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A B S T R A C T   

Insectivorous bats are gaining increasing attention for their potential as biological agents of pest suppression. 
Studies around the world have demonstrated their tendency to track and hunt agricultural pests over time and 
space, and thus to have a positive impact on reducing plant damage and protecting yield of agricultural crops. We 
documented the effect of insectivorous bats on the health and yield of a rice crop in Assam, India. Using six sets of 
paired experimental and control plots (of which five were analysed), where bats were selectively excluded from 
the experimental plots, we collected two measures of plant damage and one measure of total yield to assess the 
impact of bats on the crop. In parallel, bat activity at the six sites was recorded over the rice growing season using 
passive acoustic recorders. Our results show that the exclusion of insectivorous bats causes an increase in the 
degree of defoliation suffered by rice plants. We also report non-significant differences in the degree of yellowing 
of rice and of the total yield between the experimental and control plots. Bat activity levels showed a mono- or bi- 
modal peak in activity over the growing season, which broadly tracked the maturity of rice, a pattern also seen in 
many insect pests. Our results strongly suggest that bats have suppressive impact on pest action in rice fields. The 
general trend in activity levels, as well as the significant difference in plant damage, would indicate that bats are 
hunting insect pests and that the non-significant difference in final yield was likely the result of methodological 
limitations. These findings suggest that bats add significant ecological and economic value to Indian rice eco
systems and hold great potential to be used in integrated pest management (IPM) strategies aimed at suppressing 
pests.   

1. Introduction 

Climate change, through increased temperatures, changing precipi
tation patterns and increasingly erratic weather (Shukla et al., 2019), 
has and will continue to decrease the reliability and profitability of 
agricultural industries (Lobell and Field, 2007; Rosenzweig et al., 2014). 
Pests add to this burden. The range of many insect pests, particularly in 
the higher latitudes, is predicted to increase (Vanhanen et al., 2007; 
Stange and Ayres, 2010), as is their metabolism and population growth 
rate (Deutsch et al., 2018). Rice (Oryza sativa) is consumed as a staple 
food by over half the world’s population (Muthayya et al., 2014; IRRI, 
2019). Increased pest action, which already severely affects yield 
(Pathak and Khan, 1994), is predicted to decrease global rice yield, for a 
two-degree Celsius increase in mean temperatures, by 19% (Deutsch 
et al., 2018). 

The Green Revolution of the 1960 s transformed Indian agriculture 

by means of the introduction of high yielding varieties of rice (Nelson 
et al., 2019). However, despite the disease- and pest-resistant nature of 
these varieties, pesticide use in India (Bowonder, 1979; Parayil, 1992) 
and indeed across much of Asia (Parveen and Nakagoshi, 2001; Normile, 
2013; Huang et al., 2014; Wang et al., 2018), grew steadily, with con
flicting evidence of its effect on pest populations. In the complex 
ecosystem of a rice field, indiscriminate pesticide use often does more 
harm than good, suppressing arthropod predator populations to a 
greater extent, and for longer, than the pest populations, leading to 
higher overall pest action and driving pests to evolve resistance (Way 
and Heong, 1994). In India, erstwhile minor pests, such as the brown 
planthopper, became prominent post the Green Revolution, causing 
widespread damage that continues to the present day (Bottrell and 
Schoenly, 2012). In response to this, Integrated Pest Management (IPM) 
strategies were developed as the sustainable alternative to chemical 
pesticides (Teng, 1994). Foremost among them was the use of natural 
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enemies of pests such as fish (Halwart et al., 2012), frogs, parasitoids 
(Babendreier et al., 2020), and ducks (Zhang et al., 2009; Teng et al., 
2016) to control pest populations. And, in the last decade, the potential 
of bats to be effective pest agents has emerged as a topic of attention. 

Insectivorous bats have been shown to eat pests of cotton (Federico 
et al., 2008; Kolkert et al., 2020), corn (Maine and Boyles, 2015), rice 
(Puig-Montserrat et al., 2015; Kemp et al., 2019), cacao (Cassano et al., 
2016), coffee (Classen et al., 2014), and other crops (Maas et al., 2019). 
They have been shown to reduce pest abundance (Kalka et al., 2008; 
Williams-Guillén et al., 2008), plant damage (Maine and Boyles, 2015) 
and loss in yield (Librán-Embid et al., 2017). They have also been shown 
to limit disease spread by limiting disease vectors like mosquitoes and 
other flies (Kervyn et al., 2012; Siemers et al., 2012; Puig-Montserrat 
et al., 2020). 

