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Rodent management and cereal production
inAsia: Balancing food security and conservation
Grant R Singleton,a,b,c* Renee P. Lorica,a,c,d Nyo Me Htwee and
Alexander M. Stuartc,f

Abstract

Rodents present a major problem for food security in Asia where smallholder farming families are particularly vulnerable. We
review here recent developments in the biology and management of rodent pests in cereal cropping systems in Asia. The past
decade has seen a strong focus on ecologically-based rodent management (EBRM), its adoption in field studies significantly
increased rice yields (6–15%) and income (>15%) in seven Asian countries. EBRM principles have also been successfully applied
to maize in China. We provide case studies on EBRM in Cambodia, on interactions between rodent pests and weeds, and on the
importance ofmodifiedwetlands for biodiversity and rodent pestmanagement. Knowledge on post-harvest impacts of rodents
is increasing. One research gap is the assessment of human health impacts from a reduction of rodent densities in and around
houses. We identify 10 challenges for the next decade. For example, the need for populationmodelling, a valuable tool missing
from our toolbox to manage rodent pests in cereal systems. We also need to understand better the interactive effects of crop-
ping intensification, conservation agriculture and climate change. Finally, new management approaches such as fertility con-
trol are on the horizon and need to be considered in the context of smallholder cereal farming systems and mitigating
health risks from zoonotic diseases associated with rodents.
© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 INTRODUCTION
In his summing up of an international conference on rodent biol-
ogy andmanagement in 2006, C.J. Krebs1 presented the following
message: ‘...progress in ecologically based rodent management in
agricultural settings in Asia and Africa is truly impressive. If there is
a general message it is that we need a varied toolbox for rodent pest
problems.’
Despite this report of impressive progress in our knowledge of

managing rodent agricultural pests in developing countries,
rodents still present a major problem for food security at a global
level.2 The focus of this review is Asia where smallholder farmers
are particularly vulnerable.3 The impacts on food security are even
more pronounced in years when parts of Asia experience episodic
population outbreaks of rodent pests.4

Ecologically-based rodent management (EBRM), a widely accepted
paradigm for rodent pest management, builds on ecological, taxo-
nomic and socio-economic studies to develop integrated
ecologically-based approaches to rodent pest management.5–7 A
solid understanding of the species composition and the biology of
the pest species in a specific agro-ecosystem enables the identifica-
tionof optimal times, location and scale of action to developmanage-
ment strategies that are cost-effective and minimize environmental
harm by reducing reliance on rodenticides.
In this paper we review developments in our understanding of

the biology and management of rodent pests in cereal cropping
systems in Asia over the past decade. We cover progress in both

pre- and post-harvest management of rodents. Most of the
research focus has been on rice production systems, therefore,
we consider developing trends in rice production that are likely
to add further dimensions to future studies of rodent pest man-
agement. The inter-linking of rodents and other pests and dis-
eases of rice, plus the likely impact of rodents or the perceptions
by farmers that may impede progress on the need to better man-
age rice landscapes to firstly, mitigate greenhouse gas emissions,
and secondly, as important wetlands to preserve biodiversity, will
be considered. We build on previous reviews that capture the
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‘impressive’ progress of EBRM in agricultural systems8,9 since its
reinvigoration in 1999.10

We will not cover rodent-borne zoonoses, which is a rapidly
developing field of epidemiology after languishing until the late
1990s. Diseases such as leptospirosis, murine typhus, human pla-
gue, Lassa fever and scrub typhus are indeed major concerns in
rural communities in Asia and Africa,11 and a recent outbreak of
pneumonic plague in Madagascar in 2017–2018 has led to a ‘call
for action’.12,13 We simply make two points. Firstly, that the eco-
nomic impact of the effect of rodent zoonoses on smallholder
rural communities is not well documented and requires much
more research effort. Second, that well designed studies that
combine rodent ecology, crop production and epidemiology of
potential rodent zoonoses in human populations in an agricul-
tural landscape are a priority. Such research would support a laud-
able effort to include an agro-ecological approach to protect
crops from vertebrate pests in an extended ‘One Health’ concept
because of limited but promising evidence that such an approach
reduces viral zoonoses.14

