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Summary

Almost a third of the world’s population lives in dry tropical forest and savanna ecosystems
and there is high human dependency for resources from these ecosystems, such as food,
fuelwood, non-timber forest products and livestock grazing. Dry tropical ecosystems are being
lost or degraded at an alarming rate due to changes in land use and climate. These dry tropical
ecosystems cover a significant portion of the country of India and provide significant services
to the human populations. Despite their ecological and socio-economic significances, dry
tropical ecosystems are underrepresented in protected areas and receive less research focus than
other ecosystem types. In the Eastern Ghats of India, woody plants in dry ecosystems are
important for livestock grazing and fuelwood extraction, however the anthropogenic activities
of burning to provide a flush of palatable grasses for grazing animals and harvesting of branches
and stems for fuelwood and other purposes might threaten the long-term sustainability of these
resources. My thesis examines the effect of harvesting and burning on woody plant community
composition and population dynamics.

This dissertation is structured into five chapters to address this general theme. Chapter 1
broadly introduces the topics of forest community composition and structure and how
anthropogenic activities alter this composition and structure. | present background on the
context of the Eastern Ghats and the current state of our knowledge on the effects of fire and
harvesting on woody plant composition and population dynamics. | set up the knowledge gaps
that motivated the dissertation research.

Chapters 2-4 present my original research, and are stand-alone studies that have been
published or submitted for publication in peer-reviewed scientific journals. In Chapter 2, |
analyzed plots in the Eswaramala Reserve Forest to compare areas affected by recent fire with
those not affected by recent fire. My results showed that burned areas experience an increase in
stem density, but a decrease in species richness as fire-resistant and tolerant species became
more dominant in the community. These species possess traits such as thick bark and clonal
sprouting. Moreover, the presence of fire caused a shift in the size structure, favoring smaller,
resprouting individuals.

In Chapter 3, | examined the vital rates and population growth rates of three dry tropical tree
species under different conditions of harvesting. Using integral projection models, | found
variations in demographic rates among the species. Harvesting led to reduced growth rates in
two of the species. One species that was subjected to both branch and main stem harvesting
experienced a significant decline in population growth rate. Analysis through life table response



experiments indicated that this decline was primarily attributed to harvested individuals having
to regrow from their base. Seed recruitment was limited for all species, possibly due to the
presence of additional threats like fire.

In Chapter 4, | sampled more than 600 individual trees and compared the composition and
structure of wooded savanna and open savanna habitats. Results showed significant differences
in tree composition due to species turnover, likely influenced by soil, land use history, and
current practices. Important tree species varied between the habitats. Both habitats had a right-
skewed size distribution, likely attributed to different anthropogenic factors: fire in wooded
savannas and grazing/harvesting in open savannas.

In Chapter 5, | discuss the overall findings of the dissertation, its limitations, and its utility
to contribute to conservation. My research provides new knowledge on the effect of
anthropogenic factors on community composition and demography in the Eastern Ghats and

provides a baseline for future research in this understudied region.

Keywords: fire; harvesting; species composition; species diversity; size structure;
demography; population growth rate; dry forest; savanna; Eastern Ghats; Deccan Plateau



Zusammenfassung

Fast ein Drittel der Weltbevolkerung lebt in trockenen tropischen Wald- und
Savannenokosystemen, und der Mensch ist in hohem MaRe von den Ressourcen dieser
Okosysteme abhangig, z. B. von Nahrungsmitteln, Brennholz, Nichtholzprodukten aus dem
Wald und Viehweiden. Trockene tropische Okosysteme gehen aufgrund von Veranderungen
der Landnutzung und des Klimas in alarmierendem Tempo verloren oder werden degradiert.
Diese trockenen tropischen Okosysteme bedecken einen groBen Teil des indischen
Staatsgebiets und erbringen bedeutende Leistungen fiir die menschliche Bevolkerung. Trotz
ihrer okologischen und soziobkonomischen Bedeutung sind die trockenen tropischen
Okosysteme in Schutzgebieten unterreprasentiert und werden weniger erforscht als andere
Okosystemtypen. In den ostlichen Ghats Indiens sind Gehdlze in trockenen Okosystemen
wichtig fur die Weidehaltung des Viehs und die Gewinnung von Brennholz. Die anthropogenen
Aktivitaten des Abbrennens, um die Weidetiere mit schmackhaften Grasern zu versorgen, und
des Erntens von Asten und Stammen fiir Brennholz und andere Zwecke kénnten jedoch die
langfristige Nachhaltigkeit dieser Ressourcen gefahrden. In meiner Dissertation untersuche ich
die Auswirkungen der Ernte und des Abbrennens auf die Zusammensetzung von
Geholzgemeinschaften und die Populationsdynamik.

Diese Dissertation ist in funf Kapitel gegliedert, um dieses allgemeine Thema zu behandeln.
Kapitel 1 gibt eine allgemeine Einfuhrung in die Zusammensetzung und Struktur von
Waldgemeinschaften und in die Frage, wie anthropogene Aktivitdten diese Zusammensetzung
und Struktur verandern. Ich préasentiere Hintergrundinformationen tiber den Kontext der Eastern
Ghats und den aktuellen Stand unseres Wissens (ber die Auswirkungen von Feuer und
Holzernte auf die Zusammensetzung von Gehdlzbestdnden und die Populationsdynamik. Ich
zeige die Wissenslicken auf, die mich zu meiner Dissertation motiviert haben.

Die Kapitel 2 bis 4 stellen meine urspringliche Forschung dar und sind eigenstéandige
Studien, die in wissenschaftlichen Fachzeitschriften mit Peer-Review veroffentlicht oder zur
Veroffentlichung eingereicht wurden. In Kapitel 2 analysierte ich Parzellen im Eswaramala
Reserve Forest, um Gebiete, die in letzter Zeit von Branden betroffen waren, mit solchen zu
vergleichen, die nicht von Branden betroffen waren. Meine Ergebnisse zeigten, dass in den
verbrannten Gebieten die Stammdichte zunahm, der Artenreichtum jedoch abnahm, da
feuerresistente und -tolerante Arten in der Gemeinschaft dominierten. Diese Arten weisen

Merkmale wie dicke Rinde und klonale Vermehrung auf. Dartiber hinaus fiuhrte die



Anwesenheit von Feuer zu einer Verschiebung in der GroRenstruktur zugunsten kleinerer,
wieder austreibender Individuen.

In Kapitel 3 untersuchte ich die Vitalitats- und Populationswachstumsraten von drei
trockenen tropischen Baumarten unter verschiedenen Erntebedingungen. Mithilfe von
integralen Projektionsmodellen fand ich Unterschiede in den demografischen Raten der
einzelnen Arten. Bei zwei der Arten fiihrte die Ernte zu reduzierten Wachstumsraten. Bei einer
Art, bei der sowohl die Aste als auch der Hauptstamm geerntet wurden, kam es zu einem
erheblichen Ruckgang der Wachstumsrate der Population. Eine Analyse anhand von
Experimenten zur Lebenszyklusanalyse ergab, dass dieser Riickgang in erster Linie darauf
zuriickzufuhren ist, dass die geernteten Individuen von ihrer Basis aus nachwachsen miissen.
Die Samenrekrutierung war bei allen Arten begrenzt, was moglicherweise auf das
Vorhandensein zusatzlicher Bedrohungen wie Feuer zuruckzufihren ist.

In Kapitel 4 habe ich mehr als 600 Einzelbdume beprobt und die Zusammensetzung und
Struktur von bewaldeten Savannen und offenen Savannenlebensrdumen verglichen. Die
Ergebnisse zeigten signifikante Unterschiede in der Baumzusammensetzung aufgrund des
Artenwechsels, der wahrscheinlich durch den Boden, die historische Landnutzung und aktuelle
Praktiken beeinflusst wird. Wichtige Baumarten variierten zwischen den beiden Lebensraumen.
Beide Lebensraume wiesen eine rechtsschiefe GroRenverteilung auf, die wahrscheinlich auf
unterschiedliche anthropogene Faktoren zuriickzufuhren ist: Feuer in bewaldeten Savannen und
Beweidung/Ernte in offenen Savannen.

In Kapitel 5 erortere ich die Gesamtergebnisse der Dissertation, ihre Grenzen und ihren
Nutzen fur den Naturschutz. Meine Forschungsarbeit liefert neue Erkenntnisse Uber die
Auswirkungen anthropogener Faktoren auf die Zusammensetzung und Demografie von
Lebensgemeinschaften in den Eastern Ghats und bildet eine Grundlage fir kinftige
Forschungen in dieser wenig erforschten Region.

Schlusselworter:  Feuer;  Holzeinschlag;  Artenzusammensetzung;  Artenvielfalt;
Demographie; Bevolkerungswachstumsrate; Trockenwald; Savanne; Eastern Ghats; Deccan
Plateau
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Chapter 1

General Introduction

1.1 Human land use and forest structure and dynamics

Forests account for approximately 30% of the total Earth’s terrestrial area (FAO 2020).
Forests are an important component of terrestrial ecosystems, as they harbor much of the
biodiversity of the world and provide many valuable goods and ecosystems services such as
timber, fodder and non-timber forest products (IPCC 2020). Forests also provide important
ecosystem functions such as heat and water balance regulation on a local level and carbon
sequestration that mitigates global climate change (IPCC 2020).

Due to the growing demand of land and resources, forests are threatened directly by human
activities, such as land use change and indirectly through climate change. Land use change by
humans has affected about two thirds of the total global terrestrial area (Winkler 2021). Land
use change affects forest ecosystems via habitat loss, modification, fragmentation, degradation
of soil and water resources, extinction of native species, and introduction of exotic species
(Vitousek 1994, Foley et al. 2005). Climate and land use change are interrelated problems, as
deforestation is a primary contributor to climate change (Bennett et al. 2017). At local scales,
human activities such as logging and fire can alter the microclimate by increasing surface

warming and decreasing precipitation (Laurance 2004, Blonder et al. 2018).

Deforestation and agricultural expansion in the global south are the main causes of land use
change (Lambin and Meyfroidt 2011, Winkler 2021). The nature of land use change varies
geographically and are influenced by socioeconomic attributes. As human and livestock
populations grow, future land use has even more potential to threaten biodiversity. Finding
sustainable human land use options are therefore necessary to maintain species diversity,
abundances and habitat structure thus ensuring ecosystem services (Godfray et al 2010, Martin
et al. 2020).

1.2 Forest structure and dynamics



Chapter 1

The structure of a forest ecosystem is described by the relative abundances of and diversity
of woody species, and the size structure of woody stems. Disturbance is an important factor
shaping woody plant community structure (Caswell and Cohen 1991, Bond and Midgley 2003,
Kumi et al. 2021). Successional dynamics occur over a long time period, with pioneer species
and small stems that are present immediately after disturbance being gradually replaced by
shade-tolerant species and larger canopy trees. The dynamics of woody plant communities are
governed by the survival, growth and reproduction of individuals in different environments
(Easterling et al. 2000, Svenning et al. 2004). Structured population models can project the
dynamics of each species under different environmental conditions. These models are
particularly useful for forest species, as dynamics are difficult to observe due to the long time

period over which they are realized (Barlow et al. 2016, Needham et al. 2018).

Community studies in different environmental contexts provide information on the effects
of environmental factors on the composition of species and the size structure of the woody
stems.

For example, analyses of community composition indicate whether species in one
environmental context are a nested subset of the species present in another, or rather if different
species occur in the different environments, potentially indicating different environmental
preferences (Baeten et al. 2012, da Silva et al. 2018). Combining information on species
composition with information about functional traits can help explain why species these
environmental preferences (Wright and Reeves 1992, Carvalho et al. 2012). Size structure of
woody stems provides hints to population dynamics (Crawley 1990). For example, populations

composed of all large stems might indicate low recruitment rates and a path towards extinction.

The persistence of a species in a given location depends on its demography, and current
presence of a species does not ensure long-term persistence (Hoffmann 1999, Bertuzzo et al.
2011, Hilde et al. 2020). Structure population models allow the projection of future populations
in each environmental context based on current demographic vital rates (Easterling et al. 2000).
For example, if trees are subjected to harvesting, the structured population model can be used
to project future population size if the conditions and pattern of human use remain (Mandle and
Ticktin 2012, Grogan et al. 2014). Understanding human land use on forests is best achieved

by considering community patterns, functional traits and population demography.
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1.3. Tropical dry forests

Dry forests account for almost half of the world’s tropical forests (Murphy and Lugo 1986,
Sunderland et al. 2015). These forests occur globally in Central and South America, Africa,
South East Asia, India and Australia, and occur in the same climate as savannas (Pennington et
al 2004). Tropical dry forests constitute about 17% of the global forests and support a large
population of forest dependent people (Miles et al. 2006). They are comprised of woody plants
that grow in a pronounced rainfall seasonality, and have an understory of Cz and/or C4 grasses.
The favorable growing period in this forest is narrow rainy season (Pennington et al. 2018), and

increasing length of the dry period can limit regeneration.

The dry tropics are home to one third of the global human population (Murphy and Lugo
1986, Pennington et al. 2018), and are thus threatened by human activities more than moist
forests. Local human activities include land use conversion (e.g., agricultural expansion,
pastures), commercial logging, resource extraction such as wood products and non-wood forest
products, introduction of exotic species, and alteration of disturbance regimes (Siyum et al.
2020). Dry tropical forests are also threatened by global climate change, which is projected to

increase the length of the dry season in many regions (Allen et al. 2017).

Compared to tropical rainforests, dry tropical forests have received less research attention,
and thus there is less known about how human activities influence the structure, composition
and dynamics of the dry tropical forests (Ticktin 2005, Sunderland et al. 2015, Pennington et
al. 2021). A long history of human habitation in dry forests suggest that humans might
sustainably use the forest resources that are currently present and have persisted (Setty et al.
2008, Hernandez-Barrios et al. 2015).

Proper management of dry tropical biomes requires properly characterizing the ecosystem
and understanding of the factors that are important to maintaining these ecosystems.
Environmental factors such as soil properties, temperature, precipitation, fire and herbivory
distinguish dry tropical forests from savanna ecosystems (Pennington et al. 2018). This is
important in India, where recent literature suggests that the dry forests are actually savannas
(Ratnam et al. 2016, Nerlekar et al. 2021, Stevens et al. 2022) due to the presence of continuous
grassy layer in the understory. Devaluing grassy ecosystems is common worldwide and in India,

and can lead to improper management (Parr et al. 2014, Silveria et al. 2020).
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1.4 Eastern Ghats

The Eastern Ghats are discontinuous hill ranges in the East coast of India. This region is
composed of dry evergreen, dry mixed deciduous, dry savanna, scrub and thorn forests
(Champion and Seth 1968, Mani 1974, Reddy and Parthasarathy 2008). The majority of the
forests in Eastern Ghats are composed of dry deciduous, savanna, scrub and thorn vegetation
(Mani 1974, Reddy and Parthasarathy 2008). The Eastern Ghats and Deccan Plateau act as
monsoon break of North East and South West monsoons (Rao 1976, Ponton et al. 2012). Due
to the poor soil conditions, dryland farming is possible only with a few crop species, such as
peanuts and millets (Singh 2013). The Eastern Ghats has a high population of economically
disadvantaged tribal communities that depend on the forests for livelihood. Hence, conservation
actions/efforts must consider humans as an integral part of the system (Rawat 1997, Reddy et
al. 2004, Yadama et al. 2010). The Eastern Ghats have had loss of forest cover, with
approximately 16% of forest cover lost across a span of 100 years (Ramachandran et al. 2015).
Often, this is due to forests being converted to agricultural and fallow lands. The remaining

forest is now quite fragmented (Ramachandran et al. 2015).

