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Abstract

Human activities in mesic savanna ecosystems have resulted in plant communities
that are heavily dominated by fire-tolerant grass species, are less diverse, and offer
fewer ecosystem services such as palatable plant biomass. Experimental studies ma-
nipulating fire and grass presence have mostly been conducted in ecosystems invaded
by exotic grass species. However, these experiments are also relevant to ecosystems
that have become dominated by native grass species due to changes in human ac-
tivities. Our study compared three different management treatments in the Eastern
Ghats of India, where mesic savanna ecosystems are highly dominated by the unpal-
atable native Cymbopogon grasses, specifically: (1) control (both Cymbopogon grasses
and fire are present), (2) fire exclusion, and (3) manual removal of Cymbopogon grasses
and fire exclusion. We found that both grass removal and fire exclusion were neces-
sary to significantly increase palatable herbaceous plant biomass and species diver-
sity, and that species diversity responses were only significant at larger spatial grains
of investigation. High site-to-site variation in the grass removal and fire exclusion
treatment prevented us from detecting significant differences in species composition
across treatments, even though particular palatable grass species benefited from the
treatment. Our study is in line with research from other mesic savanna systems show-
ing that fire management alone is not sufficient to transition ecosystems to a desired
or historical state. We demonstrate how normally costly management practices, such
as manual removal of dominant grasses, can be reasonably achieved through collabo-
ration between scientists, community governed village institutions, and government

and nongovernment agencies in socioecological systems.
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1 | INTRODUCTION

Savanna ecosystems harbor high plant biodiversity (Bond &
Parr, 2010; Myers et al., 2000; Nerlekar et al., 2022) and provide
critical ecosystem services, such as palatable plant biomass for graz-
ing herbivores (Solbrig et al., 2013; Staver & Hempson, 2020). Fires
in savanna ecosystems date back to the Late Glacial and Holocene
periods (Kellman, 1975; Riedel et al., 2021) and are major factors
influencing their diversity and composition (Bessie & Johnson, 1995;
Bond & van Wilgen, 2012). The fire frequency of these ecosystems
and the postfire responses of the plant community will depend on
the environmental conditions and the traits of the species (Gibson
et al., 1999). For example, many fire-tolerant grass species occur in
savanna ecosystems, which can quickly resprout and recover post-
fire (Moore et al., 2019; Vidaller et al., 2019). Human activities, in-
cluding anthropogenic climate change, exotic grass introductions,
fireignition, and plantation forest management can create conditions
that increase the dominance of fire-tolerant grasses. This increase
in dominance can lead to increased frequency and intensity of fires
(Fusco et al., 2019) via positive feedbacks known as the grass-fire
cycle (D'Antonio & Vitousek, 1992; Humphries, 1993). The resulting
communities that are heavily dominated by fire-tolerant grasses may
offer fewer ecosystem services, such as biodiversity and palatable
biomass.

Most of our knowledge on the separate and interactive ef-
fects of dominant grasses and fire on plant communities comes
from experiments in ecosystems that are dominated by invasive
grasses that have changed fire regimes in the USA and Australia,
such as Cenchrus ciliaris (Buffelgrass) (D'Antonio & Vitousek, 1992;
Humphries, 1993), Andropogon gayanus (Gamba grass) (Co-
chrane, 2008), Bromus tectorum (Cheatgrass) (Bradley et al., 2018),
Eragrostis lehmanniana (lehmann lovegrass) (Crimmins & McPher-
son, 2008), and Imperata cylindrica (Cogongrass) (Tomat-Kelly
et al., 2021). Treatments aim to restore historic (preinvasion) fire
regimes, decrease the abundance of exotic grass and increase the
diversity and abundance of native plant species. Common treat-
ments include creating fuel breaks that reduce the spread of fire
(Agee et al., 2000; Ingalsbee, 2005) and removing dominant in-
vasive grass species (Buisson et al., 2020; Crimmins & McPher-
son, 2008; McCain et al., 2010). Combining these treatments with
active seeding or planting of herbaceous species is often found
to be necessary to restore a diverse plant community (Davies
et al., 2019; Kulpa et al., 2012).

Such experimental research is also relevant in continents in
which native grasses have become more dominant in the under-
story of open-woody savanna systems with human activities. In
India, grassland and savanna ecosystems are widespread, covering
approximately 319,675km? (Madhusudan & Vanak, 2022). These
ecosystems play an important role in rural livelihoods (Madhusudan
& Vanak, 2022; Vanak et al., 2015) and are thus important socio-
ecological systems (Meinzen-Dick et al., 2021; Wolford et al., 2013).
Savanna ecosystems have existed in India for over a million years,

as indicated by fossil and molecular evidence from the diverse and
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endemic C, grasses, predating any human modification of the land-
scape (Ratnam et al., 2016). For example, at least 15 grasses in the
genus Cymbopogon (lemongrasses) are known from India and many
are endemic to particular habitats and regions (Soenarko, 1977). This
makes these ecosystems different from any of the ecosystems in-
vaded by non-native C, grasses discussed above, which were not
historically savannas.