2 RICE AND RODENTS – AN IMPORTANT
FOOD SECURITY ISSUE IN ASIA
Rice is the staple crop for most Asian countries15 and rodents are a
major pest in both lowland irrigated and upland rainfed rice crop-
ping systems.16,17 In the lowland systems that are the rice bowls of
Asia, there is pressure to increase the intensity of rice production
and to reduce post-harvest losses because of the imperative to
provide food security to a rapidly growing human population.
Indeed, FAO18 estimates that rice production would need to be
increased by 24% from 2005/2007 levels to provide food security
for the projected 9 billion people in 2050.

2.1 Lowland irrigated rice systems
Intensification of annual cropping by transitioning from one crop
of rice to two crops, two crops to three crops, or two crops of rice
followed by a non-rice crop (e.g., maize or pulses), are all likely to
increase the impacts of rodent populations on crop yields given
the ability of themajor rodent pest species in Asia to increase their
annual breeding output when high quality food is available for
more of the year. This includes Rattus argentiventer (most SE Asian
countries),19–22 Rattus tanezumi (Philippines)23–27 and Bandicota
bengalensis (Myanmar and South Asia).28–32

We review the literature on rodent ecology and management,
including socio-economic studies, in cereal production in Asia
over the past decade (Table 1). We selected this time frame
because the last major review of the impacts of rodent pests in
Asia, be it in the context of rodent population outbreaks globally,
was in 2010.56 We do not review specific post-harvest studies
because a comprehensive review has been recently published
(see Brown, et al.55). However, in section 2 we will provide some
insights into a path forward for post-harvest management of
rodent pests in intensive cereal production regions.
In this section we provide insights to what has emerged from

the studies over the past decade. We consider some of the studies
inmore detail as case studies because of their interesting findings.
An encouraging development is that there has been a stronger
emphasis on obtaining quantitative estimates of economic
impacts of rodents in rice cropping systems. In most cases these
estimates are based on replicated field research with appropriate
controls. The adoption of EBRM produced significant increases in
yield (typically 6–15%) and/or increases in income (>15%)

(Table 1). There are two studies where the focus was on areas of
high rodent impacts and the application of integrated EBRM
options. In both instances, the yield and economic benefits from
applying these actions are very encouraging. In Indonesia, Hera-
wati and Purnawan52 reported a mean yield increase from 1.6 to
6.4 t/ha for seven farmers within a 40 ha rice production area
where best management practices for rodent pests were imple-
mented. In Cambodia, Stuart, et al.54 reported yield increases of
20 to 32% and increased income of 53 to 169%. We will consider
the Cambodian study in more detail as a case study.
Although it is encouraging to have quantitative data on the

benefits of EBRM from five Asian countries, some reported only
on yield increases, crop losses or economic benefits. For
R. argentiventer, crop losses to rice estimated immediately prior
to harvest are known to under-estimate yield loss by 3–6
times.57,58 We encourage future studies on economic impacts of
rodent management actions to pay careful attention to the rela-
tionship between in-crop losses and estimated yield reduction,
and to develop where possible estimates of benefit–cost ratios.
Nevertheless, the published literature over the past decade indi-
cate that the economic benefits are robust across countries and
for different pest species (Table 1). In rice crops, Bandicota species
are themain pests inMyanmar and Bangladesh, R. argentiventer in
Indonesia, Vietnam and parts of the Philippines (but not Luzon),
Rattus rattus complex in Laos, R. tanezumi in the northern part
of the Philippines, and a combination of species in Cambodia
and Thailand. There are reports from most of these countries in
Table 1.
The intensification of rice-rice and rice-‘other crop’ systems in

Asia, particularly Southeast Asia, often leads to asynchronous
cropping within a local geographic area. Rodent pest species
increase their reproductive output in response to the presence
of a patchwork of crops in rice-cropping systems.41,59,60 Two
papers from Vietnam highlighted that the intensification of rice
cropping in the Mekong River Delta, where three rice crops are
often grown in one year, is another plus for more damage by
rodent pest species.38,46 In both instances the authors recom-
mend that only two rice crops be grown each year, with a differ-
ent crop grown when the third rice crop (Vu3) is grown. In
addition, previous studies17,21 highlight the need to avoid asyn-
chronous cropping of rice if possible.