Documenting how environmental and anthropogenic factors influence forest composition in
the Eastern Ghats is important because shifts in species composition would affect the ecosystem
services that they provide, including provisioning services such as fuelwood, fodder and
NTFPs, and regulating services such as soil protection (Rawat 1997, Aditya and Ganesh 2019).
The colonial timber centric view of the forests has led to large scale felling of native and
endemic species, which have been replaced by plantations of exotic species (e.g., Eucalyptus
spp. in Chittoor district, Simon et al. 2019). The Eastern Ghats and Deccan Plateau is currently
a patchwork of forests and interspersed with village commons, agricultural lands, grazing lands
and rural settlements (FES 2003, FES 2011). Although Eastern Ghats and Deccan Plateau
harbour many endemic species, they are currently absent in the conservation discourse in India
(Reddy et al. 2008, Nerlerkar et al. 2021). The grasslands in the Eastern Ghats are often referred
to as degraded and are marked as areas for potential afforestation. The degree to which such

afforestation would benefit or harm the endemic flora and fauna in landscape is unknown.

People in the Eastern Ghats depend on forests for fuelwood, non-timber forest products and
livestock grazing (Schmerbeck 2011, Shackleton and Pandey 2014). In addition, small timber
harvested from the forests are used to make agricultural implements, fences and thatches (Adolf

et al. 2001). Non-timber forest products include fruits, gum, resin and tanning material (Reddy
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et al. 2016). Harvesting branches of trees for fuelwood was a common activity until recently.
Conservation efforts that increase household assets (gas stoves, houses) decreased the collection
of branches for fuelwood in dry tropical forests of Central India (Agarwala et al. 2016, Ruth de
Fries et al. 2022). People also cut branches of trees to provide fodder for livestock, and

populations of livestock have increased through time (FES 2011).

While the above activities might threaten the forest species, especially as human populations
grow, the larger threats to these forests come from more commercial activities that local people
do not profit from. These include commercial logging activities, forest clearing for solar/wind
power plants, and conversion of forests to agricultural lands or plantations (Ramesh and
Kalpana 2015). More recently there has been large-scale harvesting and collection of woody
species for brickmaking (FES 2011).

In order to understand the structure and dynamics of woody plant communities in the Eastern
Ghats and Deccan Plateau, three primary factors are important: (1) the role of fire, (2) the effect
of harvesting for local uses, and (3) the potential for open savanna or grasslands to support

unique species. | will discuss each of these in turn.

Fire: Forest fires in this region are anthropogenic in nature, set mainly to promote new flush
of grasses for grazers, or to clear land for agricultural fields (FES 2011, Reddy et al. 2012). Due
to the increasing livestock populations, extended dry seasons and low availability of woody
fodder, the number of fires set per year are increasing at a subcontinent scale (Kondandapani et
al. 2004, Kale et al. 2017). Sometimes multiple fires occur in a single year at a location (Reddy
etal. 201). Once set, these fires follow a mosaic like pattern of spread depending on the weather
conditions on that day and the grass cover in the understory. Fires are expected to increase in
the Deccan Peninsula (Kale et al. 2017). Change in climate and EI Nifio have increased the
dryness in the subcontinent, exacerbating the intensity and extent of anthropogenic fires (Jolly
et al. 2015).

Fires are known to have many effects on woody plant communities in other regions of the
world, including tropical dry forests in the Western Ghats (Mondal and Sukumar 2015, Verma
et al. 2017) and Central India (Saha and Howe 2003). Specifically, increases in the intensity
and/or frequency of fires from historic rates typically favors one or only a few species,

decreasing the evenness of the community (Tubbessing et al. 2020). The effects of grass
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presence, fire and browsing are interactive and are often difficult to disentangle in many
systems. For example, the presence of fire-tolerant grasses provides fuel for fire. In the Eastern
Ghats, the dominant grass is native species in the genus Cymbopogon (Elangovan et al. 2012).
These grasses can resprout and grow rapidly post fire (Sankaran 2005). It is a tall native grass
and when areas are not burned for long periods, there is high grass biomass and fuel load causing
larger fires. Fire has been used a management tool in the Eastern Ghats historically (Thekaekara
etal. 2017).

Repeated fires can cause strong environmental filtering for species with certain functional
traits (Bond and Midgley 2001). Species with functional traits such as thick bark and multiple
strategies of resprouting via below ground bud banks are known to be adapted to fire (Khan and
Tripathi 1989, Saha and Howe 2003). Fires can also create conditions that allow fire tolerant
and/or disturbance tolerant exotic species to invade and spread. In the Eastern Ghats and Deccan

Plateau, exotic woody plants include Prosophis juliflora and Lantana camara.

Harvesting: In the Eastern Ghats, woody plants are harvested for fuelwood, making
agricultural implements, non-timber forest products (Jegenathan et al 2008, Naidu et al. 2019).
Studies on harvesting in other regions show that the sustainability of harvesting depends on the
part of the plant harvested and the intensity of the harvesting (Ticktin 2005). Harvesting is
known to affect physiological processes, vital rates, population growth rates, and alter
community and ecosystem patterns and processes (Ticktin and Shackleton 2011, Gaoue et al.
2013).

In the Eastern Ghats, the introduction of government programs that provide household fuels
and brick/cement for the building of homes has caused harvesting of woody species to shift
from fuelwood and building materials to fodder and small timber use (Mundoli 2011). It is
important to understand the current levels of harvesting and if these levels are sustainable for
the woody plant populations. Some species in the Eastern Ghats are reported to have declined
overtime, and this might be due to harvesting pressure. These include Hardwickia binata,

Anogesiuss latifolia, Chloroxylon swietenia, and Albizia amara (FES 2011).

Grasslands: Studies have reported that grasslands in the Eastern Ghats are ancient and are
maintained by climate rather than new and the result of deforestation (Riedel et al. 2021).

Globally, grasslands and savanna ecosystems are threatened by afforestation schemes aimed to

14
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improve their carbon services (Veldman et al. 2019, Madhusudan and Vanak 2021). Other
compounding threats includes expansion of agriculture and conversion to renewable energy
projects (Ramachandran et al. 2020). While the composition of woody species in the Eastern
Ghats is known to depend on the bioclimatic and topographic variables (Jayakumar et al. 2002,
Reddy et al. 2011), it is currently not known if the woody species present in the grasslands are

a nested subset of the woody plants found in forests or a unique assemblage of species.

1.5 Thesis scope and chapter outline

Several studies have been conducted on the effects of human activities on forests, but little
is known about the effects of human activities on the population dynamics and community
structures of forests in Eastern Ghats. This is evident not only from a literature search, but also
from an absence of demographic life history information of plants from this region in global
databases such as COMPADRE (Salguero-Gomez et al. 2015), from the lack of vegetative plot
data from this region in sPLOT (Sabatini et al. 2021), and from the absence of long-term
monitoring plots in ForestGEO (Davies et al. 2021). The Eastern Ghats and Deccan Plateau
have unique species and threats and high socioeconomic importance to the surrounding rural
communities. These knowledge gaps motivated my doctoral research. In all chapters, | worked
in the Sadhukonda Reserve Forest and Eswaramala Reserve Forest, located in the South-Central

Eastern Ghats at the intersection of Eastern Ghats and Deccan Plateau.

In Chapter 2, I asked how recent fire influences the woody community composition and size
structure in tropical dry forest in the Eastern Ghats. | hypothesized that fire presence would shift
composition towards more fire tolerant species with functional traits such as those with
resprouting ability and thick bark. I hypothesized that large trees that could survive fires and
that these large individuals combined with small resprouting individuals would become
dominant size classes. My collaborators and | sampled plots with and without evidence of recent
fire and recorded the identity and size of woody plant species. Chapter 2 is published in Ecology

and Evolution.

In Chapter 3, | asked how the current levels of harvesting influence the demography and
population dynamics of the woody species? | hypothesized that higher harvesting rate and
particularly harvesting at the main stem would decrease demographic vital rates and population
growth rate. My collaborators collected demographic data of woody stems consisting of

seedlings, saplings, adult trees and resprouting individuals for three dry forest tree species. We
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measured the tagged individuals across a 7-year study period, and recorded the presence and

absence of harvesting. Chapter 3 is published in Biotropica.

In Chapter 4, | asked how woody plant composition differed between forest (wooded
savanna) and grasslands (open savanna) sites and whether differences were due to nestedness
or turnover of species? | hypothesize that the two habitats have an overall compositional
dissimilarity. | hypothesize that this is due to woody species turnover between the two habitat
types. My collaborators and | sampled plots within the reserve forest and grasslands and

recorded the identity and sizes of woody plant species.

In Chapter 5, I synthesize the key findings in the dissertation. I discuss (1) summary of results
(2) the relevance and potential application of my results to the conservation of woody plants in
the Eastern Ghats and Deccan Plateau, (3) the limitations of my approach and specific needs

for future experimental studies and long-term monitoring studies.
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Chapter 2

Fire alters diversity, composition, and structure of dry tropical

forests in the Eastern Ghats.

This chapter has been published in Ecology and Evolution as

Neeraja, U.V., Rajendrakumar, S., Saneesh, C.S., Dyda, V. and Knight, T.M., 2021. Fire
alters diversity, composition, and structure of dry tropical forests in the Eastern Ghats.
Ecology and Evolution, 11(11), pp.6593-6603. https://doi.org/10.1002/ece3.7514
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Abstract

Fire is known to have dramatic consequences on forest ecosystems around the world
and on the livelihoods of forest-dependent people. While the Eastern Ghats of India
have high abundances of fire-prone dry tropical forests, little is known about how
fire influences the diversity, composition, and structure of these communities. Our
study aimed to fill this knowledge gap by examining the effects of the presence and
the absence of recent fire on tropical dry forest communities within the Kadiri wa-
tershed, Eastern Ghats. We sampled plots with and without evidence of recent fire
in the Eswaramala Reserve Forest in 2008 and 2018. Our results indicate that even
though stem density increases in the recently burned areas, species richness is lower
because communities become dominated by a few species with fire resistance and
tolerance traits, such as thick bark and clonal sprouting. Further, in the presence of
fire, the size structure of these fire-tolerant species shifts toward smaller-sized, re-
sprouting individuals. Our results demonstrate that conservation actions are needed
to prevent further degradation of forests in this region and the ecosystem services
they provide.
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fires burn up to 500 million hectares of woodland, open forests,
tropical and subtropical savannas, 10-15 million hectares of bo-

Species richness and composition are important indicators of for-
est biodiversity and are known to change across natural and an-
thropogenic environmental gradients (Barlow et al., 2016; Husch
et al., 2002). Fire is an important disturbance factor that alters for-
est ecosystems around the world (Condé et al., 2019; De Andrade
et al., 2020; He et al., 2019). Globally, more than 90% of forest
fires are linked to human activity (FAO 2007). Fire is used for ag-
ricultural activities, maintaining grasslands for livestock, extract-

ing forest products, cultivation, and hunting (FAO 2007). Annually,

real and temperate forest, and 20-40 million hectares of tropical
forests (Bunk, 2004). In recent years, there is an increase in the
number of forest fires and burned area in several ecosystems world-
wide (Chuvieco et al.,, 2004; Cochrane, 2003; Dimitrakopoulous
et al., 2011; Kodandapani et al., 2004; Westerling, 2016). Tropical
dry forests are especially prone to human-mediated fires because
they have a distinct dry season in which dry vegetation such as
grasses provides natural fuel for fires (Janzen, 1988a; Murphy &
Lugo, 1986).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
© 2021 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

18



Chapter 2

ﬂ_wl LE Y_Ecology and Evolution

NEERAJAET AL.

{Ooen Acces:

Fire is known to reduce the abundance and diversity of spe-
cies in forests (Barlow et al., 2016; Condé et al., 2019; De Andrade
etal., 2020), by influencing demographic processes such as survivor-
ship, flowering, seed dispersal, and recruitment (De Luis et al., 2005;
Prestes et al., 2020; Verma et al., 2017; Walters et al., 2004). Fire
alters species composition, stage structure, and successional
patterns through its varying effects across species (Syaufina &
Nuruddin, 2011). Nonsprouting woody species with thin bark are
especially sensitive to fire (Gosper et al., 2012; Hoffman et al., 2012;
Keeley, 1986). The effects of fire on forest communities depend on
the frequency and intensity of the fires (Bond & Keeley, 2005; He
et al., 2019; Lewis & Debuse, 2012).

The Indian subcontinent is spatially diverse in its climate, for-
est vegetation types, flammability, and human impact (Champion
& Seth, 1968; Ravindranath & Sukumar, 1998). Tropical dry for-
ests account for 40.86% of the total forest cover (FSI, 2019). Fires
are most common in this forest type and are increasing in their
frequency and spatial extend through time (FSI, 2012; Reddy
et al.,, 2017; Srivastava & Garg, 2013). Many people live in and
around dry forest areas and rely largely on forest resources for
their livelihood (Kothari et al., 1995; Schmerbeck & Fiener, 2015).
Ecosystem services provided by these forests include timber and
nontimber forest products, fuelwood, fodder, and places for wor-
ship (Sagar et al., 2003; Saha, 2002; Schmerbeck & Fiener, 2015;
Singh & Singh, 2011). Fires in India are mainly anthropogenic,
caused intentionally (e.g., because resprouting grasses are palat-
able to livestock) or negligently (Joseph et al., 2009; Roy, 2003;
Saha, 2002). Forest fires occur during the dry season from
February to June, and these are typically ground fires (Joseph
et al., 2009) that spread due to fuel from the accumulation of dry
litter, and dry grasses or herbaceous groundcover. Weather con-
ditions during the dry season, such as strong winds, low humidity,
and high temperature, also influence burning (Giriraj et al., 2010;
Kodandapani et al., 2008). With enough fuel, wildfires can de-
velop that go to treetops. Fires in Indian dry tropical forests have
been shown to reduce recruitment, decrease forest diversity,
and alter species composition (Chaturvedi et al., 2017; Mondal &
Sukumar, 2015; Saha & Howe, 2003; Verma et al., 2017), especially
if fires are frequent and intense (Jhariva et al., 2012; Kodandapani
et al., 2008; Sathya & Jayakumar 2017; Verma & Jayakumar, 2015).
Tree species that can persist have functional traits that allow them
to resist or tolerate fire, such as thick bark and resprouting ability
(Khan & Tripathi, 1989; Saha & Howe, 2003).

There is limited knowledge on the effects of fire on dry trop-
ical forests in the Eastern Ghats of India. Approximately 14% of
forest fires in India occur in Andhra Pradesh (Eastern Ghats; Reddy
et al., 2017; Vadrevu, 2006), and there is concern that these fires
may have increased in frequency across the past decade in response
to changes in livestock practices toward more fodder-dependent
species (FES, 2011; FES social survey 2018 unpublished). Dry trop-
ical forests are the most common habitat type in Andhra Pradesh.
An increase in burnt area (from 6,369 km? in 2009 to 8,593.5 km?
in 2012) in Andhra Pradesh has been reported, with the Eastern

Ghats and Deccan Plateau being the most affected geographical re-
gions within the state (Reddy et al., 2012). The Eastern Ghats are
spread across ~75,000 square kilometers covering the states of
Orissa, Andhra Pradesh, southern Tamil Nadu and Karnataka, and
have high biodiversity and many species that are endemic to the re-
gion (Sandhyarani et al., 2007). This region is home to a large human
population with high forest dependency. The growth in human and
livestock density has increased the demand for forest products
(Bahuguna & Singh, 2002; Krishna & Reddy, 2012). However, forests
in the Eastern Ghats have received little scientific attention, and as
a result, little is known about the effects of fire on these forests. It
is important to understand the drivers of tree species abundance,
diversity, composition, and structure for conservation and manage-
ment of biodiversity and to provide local livelihood needs (Davidar
et al., 2010; Singh & Singh, 2011).

Our study evaluates (a) whether there has been an increase in
the frequency of fires in forests in the state of Andhra Pradesh from
2001 to 2018, (b) tree species diversity and composition in recently
burned and not burned plots in the southcentral Eastern Ghats in
2008 and 2018, and (c) stem density and stage structure of com-
mon tree species in burned and not burned plots and whether this
depends on their fire tolerance traits in 2018. We expect that fire
might have increased in its frequency across the past two decades
and between our sampling periods of 2008 and 2018. We expect
that fire presence has an influence on the density, diversity, compo-
sition, and stage structure of tree communities. In particular, we ex-
pect that fire-tolerant species will become more abundant and that
these species will be present in smaller stage classes in plots with
recent fire presence, indicative of recent resprouting.