Many insectivorous bats are generalists, eating any insects that they 
can catch and handle (Kunz et al., 2011). In addition to suppressing 
resident pest populations, this gives them the ability to buffer against 
sudden outbreaks, or the invasion of new pest species, against which 
existing pest control measures may be ineffective (Maas et al., 2016). 
The generalist diet of many bats is complemented by their high mobility, 
which allows them to change foraging grounds and survive on different 
prey when crop pests are not available (Lee and McCracken, 2005). 

Several methods have been used to estimate the value of the pest 
suppression service provided by bats. Among them, diet analyses 
(McCracken et al., 2012) and exclusion experiments (Maas et al., 2019) 
dominate, with mathematical models (Federico et al., 2008) and 
experimental manipulation of bat populations (Puig-Montserrat et al., 
2015) also making an appearance. 

The largest estimates of pest suppression by bats are rooted in diet 
analyses that used either microscopic (Leelapaibul et al., 2005; Lee and 
McCracken, 2005; Wanger et al., 2014) or genetic (McCracken et al., 
2012) tools to document the identity and proportion of agricultural pests 
in the diet of bats. These data can then be used to estimate the impact of 
bat predation on pest populations, and therefore yield, per unit of 
farmland (Cleveland et al., 2006). Some studies have gone further, to 
extrapolate these estimates to entire countries. One study estimated the 
pest suppression service of the Brazilian free-tailed bat (Tadarida brasi
liensis) to the cotton industry of the U.S.A to be worth $26.7 billion per 
annum (median) (Cleveland et al., 2006; Boyles et al., 2011), while 
another estimated that of the wrinkle-lipped bat (Tadarida plicata) to the 
rice industry of Thailand to be worth $1.2 million per annum (Wanger 
et al., 2014). While diet analyses establish crucial links between bats and 
their prey, economic valuations based on this method are limited by 
assumptions concerning how an agricultural ecosystem will respond to 
the removal of a top predator. These assumptions are further stretched 
when extrapolating over an entire country (Fisher and Naidoo, 2011; 
Boyles et al., 2013; Maine and Boyles, 2015). 

Many insect pests of rice, including planthoppers, leafhoppers, leaf 
folders, and stem borers, show an r-selected reproductive strategy, with 
fast reproductive rates and short generation times (Heong et al., 1992; 
Gurr et al., 2011). The primary limits on the population growth of these 
insects are set at the egg to larval and larval to adult stages, imposed by 
natural enemies other than bats (Heong et al., 1992; de Kraker et al., 
1999). Bats prey primarily on the flying adult stages of these pests, while 
most of the crop damage is done by the larvae (Maine and Boyles, 2015). 
The impact of bat predation is therefore only felt in subsequent gener
ations of pests. 

Crops themselves have evolved alongside pests, and many are 
capable of compensating for pest damage, with some showing no 
decrease in yield for mild to moderate pest action (Hughes and McKin
lay, 1988; Way and Heong, 1994; Lv et al., 2008). The impact of pest 
action on yield is further complicated when multiple pest species are 
acting on the same plant. While some studies have shown simultaneous 
attack by multiple pests on rice to have an additive or synergistic 
negative effect on plants (Litsinger et al., 2011a, 2011b), others have 
shown a less-than-additive effect (Pinnschmidt et al., 1995). Even if the 

absence of bat predation was to increase the activity of some pests, it is 
by no means straightforward to determine the resulting contribution to 
plant damage or yield loss, particularly if the plants are under stress 
from other pests. 

Rice fields, especially those managed in a non-intensive manner, are 
ecologically diverse and complex landscapes and host many non-pest 
arthropods (Drechsler and Settele, 2001; Bambaradeniya and Edir
isinghe, 2009). Among these arthropods are predators like spiders and 
ants, which are also prey of insectivorous bats (Maas et al., 2013). The 
net effect of bat predation on pests therefore depends on their effect on 
mesopredators, as well as on their direct effect on the pests. Synergistic 
effects between bats and predatory arthropods may cause a net increase 
in pest suppression, leading to lower losses of yield (Mooney et al., 
2010). On the other hand, bats may curtail the effect of mesopredators, 
leading to higher pest activity and plant damage than would be the case 
without bats (Karp and Daily, 2014). 

In theory, exclusion experiments can account for the above dynamics 
where methods rooted in diet analyses cannot. That is, a bat exclusion 
experiment can be designed to allow the biotic community within to 
reach a new equilibrium, which recreates the characteristics of the 
ecosystem minus bats (Boyles et al., 2013). The reality is more 
complicated. 

