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Abstract
Habitat management strategies across the globe are often focusing on flagship species, 
such as large threatened mammals. This is also true for most protected areas of India, 
where large mammals such as the Tiger or Asian Elephant represent focal species of con-
servation management, although a shift towards other species groups can be observed in 
recent times. Prescribed burning is a controversially debated method to manage open habi-
tat types. This method is practised as a tool to manage the habitat of the endangered Nilgiri 
tahr, Nilgiritragus hylocrius (an endemic goat) at a large scale (50 ha grids) in Eraviku-
lam National Park of the Western Ghats (Kerala, India). However, the impact of prescribed 
burning on other biota of this unique environment in a global biodiversity hotspot has not 
been studied. We compared the impact of large-scale prescribed burning on grasshopper 
abundances in Eravikulam National Park with small-scale burning in Parambikulam Tiger 
Reserve from 2015 to 2018, to assess the impact of the different fire management prac-
tices of these reserves on this species-rich insect group. We observed a negative response 
of grasshoppers to burning of larger contiguous areas in terms of their recovery after 
fire events, whereas burning small patches in a mosaic pattern facilitated rapid recovery 
of grasshopper communities. Our results suggest that burning management can be opti-
mized to benefit both, the flagship vertebrate species as well as species-rich invertebrate 
communities.
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Introduction

Large mammals represent major priorities in conservation management and they are 
often used as flagship species in conservation planning (Bowen-Jones and Entwistle 
2002). This is particularly true for mammals with a threatened red list status (Wil-
liams et al. 2002). Many large mammalian herbivores are associated with open habitats 
and habitat management is thus key to the maintenance of these habitat types (Swen-
gel 2001). Typical strategies to keep such habitats open are grazing, mowing or burn-
ing (e.g. Collins et  al. 1998). Despite its potential detrimental effects on biota, fire is 
meanwhile a widely used tool in the management of open habitats (Whelan 1995). The 
effect of fire on biodiversity has been studied in a variety of habitats, including prai-
ries, savannahs, coniferous forests and peat bogs (Warren et  al. 1987; Swengel 1996, 
2001; Hochkirch and Adorf 2007). These studies have shown that the effects of fire vary 
among ecosystems, species and burning parameters (e.g. season, fire intensity and burnt 
area). It is thus of critical importance to study the effects of each specific burning strat-
egy in management areas to avoid any detrimental effects on biodiversity. One major 
aspect of burning is the scale of the burnt area. According to the habitat heterogene-
ity hypothesis (Tscharntke et al. 2002; Tews et al. 2004) it is expected that small-scale 
burning has a less detrimental effect on biodiversity than large-scale burning. Adjusting 
the area burnt during prescribed burning may thus be an adequate strategy to minimize 
potential negative effects on species-rich insect communities.

The Western Ghats in India belong to the global hotspots of biodiversity (Myers 
et al. 2000). This region has a high diversity of natural ecosystems including wetlands, 
tropical wet evergreen, moist and dry deciduous forests and the unique Shola forests 
(Southern montane wet temperate forest) and grassland ecosystems (Champion and Seth 
1968). Each habitat within this biodiversity hotspot contains unique endemic floral and 
faunal elements (Myers et al. 2000). The Nilgiri tahr (Nilgiritragus hylocrius), a moun-
tain goat, is endemic to the Western Ghats and confined to the tropical shola-grassland 
ecosystem. With 1800–2000 mature individuals, a continuing decline in population size 
and small subpopulations, the species is listed as Endangered on the IUCN Red List 
of threatened species (Alempath and Rice 2008). The species occurs in several habitat 
fragments of protected areas of southern India (Easa et al. 2010). Eravikulam National 
Park (ENP) with the adjacent contiguous area of Anamalai Tiger Reserve harbours the 
largest Tahr population, which is considered to be viable because of its population size 
and the extent of its preferred habitat.