Although a monsoonal climate, fire, and wild herbivores have
historically shaped savanna plant communities in the Eastern
Ghats, recent human activities have brought about conditions that
enhance the dominance of selected grass species. Domesticated
animals have been present in the Eastern Ghats for thousands of
years (Allchin, 1963; Paddayya, 1968; Singh, 2013); however, the
number of these animals has increased in recent years with ris-
ing human population (Planning Officer, C, 2018, 2022; Superin-
tendent of Census Operations, 1964, 1965). The fire regime has
changed in recent years (Neeraja et al., 2021) due to anthropo-
genic fires that promote new growth grasses that are more pal-
atable to livestock combined with more arid conditions created
by climate change (Senande-Rivera et al., 2022). These may favor
the dominance of Cymbopogon grasses, which are fire and drought
tolerant and are typically avoided by grazers except for a short
period after burning (Sankaran, 2005).

Prior to 1987, Cymbopogon grasses in the Eastern Ghats were
harvested as a thatching material for constructing roofs on homes
(Kukrety, 2011; Strohbach & Walters, 2015). However, this grass
harvesting declined starting in 1987 as missions to improve human
living standards provided alternative materials for construction
(Housing Department, Andhra Pradesh, 2013). Forest surveys from
1961 describe savanna ecosystems in the Eastern Ghats to have
a scattered presence of Cymbopogon species (Superintendent of
Census Operations, 1964). Further, pastoralists report that prior
to 1987, Cymbopogon grasses were sparse and palatable fodder for
livestock was more plentiful. Since 1987, they have observed that
Cymbopogon has become more dominant in the understory, that
fires have become more frequent and intense, and that there is a
lower availability of palatable herbaceous species for a similar abun-
dance of livestock animals (Dabadghao & Shankarnarayan, 1973;
Kohli et al., 2011; Neeraja et al., 2021; Schmerbeck & Seeland, 2007;
Snyman, 2015; Soenarko, 1977).

It is important to manage these Cymbopogon-dominated trop-
ical mesic savanna ecosystems (FES, 2009; Kumar, 2014; Ratnam
et al., 2011) in the Eastern Ghats toward a state that more re-
sembles the recent past and offers ecosystem services such as
biodiversity and palatable herbaceous plant biomass. Because
Cymbopogon grasses can rapidly resprout and recover quickly from
fire (Sankaran, 2005), it is possible that reducing the frequency of
fire by creating firebreaks will be adequate to allow the recovery
(Bachinger et al., 2016) of less fire-tolerant species, some of which
will be palatable species (Archibald et al., 2019). Alternatively, an
additional treatment in which unpalatable and fire-tolerant Cym-
bopogon are manually removed might be necessary to significantly
increase the abundance and diversity of palatable herbaceous
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plants, due to the high dominance of Cymbopogon grasses cur-
rently in the system and the likely strong role Cymbopogon grasses
play as a competitor for space and light. To test the effects of fire
exclusion alone or grass removal and fire exclusion together on the
diversity and composition of tropical mesic savanna ecosystems in
the Eastern Ghats, we conducted a large-scale experiment across
the Anantapur and Chittoor districts. Specifically, we considered
three experimental treatments (Figure 1b): (1) control (both Cym-
bopogon and fire are present), (2) fire exclusion, (3) manual removal
of Cymbopogon and fire exclusion. We measured the biomass of
palatable and unpalatable plants and quantified the diversity of
plants at multiple spatial grains.

2 | METHODS
2.1 | Studyregion and site selection

Our study was located in the southern part of the Eastern Ghats,
specifically in the Anantapur and Chittoor within Andhra Pradesh,
India (13.76°-14.11° N and 78.41°-78.33° E) (Muthumperumal & Par-
thasarathy, 2009) (Figure 1a). This area has a tropical arid climate
(FES, 2009) with precipitation occurring during June-December (Ra-
jeevan et al., 2012). An average of 550 mm rainfall per year has been
received across the last 28 years (1992-2020). Our study area is clas-
sified as tropical mesic savannas (Ratnam et al., 2011, 2016) and oc-
curs between 379 and 556 m above sea level. This biome has open
tree canopies and C, grasses in the understory (Ratnam et al., 2019).
The understory is dominated by the Poaceae Family, and in par-
ticular the Genus Cymbopogon in Andropogoneae with C, pathway
(McCain et al., 2010; Rajendrudu & Das, 1981; Ratnam et al., 2016),
which are known for their high flammability in savannas across the
world (Bianconi et al., 2020; Bond, 2008; Ripley et al., 2015).