Exclusion experiments involving bats are necessarily field based. 
This imposes practical restrictions on the size of the exclosures, and the 
control that one has over other variables such as weather, configuration 
of the exclosures, and management history of the chosen sites. Bats’ 
nocturnality adds another complication: unless the barriers to access are 
removed during the day, the effect of bats will be confounded with those 
of birds. The logistical requirements of twice daily adjustment to the 
exclosure further limits the scale and extent of the exclosures. No doubt 
influenced by these considerations, the vast majority of bat exclusion 
experiments have focussed on tree/bush type crops, where individual 
trees/bushes can be used as a unit of replication and covered by netting 
(Maas et al., 2019). Links between bat pest suppression and row crops 
have therefore primarily come from diet analyses and these estimates 
tend to be larger than those calculated from exclusion experiments. 
Previous exclusion experiments have been conducted on crops such as 
coffee (Karp and Daily, 2014), cacao (Cassano et al., 2016) and corn 
(Maine and Boyles, 2015) and have been set primarily in North and 
South America. Despite the acknowledged potential of bats to regulate 
rice pests and the glaring need for sustainable pest control of a crop 
which loses 30% of its yield to pest and pathogen action (Savary et al., 
2019), only two studies have attempted an economic evaluation of this 
dynamic (Wanger et al., 2014; Puig-Montserrat et al., 2015), neither of 
which were set in India or China, the two largest rice producing coun
tries in the world. 

This study reports the results of the first exclusion experiment of bats 
over rice fields. Set in Assam, India, five pairs of exclosures were used to 
compare the effect of excluding bats from rice. By pairing experimental 
plots with controls, this study documented the effect of removing these 
top predators from the rice food web on crop damage and total yield. We 
hypothesise that the exclusion of bats will result in increased insect pest 
activity, and therefore greater damage to the rice plant. We further 
hypothesise that the increased plant damage will affect the final yield of 
the crop, with the experimental plots producing a lower yield than the 
control plots. To the best of the authors’ knowledge, this is the first 
experiment for a rice field that excluded bats, while leaving birds un
disturbed, in their access to a crop. 

2. Methods 

2.1. Study site 

The study was conducted in the rice fields of Puthimari, a village in 
the Sonitpur district of Assam. Rice is a major crop in Assam, grown on 
2.43 million hectares of land (Directorate of Economics and Statistics, 
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2019). Of the three rice crops, Ahu (autumn), Boro (summer), and Sali 
(winter), planted in Puthimari each year, our field season was conducted 
over the Sali/winter rice season of 2019. This location was chosen 
because the fields to the east of the village were large and uninterrupted, 
and offered sites that were identical in management strategy, set 
approximately 100 m from each other (Fig. 1). 

The individual ‘fields’, i.e plots of individual farmers, can vary in size 
and can be difficult to distinguish from that of their neighbours’. The 
fields studied extend to the east for several km before reaching the first 
village. To the south, they extend a few hundred metres to a river and to 
the north they extend around one km before reaching a highway. 

The six sites chosen for our study were set in the fields of five farmers. 
Each farmer was compensated for use of their land, amounting to the 
maximum possible value that the crop within the experiment could be 
sold for. After the final weighing had been conducted, they were also 
given the grain collected from the plots. Permission for this work was 
granted by the owners of each field, as well as the District Agricultural 
Officer of Sonitpur, Tezpur, and the Divisional Forest Officer, Sonitpur 
West Division, Tezpur. 

2.2. Experimental setup 

Six pairs of experimental-control exclosures were constructed 
(though data from only five were eventually used), each set at least 
100 m from its nearest neighbour and from the closest treeline. The 
fields were located west of the village, which features a mix of semi- 
forested areas and houses built of bamboo or concrete. Rice in Puthi
mari is grown in a mosaic of varieties and management strategies, 
depending in part on the religious and ethnic background of the land
owner. While the fields selected for this study were not treated with 
pesticides or fertilisers, some of the surrounding fields were. 

Each ‘site’ consisted of an experimental and control ‘plot’, set 8 m 
apart. The experimental exclosure was built using a bamboo frame 9 m x 

9 m in area and 4 m tall (Fig. 2). Each frame consisted of eight vertical 
stilts and four horizontal beams on top. Nets used for cricket practice, 
with a 5 cm mesh size, were used for the walls and roof of the exclosures. 
These nets were ideal for exclosures because the mesh size allowed for 
the free movement of insects while excluding all bats and the stiffness of 
the material ensured that birds would not get entangled in them. 
Although birds routinely perched on the exclosures, they were never 
caught in the nets. With the aim of excluding only bats, each ‘wall’ and 
the ‘roof’ of the experimental plots had a pulley system that allowed it to 

Fig. 1. Six sites chosen for the six experimental-control plots of the exclusion experiment. Located in Puthimari village, Assam, these sites were to the east of the 
village, and were part of a larger rice landscape in which rice were grown, within a mosaic of different varieties and management strategies. 
Source: Map of India by Ganeshk (GFDL&cc-by-sa-2.5,2.0,1.0); Airbus, CNES/Airbus, Maxar Technologies, Planet.com. 