Traditionally, the grasslands of ENP are managed by prescribed “cold” burning (cold 
season burning) with the help of the local tribal community. Burning is practised on 50 ha 
plots to provide palatable food for the endemic herbivore and has been practised since the 
British colonial time (Davidar 1978). However, the impact of burning of the Nilgiri tahr 
habitats on other biota has never been documented. The Nilgiri tahr recovery plan (Easa 
et al. 2010) stresses the need for systematic monitoring of impact of fire on tahr habitats 
of ENP. Since the target of the management is to improve the status of this mammal spe-
cies, the impact on other groups, especially invertebrates, has been neglected. However, 
the Western Ghats (including ENP) are known to maintain an exceptional high number of 
endemic invertebrates. Recently, burning has also been experimentally introduced in Par-
ambikulam Tiger Reserve (PKMTR) in Western Ghats, but here it has been practised at a 
much smaller scale (10 × 10 m). To avoid unnoticed extinctions of endemic invertebrates, it 
is crucial to understand the effects of burning strategies on these species.
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The impact of fire on invertebrates can vary substantially (Swengel 2001; Fredericksen 
and Fredericksen 2002). Grasshoppers are a major group of herbivorous insects dominat-
ing open ecosystems (Belovsky and Slade 2017) and often the most important primary 
consumers (Odum et  al. 1962). They are sensitive to grassland management (e.g. Weiss 
et al. 2013; Bröder et al. 2018) and also known to be a suitable group for bioindication of 
grassland quality and restoration success (Henle et al. 1999; Alignan et al. 2018). As many 
grasshopper species are flightless and endemic to narrow geographic ranges, they are sen-
sitive to environmental change and exhibit a high extinction risk (Hochkirch et al. 2016). 
Therefore, their response to fire management is of high interest. As grasshoppers repre-
sent a major faunal component of grasslands, effects of fire on them can be easily studied 
in grassland habitats (Anderson et al. 2001; Chambers 1998; Swengel 2001; Fredericksen 
and Fredericksen 2002; Huntzinger 2003; Gardiner et al. 2005; Joern 2005; Ferrando et al. 
2016).

We studied the impact of prescribed burning on grasshoppers in Eravikulam National 
Park and Parambikulam Tiger Reserve, Kerala, in the Southern Western Ghats (India). 
We were particularly interested in understanding the recovery of grasshopper species and 
communities after burning and the differences of the specific management practices (large-
scale versus small-scale burning) in both nature reserves. We hypothesized that large-scale 
burning is more detrimental and hampers recovery of grasshopper abundances compared to 
small-scale burning.

Methods

Study area

Our study areas were the grasslands of Parambikulam Tiger Reserve (PKMTR) and the 
high altitude tropical shola grassland ecosystems of Eravikulam National Park (ENP) India 
(Fig. 1). Eravikulam National Park (10°05′–10°20′N, 77°0′–77°10′E) is located in the Kan-
nan Devan hills of Idukki district, Kerala. It has an area of 97 km2 and consists of high 
altitudinal grasslands interspersed with sholas (Southern montane wet temperate forest). A 
high rolling plateau with a base elevation of ca. 2000 m asl comprises the main body of the 
Park. In the early 1800s, the area was under the management of British colonials, who pre-
served the habitat as a game reserve. The change in the status of the area, however, did not 
alter the management practices substantially and thus the fire management of “cold burn-
ing” (January–February) is still being practised with the objective of providing lush green 
grass to the Nilgiri tahr. Prescribed burning results in a mosaic of burnt and unburnt grass-
land areas. The entire grasslands in ENP are divided into 1st, 2nd and 3rd plots of 50 ha. 
Each year, the managers set fire to the same numbered grids so that a three-year cycle of 
prescribed burning is applied to the particular 50 ha plot every third year.

Parambikulam Tiger Reserve is situated between Anamalai and Nelliyampathi hill 
ranges in Palakkad district in Kerala (10°20′–10°32′N, 76°35′–76°5′E) and was established 
as Tiger Reserve in February 2010. The Tiger Reserve has an area of 644  km2 and an 
altitudinal range from 460 to 1439 m. The vegetation types include evergreen, semi-ever-
green and moist deciduous forests, plantations of teak and eucalypts and riparian forests. In 
PKMTR, fire was never introduced before as a management practice. The extent of grass-
land is less in PKMTR than in ENP in terms of the area covered by the dominant lemon-
grass (Cymbopogon sp.). The presence of Nilgiri tahr in this grassland led to the decision 
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to test prescribed burning in these grasslands. However, contrary to ENP, only small areas 
(10 × 10 m plots) were burnt with adjacent unburnt habitats.

The climate of the study areas is dominated by the monsoon circulation of the wind 
blows from oceans to the south of the Asian land mass. The monsoon months last from 
June to August, pre-monsoon from January to May and post-monsoon from September to 
December.

Sampling

Grasshopper (Caelifera) diversity of ENP and PKMTR was studied from 2015 to 2018 to 
obtain a general species inventory. We collected and recorded the diversity of adult grass-
hoppers in both study areas using standard sweep net, hand picking and direct observation 
and noted the presence of each species.

