring in the landscape.  145 

The expected species richness and diversity across landscapes was predicted by modelling the 146 

expected age structure of landscapes subject to random fires and then calculating the average 147 

diversity and richness across this landscape. When fires occur randomly with respect to time 148 

(independent of time since fire), the time since fire for plots in the landscape is expected to 149 

follow an exponential distribution (McCarthy et al. 2001), with the probability density of the age 150 

structure equal to exp(−t/μ)/μ, where μ is the mean fire interval and t is time since fire. The 151 

expected species richness and diversity are obtained by multiplying this age structure by the 152 

estimated functions of recovery following fire and integrating over time since fire (t): 153 

𝐸𝐸(𝑅𝑅) = ∫ 𝑅𝑅(𝑡𝑡) exp(−𝑡𝑡/𝜇𝜇)/𝜇𝜇 𝑑𝑑𝑑𝑑∞
0      Eq (2) 154 

𝐸𝐸(𝐷𝐷) = ∫ 𝐷𝐷(𝑡𝑡) exp(−𝑡𝑡/𝜇𝜇)/𝜇𝜇 𝑑𝑑𝑑𝑑∞
0      Eq (3) 155 

The resulting integrals that define the expected species richness and diversity are functions of the 156 

model parameters for R(t) and D(t) (estimated from the fitted values of Eq (1) for each of R(t) 157 

and D(t) and the mean fire interval (µ)). These integrals were calculated for mean fire intervals 158 

up to 100 years to determine the degree to which random fires will reduce the expected richness 159 

and diversity of landscapes below the maximum attainable values (the asymptote K in Eq 1). 160 

 161 
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For species that were detected at more than 20 sites (23 species), we fitted models of how their 162 

recorded abundance changed with time since fire. The log of the expected abundance was 163 

modelled as a linear function of time since fire (i.e., abundance changed exponentially with time 164 

since fire, either increasing or decreasing). The observed abundances were modelled as being 165 

drawn from a Poisson distribution, with the mean given by the expected abundance. Vague priors 166 

were assumed for the regression coefficients. 167 

 168 

As for the analysis of species richness and diversity, for sites where time since fire was not 169 

known precisely, these values were treated as being censored and drawn from an exponential 170 

distribution. Species were classified as either increasers or decreases when the 95% credible 171 

interval coefficient was either fully above or below zero. Species responses to time since fire 172 

were classified as being unclear when the 95% credible interval of the regression coefficient 173 

spanned zero. These include cases where the species might be most abundant at intermediate 174 

times since fire, although there were no species where such a hump-shaped relationship was 175 

clearly appropriate. 176 

 177 

Results 178 

One hundred and twenty-six species were identified among a sample of 5226 trees collected 179 

across 139 plots. Time since fire had a marked influence on peat swamp forest tree species 180 

richness and diversity. Species richness and Shannon diversity were lowest in recently burnt 181 

forest and highest in the reference forests (Fig. 2). Both richness and diversity recovered rapidly 182 

over time, demonstrating substantial increases from 5 to 15 years since fire, with richness 183 

increasing by a factor of three and diversity approximately doubling over the same period. The 184 

increase was less pronounced 20 years after fires (Fig. 2).  185 
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 186 

 187 

 188 

 189 

Fig 2. Estimated recovery of species richness and species diversity with time since fire. Dots are 190 

the values measured at each plot, the lines are the estimated relationships, and the dashed lines 191 

are 95% credible intervals of the estimate.  192 
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Despite the observed post-fire recovery at our study sites, modelled species richness and 194 

diversity averaged across the whole landscape was reduced substantially by fires occurring 195 

relatively infrequently. For example, a mean fire interval of 100 years reduced landscape-scale 196 

richness by 12% and landscape-scale diversity by 9% below the maximum attainable values, 197 

while a mean fire return interval of 50 years reduced richness by 23% and diversity by 17%. 198 

Moreover, expected richness and diversity continued to increase even as the mean fire interval 199 

increased beyond 100 years (Fig. 3). 200 
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Fig 3. Reduction in species richness and Shannon diversity averaged across a landscape subject 202 

to different mean fire intervals.  203 

 204 

Two patterns of individual species recovery were evident; some species became very numerous 205 

immediately after fire and then decreased over time (‘decreasers’ – early-successional species) 206 

while others were absent or rare immediately after fire and then increased over time 207 