2.1.1 Case study 1: ecologically-based rodent management
(EBRM) in Cambodia
In Cambodia, an applied research study by Stuart, et al.54 success-
fully brought together lessons learned from the previous 20 years
of EBRM research in Southeast Asia to effectively manage rodent
pests of rice, whilst at the same time reducing the use of hazard-
ous rodenticides and electric fencing to protect crops from
rodents. The authors of this study began by holding focus group
discussions in two villages with rice farmers who had indicated
that rodents were their main pest of concern. As previously
demonstrated,35 effective participatory adaptive research on
EBRM includes discussions with farmers on understanding the
rodent situation across the village rice-growing landscape, and
then involving the farmers in decision-making to select the appro-
priate rodent management practices to implement and evaluate.
These meetings were then followed by farmer participatory
research involving the integration of several management
methods that had been previously demonstrated elsewhere, for
example, the Trap Barrier System (TBS).61 The methods were care-
fully developed based on the ecology of the main pest species,
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Table 1. Overview of selected papers from 2007 to 2020 on the ecology, behaviour and management of rodent pests in agricultural landscapes of
smallholder farmers in Asia, plus a few papers on social and cultural dimensions of rodent pest management

Description of main topic
Country and Cropping

System Outcomes and Recommendations Replicated field study; authors & year

Comparison of effects of EBRM
compared to conventional
management on population
dynamics of rodent pest
populations and level of damage

Indonesia; Lowland
irrigated rice-rice

(i) EBRM led to 6% higher rice
production over conventional
farmer management practices;

(ii) EBRM (synchronous cropping,
trap-barrier system; 2-week
community rodent control
program within 2 weeks of
planting, width of irrigation banks
<30 cm, increased hygiene in
villages and associated gardens) is
an appropriate method to
manage rodents in these rice
systems

Yes – four replicates of treatment and
conventional rodent management
over a wet and dry cropping
season;

Jacob, et al.33 2010

Documentation of the effects of a
large-scale media campaign on
EBRM

Philippines;
Lowland irrigated rice-
rice

(i) A year after the media campaign,
farmers who responded to the
campaign increased yields by
0.7 t/ha compared to farmers who
had not been exposed to the
campaign.

(ii) A media campaign with support
from local leaders and extension
specialists had greatest impact.

Yes – evaluated beliefs and
management practices in nine
villages

Flor and Singleton34 2011

Assessed the effect on rodent
damage, rodenticide use and
economic impacts of participatory
action research of EBRM that had a
strong community focus and was
led by local government extension
staff

Vietnam: Red River
Delta;

Lowland irrigated rice-
rice

(i) Adoption of EBRMdecreased areas
of rodent damage by 93%,
reduced chemical rodenticide
usage by 50%, increased profit of
farmers by 20%;

(ii) Farmers embraced collection
action and changed their belief
from rodents not being
manageable to be able to do so
through coordinated community
management actions.