For studying the impact of large-scale burning on grasshoppers (ENP), we randomly 
laid 18 plots (6 pre-burnt, 6 control (unburnt) and 6 experimental (burnt) plots) in the study 
area, each with a size of 10 × 10 m. Pre-burnt plots of ENP were sampled 1 year before the 
fire and served as a second (temporal) control (same site, but before burning). Burnt plots 
were laid immediately after the fire on the burnt grasslands and control plots were on the 
opposite hills with similar vegetation which have not been burnt since 3 years (same date, 
but different site). Each plot (unburnt and control) was sampled every month for 2 years, 
while pre-burnt plots were sampled only in the year before the fire. Similar to ENP, we also 
laid 18 plots (6 pre-burnt, 6 control (unburnt) and 6 experimental (burnt) plots) across the 
study sites of small scale burning (PKMTR). Pre-burnt plots of PKMTR were sampled 

Fig. 1  Map showing the situation of Eravikulam National Park and Parambikulam Tiger Reserve, Kerala, 
India
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for 2 months before the sites were burnt (as there was no initial knowledge where burning 
would be conducted in the following year).

Orthoptera were sampled on each plot every month from February 2015 to May 2018 
in both study areas. Sampling within the plots was done by using sweep nets along two 
transects of 14 m from the corner of a plot to the opposite corner, resulting in an X-shaped 
transect on each plot. This was to ensure a pattern of sweeping and for maximum repre-
sentation of grasshopper abundance within the plots. After each sweep along the transect, 
the grasshoppers were photographed, quantified, identified and released outside the plots, 
except for some voucher specimens (we were not permitted to collect all specimens cap-
tured in the sweep net in Protected Areas). Collected voucher specimens were preserved 
and deposited in Kerala Forest Research Institute (KFRI) Entomology Museum. Uni-
dentified and taxonomically difficult species were later identified using a variety of taxo-
nomic literature (Westwood 1839; Bolívar 1900, 1902, 1914, 1930; Kirby 1914; Uvarov 
1929; Chopard 1969; Henry 1937, 1940) and by consulting experts. The specimens were 
also compared with the type specimens in the British Natural History Museum London 
(BNHM), Natural History Museum Madrid (MNCN), Natural History Museum Paris 
(MNHN) and Natural History Museum Geneva (NHM). The taxonomy follows the latest 
version of the Orthoptera Species File (Cigliano et al. 2018). The average temperature of 
fire within the grass tussock and within and under the surface of soil during burning was 
recorded using thermocouples (TCAV-L).

Statistical analysis

To test for differences in total Orthoptera abundance and the abundances of the most com-
mon species between pre-burnt, unburnt (control) and burnt (experiment) plots of ENP and 
PKMTR, we used a two-way repeated measures analysis of variances (ANOVA) in R 3.5.0 
(R Core Team 2018). We used Box-Cox-Transformation as implemented in the MASS 
package for R to obtain the optimal exponent (λ) to fit the data to the model assumptions. 
In one explanatory variable we combined the status of the plots (i.e. burnt, pre-burnt, con-
trol) with the year (1–3) and season (pre-monsoon and post-monsoon). For the latter we 
assigned each count to the respective season (pre monsoon from Jan to May and post mon-
soon from Sep to Dec) as abundances differed substantially among seasons but only little 
within season (see “Results”). The monsoon months (June–August) were discarded from 
the analysis as these were strongly influenced by annual rainfall patterns and abundances 
were quite variable. The reason for combining treatment, year and season was that the pre-
burnt plots were only studied during one season and year, while the burnt and control plots 
were studied during two seasons of 3 years each. Furthermore, we expected that during the 
third year abundances would have recovered and approach the pre-burnt situation.

To analyse the changes on community level, a principal component analysis (PCA) 
was performed using the ClustVis online tool (Metsalu and Vilo 2015). The abundance of 
grasshopper species on each plot of each studied site (Karimala-PKMTR and Eravikulam-
ENP) were sorted as six column annotations (number of column, treatment–control/preb-
urnt/burnt, month, year, season, and month number in chronological order) and two row 
annotations (number of row and name of the species) (provided in supplementary mate-
rial). Unit variance scaling was applied to rows; SVD with imputation was used to calcu-
late principal components. The data used were absolute abundances (number of individuals 
recorded) per month at each locality; control, preburnt, and burnt (transects and plots are 
fused, giving the single value in the table). The PCA data (matrix, principal components, 
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variance explained by principal components as well as component loadings) for Karimala 
(PKMTR) is available at https ://biit.cs.ut.ee/clust vis/?s=Karim ala_fire_grass hoppe rs and 
Eravikulam (ENP) at https ://biit.cs.ut.ee/clust vis/?s=Eravi kulam _fire_grass hoppe rs.