Fig. 2. One of the six pairs of experimental (left) and control (right) plots built 
in the rice fields of Puthimari village, Assam. The experimental exclosure was a 
9 m x 9 m by 4 m bamboo frame with nets making up the walls and roof of the 
exclosure. The nets were retracted at dawn and extended again at dusk every 
day to exclude bats but not diurnal birds from the plants within. The control 
was an identical frame without any nets, set 8 m away from the experimental 
plot. Both plots of each pair were constructed on the land of the same farmer. 
The frame in the control plot accounted for the effect of birds using it as 
a perch. 

I.S. Bhalla et al.                                                                                                                                                                                                                                 

http://Planet.com


Agriculture, Ecosystems and Environment 341 (2023) 108196

4

be retracted. The walls retracted upward and were pulled tight to the top 
frame. The net that comprised the roof was attached at one end to the 
exclosure frame, and at the other end to a sliding bamboo rod. Ropes 
attached to this sliding rod were used to pull the net across the top of the 
exclosure. Smaller ropes tied intermittently to the sides of the ‘roof’ net 
were used to ensure that, when extended, it was taut and left no space for 
bats to enter (Fig. 2). 

Every experimental plot was paired to a control plot, which was an 
identical bamboo frame, sans nets. They accounted for the influence of 
birds using the frame as a perch, which may have biased their activity 
around the exclosures (Boyles et al., 2013). 

It was clear that the daily process of retracting and extending the nets 
would entail disturbing the rice immediately adjacent to the plot. To 
ensure that conditions at both plots were standardised, a 0.5 m wide 
buffer around every exclosure, both experimental and control, was 
cleared of plants to permit access. In addition, within every exclosure, 
both experimental and control, the first three rows closest to the edge 
were treated as a ‘buffer zone’, and not considered. Only plants situated 
more than three rows from the edge - in the ‘core zone’ - were harvested. 

The six pairs of experimental-control plots were constructed on the 
land of five farmers, with both experimental and control plots of each set 
being constructed on the same farmers’ land. This way, both plots of a 
site enclosed rice that was under the same management strategy – 
treated with neither pesticides nor fertilisers. 

Rice in all six fields was planted in the last ten days of July, 2019. 
Construction of the exclosures began on the 17th of August and was 
completed on the 10th of September. Beginning on the 10th of 
September, the nets of all six experimental plots were retracted at dawn 
and extended at dusk every day. This continued every day until the rice 
within the exclosure was harvested and removed, which took place 
between the 11th and 28th of November. 

2.3. Acoustic monitoring 

In parallel to the exclusion experiment, the activity patterns of 
insectivorous bats were also monitored over the rice season using six 
AudioMoth passive acoustic recorders (Hill et al., 2018). On 48 nights 
between 27th August and 9th December 2019, these six recorders were 
placed adjacent to the control plot of the six exclusion experiments at a 
height of 1 m, programmed to record from dusk till 4:30 am with a 
sampling rate of 384 kHz and gain set to medium. 

The raw acoustic data amounted to 2576.5 h of recordings, with 
some nights seeing logistical or technical difficulties that prevented 
recording for the scheduled period of time. Using Python version 2.7 
(Rossum and Drake Jr, 1995), bat orientation calls were isolated and 
extracted based on the following measurements. 

(i) Frequency of maximum energy (FMAXE) – the frequency con
taining the most energy in the call (Wordley et al., 2014). (ii) Minimum 
and maximum frequencies – The lowest and highest frequencies that 
contained 5% of the energy of FMAXE. (iii) Bandwidth – Difference in 
frequency between the minimum and maximum frequencies. (iv) Call 
length – the time interval between the point that the call first crosses 5% 
FMAXE, and when it last crosses FMAXE. (v) Average amplitude – The 
average amplitude of the call. 

Using manually verified calls to form a template, a linear discrimi
nant analysis in the MatLab Classification learner (The MathWorks Inc., 
2019) was used to build a classifier that classified all the remaining calls 
into sonotypes. The classified calls were then processed in R version 3.63 
(R Core Team, 2020) to reclassify based on FMAXE and bandwidth those 
calls which had been misclassified. The calls were also filtered to remove 
false positives arising from heavy rain, instrument failure, or bats that 
were recorded prior to the start time. 