Land in the study region is owned by either the Forest Depart-
ment or the Revenue Department and is managed by agropasto-
ralists in community governed village institutions (Meinzen-Dick
et al., 2021). The agro-pastoralist communities treat these as com-
mon lands and rely on these areas to graze livestock, gather firewood,
and gather nontimber forest resources (Chopra & Dasgupta, 2002;
FES, 2003). The study sites are grazed by domestic animals such as
cattle, buffaloes, sheep, and goats, including indigenous cattle such
as Punganur, Ongole, Deoni, and Hallikar (NDDB, 2018). These mesic
savannas provide habitat to many native birds such as francolins,
harriers, partridges, quails, and larks (Manakadan, 2014; Madhusu-
dan et al., 2021) as well as native mammals, including as four-horned
antelope (Tetracerus quadricornis), black-naped hare (Lepus nigricol-
lis nigricollis), little Indian field mouse (Mus booduga), Indian gerbil

(Tatera indica), blackbuck (Antilope cervicapra), chital (Axis axis), and
sambar (Rusa unicolor) (FES, 2003). To conduct this research, we
engaged directly with village institutions that promote the rights of
their members through participation in management decisions and
equitable benefit sharing (Kegamba et al., 2022).

2.2 | Experimental design and sampling

In 2019, we proposed an experiment to the community governed vil-
lage institutions to test whether exclusion of fire or removal of both
fire and Cymbopogon were necessary to convert these systems to a
state that would provide valuable fodder for grazing animals. The
community agreed to partner with us and gave permission to use
the land for our experiment. The three experimental treatments are
(Figure 1b): (1) control (both Cymbopogon and fire are present), (2)
fire exclusion (Cymbopogon present and fire absent, CPFA), and (3)
manual removal of Cymbopogon and fire exclusion (both Cymbopo-
gon and fire absent, CAFA).

By the end of December 2019, 28 village institutions removed
Cymbopogon from 136 areas covering a total of 0.71 km? using spades
and crowbars. This removal method does create more disturbance
than clipping the aboveground biomass of the plant, but this was the
only option for removal because of the capacity of Cymbopogon to
rapidly resprout when it loses its aboveground biomass. We do not
find other species growing beneath the foliage of Cymbopogon, and
thus, our removal method likely did not harm the belowground bud
banks of other native forbs and grasses.

All of these areas are regularly burned, but had no fire in the
past 2 years. Ideally, we would have identified sites that had not been
burned for longer (5-10) years, however, such sites do not occur in
our region except in areas that would have had confounding con-
ditions (e.g., sites closer to the ocean that get more precipitation).
We randomly choose 30 of these areas to be sites for the CAFA
treatment. We paired these with 30 sites nearby that also had no
fire in the past 2years but for which Cymbopogon was present for
the CPFA treatment, and with 15 nearby control sites that were
burned during the most recent fire season (between February and
June 2019). Average distance between paired sites was 60 meters
and average distance between sites was 2.4km. The absence of fire
in the treatment sites in 2019 is due to chance, rather than differ-
ences in abiotic or biotic conditions. During fire season, fire can be
initiated in any possible location within this region, and their spread
depends on natural firebreaks, wind, and weather. To better under-
stand the background fire frequency at the site level, we examined
data on fire presence across 3years (2017, 2018, and 2019) for 180
sites (each site is a circle with a radius of 10m) that are close to our

FIGURE 1 (a)Location of the study area within the Eastern Ghats, India, and (b) location of study sites shown separately for each
treatment. Treatments are: control (both Cymbopogon and fire are present, CPFP), fire exclusion (Cymbopogon present and fire absent, CPFA),
and removal of Cymbopogon and fire exclusion (both Cymbopogon and fire absent, CAFA). (c) Diagram of a site as defined in this study (green
area, 100m by 20m), 100 m transect (black dotted line) and plots (blue squares, 1 m by 1 m). (d) Photos of sampling herbaceous plants from
(e) the CAFA treatment and (f) control treatments and (g) height of Cymbopogon (218 cm) compared to a human in the control treatment.
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focal sites (see Figure S1 for location of all sites). We find 86 of these
sites burned in all 3years, 53 burned in two of the 3years, and 36
burned in a single year, indicating a fire return interval (years/fires)
of 1.7 years for our study region.