(‘increasers’, Fig. 4). A third group of species did not have a clear patten of recovery which was 208 

possibly due to low sample number (Supplementary, Fig S1). 209 

 210 

 211 
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Fig 4. Examples of species’ responses to time since fire. The datapoints have been jittered to 212 

reveal instances where multiple datapoints occupy the same values.  213 

 214 

Discussion 215 

In this study we assessed tree species richness and diversity of tropical peat swamp forests 216 

recovering naturally from fires. A key result of this study that is perhaps counter-intuitive, is that 217 

even though recovery was observed within 20-30 years at the site level, at a landscape scale, fires 218 

returning at that interval would reduce biodiversity substantially – and even fires occurring at 219 

much longer intervals (50-80 years) are predicted to result in substantial decline of biodiversity. 220 

This is an alarming result, giving that average fire return interval in peat swamp forests of 221 

Kalimantan and Sumatra is between 28 and 45 years (Vetrita and Cochrane 2020). Changing 222 

climate, land use change, mass relocation of people from densely populated Java to Kalimantan 223 

and associated with it clearance of land, increase the chances of fires becoming more extensive, 224 

severe, and frequent.  225 

The current United Nations (UN) decade on ecosystem restoration ‘aims to prevent, halt and 226 

reverse the degradation of ecosystems on every continent’ (UN 2022a). Recently burnt forests 227 

were dominated by early-successional species, ‘decreasers’, Combretocarpus rotundatus and 228 

Cratoxylum glaucum, which are well known wind dispersed species (Blackham et al. 2014). 229 

Invasion of burnt areas is favoured by their small, wind-dispersed seeds which are produced 230 

year-round (Blackham et al. 2013). These two species are recommended for peatland 231 

rehabilitation (Harrison et al. 2011; Istomo and Valentino 2012; Shiodera et al. 2012; Wibisono 232 

and Dohong 2017) (Table S2). However, we believe that these species do not require artificial 233 

replanting as they easily resprout and dominate forest stands 4-5 years after fires (Fig. 4). 234 
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Moreover, stimulating regeneration of these species could lead to a ‘pioneer desert’ (Martínez-235 

Garza and Howe 2003) dominated by species that will not attract the larger frugivores needed for 236 

promoting diversity.  237 

A restoration initiative “seeding 100 Million trees to restore Borneo’s rainforests” recruits new 238 

farmers to participate in the restoration of degraded forests by planting fast-growing tree species 239 

(UN 2022b). The species recommended for this project were unavailable, but we suggest that 240 

species from the “increaser” group should be the focus of revegetation efforts as these species 241 

are most at risk of decline and disappearance if fires become more frequent and more extensive.  242 

The increasers such as Syzygium garcinifolia and Stemonourus scorpioides were not present at 243 

recently burnt sites, yet these species have important values for wildlife, the latter providing food 244 

and nest sites for orangutans, Pongo pygmaeus (Gibson 2005; Cheyne 2007; Fauzy et al. 2017; 245 

Atmoko et al. 2018). Syzygium species of family Myrtaceae are generally dispersed by medium 246 

size and larger birds and mammals (Blackham et al. 2014), some of which are not found in 247 

recently burnt and degraded forests. Several species recorded in our study were on the 248 

International Union for Conservation of Nature (IUCN) red list as ‘near threatened’ or 249 

‘vulnerable’ with abundances declining (Centre 1998; Ly et al. 2017; Olander and Wilkie 2019). 250 

Moreover, information on the conservation status of most of the species documented in our study 251 

sites was out of date or not available (Table S1), pointing to the urgent need for addressing this 252 

important knowledge gap. 253 

The lack of information on interactions and interdependence between the two groups of plants 254 

identified in our study - ‘decreases’ possibly play an important role for succession of peat swamp 255 

forests regeneration. For instance, ‘decreasers’ may facilitate the establishment of late-256 

successional species, by providing shade and altering soil properties (Chazdon 2014). Both 257 

groups of plants are important during revegetation. Given the potential interaction between 258 
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increasers and decreasers and the need to establish the conditions for the increaser group, we 259 

suggest that a few of the early-successional species (‘decreaser’ group) should be incorporated 260 

into peat swamp forest revegetation processes: Litsea oppositifolia was only present as a small 261 

tree with diameter at breast height <10 cm even in long unburnt forests (20 years since fire), yet 262 

this species provides food for the proboscis monkey, Nasalis larvatus (Mukhlisi et al. 2018). The 263 

age at which this species bear fruits is unavailable in the literature, yet medium sized trees or 264 

larger are necessary to provide both food and habitat structure. With a mean annual increment of 265 