2 | MATERIALS AND METHODS

2.1 | Studyarea

Our study area, the Eswaramala Reserve, is located in the Kadiri
watershed in the southcentral Eastern Ghats within the Anantapur
District, Andhra Pradesh (Figure 1). The Anantapur district is the
second driest region in India (Rao et al., 2013), and the Kadiri wa-
tershed lies between 13°56'20" and 14°7'20" North and 78°19'30"
and 78°27'20" East. The Eastern Ghats are known to have a wide
range of topographical and physical features and to harbor rich and
diverse flora (Reddy et al., 2008). The main river that drains the
Kadiri watershed is Papagni, a tributary of River Pennar. The geo-
graphical extent of the watershed is ~185 km?. Topography is undu-
lating with elevations ranging from 300m to 1300m. The climate is
tropical arid, with a mean annual temperature of 33.7°C and a mean
annual rainfall of 553 mm (FES, 2011). The Kadiri watershed falls
under the dry rain shadow area of the southern Deccan plateau. The
rainfall is unevenly distributed in time, with long periods of drought
being common. The soil types are classified as red and black sandy,
clay, and red loamy. The main rock types in the study area are pen-
insular gneisses, younger granites, Dharwar schist belt rocks with

19



Chapter 2

NEERAJA ET AL.

Ecology and Evolution _& L
e~ WILEY

Legend

® 2018 Fire
® 2018 No Fire
® 2008 Fire
® 2008 No Fire
[) Eswaramala Reserve Forest

S 7.5 10 km

FIGURE 1 Mapsshowing the study location. Maps on the left show this study area within the context of the country (India) and state
(Andhra Pradesh). The map on the right shows the Kadiri watershed. Our sampling locations (points) are within the Eswaramala Reserve
Forest. Sampling locations are color-coded based on the year of study and whether or not recent fire occurred

secondary intrusives such as dykes, and quartz and pegmatite veins
(FES, 2011).

Land use in the Kadiri watershed is classified as forest, agricul-
ture, grassland, and open barren. Forest is the second largest land
use and occupies over 62.23 km? (FES, 2011). Our study focuses on
forests, which are situated within the Eswaramala Reserve Forest
in the western side of the Kadiri watershed. These forests are best
described as tropical dry deciduous and tropical thorny-scrub veg-
etation (Champion & Seth, 1968; Gadgil & Meher-Homji, 1986).
Perennial tall C4 grasses, mainly Cymbopogon coloratus, dominate
the forest floor (FES, 2011; Rajendrakumar, 2014). The high human
density results in high dependency on forests to support rural
livelihoods and economy. The forest experiences anthropogenic
disturbances, including cutting and lopping of trees for fodder, fuel-
wood, brick making, timber and nontimber forest products, grazing
by sheep and goats, and fires (FES, 2011; FES social survey 2018;
Rajendrakumar, 2014). Soil erosion is often a consequence of these
anthropogenic disturbances (Krishnaiah, 2013).

In the Eswaramala Reserve, fires occur in the dry season (be-
tween February and April) in patches across the forest (FES, 2011).
The most common reason for start of fires in this system is burn-
ing to promote new flush of grasses for grazing livestock during
the dry season. Fires do not seem to be set strategically but are
rather set at random locations. Once started, fires spread natu-
rally, the spread is governed by understory grasses (in the form
of tall C4 grasses) and the local weather conditions (i.e., wind) on
that day. There are natural firebreaks, which can prevent fires

from spreading such as regular paths created by grazing livestock
and shepherds, rockiness, and contour trenches. Some fires are
stopped by forest department or village institution members that
are trained to put out fires, to prevent fires from spreading over
larger areas. Due to the frequent occurrence of fire, fire protec-
tion methods such as fire lines and basal area clearing (0.5m ra-
dius) around younger trees are prepared in advance by community
members to prevent fires from burning large areas. Fires typically
burn standing grass and younger woody plant biomass, and high-
intensity crown fires are less common.

2.2 | Frequency of fire through time

To test whether the frequency of fire is increasing across time for
forests in our region, we examined annual satellite samples of fire
presence from 2001 to 2018 in the forested regions within the state
of Andhra Pradesh. Data were obtained from the Forest Survey
of India Forest fire portal (http://117.239.115.41/smsalerts/index.
phpFSI). Detected forest fire points (1-km? resolution) are from
MODIS satellites (Terra and Aqua). These include fresh and repeated
detections of active fire at two time points in each day as the satel-
lites pass over the region. From 2001 to 2018, the methods used by
MODIS are consistent, allowing a test of whether the frequency of
fire increases with time. We tested for a relationship between fire
frequency through time by fitting a generalized additive model using
the function gam from the package “mgcv” in R.
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2.3 | Data collection

To quantify the richness and composition of trees in 2008 and 2018,
we sampled circular plots with a 10 m radius. We focus on tree spe-
cies (not herbs, shrubs) in this study and define a tree as either a
woody plant capable of a height of at least two meters (for single-
stemmed woody plants) or capable of having at least one of the
stems with a girth of more than five centimeters (for multistemmed
woody plants) (IUCN Global Tree Specialist Group; Beech et al.,
2017). In 2008, plots were selected to represent the entire range of
topography and disturbance regimes, while allowing for accessibility.
In 2018, plots were selected to be in the same approximate locations
as the 2008 plots, to capture the same range of topography and dis-
turbance regimes. At each plot, all individual trees with greater than
2-cm basal girth were identified and counted, including young stage
classes, such as saplings and small resprouting individuals. All the
individuals were identified using the guide to the regional flora, viz.
Flora of Andhra Pradesh vol I, Il, and Il (Pullaiah, 1997; Pullaiah &
Ali Mouali, 1997; Pullaiah & Chennaiah, 1997). We measured girth
at breast height (GBH) of stems above 20 cm in 2008, and GBH (or
collar girth when GBH was not possible) of all stems in 2018. At each
plot, we document the distance to nearest human habitation (dis-
tance to village center), and only plots that were at least 500 m away
from these were considered in our analysis. In addition, we removed
plots that contained less than two individual tree stems. We there-
fore included 38 plots in 2008 and 48 plots in 2018. We document
evidence of recent fires by visual estimation of plots (see pictures in
Figure 2). Eight of the 38 plots in 2008 and 29 of the 48 plots in 2018
had evidence of recent fire (i.e., fire marks on trees, lack of ground
vegetation).

In 2008, there were 9 sampling locations with 2-6 plots in each
location, each plot separated by a minimum of 100 m (Figure 1). In
2018, there were 10 locations, each with 2-8 plots separated by a
minimum of 100 m (Figure 1). In both 2008 and 2018, we find that
there is a weak relationship between pairwise geographical distance
between plots and pairwise community dissimilarity (see Appendix
S1A), likely because of both natural (slope, aspect, soil features) and
anthropogenic (fire) factor turnovers at small spatial scales. For this

reason, we treat each plot as an independent replicate.

2.4 | Richness and composition

We quantified whether richness and community composition of
trees differ between four categories (2008 fire, 2008 no fire, 2018
fire, and 2018 no fire). Richness was assessed using individual-based
rarefaction curves for each category, and their 95% confidence in-
tervals generated from resampling using iNext package in R (Chao
et al., 2014; Hsieh, 2016). Rarefaction curves with nonoverlapping
95% confidence interval were considered significantly different. We
used nonmetric multidimensional scaling (NMDS) to visualize com-
position between the four categories. We performed NMDS using
the metaMDS function and the Bray-Curtis dissimilarity matrix in

FIGURE 2 Picture of a plot with no fire (top) and with fire
(bottom). In the absence of fire, ground vegetation is present. After
a fire, ground vegetation is absent and trees show fire marks

vegan package (Oksanen et al., 2015) and used the ggplot2 package
for graphical representation. We used ANOSIM (analysis of similari-
ties) from the vegan package to test whether categories differed in
their community composition (Bray-Curtis). We removed eight plots
from visualizations and analyses that included only one tree species,
as two of these plots were clear outliers (Appendix S1B). All statisti-
cal analyses and visualizations were conducted in R programming
version 3.6.2 (R Core Team, 2017).

2.5 | Stem density and size structure

We used the more detailed data collection in 2018, for which the
size of every stem was measured, to assess how the fire categories
influence the density of stems per plot across all individual and the
size structure of stems for 10 species with adequate sample size.
We used the Kruskal-Wallis test to test for effects of fire category
(presence, absence) on stems per plot. To visualize and test for dif-
ferences in size structure across plots with and without fire, we con-
sidered 10 species that are present in both fire categories. These
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10 species were sorted categorically based on their bark thickness
(thick or thin) and resprouting ability (cannot resprout, basal sprout-
ers, clonal sprouters) (see Appendix S1C for details). Basal sprouters
are capable of resprouting from their root collar, and clonal sprout-
ers are capable of resprouting of producing root sprouts and root
collar sprouts (Clarke et al., 2013). We used a chi-square analysis to
determine whether the fire presence influences the proportion of
stems in four GBH size classes (<10 cm, 10-20 c¢cm, >20-<50 c¢m, and
>50 cm) for three functional categories of trees (basal sprouters with
thin bark, basal sprouters with thick bark, and clonal resprouters
with thick bark). We could not statistically consider all combinations
of functional categories, as several had too few individuals in one of
the treatments (e.g., species not capable of resprouting were rare in
treatments with fire presence). While the sample size is inadequate
for statistical analyses, the size structure of each of the 10 species is
visualized in Appendix S1D.

3 | RESULTS

In our region, fires have increased in frequency from 2001 to 2018
in an asymptotic pattern (p <.001; Figure 3). Thus, the frequency of
fire was similarly high during our two sampling years.

Our individual-based rarefaction curves show that the presence
of fire dramatically reduced the number of species observed in both
2008 and 2018 (Figure 4). Across plots without fire, the 95% confi-
dence intervals of the years overlapped with each other, indicating
that tree diversity remains constant across the decade of sampling in
this forest reserve in the absence of fire threats. In the presence of
fire, tree diversity is similarly low in both 2008 and 2018.

There was a significant effect of category (all four combinations
of years and fire) on tree species composition (ANOSIM, R =0.1505,
p = .001; Figure 5) and significant pairwise differences between
2018 fire and 2018 no fire (ANOSIM, R = 0.2976, p =.001) and 2008
fire and 2018 fire (ANOSIM, R = 0.2978, p = .005), but no significant
pairwise differences between 2008 fire and 2008 no fire (ANOSIM,

4000

2000 1

Fires per year

FIGURE 3 Fires per year detected
from MODIS satellites from 2001 to 2018.
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R =0.08436, p = .16) and 2008 no fire and 2018 no fire (ANOSIM,
R =0.06967, p =.053).

Tree species such as Dolichandrone atrovirens, Cassia fistula,
Chloroxylon swetenia, and Anogeissus latifolia are relatively common
in the presence of recent fire (Figure 6). Species such as Dalbergia
paniculata, Premna tomentosa, Acacia nilotica, Albizia amara, and
Erythroxylum monogynum are relatively common in plots without re-
cent fire incidence. Species such as Wrightia tinctoria are relatively
common in both plots with and without recent fire incidence.

The density of stems was higher in plots with recent fire com-
pared to those with no fire in 2018 (Kruskal-Wallis test, p = .0017).
For the more common species for which we could assess size
structure, there was a significant change in structure for the three
categories of functional groupings. Specifically, the two most fire-
tolerant functional groups of species have relatively more individuals
in the second smallest size class in plots with recent fire (10-20 cm)
(Table 1, Figure 7), whereas the least fire-tolerant functional group
(basal sprouting and thin bark) has more individuals in the two larg-
est size classes in the presence of fire.

4 | DISCUSSION

Our study finds strong effects of fire presence on tree abundance,
diversity, and composition. While fire-affected areas have greater
stem density, they have lower species diversity due to increased
dominance of just a few species. Similar to other studies (e.g., Saha
& Howe, 2003; Sukumar et al., 2005; Verma & Jayakumar, 2015),
species with fire-tolerant traits such as thick bark and resprout-
ing mechanisms have higher relative abundance in plots with fire.
Further, fire shifts the size structure of the forest toward small re-
sprouting individuals of species with fire-tolerant traits.

Our decadal sampling of the Eswaramala Reserve Forest indi-
cates rapid changes. Fires have become more frequent in the region
over the past two decades. Locally, residents report that fires also
occur over larger areas (FES social survey 2018 unpublished). There

The blue line shows the fit from a GAM
with 95% confidence intervals

2005 2010

Year

2015

22



Chapter 2

NEERAJAET AL.

ﬂ_wl LEy_Ecology and Evolution

[Ooen Access)
FIGURE 4 |Individual-based rarefaction
curves (and 95% confidence intervals)
showing tree species richness across
- all sample plots in four categories
representing different sampling years and
- the presence and absence of fire
[
g Year and Fire presence
o .
7] == 2008 fire
é 20 4 E 2008 no fire
- ;
= = =} 2018fre
-8 f'._.:l' 2018 no fi
g (_- 5| no fire
2
10 A
0 i T T T T T
0 100 200 300 400
Number of individuals
0.3+ ° FIGURE 5 NMDS ordination of
& tree species composition (Bray-Curtis,
sl o ® e 5 ° stress=0.158) showing 78 sampling plots
' - W ® in four categories representing different
@ ® ° sampling years and the presence and
o © ® o o0 . Year and Fire presence pEnEY 4 P
014 & ® ® absence of fire
® o0 @ 2008 fire
S ® e © @
8 oo ] gWetay 0 @® 2008 no fire
= <} o e o ® ®
= ® o ® 2018 fire
° . e ¢
0.1 ° LS ® o ® 2018nofire
® ® ®
® =)
02+ [ ] e o
® e »
>D 3 “ T T . T
-0.25 0.00 0.25
NMDS1

are reports of increased dominance of C4 grasses in the understory,
especially the highly flammable Cymbopogon coloratus, in the forest
understory (Rajendrakumar, 2014). Together, these observations
suggest a grass-fire cycle, in which grasses that can tolerate fire
provide fuel that can increase the frequency and/or extent of fu-
ture fires (Bowman & Murphy, 2010; D’Antonio & Vitousek, 1992;
Hiremath & Sundaram, 2005). In the long term, frequent fires convert
forests into scrub vegetation and grasslands (Barlow & Peres, 2004;
Cochrane, 2003; Kraus & Goldammer, 2007; Puyravaud et al., 1994)
and cause soil erosion (Santin & Doerr, 2016). Frequently burned for-
ests might also be more vulnerable to invasion by exotic fire-adapted
species, such as Prosopis juliflora, Lantana camara, and Parthenium his-
tophorus (Hiremath & Sundaram, 2005; Saha & Hiremath, 2003). For
example, Prosopis juliflora now occurs in our study region, but was
not present 25 years ago when fires were less common (FES, 2011).

Species that have the best fire tolerance and resistance traits (i.e.,
capable of producing basal and root resprouts and high bark thick-
ness), such as Dolichandrone atrovirens, Cassia fistula and Chloroxylon

swietenia, dominate in the presence of fire. In particular, we noticed
that Dolichandrone atrovirens resprouts quickly and grows fast,
which could explain its high abundance, especially of individuals
in the 10-20 cm size class, in recently burned plots. Species with
thin bark, such as Premna tomentosa, Erythroxylum monogynum, and
Gyrocarpus americanus, have higher relative abundance in the ab-
sence of fire and have proportionately more individuals in larger size
classes in the presence of fire. Gyrocarpus americanus is known to
not have any clonal sprouting mechanisms (Otterstorm et al., 2006),
and we noticed that Premna tomentosa, Erythroxylum monogynum,
and Acacia chundra do not resprout as quickly as species in the most
fire-tolerant functional group.