To create the CAFA treatment, four unskilled labourers worked
for about 4.8 h to remove Cymbopogon from an area of 4046 m? (one
acre) and were paid INR 1350 (USD 19.18) as per 2019 Mahatma
Gandhi National Rural Employment Guarantee Act (MGNREGA- an
Indian labour law that aims to guarantee the right to work) (Pub-
lished by Authority, 2019).

To prevent fire from the two fire absent treatments (CPFA and
CAFA) we created a two-meter-wide fire break around sites in these
treatments. Despite the firebreaks, during the 2020 fire season
(February to June), fire spread to some of our treatments which
were supposed to have fire absent. We lost three replicates from
the CAFA treatment and 16 from the CPFA treatment. We also lost
three replicates from the control sites, because fire did not spread
through the site. The final number of sites remaining was 27 in the
CAFA, 14 in the CPFA, and 12 in the control. The locations of the
sites for each treatment covered a similar spatial extent in the region
(Figure 1b).

In October 2020, toward the end of the peak growing period
(Tamilselvan et al., 2021), we set up a 100m by 1 m long transect in
each site that contained five 1 m? plots, separated from each other
by 20m (Figure 1c). Live aboveground biomass was clipped from
each plot (see photographs in Figure 1d,e). Biomass was sorted to
species, dried at 70°C, and weighed to the nearest 1g. A herbar-
ium specimen was taken of each unique species and identified to the
species level using keys (Hajra et al., 1995; Pullaiah, 2018; Pullaiah &
Muralidhara Rao, 2002; Pullaiah & Sandhya Rani, 1999; Pullaiah &
Sri, 2000; Sharma & Balakrishnan, 1993; Sharma & Sanjappa, 1993;
Singh et al., 2015).

2.3 | Quantifying plant biomass

We categorized plants into three categories (hereafter, “palatable
category”): Cymbopogon, other “unpalatable” herbaceous plants
except Cymbopogon, and “palatable” herbaceous plants. Institu-
tions from 28 villages requested their members to shortlist local
pastoralists with traditional knowledge, specifically those who fre-
quently visited these sites with their livestock. The objective was
to gather insights about the local plants' characteristics and their
palatability. However, not all village institutions had members with
this traditional understanding. Recognizing this gap, and rather
than casting a wider net to the entire community, they managed to
identify 14 local shepherds from these villages. These shepherds
then voluntarily stepped forward to provide the needed informa-
tion on plant species palatability. These 14 pastoralists were placed
in seven teams, each with two persons. We then used participa-
tory rural appraisal (PRA) guidelines to extract knowledge from
a group setting (Chambers, 1994; Jackson & Ingles, 1998). The
first part of the PRA aimed to create an atmosphere and motivate

participants to share their knowledge. We asked the entire group
to prepare a map of their grasslands, and asked each team to share
with the group about their observations and concerns about their
grasslands and what changes they have observed since the begin-
ning of their pastoral work. After they shared their observations,
we explained the method for the second session for categorizing
plants. To ensure that all participants share their knowledge, we
avoided writing and we asked each team to take a close look at
the specimen of the plant and to place a colored sticker on it to
indicate its palatability. We used green (score one if eaten by all
three types of livestock—sheep, goat, and cattle—for more than
6 months out of the year), yellow (score two if eaten by two of the
three types of livestock for more than 3 months out of the year or
until awns develop and make it hard for the animals to eat), blue
(score three if palatable to one or two types of livestock for up to
3months), and red (score four if not palatable to any of the live-
stock) to denote animal preference based on their observations.
We then brought the larger group back together to reach a con-
sensus score for each plant species, and to gather more informa-
tion about which part of the plant is eaten, and for which months
in the year they have observed the plant being eaten. This infor-
mation is given for each plant species in Table S1. For the analysis,
we summarized palatability into two categories: palatable plants
(score of one or two) and not palatable plants (score of three or
four). These two categories best describe the ecosystem service,
as plants with a score three (e.g., Cymbopogon) are only palatable
for a short period (FES, 2009; Sankaran, 2005) and shepherds can-
not rely on them to rear livestock.

We quantified the total biomass of each palatable category as
the sum across all plots within a site. For each site, we quantified
relative biomass for each palatable category as the sum of bio-
mass for each palatable category across all plots within a site, then
divided the sum of each category by the total biomass of each
site. We used a univariate hierarchical linear mixed effects model
to test whether treatments influenced the absolute and relative
biomass of palatable and unpalatable plants per site assuming a
Student's t-distribution. In this model we used palatable category,
treatment and their interaction as categorical fixed effects, and
site as a random effect.