There are limited acoustic libraries for Indian bats, none extending as 
far as Assam. Without such a library to use as reference, and with a 
dataset too large to check manually, the isolated calls were classified to 
the sonotype level, rather than the species level. These were defined 

based on FMAXE and bandwidth into: (i) Constant Frequency calls (CF), 
(ii) Frequency modulated – Quasi Constant frequency calls (FM-QCF), 
and (iii) Quasi-Constant frequency calls (QCF). Pure Frequency Modu
lated (FM) and FM-CF-FM calls were not recorded. A few CF calls were 
recorded, but could not be separated from insect noises and so were 
excluded from the analysis. QCF calls were recorded in the same fre
quency range as another FM-QCF call, frequently changing from QCF to 
FM-QCF within a pass. These were therefore considered to be the same 
sonotype and were recorded as FM-QCF. All the calls used for the 
analysis, therefore, had FM-QCF characteristics. Henceforth, sonotypes 
will be identified by ‘S’ followed by the frequency at which they called. 
For example, FM-QCF calling at 20 kHz is S20. It was our intention to 
measure feeding activity using feeding buzzes. However, the lack of 
characteristic features in feeding buzzes (as compared to orientation 
calls), and their considerable intra-pass variation made it difficult for 
our classifier to accurately isolate feeding buzzes from the many types of 
ultrasonic noise present in the recordings. We therefore used the 
orientation calls described previously as a proxy for feeding activity, 
since general activity (as measured by orientation calls) and foraging are 
known to correlate (Davy et al., 2007; Puig-Montserrat et al., 2015; de 
Oliveira et al., 2015). 

All recordings were divided into five-second intervals. One bat pass 
was defined as an interval containing more than two orientation calls of 
the same sonotype (Millon et al., 2015). Using a random number 
generator, ten percent of the extracted passes were selected for manual 
verification. The classifier accurately identified > 90% of the passes. At 
a minimum of 100 m apart, the six sites were not independent. A certain 
amount of pseudoreplication was therefore unavoidable when the same 
bat flew from one site to another. 

2.4. Rice data 

To test the two hypotheses, rice was sampled twice during the sea
son, once in the middle of the season, to assess plant damage due to 
pests, and once at the end, to assess yield. Site three was removed from 
consideration when it was discovered, late in the season, that it had been 
sowed with a different strain of rice. As a result, only data from five sites 
were used for the analysis. 

2.4.1. Mid-season data 
A unit of rice, transplanted to the field at the seedling stage, is 

composed of one to several plants, each bearing tillers, leaves and 
panicles. Such a unit is known as a hill. 

Between the 9th and 22nd of October, roughly midway through the 
rice growing season, 30 hills were sampled from the ‘core zone’ of three 
pairs of experimental and control plots (plants from the remaining two 
pairs having unfortunately been found to have dried out after collec
tion). Hills were chosen by mapping each ‘core zone’ as a grid and using 
a random number generator in Python version 2.7 (Rossum and Drake 
Jr, 1995) to identify the row and column number of the 30 plants. Since 
the hills were removed by hand and then washed to remove the mud, it 
was assumed that insect pests on the hill may have been jostled or 
washed off and that those that remained would be unrepresentative of 
the level of infestation and so they were not counted for analyses. 

To test our first hypothesis, the 30 hills were analysed for the 
following measures of insect damage:  

a. Yellowing of leaves, caused by green leafhoppers (IRRI, 2014).  
b. Defoliation of leaves, caused by caseworms (IRRI, 2014), caterpillars 

(Tanwar et al., 2010) and grasshoppers (NICRA, 2011). 

Both measures were documented as proportion of affected leaves per 
hill. 

2.4.2. End-season data 
To test our second hypothesis, up to 900 hills were harvested from 
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the core zone of five pairs of plots, by hand, at the end of the rice 
growing season (between 11th of November and 28th December). If the 
core zone had fewer than 900 hills in one of the treatments, then the 
same number of hills was harvested from the other treatment of that site. 
The hills at each site were harvested on the date that the farmer har
vested the rest of his field. 

The full 900 hills were collected from sites one, five, and six and 800 
hills were collected from site two. It was only possible to harvest 400 
hills from site four because while the experimental plot had 900 hills of 
the correct variety, the control plot had only 400 hills of the correct 
variety, so 400 hills were harvested from both. 

Two types of data were collected from these hills.  

a. Total yield: Grain from the harvested rice was removed from the hill 
by hand and placed into metal tins. The grain from every plot, both 
experimental and control, was dried for two days by spreading them 
on a plastic tarp, under a net to prevent birds from eating them, in the 
sun. After two days of drying, the grain was weighed.  

b. 1000 grain weight: After the final weighing, a small box of grain from 
each plot was retained for the calculation of 1000 grain weight, 
which is another measure of yield (Huang et al., 2013). A handful of 
grain was dried at 80ºC for 24 h, and from this handful 1000 full 
grains were removed and weighed on a high precision balance. 