Results

Species richness

During the general inventory of the study sites, a total of 57 species were found, 18 of 
which are endemic to India. Fifty-four grasshopper species were recorded in PKMTR and 
18 in ENP (Table  1), with 15 species common to both areas. Thirty-nine species were 
exclusively found in PKMTR, but only three in ENP. We discovered one hitherto unde-
scribed pygmy grasshopper species (Tetrigidae) in each reserve (Deltonotus sp. in PKMTR 
and Tettilobus sp. in ENP). In PKMTR, we also rediscovered the Catantopinae species 
Mopla guttata for the first time since its description in 1940, representing also the first 
male collected for this species. In PKMTR we found Euparatettix personatus (Tetrigidae) 
as the first record from India.

Effects of burning on grasshopper abundance

Total mean grasshopper abundance in PKMTR was generally higher than in ENP (Fig. 2, 
ANOVA, λ = 0.75,  F1,260 = 1494, p < 0.001) as well as higher in the post-monsoon period 
than in the pre-monsoon period (ANOVA, λ = 0.75,  F1,260 = 135.6, p < 0.001). The average 
temperature of fire within the grass tussock during burning was 310 °C during large-scale 
burning (ENP) and approximately 120 °C during small-scale burning (PKMTR). In ENP 
(large-scale burning) we found a significant decrease in total grasshopper abundance in the 
burnt plots compared to the pre-burnt plots during the pre-monsoon period for both years 
(Fig. 3, ANOVA, λ = 0.78,  F6,88 = 27.9, p < 0.001; pairwise t test with Bonferroni correc-
tion: p < 0.001). In contrast, there was no significant difference between the grasshopper 
abundance in the pre-burnt plots compared to the control in both years (pairwise t-test with 
Bonferroni correction: p = 0.99). During the year of the fire as well as 1 year after, total 
grasshopper abundance was significantly higher in the control plots than in the burnt plots 
(pairwise t-test with Bonferroni correction: p < 0.001). During the post-monsoon season, 
we also found higher grasshopper abundances on the pre-burnt plots and the control plots 
compared to the burnt plots (pairwise t-test with Bonferroni correction: p < 0.001). 

In PKMTR (small-scale burning) we found significant differences in abundance 
between plot burning status (Fig.  4, ANOVA, λ = 1.42,  F11,155 = 7.2, p < 0.001). During 
the first pre-monsoon season, grasshopper abundance was significantly lower in the burnt 
plots compared to the pre-burnt situation and the control plots (pairwise t-test with Bonfer-
roni correction: p < 0.001). However, in the second and third year, there was no signifi-
cant difference in grasshopper abundance in burnt and control plots (pairwise t-test with 
Bonferroni correction: p = 0.99). During the post-monsoon season, we found no significant 
difference between burnt and control plots for any year (pairwise t-test with Bonferroni 
correction:  p1 = 0.99,  p2 = 0.57,  p3 = 0.08). This means that only during the pre-monsoon 
season, soon after burning, there was a significant decrease in grasshopper abundance in 
PKMTR.

https://biit.cs.ut.ee/clustvis/%3fs%3dKarimala_fire_grasshoppers
https://biit.cs.ut.ee/clustvis/%3fs%3dEravikulam_fire_grasshoppers
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Table 1  Inventory of grasshopper species (Caelifera) found in Eravikulam National Park (ENP) and Par-
ambikulam Tiger Reserve (PKMTR) and their distributional status (+ present, – absent,*endemic to India)