To understand the influence of CPFA and CAFA treatments rel-
ative to the control treatment on the biomass of species in three
palatable categories (Cymbopogon, other ‘unpalatable’ herbaceous
plants except Cymbopogon, and ‘palatable’ herbaceous plants), we
subtracted the relative biomass of every species in each CPFA and
CAFA treatment and site, by the relative biomass of the same species
in the nearest neighboring control site (within the same district). Be-
cause some CPFA or CAFA sites did not have adjacent control sites,
14 sites were used for this pairwise comparison. To quantify how
each treatment changed the biomass of every species compared to
the control, we used a hierarchical linear mixed effects model with
change in relative biomass per species as the response variable,
treatment (CPFA and CAFA), palatability and their interaction as cat-
egorical fixed effects, and distinct villages of sites and species as

85U8017 SUOWILLIOD @A 18810 3cedl (dde 8y Aq pauenob ae sajoe O ‘8sN JO S8|nJ oy Akeid 178Ul UO A8 ]I UO (SUORIPUOD-PUR-SLUB)ALIO" A3 IM"ALeIq| Ul UO//:SANY) SUORIPUOD PUe SWie | 8L 88S *[7202/50/TZ] U0 Akiqiauljuo A8 |IM ‘SeiseAlun eyinT uie w-Yed Aq 69z€T dio/TTTT 0T/I0p/L00 A 1M ARIqipul|uoy/sdny Wwoiy papeojumod ‘T *v202 ‘62v.iv.T



SOMAN ET AL.

nested random effects assuming a Student's t-distribution. Posterior
predictive plots were used to visually determine how well models
reproduced the data (Figures S2 and S3).

2.4 | Quantifying plant diversity and composition

We quantified herbaceous plant diversity at the a-scale and the
y-scale. a-scale, which we define here as the diversity in a site
(diversity across five 1m? plots, total area 5 m?) and the y-scale,
which here we define as the total diversity across 10 sites within
a treatment (diversity across 50 1m? plots, total area 50 m?). To
quantify site-to-site variation within treatment, we used Whit-
taker's multiplicative B-diversity (y/a) (Whittaker, 1972). At each
spatial scale, we calculated two measures of diversity; (i) species
richness, that is, the total number of species observed, and (ii) spe-
cies evenness, that is, low values mean that one or more species
are dominant, while high values mean that relatively equal num-
bers apply to each species. We used the relative biomass of each
species to estimate species evenness using the inverse Simpson's

diversity index (Simpson, 1949).
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We quantified the effect of experimental treatments on «a-scale
plant diversity using hierarchical linear mixed effects models. The a-
scale species richness was modeled assuming a poisson distribution.
We included treatment as a categorical fixed effect, with the site as
a nested random effect. The a-scale species evenness was modeled
assuming a lognormal distribution. Posterior predictive plots were
used to visually determine how well models reproduced the data
(Figures S4 and S5).
At the y-scale, our site sample sizes were unbalanced (12 control,
14 CPFA, and 27 CAFA) and we therefore considered 10 sites to be
the y-scale. We selected 10 sites per treatment randomly. We made
comparisons across treatments using sample-based rarefaction (Go-
telli & Colwell, 2011). Using bootstrap resamples without replace-
ment, 10 random sites were sampled from each treatment category
200 times. We calculated the species richness and species evenness
for each of the bootstrap resamples. The effects of experimental
treatments at the y-scale were examined using the mean and the
95% quantiles of the resamples.
We used the same bootstrap resamples generated for the y-scale
analysis to estimate experimental treatment effects on p-diversity.

For each of the resamples, we calculated a-scale means of species

(b)
L]
H. contortus
o
..
40

°
° C. fulvus & T. villosa
o / /
g i L) °
8 £
5] L. zeylanica ] H
» \
» = 1
g 0 € I ¢
£ s )
9 . ’ 2 A
o . I , ® L. zeylanica
g » L. zeylanica ':
E °
[0]
& N\

40 C. fulvus
-
S. pusilla
CPFA CAFA

No @ Cymbopogon sp.