2.5. Statistical analysis 

2.5.1. Mid-season data 
To test for the effect of treatment on plant damage caused by insects, 

a generalised linear mixed model (GLMM) was built using the 
‘glmmTMB’ function (Brooks et al., 2017) in R version 3.63 (R Core 
Team, 2020). Two types of damage – defoliation and yellowing – were 
modelled separately as indicators of the action of two groups of pest. The 
data did not need to be transformed prior to being used in the model, but 
outliers were removed using the ‘check_outliers’ function from the 
‘performance’ package (Lüdecke et al., 2020). 

The response variable for both types of damage were in the form of 
proportion of leaves affected per hill, warranting the use of the binomial 
GLMM. The treatment – experimental and control – was taken as the 
explanatory variable and to account for non-independence of samples 
within each site, site number was taken as a random effect. 

A generalised linear model was also built, without the random effect 
of site, and compared to the final mixed models of both types of damage. 
For both types of damage, the GLMMs had AICc scores more than two 
units lower than the corresponding GLMs, which justified the inclusion 
of site as a random effect. Model residuals were plotted and visually 
analysed for patterns. Neither of the two models showed any patterns in 
the residuals. 

2.5.2. End-season data 
To test the effect of the treatment on total yield and 1000 grain 

weight, the two sets of data were checked for normality using a QQ plot 
and for comparable variances using an F test. Having ascertained that 
both sets of data are normally distributed and with comparable vari
ances, a paired Student’s t-test was used to compare the difference be
tween the two treatments. All statistical analyses were performed in R 
version 3.63 (R Core Team, 2020). 

3. Results 

3.1. Acoustic monitoring 

In total, 18,890 passes were identified across six locations over 48 
nights of sampling. In addition four sonotypes (S34, S38, S48, S65) 
showed a clear bimodal pattern in activity over the season, peaking once 
in early-mid September, and again in mid-October. 

3.2. Mid-season data 

The exclusion of bats in the experimental treatment contributed to 
significantly greater defoliation, indicative of damage by grasshoppers, 
caseworms, and caterpillars, in experimental plots (where bats were 
excluded) than in the control plots (Estimate = 0.168, standard error =
0.059, P = 0.004; Table A.1). Proportion of leaves yellowing, indicative 
of leafhopper damage, was not influenced by experimental treatment 
(Estimate = 0.101, standard error = 0.078, P = 0.198; Table A.1). 

3.3. End-season data 

Total yield was not significantly different between the experimental 
and control plots (t = − 1.4361, P = 0.1903; Fig. 4). There was also no 
significant difference in the 1000 grain weight between the experi
mental and control plots (t = − 0.31746, P = 0.7586; Fig. 4). 

4. Discussion 

Our acoustic monitoring demonstrated that insectivorous bats were 
highly active in the landscape and that over the rice growing season 
their activity mirrored the known activity patterns of multiple rice pests 
(Zhong-xian et al., 2006; Sharma et al., 2018). With over 18,000 passes 
recorded at the six sites, even allowing for multiple records of the same 
individual, it is reasonable to assume that bats did consistently hunt 
insects over the rice crop, and that these insects must have included 
pests. 

From an ecosystem services point of view, the most important metric 
is arguably final yield, as this speaks to a demonstrable value of the pest 
suppression service provided by bats to farmers. Contrary to our second 
hypothesis, we found non-significant differences in final yield between 
the experimental and control plots of the exclusion experiment. A 
similar result was reported by the only other exclusion experiment 
involving bats and rice. Set in Florida, this study was focussed on 
blackbirds, but by keeping the nets in place throughout the experiment, 
they inadvertently also excluded bats (Borkhataria et al., 2012). They 
also reported a non-significant difference in final yield between the 
experimental and control plots. Similar non-significant differences in 
final yield have also been reported from other crops like cacao (Gras 
et al., 2016), and coffee (Karp and Daily, 2014). 

At face value, the results of our study would imply that the absence of 
bats from rice fields in Assam had no effect on rice yield, a conclusion 
that would be at odds with the observed patterns in bat activity. As seen 
in Fig. 3, four out of six sonotypes peaked in activity (standardised to 
sampling effort) in the second half of October, corresponding to the mid- 
season peak characteristic of many herbivorous insect pests of rice 
(Zhong-xian et al., 2006; Sharma et al., 2018), and also to the activity of 
vocal insects in the study area (Bhalla, 2022). Assuming for the moment 
that the exclusion experiment functioned as expected, a number of 
biological mechanisms could still have resulted in a non-significant 
difference in yield between the two treatments. For instance (i) pest 
populations with and without bats might be comparable if bat predation 
is not a primary limitation on pest survival; (ii) mesopredators in the 
experimental plots, released from predation by bats, could have 
increased their activity resulting in similar overall levels of pest sup
pression; (iii) the rice plants themselves might compensate for damage 
by pests well enough that lower pest action did not bring about an in
crease in yield; or (iv) the effect of bat activity may bring a general 
benefit to the level of infestation at the field level, bringing down crop 
damage inside the exclosures as well as in the rest of the field where the 
control sites were located. 