Yes – four agricultural cooperatives;
initially two control cooperatives
but these quickly adopted
community management actions.
Analyses therefore were based on
before and after EBRM
implementation,

Palis, et al.35 2011

Knowledge, attitudes and practices of
farmers on rodent pests and their
management

Philippines; Lowland
irrigated rice-rice
plus coconuts

(i) Farmers applied wide range of
practices to manage rats; all used
zinc phosphide but generally late
in the season;

(ii) Most farmers believe that
effective rodent control requires
community action but only 31%
did so in previous season;

(iii) Recommend promotion of
community action

Interviewed 150 farmers across 10
villages

Stuart, et al.36 2011

Nest locations of female rodent pest
species

Philippines; Lowland
irrigated rice-rice
plus coconuts

(i) All nests located above ground
level and 67% in coconut groves;

(ii) Nest sites had good ground and
understorey vegetation;

(iii) Coconut groves adjacent to rice
fields to be targeted as part of an
integrated ecological
management approach

Radio-tracking study of nest sites
Stuart, et al.37 2012

Combined a study on magnitude or
rodent losses in each of the three
annual crop seasons with crop and
pest models to develop

Vietnam: Mekong
Delta; rice-rice-rice

(i) Rodents cause losses of 10–16%
per cropping season with highest
losses in the third rice crop;

Combined 5-year data set on weekly
reports of rodent damage to rice,
two studies on rate of increase of

Rodent management and cereal production in Asia www.soci.org

Pest Manag Sci 2021 © 2021 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

3

http://wileyonlinelibrary.com/journal/ps


Table 1. Continued

Description of main topic
Country and Cropping

System Outcomes and Recommendations Replicated field study; authors & year

management strategies of the
main rodent pest

(ii) Crop models together with data
on timing of damage to rice by
rats and monthly rates of increase
of rodent populations, indicate
that best timing for rodent control
is before the onset of the main
breeding season (at maximum
tillering).

rodent populations and APSIM-
Oryza rice model.

Brown and My Phung38 2011
Brown, et al.39 2011

Breeding ecology of two rodent pest
species in rice

Philippines; Lowland
irrigated rice-rice

(i) Onset of breeding for both species
at rice tillering, highest breeding at
booting and ripening of rice;

(ii) Recommended community
control of rats at sowing and
maximum tillering, and synchrony
of cropping

No replication – descriptive study for
four cropping seasons

Htwe, et al.25 2012

Population and breeding dynamics
and habitat use of rodents in rice in
the Mekong Delta

Vietnam: Mekong
Delta; rice-rice-rice

(i) Population abundance highest
after harvest and on large and
medium sized banks of the
rice crop;

(ii) Management practices be
conducted prior to seedling stage,
vegetation on rice banks be kept
lower than 10 cm to limit cover for
breeding.

Yes – Two replicates
My Phung, et al.40 2012

Landscape modelling to assess
possible impact of cyclone Nargis
on massive rodent outbreak

Myanmar:
Ayeyarwaddy Delta;

rice-rice

(i) Asynchronous planting after
cyclone Nargis is likely cause of
massive rodent outbreak
15 months post cyclone.

(ii) Recommend synchrony of
planting, rice varieties with similar
maturation dates and good field
sanitation.

Time series analysis using satellite
imagery for monsoon crops 2007–
2009; household surveys to
validate remote sensing

Htwe, et al.41 2013

Assessed effectiveness of reducing
vegetation height alongmargins or
rice crops and in adjacent coconut
plantations

Philippines; Lowland
irrigated rice-rice
plus coconuts

Habitat manipulation by itself was not
sufficient to manage rodent pest
populations in rice-coconut
systems

Yes – Two replicates of treatment and
non-treatment

Stuart, et al.42 2014

Effect of rodent management in rice
crops; compared transplanting rice
30 days earlier versus traditional
timing.

Bangladesh; Lowland
irrigated rice

(i) The earlier transplanted rice crop
with TBS captured four times
more rats.

(ii) Recommended use of TBS with an
early planted crop to manage
rodent pests in rice.

Yes – four replicates; with andwithout
TBS; early and traditional time of
transplanting

Kabir and Hossain43 2014

Examine the potential of the effect of
combining bromadiolone and
cholecalciferol against Bandicota
bengalensis

India; Laboratory study A low concentration of bromadiolone
(0.001%) together with
cholecalciferol (0.005%) was
effective based on clotting time
and other blood parameters, and
was recommended as the most
cost-effective combination for
managing this species.