Local people cite frequent fire, along with fuelwood extraction
and unregulated cutting for brickmaking, as important reasons for
the reduced availability of forest resources in recent years, such
as fodder, fuelwood, and nontimber forest products (FES, 2011;
FES social survey, 2018 unpublished). Shifts in the abundance, size
structure, and composition of trees in response to fire will affect
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FIGURE 6 Relative abundance of tree
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Dolichandrone atrovirens

TABLE 1 Chi-square results testing whether there are
differences in size structure in the presence and absence of fire
for each functional group. Individuals were pooled across species
within each functional group category

Functional group and species p value
Basal sprouting +Thin bark

Albizia amara .03554

Premna tomentosa

Erythroxylum monogynum

Dalbergia paniculata

Acacia chundra
Basal sprouting +Thick bark

Wrightia tinctoria .04259
Clonal sprouting +Thick bark

Cassia fistula .003327

Chloroxylon swietenia

Dolichandrone atrovirens

local livelihoods and regulating ecosystem services in our region.
Shepherds in this region require fodder resources for livestock that
mainly comprised of sheep and goats (FES social survey, 2018 un-
published). After a fire, if there is also precipitation due to summer
rains, resprouting C4 grasses are palatable for a short time period
and provide fodder resources to grazing animals in the dry season
(FES social survey 2018 unpublished). Preferred fodder species for
goats are Dolichandrone atrovirens, Acacia chundra, Albizia amara,
Azadirachta indica, Hardwickia binata, and Premna tomentosa. Of
these, only Dolichandrone atrovirens is common and abundant in
the presence of fire. Sheep prefer Azadirachta indica and Hardwickia
binata, which are already rare species at our site. Further, several

KJ Qo Q R © @ © @© E K2 1]
g 3T 3 /] o o S © 2 3
§ &8 § 2 ¢ ¢ 8§ & E 3 3 &
it &8 83 8 §S &8 & g ¢ £ £ 8
0 © L = O c Q. > L
s & € 5 § € & g P 5 =
»a 2 8 o E @ o ¢ &8 3 ¢
3 Q c Kug o o ﬁ < I+} O E
s 0 3 = N § O
(<] %] R S 9 ® T S £ w ©
L 2 2 S ] o = S »
S o D O £E O <«
= g ® < E s E 3
8§ & 8 ~ o g 3 g
8 = =2 3 S > ©
L < © Q Q X o
< Q o o
0 o =~
< =
= O
w
Species

species that provide valuable timber and nontimber forest prod-
ucts (i.e., ethnomedical uses) are rare in all plots or are particularly
rare in plots with recent fire, such as Dalbergia paniculata, Premna
tomentosa, Gyrocarpus americanus, Erythroxylum monogynum, Ficus
mollis, and Butea monosperma (FES, 2011; FES social survey, 2018
unpublished).

A multistakeholder approach is already underway in this re-
gion to activate broad-base, community-led conservation action.
The Foundation for Ecological Security (FES) is a local conservation
NGO that is promoting protection of resources by collaborating with
forest-dependent communities. FES engages in strengthening dem-
ocratic village institutions for collective governance through helping
communities secure tenure over them and undertake measures for
the restoration of forest resources. FES has been engaging the rural
community members to understand the effects of fire through cam-
paigns and exercises on taking precautions to prevent forest fires
and also on the measures of dousing fire.

We suggest that future research should experimentally ex-
clude fire and follow permanently tagged individuals and plots,
to allow opportunities to quantify demographic vital rates and
project future population and community dynamics. While we be-
lieve the short-term results from our observational study would
match those of an experimental study, as the spatial locations of
burned versus. unburned sites are more likely to be random than
due to differences in their physical and biological characters, it
would be useful to have an experimental system that was designed
for the long-term exclusion of fire. Further, while the presence
of small, resprouting individuals of fire-tolerant species such as
Dolichandrone atrovirens can maintain the size of a population in
the intermediate future, recruitment is necessary for long-term
viability (Bond & Midgley, 2001; Clark et al., 2013). Compared
with nonsprouters, resprouters allocate more biomass to roots,
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FIGURE 7 Relative number of stems
for each functional group of species
(considers common species in three
functional group categories) that are
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have lower seed output and seedling establishment, and take lon-
ger to reach a reproductive stage (Bond & Midgley, 2001; Clark
et al., 2013). Thus, by favoring resprouting species, fire changes
the functional composition of forests.

The dry forests in the Deccan Peninsula and Eastern Ghats face
a serious threat from climate change (Das & Behera, 2019; Remya
et al.,, 2015), which may extend the length of the dry season. These
changes could directly cause the loss of species in our system, which
cannot tolerate these new conditions. Currently, there is a lack of
species distribution models for species in the Eastern Ghats, and
this is an important topic for future research. Further, climate could
also extend the fire season, and/or change the frequency, extent,
or intensity of fires (Kale et al., 2017). Currently, the long dry sea-
son makes it difficult for many tree species to recover from fire. The
interactive threats of fire and climate change could cause the local
extinction of species that might otherwise be present in the pres-
ence of either threat.

5 | CONCLUSIONS

In our region, fire has increased in frequency across the past two
decades. Fire poses an urgent threat to forests, as it results in the
dominance of a few, fire-tolerant tree species, and a shift in the
size structure toward smaller, resprouting individuals. These results
demonstrate that conservation actions are needed to prevent fur-
ther degradation of forests in this region that support local liveli-
hood and other valuable ecosystem services.
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Abstract

Understanding how anthropogenic activities, such as harvesting, influence plant pop-
ulations is important to quantify sustainable practices that conserve species of socio-
economic importance. There is limited knowledge on how harvesting of branches and
non-timber forest products affect populations of trees in the dry tropics. We measure
demographic vital rates of three dry tropical tree species in the presence and absence
of harvesting and apply integral projection models to quantify population growth
rates, which represent the mean fitness across the life cycle. Our results show that the
three species vary in their demographic rates and life history. Harvesting significantly
decreases the growth of two species. Current levels of harvesting only significantly
decreased the population growth rate of one species that experienced both branch
and main stem harvesting. Life table response experiments reveal that the negative
effect of harvesting on the population growth rate of this species is primarily due to
individuals being forced to re-sprout from their base. Few individuals were observed
recruiting from seed, and this might be due to the presence of other threats, such as
fire, soil erosion, and grazing. Our results provide knowledge on the demography and
the effects of harvesting on endemic tree species of the Eastern Ghats, a region for
which few demographic studies are available. These results are relevant to conserving
forest biodiversity for the benefits of people and can contribute to quantitative threat
assessment for IUCN red listing.

KEYWORDS
demography, eastern Ghats, harvesting, integral projection models, trees, tropical dry forest

(NTFPs), account for a large proportion of the livelihoods of people

In order to manage forest ecosystems for conservation and human
livelihoods, it is important to understand the effects of anthropo-
genic activities on plant populations of economic, cultural, and con-
servation concern (Grogan et al., 2014; Kaye et al., 2001). Harvesting
and use of plant products, especially non-timber forest products

living adjacent to forests (Ticktin, 2005). Overexploitation of timber
and NTFPsisaconcern, as 40% of plant species in the world are at risk
of extinction (Nic Lughadha et al., 2020), and unsustainable harvest-
ing practices are major drivers of plant loss (Brummitt et al., 2015).
However, traditional harvesting practices by indigenous people can
often be sustainable (Shackleton et al. 2015). Further, conservation
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practices that separate people from nature, such as the creation of
exclusionary protected areas, can have devastating consequences
for rural communities (Endress et al., 2006; Robbins, 2012). This is
increasingly recognized, as recent global strategies have focused
on conserving biodiversity for the benefit of planet and people
(CBD, 2021) and sustainably sourcing wild-harvested plant products
(CBD, 2018).

The demographic vital rates (i.e., survival, reproduction) of trees
depend on the size and stage of individuals, and these vital rates
contribute unequally to the growth rate of the population. Thus,
structured population models are necessary to assess the effects
of factors such as harvesting on vital rates and population growth
rates of trees (Tuljapurkar & Caswell, 1997). Structured population
models are standard tools used to examine how different types and
intensities of harvesting activities influence the growth rate and per-
sistence of populations (e.g., Crouse et al., 1987; Gaoue, 2015; Isaza
et al., 2017; Ticktin, 2004; Zuidema & Boot, 2002). There are many
different types of harvesting practices that remove parts of plants,
and these include forest products that require cutting branches or
parts of trees for firewood, fodder, and construction timber and
NTFPs such as fruits, foliage, bark, and root exudates which are
used as medicine, food and sources of income for local people (Bawa
et al., 2004; Gaoue et al., 2013; Shackleton et al. 2015; Shahabuddin
& Prasad, 2004). The sustainability of the harvesting depends on
several factors, such as the life history of harvested plant species,
the part of the plant that is harvested, and the intensity of harvest
(Peres et al., 2003; Schmidt et al., 2011; Ticktin, 2004). In addition,
harvesting often takes place in the presence of other stressors
such as fires, habitat loss, soil erosion, and erratic rainfall (Gaoue &
Ticktin, 2007; Mandle & Ticktin, 2012).

By altering demographic vital rates, harvesting can influence
both the population growth rate and population structure (i.e.,
the size distribution of individuals) of trees (e.g., Isaza et al., 2017,
Martinez-Ballesté & Martorell, 2015). Both the number of individ-
uals and the population structure influence the physical structure
of the forest and the products that the forest provides to humans.
Individuals in the largest size classes typically produce more forest
resources, such as timber, bark, fruits, and leaves. However, these in-
dividuals are often also the target of harvesting. While large individ-
uals might not die from harvesting, they might have reduced growth,
or be forced to re-sprout in order to recover from the damage.

The effects of harvesting NTFPs on the demography and popula-
tions dynamics have been primarily studied in tropical forest ecosys-
tems and on short-lived and fast-growing plant species such as shrubs
and palms (Schmidt et al., 2011; Zuidema et al., 2007). However, ex-
amples of demographic studies on longer-lived trees include bark har-
vesting of Prunus africana in Africa (Cunningham & Mbenkum, 1993;
Stewart, 2009), harvesting of Brazil nuts (Bertholletia excelsa) in
South America (Peres et al., 2003), and harvesting of baobab fruits
in African savannahs (Venter & Witkowski, 2013). The research that
has been conducted on dry tropical forest trees so far suggests that
the harvested effects are different from moist forests. In a notable
example, Gaoue and Horvitz (2019) examined populations of African

mahogany (Khaya senegalensis) along a moisture gradient and found
that climate had a stronger effect on population dynamics than har-
vesting of leaves and bark by indigenous people in drier forests.

Little is known about the demography and life history of endemic
tree species in India, and to our knowledge, there are very few stud-
ies on the effects of harvesting on tree population dynamics using
structured population models. However, this is an important topic,
as many people in India significantly rely on forest products for their
local household incomes (Bawa et al., 2004; Davidar et al., 2010;
Kothari et al., 1995). Growing human populations and populations of
livestock add pressure on these forests in terms of grazing, annual
fires, forest clearing for agricultural activities, and harvesting tim-
ber and NTFPs for energy, charcoal making, and income generation
(Davidar et al., 2010). These anthropogenic activities are known to
alter forest structure and composition (Bhuyan et al., 2003; Neeraja
etal., 2021).

Our study area, the Sadhukonda Reserve forest, is a tropical dry
forest in the Eastern Ghats surrounded with rural communities that
depend on the forest for fuelwood, fodder, and NTFPs (FES, 2003).
Extracted timber is used for household purposes (cooking, fencing,
and making agricultural implements) and is sold in local markets
(Chalise & Yadama, 2011; Yadama et al., 2010). Fruits and other forest
products support household needs and also have local market value
(FES, 2003, FES social survey 2018 unpublished). These harvesting
activities take place in the context of other threats, such as fire and
climate change (Neeraja et al., 2021; Shahabuddin & Prasad, 2004).
Fire is used primarily to maintaining understory grasses for live-
stock (FAO, 2006) and has increased in frequency in the region in
the past two decades (Neeraja et al., 2021). Climate change is al-
ready increasing the frequency and intensity of drought in this re-
gion (Sharma & Mujumdar, 2017; Remya et al., 2015; Ramachandran
et al., 2018). While our study focuses on a particular forest, we note
that the focal species and the techniques used to harvest them are
similar across the region.

We measured demography and used an integral projection
model (IPM, Ellner et al., 2016) to quantify fitness of three tree spe-
cies across their life cycles. Our goal was to understand if current
harvesting levels are sustainable, supporting both local livelihoods
and species conservation. The three species, Chloroxylon swietenia
(Rutaceae), Gardenia gummifera (Rubiaceae), and Acacia chundra
(Fabaceae), are harvested for different purposes, which include fu-
elwood, fodder, and fruits. We addressed the following questions in
our study: (1) What is the current intensity and type of harvesting?
(2) How does harvesting influence the three demographic vital rates:
survival, transition to sprout and growth of trees? (3) What are the
vital rates and growth rates of these populations under ambient har-
vesting and what would these rates be in the absence of harvesting?
(4) Which change in vital rates is the population growth rate most
sensitive to, and which vital rates contribute most to the observed
differences in population growth rate between harvesting and ab-
sence thereof? We hypothesized that stem harvesting and higher
harvesting rate would decrease demographic vital rates and popu-
lation growth rate.
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2 | METHODS
2.1 | Studysite

Our study area, the Sadhukonda Reserve Forest (SRF), is located be-
tween 13°46'N-13°54'N and 78°25'E-75°30'E at the junction of the
Central Deccan Plateau and Eastern Ghats in the state of Andhra
Pradesh. Our study area includes 224 ha within the 6331 ha of the
SRF (Figure 1), which is accessible from nearby villages and for which
active harvesting for forest products occurs (Yadama et al., 2010).
Local communities have high dependency on biomass extraction
from SRF for fuelwood, timber, fodder, and other NTFPs (Peipert
et al., 2008). The SRF terrain is hilly, with elevation ranging from 470
to 1128 m. The annual average rainfall is 650mm, and temperature
ranges between 15°C and 45°C. Although the climate is influenced
by South-West and North-East monsoons, the SRF is rather dry
because the site falls under a rain shadow area. Annual fires are a
common occurrence in this region (FES, 2003; Neeraja et al., 2021;
Schmerbeck & Fiener, 2015). SRF is comprised of tropical dry decid-
uous, scrub, and savanna habitats. C, grasses such as Cymbopogon
spp. are dominant in the understory.

2.2 | Study species

Chloroxylon swietenia (Family: Rutaceae; Common name: Indian
Satinwood; and Local name: Billu) is a deciduous tree found in drier
tracts of tropical dry deciduous forests. It is endemic to the Indian
peninsula and Sri Lanka. It has characteristic thick, furrowed and
ridged bark that is composed of corky tissue that confers fire tol-
erance (Sankara Rao et al., 2019). It is a valuable timber species,
and NTFPs include the bark (used as an astringent) and the leaves
(used as mosquito repellant) (Survase & Raut, 2011). It is listed

FIGURE 1 Map of the 224 ha study site
located in the Chittoor district within the
state of Andhra Pradesh in India

as “Vulnerable” by IUCN red list owing to population decline due
to overexploitation for timber (Asia Regional Workshop, 1998).
Individuals shed leaves in February-March, flower in March-April,
and release winged seeds in May-August. At the SRF, the branches
and main stem of Chloroxylon swietenia are lopped for use as small
construction poles, for agricultural tools, fodder, and fuelwood (See
Figure S1 for photographs of main stem harvesting).

Gardenia gummifera (Family name: Rubiaceae; Common name:
Cumbi-gum tree; and Local name: Bikki) is a small deciduous tree
found in dry deciduous and scrub forests (Pullaiah et al. 2007). It
is endemic to Peninsular India and is found in the states of Andhra
Pradesh, Karnataka, Odisha, Kerala, and Tamil Nadu. It is harvested
for gum-resin and fruits (FES, 2003). It was listed as “Least Concern”
by IUCN in 1998, but was flagged as a species in need of future re-
search on population trends (CAMP Workshops on Medicinal Plants,
India, 1998). Individuals flower from January to April and produce
fruits between April-August (Khare, 2007). At the SRF, branches of
trees are cut for fodder and fruit harvest.