1 cm per year (Yahya et al. 2004), it would require at least 20 years before this species can 266 

provide habitat for mammals. Horsfieldia crassifolia, a critically endangered decreaser 267 

(Government 2022), was only observed in sites more than 7-10 years after fires. This species has 268 

orange-coloured fruits and is a food source for mammals and birds such as hornbills 269 

(Bucerotidae). Revegetating recently burnt peat swamp forests with these ‘decreasers’ will 270 

enhance biodiversity, potentially creating conditions for the ‘increasers’ and protect these species 271 

from extinction.  272 

The unburnt peat swamp forests within and near the Sebangau National Park were the baseline 273 

(reference) for our study, yet even these forests have been disturbed by humans in the last 50 274 

years. Although the impact of selective logging on species richness and diversity are smaller than 275 

fires (Tata and Pradjadinata 2013), selective logging makes peat swamp forests more susceptible 276 

to fires (Harrison et al. 2021), resulting in synergistic negative effects. A history of past selective 277 

logging in these forests has possibly caused near loss of important commercial tree species 278 

(Astiani 2016), such as Gonystylus bancanus (Hadisuparto 1996; van Nieuwstadt and Sheil 279 

2005), which then leads to low abundance of the species with forest recovery. In our study G. 280 

bancanus was present in low abundance in long unburnt and reference forests. It is believed that 281 

limited distance of seed dispersal due to large and heavy fruits might be one of the reasons why 282 
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G. bancanus tends to grow near mother trees (Hamzah et al. 2010). It is highly likely that 283 

removal of large mother trees during the era of selective logging removed the seed source for this 284 

species leading to its current low abundance in regenerating forests. 285 

We acknowledge several limitations in our study. Firstly, analyses were based on a 286 

chronosequence approach, not repeated measures, which is difficult to achieve in practice across 287 

a large landscape for up to 22 years. Peat swamp forests are spatially variable due to both 288 

position on the peat dome and prior disturbance history. We acknowledge that chronosequence 289 

studies have limitations when applied to studying successional trajectories in species-rich and 290 

highly disturbed communities because of often major difficulties in determining temporal 291 

linkages between stages (Walker et al. 2010). However, chronosequences usefully clarify 292 

ecological processes in a manner that cannot be achieved in any other way – and our study sites 293 

were of similar biotic and abiotic conditions and classified as peat swamp forests (Foster and 294 

Tilman 2000). While measurements were taken at different times, the species identification was 295 

completed by the same team. The size of sampling plots varied slightly between measurements, 296 

but the sampling approach was consistent (Table S1).  Our modelling assumed that fires occur 297 

randomly with respect to time (independent of time since fire). This is our best approximation of 298 

climate change, continued land use change (Sari et al. 2022), and at this stage there are no 299 

models that can predict peat fire occurrence. Our personal experience supports the random 300 

occurrence of fire – a peat fire in 2019 near Tumbang Nusa research camp started randomly and 301 

smouldered for months (Volkova et al. 2021). A single fire event may eliminate some species, 302 

and repeated fires at the same location will further reduce species diversity by altering habitat 303 

structure and eliminating intolerant species.  304 



17 
 

Tree species encountered in this study are virtually non-studied and there is very little or non-305 

existent information available about their habitat preference, resprouting characteristics, 306 

flowering time, seed dispersal mechanisms, threatened status and other biophysical 307 

characteristics. Therefore, it is extremely difficult to provide sound practical advice on planting 308 

strategies; targeted research is required to improve our understanding of plant physiology of key 309 

species we recommend for replanting. 310 

 311 

Conclusion 312 

Our study in naturally regenerating tropical peat swamp forests after fires signals the need to 313 

manage for the persistence of key tree species by excluding fire. Although tree species richness 314 

and diversity recover after 20-30 years at a site level, our modelling shows that across landscapes 315 

fires occurring much less frequently (e.g., every 50-80 years) are expected to substantially reduce 316 

tree species diversity and richness. Protecting peat swamp forests from fire will be increasingly 317 

important as risks associated with urbanisation, agriculture development and climate change 318 

increase. Nevertheless, future fire is likely, and when fires occur, active planting may assist 319 

forest recovery. Further research on revegetation strategies with species proposed in this study is 320 

of critical importance for biodiversity preservation, maintaining habitat for endangered animals, 321 

and for the livelihood and wellbeing of indigenous communities relying on the ecosystem 322 

services peat swamp forests provide.  323 

 324 
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