Sr no. Taxon PKMTR ENP Distribution

Infraorder ACRIDIDEA
Family ACRIDIDAE
Subfamily ACRIDINAE
1. Acrida exaltata + – –
2. Acrida gigantean + – –
3. Carliola carinata + + *
4. Phlaeoba antennata + – –
5. Phlaeoba infumata + – –
6. Phlaeoba panteli + – –
7. Zygophlaeoba sp. – + –
Subfamily CATANTOPINAE
8. Bambusacris travancora + + *
9. Choroedocus illustris + – *
10. Diabolocatantops innotabilis + – –
11. Naraikadua charmichaelae + – *
12. Pachyacris vinosa + – –
13. Palniacris maculatus + + *
14. Siruvania dimorpha + + *
15. Xenocatantops humilis + + –
16. Mopla guttata + – *
Subfamily CYR TAC ANTHACRIDINAE
17. Chondracris rosea + – –
18. Cyrtacanthacris tatarica tatarica + + –
19. Patanga succincta + – –
Subfamily EYPREPOCNEMIDINAE
20. Tylotropidius varicornis + – –
Subfamily GOMPHOCERINAE
21. Aulacobothrus taeniatus + – –
22. Aulacobothrus socius + – –
Subfamily HEMIACRIDINAE
23. Hieroglyphus banian + – –
24. Leptacris filiformis + – *
Subfamily OEDIPODINAE
25. Dittopternis venusta + + –
26. Trilophidia annulata + – –
Subfamily OXYINAE
27. Gesonula punctifrons + – –
28. Hygracris malabaricus + – *
29. Oxya hyla + + –
30. Oxya japonica japonica + – –
31. Oxya fuscovittata + – –
Subfamily SPATHOSTERNINAE
32. Spathosternum prasiniferum + – –
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Table 1  (continued)

Sr no. Taxon PKMTR ENP Distribution

Subfamily TERATODINAE
33. Teratodes monticollis + + –
Family CHOROTYPIDAE
Subfamily CHOROTYPINAE
34. Phyllochoreia ramakrishnai + – *
35. Phyllochoreia unicolor + – *
36. Burrinia burri + – *
Subfamily PRIONACANTHINAE
37. Prionacantha picta – + –
Family MASTACIDEIDAE
Subfamily MASTACIDEINAE
38. Paramastacides ramachendrai + + *
39. Mastacides nilgirisicus + – *
Family PYRGOMORPHIDAE
Subfamily ORTHACRIDINAE
40. Neorthacris acuticeps acuticeps + – *
41. Neorthacris acuticeps nilgiriensis + – *
Subfamily PYRGOMORPHINAE
42. Atractomorpha crenulata + + –
43. Aularches miliaris miliaris + – –
44. Chrotogonus oxypterus + – –
45. Chrotogonus trachypterus + – –
46. Poekilocerus pictus + + –
Family TETRIGIDAE
Subfamily CLADONOTINAE
47. Deltonotus sp. + – –
48. Deltonotus gibbiceps + + *
49. Tettilobus sp. – + New species
Subfamily TETRIGINAE
50. Euparatettix personatus + – New to India
Subfamily SCELIMENINAE
51. Eucriotettix flavopictus + + –
52. Euscelimena gavialis + – –
53. Euscelimena harpago + + –
Subfamily METRODORINAE
54. Systolederus sp. + – –
55. Indomiriatra provertex + – –
Infraorder TRIDACTYLIDEA
Subfamily DENTRIDACTYLINAE
56. Bruntridactylus saussurei + – –
Subfamily TRIDACTYLINAE
57. Xya castetsi + – –
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Fig. 2  Mean total grasshopper abundance per plot in Eravikulam National Park (ENP) and Parambikulam 
Tiger Reserve (PKMTR), Kerala, India, during pre-monsoon and post-monsoon seasons (Error bars are 
standard errors)

Fig. 3  Mean total grasshopper abundance on pre-burnt plots, burnt and control plots during the pre-mon-
soon period for both years after burning in Eravikulam National Park, Kerala, India (error bars are standard 
errors)

Fig. 4  Mean total grasshopper abundance on pre-burnt plots, burnt and control plots during the pre-mon-
soon period for both years after burning in Parambikulam Tiger Reserve, Kerala, India (error bars are stand-
ard errors)
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Effects of burning on species level