Acacia chundra (Family: Fabaceae; Common name: Red Cutch;
and Local name: Sandra) is a deciduous tree with rough bark found
in drier regions of India, Sri Lanka, and Myanmar (Sankara Rao et al.,
2019). Timber is harvested to make agricultural implements and for
firewood/charcoal, but this species is not preferred because the
wood is heavy to carry. NTFPs include the bark and leaves (used
medicinally). This species is not assessed by the IUCN red list.
Flowering is during May-June and fruiting is in until October. At
the SRF, branches with seeds and fruits are cut for fodder during
the dry season, and timber is harvested on individuals for fuelwood
and making of traditional mortar and pestle that are located in close
proximity to villages (FES, 2003) (See Figure S2 for photographs of
branch harvesting).

Individuals of all three species can re-sprout basally (or rarely,

can re-sprout from the sides of the main stem) when the main stem
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is lost from a disturbance (e.g., top kill from fire, main stem harvest-
ing). In this manuscript, we refer to these resprouting individuals as
“sprouts” (see Figure S3 for a photograph of a sprout). Sprouts have
multiple small stems that emerge from the base of the individual (all
stems are smaller than 0.64 collar diameter). In the absence of re-
peated disturbances, sprouts can re-enter the tree state by growing
to have at least one stem with a minimum collar diameter of 0.64cm.
For all three species, very little is known about the recruitment dy-
namics from seed, such as longevity in the seedbank and require-

ments for germination.

2.3 | Datacollection

Demographic data were collected during post-monsoon period in
2009 and 2016. Our search area for individuals of the three species
spanned the entire 224 ha study area. We aimed to sample at least
200 trees per species and we aimed to also avoid aggregation in our
sampling of individuals (McMahon et al., 2019). Mortality of large-
sized trees is difficult to detect and is often spatial aggregated, but
small changes in mortality are known to have large effects on the
changes in the population size over time. Thus, an adequate sample
size of trees is necessary to distinguish mortality effects of harvest-
ing from stochasticity (McMahon et al., 2019).

Despite our best efforts, the three focal species were present
across this large sampling area in relatively small clusters of indi-
viduals. We placed nine permanent rectangular plots around these
clusters, which ranged in size from 0.2 ha to 1.2 ha, and mapped
and tagged individuals of the three study species. We observed
that Acacia chundra individuals were mostly likely to occur at lower
slopes of our study site and Chloroxylon swietenia individuals at
higher slopes. In total, we sampled 63, 83, and 98 stems with a di-
ameter of at least 0.64 cm for Acacia chundra, Chloroxylon swietenia,
and Gardenia gummifera, respectively (Table 1). We aimed to sample
at least 50 and up to 100 resprouting individuals (i.e., sprouts) for
each species. We were able to do so for Chloroxylon swietenia, and
Gardenia gummifera. However, sprout is a rare stage class for Acacia
chundra, and only 10 individual sprouts were found (Table 1).

Similarly, we aimed to sample at least 50 and up to 100 seed-
lings for each species. In 2009, ten researchers extensively searched
the entire 224 ha study area searching for seedlings of these three
species, and only found a total of three seedlings, two belonging
to Gardenia gummifera and one to Acacia chundra. No seedlings of
Chloroxylon swietenia were found in either 2009 or 2016. There were
reproductive individuals present of all three species in the study site
that appeared to be producing viable seeds, and yet we found very
few individuals recruiting from seed in our broad search. This lack
of recruitment is therefore a real result that we discuss more later
(see Section 4).

During both censuses, we measured girth at breast height
(GBH) or collar girth when GBH was not possible. If an individual
had multiple stems, we calculated total girth as the square root of
sum of squares of GBH of each stem (Vaz Monteiro et al., 2016). We
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TABLE 1 Sample sizes of plots and number of individuals for each species time t (2009) and t+ 1 (2016). Individuals are shown separately for the two state classes: Trees and sprouts

Sprouts

Sprouts transitioned to trees

stateatt+1

Sprouts dead at

Trees transitioned to
sprouts stateatt+1

Trees dead at

t+1

Harvested

1

t+

Trees harvested Sprouts at t

Trees at t

No. of plots

Species

10

10
55

63
83

Acacia chundra

19,

Chloroxylon

swietenia

10

33

80

21

5 98

Gardenia gummifera
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converted GBH into diameter for our data analysis (i.e., divide girth
by & to get diameter). For each individual, we documented presence
or absence of harvesting damage on each tree, and whether the
damage was on the main stem or branches. When branch harvest-
ing occurred, it typically involved a large proportion (between 33%
and 100%) of the branches being cut, which was visible on the tree
(it was possible to observe the cut branches on the tree; see pho-
tographs in the Appendix S1). None of the resprouting individuals
“sprouts” were harvested.

All three seedlings from 2009 were dead in the 2016 census, and
we had similar difficulties finding seedlings of all three species in
2016. During our census, recruitment of new individuals from seed
was effectively non-existent and thus recruitment dynamics cannot
be explicitly modeled at this time. Our integral projection model
(see below) considers the current situation in which population dy-
namics are determined by survival and growth of existing individu-
als. Without recruitment, it is impossible for these populations to
grow, and thus, the maximum possible population growth rate is 1.0
(which would occur if all existing individuals survive during the cen-
sus period).

2.4 | Lifecycle and vital rates

The life-cycle of all three species was considered across a seven-year
time interval using one continuous (tree) and one discrete (sprout)
state class (Figure 2). The vital rates of trees include probability of
survival (s,), the probability that surviving trees move to the discrete
sprout stage class (a), and growth of surviving trees (g). These vital
rates may be significantly affected by tree size (log-transformed di-
ameter) and/or harvesting (presence or absence). To test for the ef-
fects of harvesting and size on s, and a, we used logistic regression
with binomial error distributions. Some species did not show signifi-
cant effects of individual size on either s, or a; in these cases, s, and

a are modeled as constants in the integral projection model IPM (see

Trees

: #8& AssociATION FOR
IOTROPICA i s,
AND CONSERVATION

below). The growth of surviving trees (g) was modeled as a linear re-
gression, with log size at time step t+ 1 as a function of log size in time
t and harvesting as a factor. Because our trees have multiple stems,
it is possible for trees to lose a stem and decrease in size even in the
absence of harvesting for a variety of reasons (fire, drought, pests).
The vital rates of the discrete state, sprouts, are constants that
summarize the proportion of sprouts that survive from one time step to
the next (s,) and the proportion of surviving sprouts that enter the con-
tinuous tree state (b). The size of individual trees re-entering the tree
state from the sprout state (d) is described by the mean and standard

deviation of a normal distribution of the log size of those individuals.

2.5 | Integral projection models

We used integral projection models (IPMs) to determine the popula-
tion growth rate (1) of the three focal tree species under two sce-
narios that are relevant to management: ambient and no harvesting.
Population growth rate (1) provides a summary of demographic vital
rates across the life cycle of the plants and can be interpreted as
lifetime fitness of individuals in the population under different har-
vesting scenarios. The ambient scenario considered vital rates and
population growth rates for each species in the presence of har-
vesting at the current (i.e., ambient) levels. The no harvesting sce-
nario quantifies the vital rates and population growth rates of each
species under the management scenario in which harvesting would
cease to occur. For the ambient scenario, vital rates were calculated
using all individuals sampled (both harvested and not harvested in-
dividuals). For the no harvesting scenario, vital rates were calculated
using only individuals with no observed harvesting damage in 2009
or 2016. Sample sizes for each species are shown in Table 1.

We implemented density independent and deterministic IPM.
IPMs describe individuals as either belonging to a discrete state, or
as driven by a continuous trait such as size (Easterling et al., 2000;
Ellner et al., 2016). IPMs were thus ideal to describe our species,

s5,(2)a(z)
w S'_v(l = b)
 —
51(2)(1 - a(2))g(Z,2) s,bd(z")

FIGURE 2 Life cycle graph of the study species. All three species are modeled with one continuous and one discrete state, trees and
sprouts, respectively. The vital rates are incorporated in an integral projection model (IPM) that describes how the size of individuals changes
across one time step (see equation [1]). Size of trees at time t is z, and size at time t+ 1 is z". Vital rates are as follows: Survival of trees (sy),
survival of sprouts (s,), growth of trees (g), probability of transitioning from tree to sprout (a) and from sprout to tree (b), and size of sprouts

when they re-enter the tree state (d)
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whose populations were comprised of sprouts (a discrete state) and
trees (individuals described by a continuous trait, size). The change
in the number of trees from one seven-year time step (t) to the next

(t+1) was described by
u
n(zt + 1) = C(t)s,bd(z') + J s1@)(1 - a@)g(Z .2)nz tydz (1)
L

The vector n(Z, t+ 1) describes the number of trees at size z at time
t+1. The first term describes sprouts entering the tree state, which
is the product of the number of sprouts at time t, C(t), sprout sur-
vival (s,), the proportion of surviving sprouts that enter the contin-
uous tree state (b), and the size distribution of new trees d (z’). The
second term refers to individuals that remain trees from one time
step to the next. This is a two-dimensional kernel that describes the
probability of all possible transitions from size z at time t, size z’ at
time t+ 1. These transitions depend on size-dependent tree sur-
vival s4(z), probability that surviving trees remain in the tree state
(1-a), and tree growth g (Z, z). The kernel and the n(z,t) function
were defined between the lowest, L, and upper, U, size observed in
our three populations. These IPMs represent the kernel and n(z, t)
function using 100 discrete states. These discrete states allowed us
to approximate the integral of the kernel using the midpoint rule.

The discrete state of the population, sprouts, is described by

U

C(t+1)=C(t)s,(1-b) + I s1(2)a(2)n(z, t)dz ()

L

The first term describes sprouts surviving and remaining in the sprout
state, and the second term describes trees surviving and entering the
sprout state. We implemented these IPMs using the ipmr package
(Levin et al., 2021).

We used IPMs to calculate population growth rate (1) for each
species in ambient harvesting and no harvesting scenarios (Ellner
et al., 2016). The species Chloroxylon swietenia experiences both
branch and main stem harvesting. We considered an additional sce-
nario just for this species to disentangle the importance of the dif-
ferent harvesting types. Specifically, the “exclude stem harvesting”
scenario includes the presences of not harvested and branch har-
vested individuals, and excludes stem harvested individuals.

To quantify uncertainty in our data for each species and scenario,
we resampled individuals with replacement 1000 times, refit all vital
rates, and computed 1. We report our point estimate of A and the
95% confidence intervals from the bootstrapping procedure. Non-
overlapping 95% confidence intervals in A between scenarios for a
species are interpreted as evidence that the presence of harvesting
significantly decreases i.

We evaluated the sensitivity of A to changes in vital rates under
the ambient harvesting scenario for all three species. Sensitivities
were estimated numerically by applying a uniform perturbation
(0.001) to each model parameter and quantifying the difference
in A. To decompose the contribution of different vital rates to the
observed difference in L between the ambient and no harvesting

scenarios, we conducted a life table response experiment (LTRE,
Caswell 2000, 2001). The contribution of each of the ten model pa-
rameters is calculated as

10
no harvesting ambient harvesting dA (3)
(XI. - (Ii _—
da;

i
where a; is one of the model parameters, and :7’ is the sensitivity of
A to changes in ;. A vital rate will have a large contribution to the
observed difference in A between the ambient and no harvesting
scenarios if it changes dramatically between those scenarios and/
or if 4 is sensitive to changes in that vital rate. We report sensitivi-
ties and LTRE results with respect to six vital rates: survival of trees,
growth of trees, transition from tree to sprout, survival of sprouts,
transition from sprout to tree, and sprout size distribution. These
vital rates often combine the effects of multiple model parameters
(e.g., survival of trees is described by the slope and intercept of a
logistic regression for some species).

All analyses and visualizations were performed in R (version
3.5.1; R Core Team 2018).

3 | RESULTS

3.1 | Harvesting

All three species experienced branch harvesting (Figure 3).
Chloroxylon swietenia individuals were the only ones observed to
have harvesting of their main stem (Figure 3). Chloroxylon swietenia
experienced the highest and Acacia chundra experienced the lowest
harvesting rates (Figure 3).

3.2 | Vitalrates
Survival was overall highest in C. swietenia (only one individual was ob-
served to die). Survival was not predicted by size in C. swietenia and A.
chundra and was therefore modeled as a constant (Table 2, Figure 4).
Survival significantly increased with size in G. gummifera (Table 2,
Figure 4). Harvesting did not influence survival of any species (Table 2).

The proportion of surviving trees that transitioned to the
sprout state decreased with tree size for G. gummifera and A.
chundra, but did not depend on tree size for C. swietenia (Table 2,
Figure 4). Harvesting did not influence proportion of trees that
transitioned to the sprout state for any species (Table 2). However,
we note that all six of the C. swietenia trees that transitioned to
sprout experienced main stem harvesting. Two of the 94 surviving
trees of G. gummifera and six of the 56 surviving trees of A. chun-
dra transitioned to sprout.

Growth was significantly reduced by harvesting for G. gummifera
and C. swietenia, but not for A. chundra (Table 2, Figure 5).

Sprouts of C. swietenia had high survival (94.5%), but only 9.6% of
the surviving sprouts transitioned to tree state (Table 3). In contrast,
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FIGURE 3 Proportion of trees
harvested for each species and whether
the harvesting is on the main stem or
branches of the tree
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Chloroxylon swietenia

only 58.7% of the sprouts of G. gummifera survived, but 21.2% of the
surviving sprouts transitioned to tree state. None of the sprouts of

A. chundra survived.

3.3 | Population growth rates

Harvesting significantly decreased the population growth rate
of C. swietenia but did not significantly decrease the population
growth rate of G. gummifera and A. chundra (Figure 6). This is due
to the stem harvesting that occurs on C. swietenia, as the popula-
tion growth rate in the “exclude stem harvesting” (includes not
harvested and branch harvested individuals, excludes main stem
harvested individuals) scenario was similar to that observed in the
“no harvesting” scenario (Figure 6). As there was no recruitment of
new individuals, none of these species had growing populations.
The A. chundra population was significantly declining. The C. swi-
etenia population was significantly declining in the presence of
ambient levels of harvesting. In the no harvesting scenario, all in-
dividuals of this species survived and none transitioned to sprout,
resulting in a small uncertainty (bootstrap Cl) to the estimated
population growth rate.

3.4 | Sensitivity analysis

Our sensitivity analysis indicated that the X of A. chundra was most
sensitive to changes in tree survival and G. gummifera was most
sensitive the changes in the growth of trees (Figure 7). The A of C.
swietenia was most sensitive to changes in tree survival and in the
proportion of trees that transition to sprout (Figure 7).

3.5 | Life table response experiment

The ) of C. swietenia was significantly different between the ambient
harvesting (includes all individuals, including those with main stem

i
e
DIOTROPICA ¢ G seise,

type of harvest

O branch
main stem

Gardenia gummifera Acacia chundra

Species

harvesting) and no harvesting scenarios, and thus, an LTRE analysis
was only performed for this species. Our LTRE indicated that for C.
swietenia changes in the proportion of individuals that transitioned
from tree to sprout drove the changes in A observed between the
ambient and no harvesting scenarios (Figure 8). The proportion of in-
dividuals that transitioned from tree to sprout decreased from 0.07
to O between ambient and no harvesting scenarios (Table 2), and A

was sensitive to changes in this vital rate (Figure 7).