Laboratory study
Singla, et al.44 2015

Population and breeding dynamics
and habitat use of rodents in five
different habitats

Philippines; Lowland
irrigated rice-rice;
coconuts adjacent to
rice; coconut groves;
agroforestry

(i) Five species of rodent were
captured with only one a major
pest species in rice and coconut
groves;

(ii) The pest species had highest
abundance from tillering to

Yes – three replicates across three
crop seasons

Stuart, et al.27 2015
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Table 1. Continued

Description of main topic
Country and Cropping

System Outcomes and Recommendations Replicated field study; authors & year

ripening of rice with peaks in
breeding from booting to just
after harvest;

(iii) Recommended two community
campaigns; one at early stage
and the other mid-season.

Assessment of an integrated
management program in three
provinces of upland Laos.

Laos; Upland rice (i) EBRM (sustained community
trapping in fields; rodent-proof
rice store; rodent hunting and
improved sanitation in villages)
plus bio-control using the
protozoan Sarcocystis
singaporensis;

(ii) Rodent damage in rice fields was
reduced from 11% to 4.3%; rice
stores infested by rodents
dropped from 86% to 3.5%. The
predicted increase in yield
was 55%.

(iii) EBRM together with S.
singaporensis were effective in
managing upland rodent
populations; now need forecast
models of outbreaks.

Yes – 18 villages (six in each of three
provinces) were treated and 18
were non-treated.

Jäkel, et al.45 2016

Assessment of farm-level economic
impact of community action based
on EBRM

Vietnam:
MekongDelta; rice-rice-
rice

(i) EBRM through community action
(CA) built on traditional
management practices with an
ecological basis for promoting
synchronous planting, improved
field sanitation, when and where
to conduct rodent management,
and encouraging farmers to work
together to apply actions at the
same time.

(ii) EBRM through CA increased rice
yields by 0.43–0.45 t/ha (7–8%)
and net income by USD67-69/ha.

(iii) Recommended that farmers
grow only two rice crops per year
because highest damage is
generally in second and third
crops.

Yes – two districts with one treatment
(EBRM + CA) and one control
village per district. Used difference-
in-difference framework and
propensity score matching

Ngoc Ninh, et al.46 2016

Examined a range of animals and
plants to determine their
ecosystem service and disservice in
rice and maize, via observations,
farmer diaries and semi-structured
interviews

Laos; Rice and maize (i) Rats caused high levels of damage
to both maize (0.5–7.0%) and rice
(8–12%) at most of the growth
stages

(ii) Rats were the most common
animal collected for food but
move to permanent maize
cultivation increased use of
rodenticides.

(iii) Because farmers did not pay for
rat-meat, but crop damage led to
economic loss, then rats were
seen more as an ecosystem
disservice. They propose there is

Yes – three villages and stratified
sampling

Rasmussen, et al.47 2016
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Table 1. Continued

Description of main topic
Country and Cropping

System Outcomes and Recommendations Replicated field study; authors & year

a spectrum from service to
disservice and where rats are on
the spectrum is likely to be
location dependent.

Spatial distribution of rodent damage;
positive evidence of landscape of
fear

Philippines; Lowland
irrigated rice-rice

(i) Place traps or bait stations where
rats spend more of their time
foraging;

(ii) Damage assessment via stratified
sampling through to the centre of
the crop

Yes – Four replicates
Jones et al.48 2017

Social study to assess the
effectiveness of six indigenous
rodent management methods in
Manipur

India; Rice (no details of
cropping system)

The indigenous trapping methods,
particularly traps, were adequate to
manage rodent pests of rice
instead of using rodenticides.