When examining grasshopper species individually, only the most common species 
showed a very similar response to burning, following the pattern explained above. For 
example, the abundance of Zygophlaeoba sp. decreased significantly in burnt plots in 
ENP after burning compared to the pre-burnt situation and the control plots just dur-
ing the post-monsoon season and the second pre-monsoon season (but not during the 
first pre-monsoon season; ANOVA, λ = 0.12,  F7,88 = 5.3, p < 0.001; pairwise t-test with 
Bonferroni correction: p < 0.02), but no significant differences between control plots 
and the pre-burnt situation were found (pairwise t-test with Bonferroni correction: 
p = 0.99). For Paramastacides ramachendrai only, we detected a significantly lower 
abundance on burnt plots during the first pre-monsoon season compared to the pre-
burnt situation (ANOVA, λ = 0.18,  F7,88 = 2.5, p = 0.02; pairwise t-test with Bonferroni 
correction: p = 0.047), while the abundance later recovered rapidly and was not signifi-
cantly different from control plots or the pre-burnt situation (pairwise t-test with Bon-
ferroni correction: p = 0.99). For Palniacris maculatus, a significant decrease in popu-
lation size was observed during the first and second pre-monsoon season in burnt plots 
compared to the pre-burnt and control plots (ANOVA, λ = 0.11,  F7,88 = 17.8, p < 0.001; 
pairwise t-test with Bonferroni correction: p < 0.001), but not for the post-monsoon 
season (pairwise t-test with Bonferroni correction: p = 0.99). Carliola carinata showed 
a significant decrease in the burnt plots compared to the pre-burnt plots during all sea-
sons (ANOVA, λ = 0.17,  F7,88 = 5.45, p < 0.001; pairwise t-test with Bonferroni correc-
tion:  p1 = 0.03,  p2 = 0.047,  p3 = 0.03). However, during the post-monsoon season, we 
also found a significant difference to the control plots (pairwise t-test with Bonferroni 
correction: p = 0.006). For Atractomorpha crenulata, a significant decrease in abun-
dance on the burnt plots was found during the first pre-monsoon season compared to 
the pre-burnt and control plots (ANOVA, λ = 0.06,  F7,88 = 8.4, p < 0.001; pairwise t-test 
with Bonferroni correction:  p1+2 < 0.001) and for the first post-monsoon season com-
pared to the control (pairwise t-test with Bonferroni correction: p = 0.04). There was 
no significant difference during the second pre-monsoon season for this species.

In PKMTR, Neorthacris acuticeps nilgiriensis had a significant lower abundance 
in the burnt plots only during the first pre-monsoon season compared to the con-
trol (ANOVA, λ = 0.65,  F12,155 = 7.7, p < 0.001; pairwise t-test with Bonferroni cor-
rection: p < 0.001). The same was true for Neorthacris acuticeps acuticeps, which 
decreased significantly in burnt plots during the first pre-monsoon season after burn-
ing compared to the pre-burnt situation, but also in comparison with the control plots 
(ANOVA, λ = 0.4,  F12,155 = 5.2, p < 0.001; pairwise t-test with Bonferroni correction: 
 p1+2 < 0.001). However, no significant differences to the control plots were found later 
for these species (pairwise t-test with Bonferroni correction: p = 0.99). All other spe-
cies showed no significant differences in abundance in burnt sites compared to the pre-
burnt or control plots, but some species showed differences in abundance between sea-
sons or years. For example, the most abundant species (C. carinata) had a significantly 
higher abundance in the post-monsoon season of the second year compared to the pre-
monsoon season of the first year (ANOVA, λ = 0.5,  f12,155 = 2.32, p = 0.009; pairwise 
t-test with Bonferroni correction: p < 0.001), but no differences within a season or year.
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Multivariate analysis

The PCA plot for ENP (Fig. 5a–c) shows on the first axis (explaining 70.5% of the total 
variance) a gradient of grasshopper communities on burnt plots (with negative loadings) 
and pre-burnt/control plots (with positive loadings). In PKMTR (Fig.  5d–f), the first 
component explained 55% of the total variance. Contrary to ENP, the overlap of burnt, 
pre-burnt and control plots was higher. The PCA results show that in PKMTR, the 
Orthoptera community (grasshopper abundance) recovers positively within six months 
(overlapping of burnt group towards the right side of the chart with control plots) after 
fire. In ENP, grasshopper assemblages after fire were not recovering even after 2 years.

Fig. 5  PCA plots for Eravikulam National Park (ENP a–c) and Parambikulam Tiger Reserve (PKMTR d–
f) Kerala, India (prediction ellipses are such that with probability 0.75, a new observation from the same 
group will fall inside the ellipse)
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Discussion

Our results confirm the hypothesis that small-scale burning has comparatively less detri-
mental effects on grasshopper abundances compared to large-scale burning. These results 
are also in line with the habitat heterogeneity hypothesis (Tscharntke et  al. 2002; Tews 
et al. 2004) as both grasshopper species richness and abundances were higher in the more 
heterogeneous habitats of PKMTR compared to the more homogeneous habitats of ENP. 
In PKMTR we observed a rapid recovery of grasshopper communities, total abundance 
as well as abundance of individual species after burning. Only during the first pre-mon-
soon season after burning the abundance of the most common species dropped signifi-
cantly. From the first post-monsoon season onwards, there were no significant differences 
in total grasshopper abundance between burnt and control plots. In contrast, grasshopper 
abundance remained low for much longer in ENP, where large areas were burnt. Generally, 
grasshopper species richness and abundances were higher in PKMTR than in ENP suggest-
ing long-term effects of fire history in ENP. We found only 18 grasshopper species in ENP 
compared to 54 in PKMTR. However, it cannot be excluded that this result might also be 
affected by the different locations of both study sites. The main difference between the fire 
management in ENP and PKMTR is the burnt area, which covered 100 m2 for each plot in 
PKMTR and 500,000 m2 in ENP, but fire behaviour (i.e. temperature, speed etc.) may also 
have differed. In ENP, the grasslands were burnt as circle of fire starting from the perimeter 
of the circled hill towards the centre, leaving grasshoppers little chances to escape from a 
burnt area. In PKMTR, fire was restricted within 10 × 10 m plots.