4 | DISCUSSION
Harvesting of branches, fruits, and stems is a common activity oc-
curring in forests, savannas, and woodlands throughout the world
(Bawa et al., 2004). Many species that experience recurring harvest-
ing of NTFPs face population decline over time (Gaoue et al., 2011;
Gaoue et al., 2013; Peres et al., 2003). In our study, we found that
harvesting significantly decreases the growth of two tree species,
G.gummifera and C.swietenia. Only for C. swietenia, current harvest-
ing levels (ambient scenario) resulted in a significantly lower popula-
tion growth rate than would occur in the absence of harvesting. This
species had higher overall incidences of harvesting on its individuals
and was also the only species in our study that experienced harvest-
ing of its main stem. We found a lack of recruitment across all spe-
cies that is likely due to other threats, and as a result, these species
are projected to decline. These results have important conservation
implications for these three species and also contribute to a growing
literature on the effect of harvesting on tree populations.

The proportion of individuals harvested and the type of harvest-
ing differs across the three species. The higher harvesting rate of C.
swietenia and G. gummifera compared to A, chundra is likely because
the extracted fuelwood and collected fruits of these species are sold
to local market (FES, 2003), whereas A. chundra is primarily used
locally. The branches of A. chundra are primarily cut in the field as
fodder for animals (especially for sheep and during the dry season),
but not typically sold in local markets due to the difficulty in trans-
porting the heavy branches (FES social survey 2018 unpublished).

36



Chapter 3

NEERAJA ET AL.

8 . ASSOCIATION FOR
“LwiLey bioTRoPICA J* iR
TABLE 2 Coefficients for each vital rate regressions applied
independently for each species (slope estimates, standard errors,
and p-values for generalized linear models and multiple linear
models, and additionally R? values for multiple linear models)
testing whether tree size (log-transformed diameter) at time t and
harvesting (presence or absence) significantly influenced tree vital
rates: Probability of tree survival (logistic regression, generalized
linear model), probability of surviving trees transitioning to the
sprout state (logistic regression, generalized linear model), and tree
size at t+ 1 (multiple linear regression, multiple linear model)

Estimate SE p-value
Acacia chundra Survival
Size 0.703 0.557 .207
Harvesting 17.811 8524 .998
Size*harvesting -0.703 3711 1.000
Acacia chundra Transition to sprout
Size -1.289 0.623 .0385*
Harvesting -18.692 8524 .998
Size*harvesting 1.289 3711 1.000
Acacia chundra Growth (size at t+1)
Size 0.663 0.065 <.001***
Harvesting -0.0543 0.360 139
Size*harvesting 0.206 0.160 .204
R?=0.739
Chloroxylon swietenia Survival
Size 0.000 6933 1.000
Harvesting -0.189 10,980 999
Size*harvesting -0.415 6933 1.000
Chloroxylon swietenia Transition to sprout
Size 0.000 4205 1.000
Harvesting 21.04 6659 297
Size*harvesting -0.099 4205 1.000
Chloroxylon swietenia Growth (size at t+1)
Size 0.824 0.056 <0.001***
Harvesting 0.473 0.226 .041*
Size*harvesting -0.350 0.127 .008**
R?=0.806
Gardenia gummifera survival
Size 2.089 0.773 .007**
Harvesting 20.057 12,583 2599
Size*harvesting -2.089 6197 1.000
Gardenia gummifera Transition to sprout
Size -2.570 1.160 .027*
Harvesting -19.790 12,584 .999
Size*harvesting 2.570 6197 1.000
Gardenia gummifera Growth (size at t+1)
Size 0.722 0.037 <.001***
Harvesting -0.477 0.156 .003**
Size*harvesting 0.158 0.077 .044*
R?=0.859

Bold values indicate statistically significant p-values.

While the proportion of A. chundra trees with harvesting damage
during the time of our study was low, this could increase in the fu-
ture if there are, for example, increases in the density of livestock
animals. C. swietenia was the only species observed to have main
stems harvested. The tall stem and pole of this species are useful for
small timber and agricultural tools.

Harvesting only significantly affected the population growth rate
of C. swietenia. We found that this decrease in the population growth
rate was due to the presence of main stem harvesting for this spe-
cies. Our LTRE analysis revealed that lower X in ambient compared
to no harvesting scenario was mostly due to trees transitioning into
the sprout state. Transitioning to sprout was only seen for plants for
which the main stem was harvested, and the population growth rate
was sensitive to changes in this vital rate. Individuals in the sprout
state had high survival but only 9.6% of them transitioned to the
tree state during the study period. Both A. chundra and G. gummifera
trees had individuals that transitioned to sprout, and this transition
was more likely for smaller sized individuals. This is likely due to the
effects of fire, which is more likely to top kill smaller individuals.

Our results show that branch harvesting significantly decreases
growth of two species and population growth rate of a single spe-
cies. Harvesting for local purposes can be sustainable and is often
not the largest threat. For example, invasive species (Sinha &
Brault, 2005; Ticktin et al., 2012) and fire (Sinha & Brault, 2005) have
been shown to be larger threats than fruit harvesting to tree popu-
lations. Harvesting of stems and main branches has been shown to
be more harmful to vital rates and population dynamics of trees than
other forms of harvesting, such as fruit harvesting (Sinha and Bawa
2002), leaf harvesting (Binh, 2009; Schmidt et al., 2011; Zuidema
et al, 2007), and bark harvesting (Stewart, 2009). In our study,
people harvest both intermediate and large-sized trees, which is in
contrast to other studies in which harvesters preferred large trees
(Gaoue & Ticktin, 2007; Shackleton et al. 2015).

Not much was known about the demography of these species
before our study, and our results show dramatic variation between
them in their demographic rates and life histories. A trade-off be-
tween growth and survival is well established in plant demog-
raphy, and shown consistently at local (Riiger et al., 2018; Wright
et al., 2010) and global scales (Franco & Silvertown, 2004; Salguero-
Goémez et al., 2016). C. swietenia has the highest survival and grows
the slowest of the three species. This species and A. chundra have
high wood density according to the global wood density database
(Chave et al., 2009), and species with high wood density are known
to have slower life histories and to have population growth rates
with high elasticity to survival (Adler et al., 2014). While all three
species can re-sprout basally, C. swietenia is also capable of mak-
ing clonal sprouts that share the root system with the parent plant,
and this could explain the high survival of sprouts of this species.
G. gummifera has lower wood density than the other two species,
and we observed the associated “fast” life history that is often as-
sociated with this trait. In particular, individuals of this species were
observed to have more rapid growth, and the population growth
rate was more sensitive to changes in growth than survival (Adler
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et al., 2014). A. chundra had the highest wood density of our three
species, but did not have the high survival that is often associated
with this functional trait (Adler et al., 2014). This is likely because
fire poses a significant threat to this species (Neeraja et al., 2021),
especially if the bark of the tree is harvested prior to the fire.

If the lack of recruitment we observe continues in future, pop-
ulations will decline. Persisting large trees will provide valuable re-
sources (branches for harvesting) to the local community at least
in the short term. We are limited in our ability to project how long
these trees will persist into the future, because high sample sizes are
necessary to estimate tree mortality, and small differences in tree
mortality rates can cause large differences in population trajectories
(McMahon et al., 2019). We have limited observations of mortality
for our study species. Only one of 83 trees of C. swietenia was ob-
served to die, and only 7 out of 63 trees of A. chundra and 4 out of 98
trees of G. gummifera were observed to die. All of the mortality for

A. chundra occurred in a single plot that likely experiences frequent
fire, and such aggregation in mortality makes it unclear if the mortal-
ity we observe for this species is representative of the larger region
(McMahon et al., 2019).

We speculate that the lack of tree recruitment from seed in our
study is linked to repeated fires, rainfall seasonality, and competition
with native grasses and invasive species. We searched broadly for
seedlings in both study years and found a very small number of indi-
viduals. Anthropogenic fires are common in this region (FES, 2003;
Neeraja et al., 2021) and are set to promote a new flush of grasses
for livestock grazing. Fire is known to directly kill seedlings and
also harm seedling recruitment through secondary effects, such as
soil erosion (Sinha and Bawa 2002, Sinha & Brault, 2005). Climate
change might also harm seedling recruitment. Local people report
that when there are dry years, particular two or more years in a
row, they observe lower fruit production in G. gummifera (FES social
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TABLE 3 Vital rate model parameters and population growth rate (1) estimates and 95% bootstrapped confidence intervals for the three

focal tree species in both the ambient and no harvesting scenarios. Results are shown for continuous state “tree” and discrete state “sprout”

Ambient harvesting No harvesting
State Estimate Lower CI Upper Cl Estimate Lower Cl Upper CI
Acacia chundra
Survival Tree 0.888 0.809 0.952 0.872 0.781 0.945
Transition to sprout_Intercept Tree -0.152 -3.516 1.657 -0.155 -3.924 1.537
Transition to sprout_Slope Tree -1.318 -3.416 0.356 -1.241 -3:121 0.678
Growth_Intercept Tree 0.827 0.564 1.088 0.889 0.600 1.183
Growth_Slope Tree 0.687 0.568 0.803 0.663 0.515 0.788
Growth_SD Tree 0.255 0.191 0.315 0.260 0.182 0.321
Survival Sprout 0 0 0 NA NA NA
Transition to tree Sprout NA NA NA NA NA NA
Size distribution entering tree Sprout NA NA NA NA NA NA
state_Mean
Size distribution entering tree Sprout NA NA NA NA NA NA
state_SD
I3 0.863 0.755 0.934 0.843 0.719 0.925
Chloroxylon swietenia
Survival Tree 0.987 0.975 1 1 1 1
Transition to sprout Tree 0.073 0.048 0.118 0 0 0
Growth_Intercept Tree 0.552 0.412 0.685 0.472 0.280 0.841
Growth_Slope Tree 0.765 0.674 0.852 0.823 0.628 0.919
Growth_SD Tree 0.203 0.141 0.258 0.121 0.077 0.136
Survival Sprout 0.945 0.899 0.991 NA NA NA
Transition to tree Sprout 0.096 0.017 0.132 NA NA NA
Size distribution entering tree Sprout 0.541 0.510 0.616 NA NA NA
state_Mean
Size distribution entering tree Sprout 0.116 0.034 0.124 NA NA NA
state_SD
A 0.915 0.890 0.950 1.000 0.999 1.000
Gardenia gummifera
Survival_Intercept Tree 0.583 -1.885 1.767 0.509 -0.757 2.016
Survival_Slope Tree 2.223 1.272 6.371 2.088 1:129 3.003
Transition to sprout_Intercept Tree =1.370 -2.566 -0.124 =1.319 -2.566 -0.755
Transition to sprout_Slope Tree -2.467 -3.456 0 =2.310 =3.351, 0
Growth_Intercept Tree 0.748 0.650 0.905 0.844 0.650 1.037
Growth_Slope Tree 0.752 0.679 0.801 0.722 0.616 0.818
Growth_SD Tree 0.209 0.169 0.226 0.192 0.155 0.213
Survival Sprout 0.587 0.527 0.666 NA NA NA
Transition to tree Sprout 0.212 0.106 0.340 NA NA NA
Size distribution entering tree Sprout 1.431 1.3707 1.512 NA NA NA
state_Mean
Size distribution entering tree Sprout 0.211 0.121 0.253 NA NA NA
state_SD
IS 0.998 0.994 1.000 0.998 0.991 0.999
survey 2018 unpublished) and subsequently have no income gener- fires. In addition, we suggest that fire-tolerant C, grasses such as
ation from fruit collection. In the Eastern Ghats and Deccan Plateau, Cymbopogon species and invasive woody species such as Lantana
climate change is already increasing the length of the dry season camara, Pterolobium indicum may also limit recruitment of tree seed-
(Ramachandran et al., 2018) and may be increasing the intensity of lings through direct competition for light and space (FES, 2003).
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FIGURE 6 Population growth rate (A)
for each of the three study species under
three scenarios of harvesting: Ambient
harvesting (includes all individuals),
exclude stem harvesting (includes

not harvested and branch harvested
individuals, excludes main stem harvested
individuals) and no harvesting (includes
only individuals with no observed
harvesting damage). The exclude main
stem harvesting scenario is only relevant
for C. swietenia. Point estimate and 95%
bootstrap ClI

FIGURE 7 Sensitivity of population
growth rate (A) to changes in vital rates
for three species using the vital rates in
the ambient harvesting scenario: Top is
A. chundra, middle is C. swietenia, bottom
is G. gummifera
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Conservation actions are already underway in this region to 2006). The extracted fuelwood was sold to hotels and used for
support people and nature. Before and during the study period, brick kilns along with household need (Chalise & Yadama, 2011).
villages surrounding our study area had a high dependency on The construction timber need of the villagers has been greatly
forests for fuelwood for income generation (Balachander & Dyda, reduced due to state government-subsidized housing for rural
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people in the last decade, which has resulted in a large number
of communities building houses out of brick and cement that are
permanent (i.e., pucca houses). Household fuelwood needs have
reduced due to the distribution of LPG by the state governments,
and by improved cook stoves, and supplies of biogas units and
pressure cookers from the Foundation for Ecological Security
(FES) (FES, 2003; Peipert et al., 2008, FES social survey 2018
unpublished).

Although our demographic results focus on a single location,
harvesting and other potential threats (e.g., climate change, habitat
loss, and fire) are known to occur throughout the region. Our three
focal species are all endemic to India (A. chundra is endemic to India,
Sri Lanka, and Myanmar), and in particular, C. swietenia is only pres-
ent in peninsular India. C. swietenia is currently IUCN red listed as
vulnerable, G. gummifera as least concern (IUCN Red list 1998) and A.
chundra is not yet assessed. The current listings may underestimate
the threats of extinction for these tree species due to lack of de-
tailed studies assessing threats, and studies like ours can contribute
to changing the status of these species so that they can be more
appropriately prioritized for conservation.
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Abstract

Vegetation surveys of forest ecosystems and information about the size distribution of trees
provides valuable information about how tree community composition changes across habitat
types and about the status of the regeneration processes. Here, we sample the species identity
and size of 666 individual trees across two broad habitat types, wooded savanna and open
savanna, in the Eastern Ghats. We found that tree community composition differed
significantly between open savanna and wooded savanna, and that this was primarily due to
species turnover between the habitat types. This turnover is likely due to edaphic differences
as well as differences in past and current land use between the habitat types. The importance
value indices, which identify the species that are most significance to community structure,
show that different tree species are important to structure across the habitat types. The size
structure of trees shows a similar right-skewed pattern in both habitat types, but this is likely
due to different types and intensities of anthropogenic disturbances. Fires are more common
in the wooded savanna habitat whereas grazing and harvesting are more common in the open
savannas. Our study has important implications for future management, in particular for open
savanna habitats, which harbor unique species and ecosystem services but tend to be
undervalued and under-protected.

46



Chapter 4

Introduction

Trees and other woody plants generate critical ecosystem services for humanity, including a
wide variety of regulating (e.g., carbon sequestration), supporting (e.g., providing habitat for
most of the world’s biodiversity), provisioning (fuelwood, construction wood, and non-timber
forest products) and cultural services (Shackleton et al. 2011, Reed et al. 2017, Gibson et al.
2017, Diaz et al. 2018, Enquist et al. 2020). There are an estimated 73000 tree species on
Earth (Cazzolla Gatti et al. 2022), and vegetative surveys and inventory are critical to
understanding the distributions and habitat associations of these species. Tree species occur in
a variety of habitats, including reserve forests, as well as rural landscapes that are managed by
local people, termed as common lands (Chazdon 2009). Vegetative surveys that encompass
many habitat types combined with analysis tools examining tree composition changes can
assess whether the tree species that are present in non-forest habitat types are a nested subset
of the species in forests or if instead there is species turnover between forests and other
habitat types (Baselga 2010). It is useful to understand composition changes across land use
and habitat gradients, as this informs whether restoration activities aimed at afforestation
could actually result in homogenization and be harmful for biodiversity (Veldman et al.
2019).