Surveys of farmers in 3 villages
Ngaomei and Singh49 2017

Evaluated the effectiveness of a
rectangular trap barrier system
(TBS) (with or without a trap-crop)
versus a linear TBS (LTBS) by
comparing: (i) capture rates of
different rodent species, (ii) the
population structure of the main
pest species

China: Jilin province;
Maize (non-irrigated)

(i) The capture rates of different
species were similar for the
different TBS designs, and for the
main pest species of maize at the
site, Apodemus agrarius, the
population dynamics, age
structure and sex ratio were similar
across the TBS designs.

(ii) Recommended that L-TBS is a
more efficient management
option for maize (mechanized
production) than rectangular TBS
with or without a trap crop.

Yes – six replicates in year 1, eight
replicates in year 2.

Wang, et al.50 2017

Evaluated effectiveness of trap-barrier
system to manage rodent damage
to rice during a population
outbreak of rodents caused by
bamboo flowering

Bangladesh:
Chittagong Hill Tract;
Upland rice, one crop
per year

(i) The rodent population density and
amount of damage were not as
high as elsewhere during the
bamboo flowering.

(ii) Rodent damage in TBS fenced
fields was 0–0.26% and in
unfenced fields was 1.8–3.2%.

(iii) The TBS is effective but at these
damage levels local governments
may need to subsidise the cost.

Yes – Three villages and two seasons
(years)

Chakma, et al.51 2019

Evaluation of interaction between
rodent and weeds in intensive
lowland rice systems

Myanmar; Rice-rice (i) A combination of EBRM and best
weed management increased
income by $258/ha in the dry
season and $50/ha in the wet
season.

(ii) Concurrent best management for
rodents and weeds is strongly
recommended.

Yes – Four replicates and four
treatments

Htwe, et al.28 2019

Evaluation of effectiveness of EBRM at
a large scale (40 ha); assessed
impact on rice yield.

Indonesia; Rice-rice,
lowland irrigated

(i) Six EBRM activities implemented
early in cropping season (protect
seed nursery with TBS; improved
sanitation along crop margins;
mass hunting (land preparation
and early crop stage);

(ii) Fumigation of rat burrows along
crop margins during preparation
of land for cropping; trap-barrier
system (TBS) plus trap-crop
planted 3-weeks early; linear TBS)

No - large scale pilot study
40 ha for two seasons; yield data
collected from seven farmers.

Herawati and Purnawan52 2019
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the local conditions and the farmers' willingness to test them at a
community level (5 ha) as most farmers had field sizes of less than
one hectare. In one village, two rice crops were planted per year,
one rain-fed crop in the wet season and another irrigated crop in
the dry season. The latter was planted on a lakemargin as the lake
waters receded. EBRM in this village involved the use of a linear
TBS (LTBS) along the edge of the rice fields and carefully targeted
anticoagulant rodenticide use. In the second village, rice was
grown intensively with three crops per year and the EBRM
approach involved a community TBS plus trap crops (CTBS) as well
as a LTBS alongside potential rodent refuge habitat. Other impor-
tant EBRM activities such as synchronous planting, community rat
hunting and field sanitation at key times were also conducted in
both village treatment areas.
As a result of the EBRM approaches that were tailored to the

local conditions, rodent damage was reduced by 84–99% and
incomes were increased by 53–169% as compared to non-
treatment farmers who continued business as usual. The study
was thus a great success, and many farmers adopted the technol-
ogy following the end of the project. However, most of these
farmers decided to use a TBS around their entire field rather than
strategically place LTBS at targeted locations or implement CTBS.
The authors were informed by the farmers (Stuart, pers. obs.) that
this approach ensured the greatest level of protection to their rice
as the risk of rodent damage was high enough to compensate for
the added costs of more fencing. This, after all, was the approach
they had previously applied when using electric fencing that also
surrounded their whole crop. Thus, even though the study is a

good example of the economic benefits of EBRM, it highlights
the challenges of changing farmer mind-sets and conducting
EBRM at a community level. However, the response is highly pos-
itive because the adoption of EBRM replaced the illegal action of
using electricity to protect their crop from rodents. The use
of electricity presents a lethal health risk to humans, livestock
and companion animals.