The effect of fire on ecosystems and organisms varies depending on the ecological his-
tory of the taxa, fire intensity, behaviour, extent and frequency of the fire in addition to the 
moisture content and topography of the soil (Warren et al. 1987; McCullough et al. 1998; 
Keeley et  al. 2005). Fire can affect organisms directly by combustion and indirectly by 
altering the structure and composition of vegetation (Rice 1932; Bock and Bock 1991). 
Both grasslands differ by only 600  m in elevation and the composition and structure of 
the soil is similar. Cymbopogon (lemon grass) is the dominant grass in both the reserves. 
However, in ENP we observed an invasive fern (Pteridium aquilinum) spreading in moist 
areas along the burnt grounds to the hills. In PKMTR, the fern was less common, but in the 
burnt experimental plots we also found it spreading. The effects of this invasive plant on 
grasshoppers is not known, but as many grasshoppers have strong requirements regarding 
vegetation structure and microclimate (Joern 1982; Gardiner and Dover 2005), and some 
are specialized in diet (Joern 1979) it might negatively affect the community in the long 
term. Likewise, the endemic shrub Strobilanthes kunthiana (Neelakurinji) was dominant 
in frequently burnt grasslands of ENP. We found no grasshoppers on this shrub (which 
has very hairy and hard leaves), suggesting negative effects of these vegetation changes on 
grasshoppers.

Although the vegetation and the dominant grass species are similar in both grasslands, 
grasshopper diversity was substantially lower in ENP compared to PKMTR. The continu-
ous fire history could be one reason for the lower grasshopper diversity, but fire behaviour 
and intensity might also differ. In ENP, fires are comparatively slow lasting almost 4–5 h 
for 50  ha, whereas in PKMTR plots fires lasted only for 15  min. The average tempera-
ture of fire within the grass tussock during burning was 310 °C in ENP and approximately 
120  °C in PKMTR, which probably affect survival of grasshopper adults and nymphs 
directly. The eggs of grasshoppers might also be differentially affected by fires. Most grass-
hoppers of the study regions oviposit in the ground, where eggs may be sheltered from high 
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temperatures. Prescribed fires that rapidly move across the vegetation cause only minor 
changes in soil temperatures (Niemeyer et al. 2004). Indeed, we found comparatively minor 
temperature differences in the soil (30 cm depth) in ENP, but no change at all in PKMTR. 
Therefore, eggs might be exposed to higher temperatures in ENP compared to PKMTR, 
which might be another reason for the lower grasshopper diversity in ENP. A significant 
decrease in abundance was also noted for flightless grasshopper species (Zygophlaeoba sp., 
Pa. ramachendrai, P. maculatus, N. a. nilgiriensis, N. a. acuticeps, and C. carinata), which 
are less mobile and, therefore, cannot recolonize large burnt areas rapidly.

Grasshoppers are considered good indicators of grassland health (Belovsky 2000; 
Anderson et al. 2001). Because of the importance of microclimate and vegetation structure 
for grasshoppers (Uvarov 1977; Joern 1982; Ingrisch 1983; Chappell and Whitman 1990; 
Matenaar et al. 2014), the impact of fire on grasshoppers is typically negative for species 
inhabiting dense vegetation and positive for those preferring bare ground (Hochkirch and 
Adorf 2007). As both grasslands of our study sites have dense vegetation with lemon grass, 
negative impacts on grasshopper abundance appear to dominate. Even after 2 years, the 
grasshopper communities and populations did not achieve the status of pre-burnt and con-
trol plots in ENP, while in PKMTR recovery took place within 6 months after fire. Gener-
ally, graminivorous species often benefit from burning, while forb-feeders typically decline 
(Evans 1984, 1988; Bock and Bock 1991). In PKMTR, we observed that the fresh sprout-
ing vegetation on burnt plots compared to unburnt and control plots might benefit grass-
hoppers, confirming the findings by Ferrando et  al. (2016). However, this was probably 
affected by the existence of viable grasshopper populations adjacent to the burnt plots and 
the small size of the burnt plots that allows species to recolonize these areas rapidly. Evans 
(1984) considered post-fire dispersal as critical as many Orthoptera are known to disperse 
no more than a few meters during their life (Ingrisch and Köhler 1998; Weyer et al. 2012). 
In PKMTR, we observed active recolonization of two common species: C. carinata and 
N. acuticeps. In ENP, large scale burning resulted in very large distances between burnt 
and unburnt plots, hampering recolonization. This illustrates that small scale burning and 
providing unburnt areas between the burnt grounds is less detrimental to grasshoppers than 
large scale burning practices.