Data on the size structure of tree populations can inform about the status of regeneration
processes in different habitat types (Goff and West 1975, Zenner 2005, Maua et al. 2020) and
on the value of the population (biological and economical; Bailey and Dell 1973). In natural
habitats with limited human disturbances, continuous regeneration should take place. This
regeneration, combined with mortality rates that are either much higher for smaller
individuals or U-shaped (i.e., higher mortality at both ends of the diameter distribution)
should lead to stem size distributions that have either a negative exponential (reverse J-shape)
or sigmoid shape (Rubin et al., 2006, Lines et al., 2010, Alessandrini et al. 2011). Human
disturbances that reduce recruitment rates or alter mortality should lead to more even stem
size distributions (Baker et al., 2005, Coomes and Allen, 2007).

The country of India is home to 2603 tree species, 650 of which are endemic (BGCI 2021).
India has a wide diversity of habitats that support its unique floristic diversity. Semi-arid
zones in India occupy 34% of its land area (Ramarao et al. 2018) and contain a mosaic of dry
forests, grasslands and agricultural lands with different intensities of use and edaphic
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characteristics. Common lands that are open grassy systems are often considered to be
wastelands and are undervalued and unrecognized (Kumar et al. 2020, Ratnam et al. 2016,
Ratnam et al. 2019). Despite their importance to rural households, these lands are not granted
legal status, and are therefore vulnerable to habitat conversion (e.g., plantations, Parr et al.
2011, Murphy et al. 2016). One of the most important interventions of the government
towards strengthening rural livelihoods was the NREGA 2005 program (NREGA 2010),
which initiated tree planting to restore wastelands to diversify income streams and improve
access to fuelwood, fodder and non-timber forest products. Species such as Pongamia pinnata

(fuelwood and seeds) and Azadirachta indica (seeds, fodder) were widely planted.

Colonial forestry legacy in India has traditionally classified the Eastern Ghats and Deccan
Plateau as either Tropical Dry deciduous forests or wastelands (Wasteland Atlas of India
2018, 2019). However, recent research disputes the notion of wastelands and classifies the
entire area as a tropical grassy biome (Nerlekar et al. 2022, Madhusudan and Vanak 2019,
Kumar et al. 2020, Ratnam et al. 2016, Ratnam et al. 2019). Studies on the composition of
woody plants across more open (open savanna) vs. more closed (wooded savanna) habitats
within the tropical grassy biome of the Eastern Ghats provide insights into the possible
processes (edaphic vs. land use) that might shape tree distributions and the policies that might

be necessary to conserve tree biodiversity in this region.

Here, we examine the composition and size distribution of trees across two broad habitat
types, wooded savanna and open savanna, in the semi-arid region of the Eastern Ghats. We
specifically ask the following questions: (1) Does tree community composition differ between
open savanna and wooded savanna, and if so, how much of this is due to nestedness (open
savanna having a nested subset of the species in wooded savanna) vs. turnover (open savanna
and wooded savanna harboring differ tree species)? (2) What is the distribution of size classes

for tree species located in each habitat type?

Methods

Study area
Our study area, lies in the intersection of Eastern Ghats and Deccan Plateau within the

Anantapur District, Andhra Pradesh (Figure 1). The Anantapur district is the second driest
region in India (Rao et al. 2013), and our study area lies between 13°56°20” and 14°7°20”
North and 78°19°30” and 78°27°20” East. The climate is tropical arid, with a mean annual
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temperature of 33.7°C and a mean annual rainfall of 553 mm (FES 2011). It falls under the
dry rain shadow area of the southern Deccan plateau. The rainfall is unevenly distributed in
time, with long periods of drought being common.

We study two habitat types within our study area: open savanna (Figure 2A) and wooded
savanna (Figure 2B). These habitats are a mixed tree-C4 grass system with varying densities
of woody cover. The wooded savanna habitat is located within Eswaramala Reserve Forest
(ERF). In both habitat types, there are different soil types (rock outcrop, shallow depth and
moderate depth) and soil textures (rocklands, fine loamy and loamy skeletal) present
(Pasupuleti et al. 2019). The classification of the ERF as a forest reserve in the 1900s was
likely because there were edaphic differences between this area and the surrounding

landscape that allowed the ERF to have higher tree cover. Lands categorized as reserve forests
in colonial India were those that were viewed valuable for timber, (e.g., areas with high tree

cover).

In addition, due to the different levels of protection, the ERF and the surrounding landscape
have experienced different types and intensities of human use for more than 100 years. The
ERF is actively used by local people for timber and non-timber forest products and grazing by
sheep and goats (FES 2011; Rajendrakumar 2014; FES social survey 2018), and is burned
often to promote new flush of grasses for grazing livestock during the dry season (Neeraja et
al. 2021). Open savanna in our study surround the ERF and are used as common lands for
grazing and harvesting. These consist of small hillocks with grasses and scattered trees. There
are regulations for cutting and grazing in the ERF. Therefore, grazing and harvesting are more
common and higher in the open savanna habitats, whereas fires are more common in wooded
savanna. Developmental activities such as water and soil conservation measures such as pits,
bunds and contour trenches can be carried out in the open savanna without regulations

whereas these activities are restricted in reserve forests (wooded savanna). Activities such as
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quarrying, logging and mining are prohibited in reserve forests.

0 2.5 5 km

Figure 1: Map showing the study location. Inset map shows this study area within the context
of the country (India). Our sampling sites (points) are within and outside the Eswaramala
Reserve Forest (boundary). Sampling sites are color-coded based on the habitat. Orange
points represent sampling sites in open savanna and green point represents sampling sites in

wooded savanna (within Eswaramala reserve forest).
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Figure 2A: Photos of sampling sites in the open savanna habitat.

X

Figure 2B: Photos of sampling sites in the wooded savanna habitat (within the Eswaramala
reserve forest)
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Data collection

Eighteen sampling sites were chosen, nine within the ERF (wooded savanna) and nine that are
part of the revenue department and gram panchayat (village council) and hence are partially
protected by the local community and by the state forest department (open savanna). We
randomly chose the locations for our sampling sites in these areas based on the criterion that
sites must be separated from each other by a minimum distance of 1000m. This led to the
possibility of 30 sampling locations. Our final selection of the 18 sites from these randomly
chosen locations involved practical considerations for field sampling (e.g., we preferentially
chose sites near locations that were being sampled by NGOs at the same time for logistical
ease and field safety). Within each sampling site, we sampled three circular plots with a 10 m
radius that were separated from each other by a distance of 100m. Plots within site were
pooled for analysis.

Our study focused on sampling tree species, which are defined as woody plant species
that are capable of a height of at least two meters (for single stemmed woody plants) or
capable of having at least one of the stems with a girth of more than five centimeters (for
multi-stemmed woody plants) (Beech et al. 2017). In 2018, all individual trees in each plot
were identified and counted, including young stage classes, such as saplings and small re-
sprouting individuals. All the individuals were identified using the guide to the regional flora
viz. Flora of Andhra Pradesh vol I, Il and 111 (Pullaiah and Chennaiah 1997; Pullaiah and Ali
Mouali 1997; Pullaiah 1997). We measured girth GBH (or collar girth when GBH was not
possible) of all stems in both habitat types.

Data analysis
1. Composition of trees across habitat types

We compute Importance value indices (I\V1) for all tree species for each habitat to determine
their ecological significance in the community structure (Curtis and Mcintosh 1950) using the
function importance value from biodiversity R package in R (Kindt et al. 2007). IV1 is
calculated as the sum of relative density (abundance), relative dominance (basal area) and
relative frequency (number of plots they occur in). VI values range between 0 and 300. To
test for differences in species composition across habitat types we used two approaches. First,
we used Permutational Multivariate Analysis of Variance (PERMANOVA) Using Distance
Matrices to test whether habitat types differed in their community composition (Bray Curtis),
using the function adonis from vegan package in R (Oksanen et al. 2015). We used Non-
metric Multidimensional Scaling (NMDS) to visualize dissimilarity (Bray Curtis) in plant
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composition across sites in the two using the metaMDS function in vegan (Oksanen et al.
2015) and the ggplot2 package for graphical representation. Next, we used the
beta.pair.abund function of the package betapart to partition beta diversity into components
of turnover and nestedness (Baselga and Orme, 2012) within and among habitats. In this
approach, the Bray-Curtis total dissimilarity between samples (BBC) is partitioned into a
component of a) Balanced variation (BBal) which quantifies when species composition
changes across habitat types through species replacement (i.e., turnover) and b) Abundance
gradient (BGra) which quantifies when individuals are lost from one habitat type to the other
but without species loss or when species disappear from one habitat type (i.e., nestedness).
We used PERMANOVA to test for differences in turnover and nestedness between habitats
using R function adonis from vegan package.

2. Size distribution of trees across habitat types

We model the size distribution of the tree species in both habitat types. We modeled size
distribution using Weibull’s distribution. The parameters of Weibull distributions were
determined using maximum likelihood estimation using the function fitdist from fitdistrplus
package in R. The shape parameter of the Weibull parameter is used to interpret the
distribution of tree sizes. A shape parameter or gamma <1 indicates a negative exponential
reverse j shaped distribution, gamma of >1 and < 3.6 indicates right skewed distribution and
gamma of <= 3.6 indicates left skewed distribution. (Delignette-muller & Dutang 2015).

All statistical analyses and visualizations were conducted in R programming version 3.6.2 (R
Core Team 2019).

Results

A total of 25 tree species were recorded in the wooded savanna and 15 tree species in the
open savanna. Among species found in our study area, Dolichandrone atrovirens, Butea
monosperma, Gardenia gummifera, Ziziphus mauritiana, Aegle marmelos are endemic to
peninsular India. The total number of individuals counted and measured were 371 and 295 in
wooded savanna and open savanna respectively. Importance value index shows that
Azadirachta indica, Pongamia pinnata and Acacia chundra are the most structurally

significant species in the open savanna, whereas, Dolichandrone atrovirens, Chloroxylon

53



Chapter 4

sweitenia and Hardwickia binata are the most significant species in the wooded savanna
(Table 1).

Open savanna Wooded savanna

Species VI Species VI
Azadirachta indica 96.5633 Dolichandrone atrovirens | 52.058
Pongamia pinnata 58.7731 Chloroxylon sweitenia 26.1311
Acacia chundra 26.551 Hardwickia binata 25.2549
Annona squamosa 19.486 Dalbergia paniculata 25.2461
Holoptelia integrifolia 19.0289 Acacia chundra 20.9663

Table 1. Importance value indices (IVVI) shown for the five most structurally significant tree

species in open savanna and in wooded savanna habitats.

Tree species composition significantly varied between open and wooded savanna (ANOSIM
p=0.003, Figure 3).
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Figure 3. NMDS visualization of tree species composition (Bray-Curtis) in open savanna and

wooded savanna habitat types. Points represent a sampling site.

We found a significant turnover in beta-diversity across habitat types (R? = 0.204; P = 0.002),
but not significant nestedness (R? = 0.18; P = 0.28). Hence differences in species composition
between the two habitats is due to abundance-based species turnover (Figure 4). Within each
habitat type, turnover across sampling sites also contributes more to beta diversity than

nestedness (Figure 4).
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Figure 4. Bar graph showing nestedness and turnover components of total beta diversity
across sampling sites within a habitat type (top) and across habitat types (bottom). Y- axis

represents the contributions to the total beta diversity.

Trees in the open savanna have a higher proportion of individuals in the smaller size classes
whereas wooded savanna have a higher proportion in the intermediate size classes (Figure 5).
The Weibull distribution shape parameter estimate was lower than 3.6 in both habitats

indicating that size distribution of trees is right skewed in both habitats.
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Figure 5: Size distribution of trees in open savanna and wooded savanna overlaid by Weibull
density function. Sizes represent girth measured in centimeters.

Discussion

Our results show that tree species composition differs between wooded savanna and open
savanna habitats, and this is mainly due to species turnover. This turnover of species is likely
due to edaphic differences (such as soil depth and thickness) and past and current land use
emerging out of encroachment and subsequent regularization by government. Species that
preferentially grow on clay soils with moderate depth were found predominately in the
wooded savanna and species that can grow on rocky soils area (subject to frequent erosion
resulting in soil erosion/wash-down) were found in the open savanna. Notably, there is little
overlap in the names of the five most important structurally important species from the
importance value indicator analysis. In the open savannas, Azadirachta indica and Pongamia
pinnata were the most structurally important tree species. These two species were widely
planted in the open savannas after the establishment of the joint forest management

programme in post-colonial India, which aimed to meet fuelwood and other biomass needs of
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the local people and reduce their dependency on reserve forests. Azadirachta indica is a useful
fodder species (including its use as Green Leaf Manure (GLM) that has the ability to grow on
dry, shallow, poor soils and also has high dispersal and establishment. It is a naturalized
species originating in dry forests of Myanmar and parts of Siwaliks. Pongamia pinnata was
planted for biodiesel purposes and cultivated as an avenue plants, and is used locally as a

fodder species, its leaves are used for mulching and seeds and barks for medicinal uses.

In the wooded savannas, the most structurally important tree species was Dolichandrone
atrovirens, which grows well on clay loamy soil and is able to resprout profusely following
fire (Neeraja et al. 2021). Acacia chundra was the only species that was of high importance in
both habitat types. This species has traits that allow it to persist in the face of disparate
anthropogenic pressures, such as thick bark that protects individuals from fire in the wooded
savannas (Neeraja et al. 2021), and heavy wood that makes individuals less preferred for

harvesting in the open savannas (Neeraja et al. 2022).

There were several tree species that were rarely encountered in our study but are vital for
livelihoods. These include Wrightia tinctoria and Holoptelia integrifolia in the open savannas,
which are cultivated for fuelwood and medicinal uses, and Albizia amara in the wooded
savannas, which is a valuable timber species. Local people report that A. amara was harvested

in large scale decades ago resulting in their rarity in our current study.

Open savannas have long been considered as degraded wastelands (Wasteland atlas of India
2019). However, these open savannas have significant value to people, to the rural economy,
and to biodiversity. Grazing on these open savannas is crucial to the viability of most of the
small and marginal landholders and most rural livelihoods are directly and indirectly linked to
livestock. Pastoralism does not involve intensive year-round use of open habitats and hence
creates space for biodiversity to persist alongside. Community protection by pastoralists of
common grazing grounds and the biodiversity that resides in them exists in many areas in

peninsular India (Vanak 2013).

Because the value of open savannas is unrecognized, there are multiple conflicts between the
forest department, the revenue department and local people. These unprotected lands are often
targeted for land conversion to solar plants and afforestation projects (Vanak 2013,

Madhusudan and Vanak 2022). At our study site, two of our open savanna sites were lost after

58



Chapter 4

our sampling due to the establishment of a large solar park set up in NP Kunta in 2017 that
continues to expand leading to the loss of only “spaces of the poor”. Such conversions
threaten important life support systems for the rural economy that affect agriculture and
livestock, and threaten fauna such as arthropods and amphibians unique to these habitats
(Madhusudan and Vanak 2022). The Foundation for Ecological Security, a local conservation
NGO, works to actively discourage these types of activities. In particular, they have been
discouraging additional tree planting and working to manage the open savannas in a way that
encourages the natural regeneration of existing root stock including the naturally occurring

seedlings and saplings that graduate into Poles and Crowns.

Size structure of tree individuals is similar in both habitat types, and the right skewed pattern
is characteristic for locations with anthropogenic disturbances that limit regeneration and
recruitment (Sapkota et al. 2019). While the size structure of the trees in the two habitat types
is similar, the underlying causes are likely different across habitats and species. The wooded
savanna is dominated by young resprouting individuals, especially those belonging to
Dolichandrone atrovirens and Chloroxylon swietenia. Fires are more frequent in this habitat
and clonal sprouting gives rise to intermediate sized stems that dominate the wooded savanna.
Although fire is an integral part of the system (Sankaran 2005), with increase in frequency
and extent of fires, only certain species with fire tolerant traits will be able to persist in the
future (Neeraja et al. 2021). In the open savanna, disturbances from harvesting are more
common (e.g., cutting for brickmaking). Individual trees, particularly Pongamia pinnata, that
were cut at base have resprouted and now make up the small-sized individuals that dominate

in the open savannas.