FIGURE 2 (a)Relative biomass (g) at site, each treatment and plant palatable category. Small points are the relative biomass of each
palatable category at each site, the data models were fit to. Large points are the conditional effects for each treatment and palatable plant
category and lines show the 95% credible intervals. (b) Relative biomass change of species between treatments (CPFA, CAFA) and paired
control sites. Small points show the change in biomass in each species and site compared to the nearest control. The dashed line at zero
represents relative biomass change of zero. Positive values indicate that the species has higher relative biomass in the treatment compared
to control site; whereas negative values show that the species has higher relative biomass in the control site. Large points are the conditional
effects for each treatment and palatable category and lines are the 95% credible intervals. Labels show species gained and lost due to
treatments. Cymbopogon was observed to have higher relative biomass than the control in one of the CAFA sites (absolute weight 50g in one

CAFA site).
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evenness and species richness. B-diversity and p-evenness were cal-
culated as the ratio of the resampled y/a metrics. We estimated the
effects of experimental treatments using the mean and 95% quan-
tiles of all the resampled p-diversities.

To examine species accumulation from the site-scale to
treatment-scale continuously, we quantified the sample-based accu-
mulation of species. This was calculated for two levels of diversity,
using Hill numbers (Hill, 1973). Specifically, we quantified diversity
across sampling units for q=0 which is equivalent to species rich-
ness, and for q=2 which is a metric of evenness. We compared
rarefied diversity across treatments and sampling levels, and extrap-
olated expected species richness to 60 sites.

241 | Quantifying species composition

We quantified the effect of experimental treatments on species
composition between sites using nonmetric multidimensional
scaling (NMDS) and quantified the distance between site level
and treatment biomass abundances using Bray-Curtis (Bray &
Curtis, 1957) dissimilarity. We computed dissimilarity between
treatments with “bray” as the distance measure with 99 permu-
tations to know the homogenous dispersion, and calculated the
beta dispersion. Finally, to test whether treatments varied in their
composition, we performed an ANOVA and Tukey HSD tests on
distance measures.

Data collection was done using the ‘collect’ tool in the Open
Data Kit (ODK) (Hartung et al., 2010) and transferred to Google
Sheets. ODK reduced the errors of input during data collection in
the field and saved time from entering data manually. Maps for plan-
ning the study and for this article were prepared using QGIS (QGIS
Development Team, 2022). All data preparation, manipulation, cal-
culation, analysis, and visualization of results were conducted in R
version 4.1.3 (R Core Team, 2022). To calculate metrics, we used “ti-
dyverse” (Wickham et al., 2019) and “vegan” (Oksanen et al., 2020).
Graphs were created using the “ggplot2” (Wickham, 2016) and
“patchwork” (Pedersen, 2022), tables were made with “gt” (lannone
et al., 2022), and “webshot2”. (Chang, 2022). For Bayesian inference
and estimates of uncertainty, all hierarchical mixed effects models
described above were coded using the “brms” (Burkner, 2018) and
fitted using the Hamiltonian Monte Carlo (HMC) sampler Stan (Car-
penter et al., 2017). All models were fitted with four chains and 3000
iterations, with 1000 used as warmup. We used weakly regularizing
priors and visual inspection of HMC chains showed convergence. To
compute rarefaction and extrapolation of Hill numbers we used the
“INEXT.3D” (Hu & Chao, 2022).

3 | RESULTS

Across all of our sites, we observed 68 herbaceous plant species
(12 unpalatable and 56 palatable species) in 19 Families. Out of the
68 species, there were 50 forbs (37 annual and 13 perennial) and

18 graminoids (nine annual and nine perennial). Poaceae was the
most diverse family (17 species) followed by Fabaceae (15 species)
(Figures S6 and S7). We found that Boda/Bade (Telugu and Kannada)
is the common name for three different Cymbopogon grasses found
in our sites: Cymbopogon martinii (Roxb.) J. F. Watson, Cymbopogon
caesius (Hook. & Arn.) Stapf, and Cymbopogon jwarancusa (Jones)
Schult (Table S1).

The study area of our investigation was primarily composed of
native unpalatable Cymbopogon grasses, which accounted for 71%
of the total plant biomass. The same locations were also included in
a 2009 study by FES, which reported a Cymbopogon biomass of 0.09
tonnes per hectare (FES, 2009). In our study, we noted an increase in
the Cymbopogon biomass, amounting to 0.13t/ha, representing 1.44
times the 2009 levels.

3.1 | Biomass

Upon comparing the control treatment with the exclusion of fire
(CPFA), we observed similar absolute (as shown in Table S2) and rela-
tive biomass (as seen in Figure 2a) across all palatable plant categories.
By contrast, when we excluded both Cymbopogon and fire (CAFA), the
absolute and relative biomass of Cymbopogon decreased. Meanwhile,
both the absolute and relative biomass of palatable herbaceous plants
increased. These results can be found in Table S3 and Figure 2a. Abso-
lute biomass of palatable grass per hectare was 0.08 tonnes (t), unpal-
atable was 0.01 t and Cymbopogon was 0.22 t in the control.