In southern Illinois, Maine and Boyles (2015) also conducted an 
exclusion experiment on a row crop. Excluding bats from corn, they 
reported a non-significant difference in yield between their control and 
experimental plots. With six replicates, their final non-significant dif
ference in yield weight was attributed to limited statistical power. 
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However, their analysis of multiple measures of plant damage and pest 
abundance did show significant differences between the two treatments, 
based on which they concluded that bats were providing a pest sup
pression service. 

Our study showed a similar pattern. We report a significant differ
ence in one type of plant damage – degree of defoliation – between the 
two treatments, in line with our first hypothesis, accompanied by a non- 
significant difference in total yield. 

Assuming that limited replication contributed to the non-significant 
result in total yield, a significant difference in plant damage strongly 
suggests that bats are reducing the effect of insect pest activity on the 
rice crop. This would support rice-based studies such as Wanger et al. 
(2014) and Puig-Montserrat et al. (2015) that indicate the same. It 
would also be in line with exclusion experiments involving bats and 
other crops (Maas et al., 2013; Rodríguez-San Pedro et al., 2020) that 
reported significant changes to yield and plant health as a result of bat- 
or bird- and bat- exclusion. However, while insufficient statistical power 
might have resulted in the non-significant difference in final yield, the 

same result might also have arisen from limitations in the methodology. 
Bat exclusion experiments function under the assumption that the 
ecosystem within the experimental exclosures are perfectly insulated 
against the influences of bats, but identical in all other respects to the 
controls. This assumption is not watertight, and merits examination. 

Bat exclusion experiments need to be manipulated twice daily, a 
logistic challenge that imposes limits on the number of replicates and, 
perhaps more importantly, the dimensions of the exclosures. Most 
exclosures aren’t higher than 7 m, which makes it impossible to control 
for the hunting that is occurring above the exclosure, where insects fly 
and bats follow. 

Many insect prey of bats have evolved behavioural and physical 
adaptations to reduce the risk of predation. Tympanate moths, many of 
which are agricultural pests, can detect the ultrasonic calls of bats 
through typanal organs evolved for this purpose (Zha et al., 2009; Miller, 
2009). These moths alter their foraging and reproductive behaviour 
when they hear bat calls, which increases their survival rate, but de
creases fitness. For these insects, the mere presence of echolocating bats 

Fig. 3. The activity patterns of six sonotypes of insectivorous bats over a rice season. Data was collected at six locations between 27th August and 9th December 2019 
in Puthimari, Assam. Recording began each night at dusk, and ended by 4:30 am over 48 nights of recording. Activity at all six locations was summed and 
standardised to number of hours sampled. 
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creates a ‘landscape of fear’ (Russo et al., 2018), and because the insects 
need only to hear the outgoing call of the bat, where a bat needs to hear 
the returning echo, the range at which tympanate insects hear bats is 
much greater than the range at which bats can detect them (Kunz et al., 
2011). One study predicted that typmanate insects could detect the 
insectivorous bat Cormura brevirostris as far as 50 m away (Surlykke and 
Kalko, 2008). Were this range even 15 m, tympanate insects at the very 
centre of most exclusion experiments would detect bats foraging around 
and above the exclosures and switch to less efficient foraging patterns. 
Adding to this, the nets used to exclude bats create acoustic edges. 
Edge-space bats that make use of edges to hunt might spend more time 
near these nets, creating a biased ‘landscape of fear’ near the experi
mental plots of the experiments. 

Flying insects are, by their nature, mobile. Even if the absence of bat 
predation created a hotspot of pests within the exclosures, those with 
flying adult stages would almost certainly spread outside the exclosures, 
diluting the effect caused by a local absence of bats. Taking such 
mobility into account, the effect of bats on yield may only be measurable 
at the field level, if average pest populations sizes are significantly 
reduced due to consistent predation by bats. All these factors may reduce 
the accuracy with which exclusion experiments can measure the impact 
of bats on pest communities. The final results, however, must also be 
taken in the context of the landscape they came from. 