While size structure can suggest mechanisms that may limit the survival, growth or
recruitment of populations, it cannot conclusively assess threats to and future trends of plant
populations (Virillo et al 2011). It is necessary to follow individuals through time in both
habitat types in order to quantify demography, and the effects of threats on demographic rates
over time. Demographic studies require a good sample size of individuals in various size
classes. Our study is designed to allow for long-term demographic sampling. All individual
trees in this study were tagged and detailed information about their locations were recorded.
For ten tree species that occur across both habitat types, we tagged individuals in additional

plots to enable sufficient sample size for future demographic study.
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In conclusion, the wooded savanna and open savanna habitats harbor different species that are
valuable to local communities. Hence, it is important to study and conserve both habitat types
because of the unique ecosystem services that they provide. Open savannas are currently
protected by the local communities that use them, but are in immediate need of conservation
attention and legal protection. Size structures indicate that anthropogenic disturbances might
threaten the recruitment of trees in both habitat types. Future research that monitors the
demography of species will provide valuable information that would allow for the sustainable

management of these ecosystems.
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Chapter 5

General discussion

Dry tropics are important ecosystems that are threatened by land use change and climate
change. There are knowledge gaps in understanding the effects of these changes to the long-
term persistence and biodiversity of plants in these ecosystems (reviewed by Powers et al.
2018). In this thesis, | tackled questions related to human practices of fire and harvesting on
tree population and community responses. Specifically, | investigated the effect of recent fires
on diversity, composition and structure of trees in a forest-savanna habitat. | asked how
current levels of harvesting influence demographic vital rates and population growth of tree
species. A motivation of my thesis was to focus on the Eastern Ghats, which tends to get less
research attention compared to other regions in India such as the Western Ghats and
Himalayans (Panda et al. 2019). The trees communities that are the focus of this research are
important to livelihoods of local communities in this region, and my aim is to provide
information that helps us to better understand these ecosystems and promote their sustainable
management and conservation while also serving the needs of these local communities. In this
chapter, | summarize the key findings across the different chapters of my thesis, discuss the
relevance and potential applications of my results for conservation, and give ideas for future

research.
5.1 Key findings

In chapter 11, I examined how recent fires influence the diversity, composition and structure of
woody communities in dry forests (Neeraja et al. 2021). First, | found that fires are increasing
in frequency in the region of Andhra Pradesh. Just three months after my manuscript was
published, another paper examined fire frequencies using more coarse grain data for the entire
country and found that 55% of forests in India (3.73 million ha) experience intermittent fires
each year (Sewak et al. 2021). Further, since my publication, there have been calls to the G20
for multi-national collaborations with respect to forest fires in order to jointly set management
priorities and to develop international agreements to help conserve forests and savannas and

the ecosystem services they provide (Kala 2023).

Also, in chapter I, I discovered that even though stem density increases in plots that are

recently burned, fires lower species richness. This is because fire provides a strong
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environmental filter for the few species with fire tolerant traits such as clonal resprouting and
thick bark (Neeraja et al. 2021). Such environmental filtering has long been studied in forests
in other regions of the world, such as North America (e.g., Heinselman 1973, Anoszko et al.
2022). However, for each region, it is important to have studies that focus on the tree species
and traits that are filtered by fire. This enables future work aimed at modeling scenarios for

forest conservation. Thus, my research makes an important contribution for the Eastern Ghats.

Also, in chapter II, | found that in the presence of fire, the size structure of the tree community
consisted of smaller-sized resprouting individuals, shifting the structural and functional
composition of the dry forests. It is well known that smaller trees offer fewer resources, such
as fruits, leaves and bark, to local communities (e.g., Sambo et al. 2020), and thus | expect
that the structural changes | observed to this forest-savanna ecosystem have consequences for

the local communities in the Eastern Ghats.

In chapter 11, I quantified the influence of ambient levels of harvesting on the demographic
vital rates and population growth of three dry forest tree species. | hypothesized that
harvesting would decrease demographic vital rates and population growth rates of the species,
mainly due to stem harvesting. | found that harvesting significantly decreased the growth of
two of the three tree species, and significantly reduces the population growth rate of one tree
species (Neeraja et al. 2022). The negative influence of the population growth rate on this
species was mainly due to stem harvesting forcing individuals to resprout from base. Further,
| found no evidence of successful seedling recruitment for any of the three focal species
(Neeraja et al. 2022).

Chapter I11 was published in a special feature in Biotropica honoring Professor Kamal Bawa,
a scientist that has made important contributions to our understanding of the viability of tree
populations in forest-dependent human communities (e.g., Menon et al. 2000). My manuscript
in the feature was set up in contrast to the results discovered by Kumar and colleagues (2022)
in Central India, in which strong recruitment was found following fuelwood harvesting. |
suggest the different between our studies might be due to the high fire frequency in the

Eastern Ghats, which kills recruiting seedlings.

In chapter 1V, | investigated the composition and size structure of woody species in two
habitats: wooded savanna and open savanna ecosystems. | find that there is compositional
dissimilarity between the two habitats and that this mainly due to species turnover rather than
due to one habitat having a nested subset of the species found in the other. The size structure

of woody plants in both habitats are similar indicating the presences of anthropogenic
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disturbances in both. This chapter provides an interesting baseline for future demographic
research on the tree species in these ecosystems, and it is my strong desire to continue this
line of research.

5.2 Relevance and potential application for conservation

My results provide knowledge on the influence of fires on woody species richness in the
Eastern Ghats (Neeraja et al. 2021) which host many endemic species (Panda et al. 2013).
This provides the baseline information needed for many conservation practices, such as (1)
identifying species that are less fire resistant and might need conservation attention in order to
persist, (2) planning strategies for fire management, which can include creating fire breaks to
prevent the spread of fire, and early detection and suppression of fires, and (3) community
engagement with local stakeholders to promote the protection of their forest resources as part
of the fire management strategy.

My results provide knowledge on the demography and the effects of harvesting on endemic
tree species of the Eastern Ghats, a region for which few demographic studies are available
(Salguero-Gémez et al. 2015). Such demographic data provides a view of the long-term
trajectory of populations if the current management remains. Optimistically, | found that
branch harvesting at its current rate is sustainable. However, my results projected population

decline for all species, likely due fire, which causes a lack of recruitment.

My results have already been used by a local NGO to discuss the future of forest-savanna
management with local communities. Specifically, the Foundation for Ecological Security
works closely with local communities to promote ecological conservation and sustainable
development. They foster a participatory decision-making process, by encouraging local
communities to actively contribute to the development of fire management plans. Through
consultations and meetings, community members, along with the forest department, discuss
and identify strategies that align with both ecological conservation goals and the needs and

aspirations of the local communities.

My results can contribute to quantitative threat assessment for IUCN red listing (Hernandez-
Yanez et al. 2022). Demographic data is instrumental in determining if a population is
expected to decline, and if so at what rate. In particular, the lack of recruitment observed
indicates that concerns about the long-term persistence of my focal species, and such
quantitative information is critical to an assessment of the species’ overall risk of extinction.

Life history traits, such as generation time, longevity, and age of maturity can be calculated
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for these species using my demographic data, and these are important features in IUCN
assessments. My research has identified fire as the primary threat to these species, and such

threat assessments help to prioritize conservation actions.

My thesis highlights the importance of conserving both reserve forests and open savanna.
Currently, open savannas do not have a legal protection status in India. However, these
ecosystems harbor unigue tree species that are not found in reserve forests and are important
areas for local endemic fauna (Vanak 2019, Rastogi et al. 2022). In my study area for chapter
IV, I have recently witnessed the loss of substantial habitat to make room for a large-scale
solar park. While solar power can contribute positively to mitigating climate change, there are
many competing needs for sustainable forest livelihoods and biodiversity conservation that

were not considered due to the lack of protection of these areas.
5.3 Future Directions

My research was observational, and experimental research in the future would make it
possible to disentangle the effects of fire, drought and harvesting on plant population and
community responses, as well as understand if the combination of these factors is additive or
non-additive. C4 grasses, such as those in the genus Cymbopogon, are now common in the
understory of these forest-savanna ecosystems. It is possible that both exclusion of fire and
removal of these grasses is necessary to restore the diversity of woody plants and offer the full
spectrum of ecosystem services to local communities. This is because the dominance of C4
grasses provides biomass that fuels fires, possibly increasing fire intensity and extent. It will
be an important component of future research to disentangle the effects that grasses and fire

have on woody plant biodiversity and composition.

It is also important to understand the historical fire regime of the area and the fire regime that
would be sustainable for biodiversity and ecosystem services in the future. We know that
savanna ecosystems have existed in India for over a million years, as indicated by fossil and
molecular evidence and from the diverse and endemic C4 grasses, such as Cymbopogon spp.
(Ratnam et al. 2016). While savanna plant communities in the Eastern Ghats were historically
shaped by the monsoonal climate, fire and wild herbivores, more recently human activities
have likely changed the fire regime. For example, while domesticated animals have been
present in the Eastern Ghats for thousands of years (Allchin 1963, Paddayya 1973, Singh et
al. 2013), the number of these animals has increased in recent years with rising human

populations. We know that the fire regime has changed in recent years (Neeraja 2021) due to
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anthropogenic fires that promote new growth grasses that are palatable to livestock combined

with more arid conditions created by climate change (Senande-Rivera et al. 2022).

While it is clear that fires have been an integral part of the system for a long time, and have
shaped the evolution of the modern plant communities that occur in the Eastern Ghats today,
it would be useful to have even more detailed information on how the fire frequency, intensity
and extent has changed through time. This would help us better understand these systems and
plan a fire management strategy to support nature and people. Fire management will almost

certainly have to consider the regional context, the climate and current land use.

In order to create scenarios for how management aimed at reducing the frequency of fire will
influence recruitment of seedlings for the focal species in this dissertation, future research is
needed to quantify the recruitment of trees in the absence of fire. It is unclear how long fire
needs to be absent to allow some of the fire sensitive tree species to recruit to a large enough
size class that they can survive fire. The demographic research in this dissertation was only
able to focus on existing individuals and resprouting individuals, but lacks information about
seedling recruitment and growth. Further, it is also unknown how many fires resprouting
individuals can withstand before they run out of stored resources and die. Future research

following these individuals after each fire could provide this information.

The information on demography and population dynamics in chapter 111 focuses on a
particular habitat type (wooded savannas) and three focal species. It would be important to
expand this research in the future to more species and habitat types. Chapter IV sets up the
possibility for this future research, as several of the species were present in sufficient sample
sizes for demographic analyses. | tagged these individuals with the plan to monitor their fates
in the future. It has now been five years since, and the time is ripe for a demographic

resurvey.

Finally, the research in this dissertation could be expanded to better understanding how
functional traits explain plant responses to fire, harvesting, habitat affiliations. Chapter Il
begins this line of thinking, as bark thickness and sprouting ability can explain community
patterns in response to fire. Research by others in this region has demonstrated that functional

traits can explain the distinction between dry forests and moist forests (Ratnam et al. 2019).
5.4 Conclusions

This thesis contributes to a growing literature on the effects of natural and anthropogenic
factors on the community composition and demography of woody plants. Little of our current
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knowledge comes from the Eastern Ghats. As climate change continues to advance and
human populations put more pressure on these natural ecosystems, knowledge of species
responses becomes more critical to managing ecosystems in future. |1 hope that my thesis will

inspire future research in this important ecosystem.
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Appendices

Supplementary material for Chapter 2
Neeraja, U.V., Rajendrakumar, S., Saneesh, C.S., Dyda, V. and Knight, T.M., 2021. Fire alters

diversity, composition, and structure of dry tropical forests in the Eastern Ghats. Ecology and
Evolution, 11(11), pp.6593-6603. https://doi.org/10.1111/btp.13135

Appendix A. Community dissimilarity and geographic distance of sampling plots.

We used Mantel Tests with the mantel function from the package vegan in R to test the
relationship between geographic distance and pairwise dissimilarity (Bray Curtis index) in 2008
and 2018. We used the vegdist function to compute dissimilarity indices for community
composition data from package vegan in R. Geographic distance between sites was calculated as
Haversine distance from the package geosphere (Hijmans, 2016) in R. All statistical analyses

were conducted in R programming version 3.6.2 (R Core Team 2017).
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Fig. A.1. Relationship between community dissimilarity and geographic distance for 2008 plots.
Pairwise dissimilarities are plotted as a function of the distance between the sampling plots.

Mantel statistic r: 0.2363, p<0.0
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Fig. A.2. Relationship between community dissimilarity and geographic distance for 2018 plots.
Pairwise dissimilarities are plotted as a function of the distance between the sampling plots.

Mantel statistic r: 0.1999, p<0.001
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Appendix B. Tree species composition across four categories representing sampling years and

the presence and absence of fire. This visualization includes eight plots that had only one tree

species. Because two of these plots are clear outliers, these eight plots were removed from the

statistical analysis and visualization in the main paper.
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Fig. B.1 NMDS ordination of tree species composition (stress=0.158) showing all the vegetation

plots in four categories representing sampling years and the presence and absence of fire.
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Appendix C. Categories of bark thickness and resprouting ability for 10 focal tree species.

Family Species Mean | Mean bark Relative bark | Category
GBH | thickness thickness
Fabaceae Albizia amara 60.26 | 0.26 1.35 Thin (Anil and
Parthasarthy
2016)
Erythroxylaceae | Erythroxylum monogynum Thin
(Sasidharan
2006)
Fabaceae Dalbergia paniculata 52.40 | 0.610 3.65 Thin
Hernandiaceae | Gyrocarpus americanus 435 |1 7.22 Thin
Fabaceae Acacia chundra 40.69 | 0.98 7.57 Thin
Lamiaceae Premna tomentosa 21 0.53 7.97 Thin
Bignoniaceae Dolichandrone atrovirens | 36.12 | 1.03 8.99 Thick
Fabaceae Cassia fistula 26.25 | 0.80 9.62 Thick
Rutaceae Chloroxylon swietenia 376 |1.18 9.85 Thick
Apocynaceae Wrightia tinctoria 28.51 | 0.92 10.16 Thick
Table C.1. Categories of bark thickness for 10 focal tree species. To quantify bark thickness, co-

author Saneesh CS measured girth at breast height (GBH) and bark thickness measurements of
trees. Relative bark thickness was calculated as (Mean Bark thickness/ Mean diameter)*100
following Hoffman et al. 2012, Lawes et al. 2013. Tree species were grouped into thin and thick
bark based on quantile grouping using cut2 function from Hmisc package in R to make the
continuous numerical variable into categorical. Additional citations supporting the categories of
thin or thick for each focal tree species are also given in the Category column

Family

Species

Resprouting type

Fabaceae

Albizia amara

Basal (own observation)

Erythroxylaceae

Erythroxylum monogynum

Basal (own observation)

Fabaceae

Dalbergia paniculata

Basal (Saha and Howe 2003)

Hernandiaceae

Gyrocarpus americanus

Non sprouting (Otterstrom
2006)

Fabaceae

Acacia chundra

Basal (own observation)

Lamiaceae

Premna tomentosa

Basal (own observation)
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Bignoniaceae Dolichandrone atrovirens Clonal (own observation)
Fabaceae Cassia fistula Clonal (own observation)
Rutaceae Chloroxylon swietenia Clonal (own observation)
Apocynaceae Wrightia tinctoria Basal (own observation)

Table C.2. Categories of resprouting type for 10 focal tree species. Information on resprouting is
based on field observations of the authors and/or the literature cited. Basal sprouters are capable
of resprouting from their root collar. Clonal sprouters are capable of producing root sprouts and

root collar sprouts.

Appendix D: Stems density (stems per plot) in plots with no fire presence and fire presence.

No Fire presence Fire presence
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Fig. D. 1 Stems per plot of 10 focal tree species in plots with no fire presence (left) and plots

with fire presence (right) in 2018.
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Figure S1. Photos of main stem harvesting on Chloroxylon swietenia.

Figure S3. A single individual of Gardenia gummifera in the sprout state.
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