Many species gained and lost biomass due to treatments. From
the exclusion of fire and Cymbopogon, particularly palatable species
such as Heteropogon contortus, Arundinella nervosa, and Lepidagathis
cristata and unpalatable species such as Acalypha alnifolia, and Te-

phrosia villosa (Table S4, Figure 2b) benefited favorably.

3.2 | Diversity

Species richness was similar across treatments at both the a- and
B-scales. There was a trend for higher species richness in the CAFA
treatment at the y-scale (Table S5, Figure 3). At the a-scale, we found
a trend toward higher species evenness (3.44 species) when Cym-
bopogon and fire were experimentally excluded (CAFA). At p-scale
and y-scale, species evenness was significantly higher in the CAFA
treatment compared to the other treatments (Table Sé, Figure 4).
The scale-dependent result can also be visualized with accumulation
curves (Figure 5, Table S7). The richness and evenness of treatments
at a single site are similar, whereas the CAFA treatment accumulates
more species when moving from one to many sites.

3.3 | Composition

Despite the clearly lower biomass of Cymbopogon in the CAFA
treatment (Figure 2a), an ANOVA test revealed that all treatments
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were compositionally indistinguishable from each other (p>0.05).
Likewise, Tukey HSD tests did not show any significant pairwise dif-
ferences across treatments in composition (all p>0.05). The NMDS
visualization makes it clear that the nonsignificance is due to the high
site-to-site turnover, especially in the CAFA treatment (Figure 6).

4 | DISCUSSION

Globally, savanna ecosystems support high biodiversity as well as
the livelihoods of millions of pastoralists, and some savannas are
facing increasing dominance of competitive grass species (Bradley
etal.,2018; Cochrane 2008; Crimmins & McPherson 2008; D'Antonio
& Vitousek 1992; Humphries 1993; Tomat-Kelly et al., 2021) which
may reduce their diversity and ecosystem services. In some ecosys-
tems that are invaded by or dominated by fire-tolerant grass species,
it is possible to restore the system to a reference state by reducing
the frequency of fires (Cury et al., 2020; Moghli et al., 2022; Villar-
real et al., 2020). In other systems, additional treatments are neces-
sary to achieve significant increases in the abundance and diversity
of native herbaceous species (Davies et al., 2019; Kulpa et al., 2012).
We find that fire exclusion and an additional treatment in which
grasses were manually removed were both necessary to increase
biodiversity and palatable herbaceous biomass of mesic savanna
ecosystems in the Eastern Ghats.

In the control treatment, the current high dominance of Cym-
bopogon grasses is likely explained by recent changes in land man-
agement. Specifically, local people no longer harvest Cymbopogon

for thatching houses (Kukrety, 2011). In addition, it is possible that
Cymbopogon may have positive feedbacks that have increased its
dominance through time. Fire-tolerant and highly flammable Cym-
bopogon grasses create a fuel load and may be increasing fire fre-
quency and/or intensity, which then favors its relative abundance.
This grass-fire cycle is studied mostly with invasive grasses (D'An-
tonio & Vitousek, 1992; Fusco et al., 2019, 2022), but in our case,
we suspect that native Cymbopogon grasses can also create a similar
positive feedback.

Our study highlights the importance of examining multiple
spatial grains in biodiversity analysis (Chase et al., 2018; McGlinn
et al., 2019). Treatment effects were not seen at the site level; how-
ever, the higher site-to-site variation in the CAFA treatment resulted
in more diverse communities when multiple sites are considered. We
specifically find that different native species became common and
dominant at different sites in the CAFA treatment, and that across
all sites, the communities were more even in the CAFA treatment.
This might be the case in many other ecosystems, in which a single
species dominates at the local scale, and site-to-site variability cre-
ates higher biodiversity at the landscape scale. Examining patterns
at multiple spatial grains might often be helpful to understand re-
sponses to treatments and point to potential mechanisms. However,
currently most experimental studies examining plant responses to
fire consider a single spatial grain when analyzing biodiversity (e.g.,
Moghli et al., 2022)

We observed that different native palatable species became
abundant at different sites within the CAFA treatment, such as
Arundinella nervosa, Heteropogon contortus, Lepidagathis cristata, and
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Pulicaria wightiana. The mechanisms that cause this spatial hetero-
geneity are not clear. For example, it is possible that soil seed banks
of plant communities vary across space (Vandvik et al., 2015), and
that the removal of Cymbopogon provides space for those species to
germinate and thrive, allowing this site-to-site heterogeneity to be
realized. Alternatively, the site-to-site heterogeneity could be due
to differences in site factors that influence recruitment success of
species, or due to differences in seed sources and dispersal limita-
tions across sites. It would be worthwhile to design experiments to
understand which mechanisms are responsible, so that more precise
management interventions could be planned, such as seed addition
treatments. While undertaking experiments to answer these ques-
tions will certainly be useful for site-specific management (Buisson
et al., 2020), they will also contribute to an improved understanding
of ways to best manage tropical savannas in general.