Rice in India is grown on more than 43 million hectares of land 
(Directorate of Economics and Statistics, 2019). Rice farms, however, 
are still typically small in size (Wang et al., 2015) (the average opera
tional farm size in India is 0.83 ha) and they are farmed using 
labour-intensive methods (compared to China’s more mechanised 
approach) (Wang et al., 2015). While the fields chosen for this study all 
grew the same strain of rice and were not treated with chemical pesti
cides or fertilisers, they were set in a mosaic of other fields, each with a 
different management strategy, from which the effect of pesticides may 
have carried over. 

The small scale and often traditional farming practices are also often 
accompanied with poor documentation. The lack of historical records on 
yield, tilling and cropping patterns, and pesticide and fertiliser use 
detract from our ability to standardise all extraneous variables when 

conducting an exclusion experiment. A case in point, the experimental 
plot at site two produced nearly double the yield of the control. The most 
plausible explanation for this was that the land of the experimental plot 
received six more passes by the tractor during tilling than the land of the 
control plot, and that this resulted in plants in the experimental plot 
being grown on more nutritious soil. This information was provided 
post-facto, by the neighbour who had driven the tractor. 

In considering the effectiveness of bat pest-suppression over rice, 
there also arises the question of seasonality. Rice is a highly seasonal 
crop, and rice fields are very different ecosystems at different times of 
the year (Toffoli and Rughetti, 2017). The arthropod communities in 
rice fields show seasonal patterns of invasion, establishment, and 
decline in response to these changes (Settle et al., 1996). Insectivorous 
bats are strongly influenced by the availability of insect prey (Lang et al., 
2006; Taylor et al., 2013) (Bhalla et al. Unpublished manuscript), but 
also broader patterns in the weather and their reproductive cycle 
(Rydell, 1993; Chaverri and Vonhof, 2011; Barros et al., 2014). The 
energetic demands of a lactating bat have been reported to be double 
that during pregnancy (Kunz et al., 1995). This increased demand is 
managed through changes in their hunting behaviour (Duvergé et al., 
2000). The food webs in rice ecosystems are likely, therefore, to have 
very different dynamics over different seasons. An ideal estimation of 
this service would require, at a minimum, a year-long study, to account 
for the different dynamics arising from changes in abiotic conditions and 
biotic communities over the different rice seasons. 

The idiosyncrasies of rice stand in stark contrast to crops such as 
cacao and coffee, which show lower seasonal variation and pose fewer 
logistical challenges to the construction of exclosures. Since these 
challenges are not likely to change significantly, exclusion experiments 
may not be the most appropriate method to conduct an economic 
valuation of insectivorous bats in rice. Such an evaluation would need to 
be landscape-scale, where bat populations are bolstered at select sites to 
bring about differences in their numbers between sites. Given the 
comparatively slow life history of insectivorous bats, studies doing so 
with the intention of extrapolating in time and space must continue until 
the bat populations have stabilised, which would also allow seasonal 
differences to be discerned (Maas et al., 2013). Comparisons can then be 

Fig. 4. The difference in average yield per pant 
and 1000 grain weight between the control and 
experimental plots of the exclusion experiment, 
showing average (black horizontal line), one 
standard deviation (white box), and three 
standard deviations (vertical line). Comparing 
the effect on yield of excluding bats from rice 
fields, the experiment selectively excluded bats 
from five experimental plots using retractable 
nets that were extended between dusk and 
dawn. Yield was calculated as the weight of 
grain per plant from all ten plots, and the 
weight of a 1000 full grains after they had been 
dried in an oven for 24 h. The difference be
tween control and experimental treatment was 
non-significant for both total yield 
(t = − 1.4361, p = 0.1903) and 1000 grain 
weight (t = − 0.31746, p = 0.7586).   
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made between sites and within a site over time. Coupled with long term 
monitoring of arthropod communities, rice health and yield, and bat 
activity, such a study would provide a thorough exploration of the po
tential for bats to be effective pest suppressors in rice farms. 

In 1999, one team in Northern Iberia deployed bat boxes to increase 
the resident population of the soprano pipistrelle bat. At the end of the 
ten years, the population of rice stem borers had dropped to below the 
threshold required to trigger aerial spraying of pesticides (Puig-Mont
serrat et al., 2015). Supporting the conclusions of Wanger et al. (2014), 
the multi-pronged approach of Puig-Montserrat et al. (2015), combining 
diet analyses and bat and pest monitoring, proved the potential of bats as 
pest suppression agents over rice. 

A similar study is needed in Asia, which hosts diverse communities of 
bats and pests, and where most of the world’s rice is grown and 
consumed (FAO, 2019). An accurate assessment of this service, coupled 
with investigations of bat diet, distribution, and activity patterns would 
allow conservationists and agriculturalists to devise strategies to protect 
bat populations and maximise the value of their ecosystem services. 
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