Another factor influencing the recolonization process is the fire cycle. In Konza Prairie 
Biological Station (Kansas, USA), different types of fire management have been tested. 
When fire was applied in the watersheds of 16–55 ha every 4 years, no negative effects on 
species richness, diversity and composition of grasshoppers were found, but the relative 
abundance of grass feeders initially increased and declined again in succeeding years with-
out fire (Evans 1988). After more than 25 years of fire management at this site, it was found 
that prescribed burning during spring has less detrimental effects on grasshopper abun-
dance than burning in other seasons (Jonas and Joern 2007). Welti et al. (2019) observed 
that plant and grasshopper community compositions at Konza Prairie Biological Station 
were affected by changes in fire frequency. A shorter fire cycle is known to benefit grass-
feeding species, while areas burnt less frequently are dominated by forb-feeding grasshop-
pers (Gibson 1988). The current management in the protected areas is mainly carried out 
for Nilgiri tahr, but it is important to adapt the burning management to benefit the whole 
community rather than a single species (Easa et al. 2010). Our results from the experimen-
tal burning in PKMTR suggest that small-scale burning is sufficiently effective in provid-
ing palatable food for the ungulate, but the direct effects on the tahr still need to be studied. 
We also found indirect evidence of carnivorous mammals (pug marks of tiger and leopard) 
along with other large herbivores. Presence of unburnt and burnt vegetation at a small scale 
increases heterogeneity and may help ambush predators like tiger to sit-and-wait for their 
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prey, whereas in ENP the large size of the burnt plots makes the vegetation more homog-
enous and predators more visible to the prey from long distance.

According to Parr and Brockett (1999), spatial and temporal heterogeneity is more 
important to maintain biological diversity than stable conditions. Disturbance such as 
fire is an important mechanism for producing spatial heterogeneity in grasslands (Collins 
1989, 1992; Chaneton and Facelli 1991). In the Mediterranean climate shrublands of South 
Africa (fynbos), fire is the most important type of disturbance and appears to control pat-
terns of species richness (Schwilk et al. 1997). While introducing such management tools 
to sensitive habitats, specific scientific studies are required. Spatial and temporal mosaic 
management has been suggested before when applying fire management to homogenous 
landscapes (Chambers 1998; Law and Dickman 1998; Parr and Brockett 1999; Shriver and 
Vickery 2001; Swengel 2001; Pons et  al. 2003). The management plan of ENP aims to 
create a spatio-temporal mosaic patches of burnt and unburnt areas of grasslands. How-
ever, the repeated fire events and their large scale has not resulted in mosaic patchiness, but 
converted the entire grasslands into homogenous burnt grassland, even though this entails 
a mosaic of fresh and old grass patches. This is a result of the management plan aiming at a 
single ungulate species, which needs to be revised by considering other biota.

Focusing on single flagship species to manage the habitat may not always benefit bio-
logical diversity (Williams et  al. 2000). Since we found small-scale burning in PKMTR 
being less detrimental to grasshoppers than large-scale burning and probably also suita-
ble for supporting plant germination for Nilgiri tahr, we suggest to replace the large-scale 
burning practice in ENP based upon these new findings. However, since ENP has generally 
larger grasslands than PKMTR, it might be more feasible to use slightly larger plots of 25 
× 25 m or 50 × 50 m with unburnt adjacent areas between plots. We also suggest to test 
changes in the fire cycle from the current 3–5 or more years, in order to achieve healthy 
invertebrate generations after fire. Our study shows that grassland management can be opti-
mized to benefit a larger part of the biota within a protected area by studying the response 
of invertebrate species, which is often neglected in conservation management (Hochkirch 
2016).
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