To the best of our knowledge, this is the first experimental study
in India to combine grass removal and fire exclusion. Prior to our
study, there was limited data on how best to manage this type of so-
cioecological system. Our research seeks to address some of these
knowledge gaps and contributes to the broader understanding of the
drivers influencing plant community composition in tropical mesic
savanna ecosystems. We demonstrate that the responses of these
communities can be very rapid. This suggests that the seed sources,
seed banks, or plants are already present at the sites, allowing spe-
cies to immediately take advantage of the management, resulting
in an increase in biodiversity. However, because our study is short

NMDS1

term, the long-term stability versus transient nature of our results
is unclear (Buisson et al., 2020; Nerlekar & Veldman, 2020). Docu-
menting and understanding longer-term responses (Li et al., 2020)
to management is an important line for future research, as grass re-
moval represents a large investment, and long-term effects on bio-
diversity and palatable biomass are desired to make this worthwhile.

Likewise, our study cannot ask questions about optimal fire fre-
quencies, as we consider only two fire treatments (present recently
or absent for at least 3years). Thus, we need future experimental
research aimed at understanding which fire frequencies are best to
meet the needs of nature and humanity in the Eastern Ghats (Mul-
queeny et al., 2010; Prichard et al., 2017).

We kept fire completely absent in our CPFA and CAFA treat-
ments and completely removed Cymbopogon grasses in the CAFA
treatment. However, in the long term, fire needs to be part of savanna
management, as fire is a natural part of the system. It is possible that
the best management moving forward would be to bring back the
historical fire regime (Buisson et al., 2020; Kodandapani et al., 2004;
Reddy et al., 2017; Satendra & Kaushik, 2014). Further, Cymbopogon
grasses are native species that are known to have positive effects on
the ecosystem by binding soil and preventing soil erosion (Mohanty
etal., 2012). Therefore, reducing biomass of Cymbopogon grass is the
goal rather than complete elimination of this native species. While
it is vital to ensure that the removal of Cymbopogon grasses does
not lead to unintended negative consequences for erosion, grass re-
moval should specifically not be attempted in sites with steep slopes
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or those lacking soil conservation interventions. The most favorable
locations for Cymbopogon grass removal align with areas currently
targeted by the Mahatma Gandhi National Rural Employment Guar-
antee Act 2005 (MGNREGA). This Indian social welfare initiative
guarantees the “right to work” and contributes to both rural employ-
ment and environmental management, particularly through efforts
to conserve soil moisture (SPS, 2007).

Our results suggest that current policies regarding fire in India
might not be effective at protecting biodiversity and ecosystem ser-
vices. Currently, the National Forest Policy (MoEFCC, Government
of India, 2018) bans fire with a goal of protecting forest and savanna
ecosystems. According to the Indian Forest Act 1927, setting forest
fire is a punishable offense. However, as we show here, removing
fire alone will not be sufficient to reach goals aimed at protecting
biodiversity (Durigan et al., 2020; Smith et al., 2013) or providing
palatable fodder for wild and domesticated animals. We show that
the management of savanna ecosystems is possible by community
governed village institutions and that this management intervention
has benefits for livelihood and biodiversity. Such community gov-
erned management of commons has also been successful in manag-
ing waterbodies in Madhya Pradesh, India (Falk et al., 2020; Galan
etal., 2022).

We show that the removal of dominant grass and exclusion of
fire provided benefits for livelihood and biodiversity that were seen
in a shorter time frame, and thus gave a rapid return of investment
(Lehmann & Parr, 2016). However, we note that manual removal of
grasses that was conducted for this study is labour intensive and
might be difficult to implement at a landscape scale by the users
alone (e.g., shepherds in community and village institutions). The
large-scale management of tropical mesic savannas in the Eastern
Ghats can be accomplished while also creating employment oppor-
tunities for villagers if management treatments are supported by
programs like MGNREGA and CAMPA (Compensatory Afforesta-
tion Fund Management and Planning Authority which is aimed for
afforestation for forest land diverted to nonforest uses). Moving for-
ward, it is critical for scientists, the government and NGOs to work
collaboratively to arrive at a meaningful and lasting impact on the

socioecological systems and their associated services.
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