2.1.2 Interactions between non-pest and pest rodent species
There is evidence that native rodent species may be able to com-
pete with invasive rodent species in less-disturbed natural ecosys-
tems, especially if the native species became residents first in a
particular location.62 A number of recent studies conducted in
Northern Luzon, Philippines, indicate that non-pest native rodent
species will recolonize regenerating forest habitat, displacing
potential pest non-native species.48,63,64 Non-native species
(R. tanezumi and R. exulans) were confined to heavily disturbed
habitats, where the diversity and abundance of native rodent spe-
cies was low. These findings suggest that these invasive species
are unlikely to become established in intact forests where native
rodent species are present because it appears that ‘natives have
competitive superiority’.64 This idea merits further investigation.

2.1.3 Case study 2: the interactions between rodent pests and
other cereal pests
In Asia, research on the management of pests of cereal crops has
an extensive literature covering insect, disease, weed and rodent
pests.65,66 However, there have been a dearth of studies that have

Table 1. Continued

Description of main topic
Country and Cropping

System Outcomes and Recommendations Replicated field study; authors & year

increased mean crop yield from
1.9 t/ha to 6.4 t/ha.

(iii) Concluded EBRM was highly
effective; local government
officials need to be trained
on EBRM.

Spatial use in and around rice crops in
presence and absence of
intermittent irrigation; population
changes and estimates of damage

Philippines and
Indonesia; Rice-rice,
lowland irrigated

Intermittent irrigation (= alternate-
wetting and drying (AWD)) had no
impact on damage levels;
recommend AWD be promoted to
reduce GHGs with no harm of
increased rodent damage when
the crop is dry (see case study in
body of text)

Yes – three replicates with AWD and
non-AWD fields in both countries

Lorica, et al.53 2020

Focus Group Discussions to select and
then apply EBRM practices with
trap-barrier system (TBS) plus trap-
crop and/or linear TBS; tailoring the
approach to village-specific
community feedback. Assessed
impact on rodent damage, rice
yield and farmer income.

Cambodia, Rice-rice at
recession rice sites,
rice-rice-rice at
irrigated sites

(i) EBRM included improved hygiene
of crop margins, synchronous
planting, community rat hunts at
key times, community TBS and/or
linear TBS.

(ii) Rodent damage was 6% at
treatment sites versus 22–34% at
control sites.

(iii) Rice yields were 20–32% higher
and 53–169% increase in income
and Benefit–Cost-Ratio of 3:1 to
11: 1

Yes – two villages, three replicates of
5 ha per village

Stuart, et al.54 2020

We have not included studies on post-harvest impacts in rice because they were reviewed in Brown, et al.55 in 2020.
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examined potential benefits of integrating rodent ecology and
management with themanagement of other cereal pests. We pre-
sent a case study of rodent and weed interactions in intensive rice
cropping systems as an example of why such interactive research
is important.
The impacts of rodents on rice crops and food security have

been discussed in section 1. Weeds arguably have the highest
contribution into losses to cereal production globally.67,68 Herbi-
cides and hand weeding provide management options for small-
holder farmers, however, crop losses for rice remain around
10%.67 There have been undocumented reports that where weed
infestation of crops is high, rodent densities also tend to be
high.69 Likewise, where there has been high rodent damage to
rice that opens the crop canopy, weed infestations appear to be
high. In a replicated study in the fields of farmers in Myanmar,
there were four treatments: rodents were excluded but not
weeds, weeds were managed but not rodents, both rodents and
weeds were managed, and neither were managed. Each of the
16 plots (4 treatments x 4 replicates) were 0.25 ha. The study
was conducted across both dry and wet cropping seasons.28

The study reported additive negative effects of rodent and weeds
on crop yield, with the combined effect highest in the dry season.
A clear recommendation from these findings is the need for con-
current weed and rodent management, especially during the
early crop stages of rice production.28 Such an interaction
between weeds and rodents may not be unexpected but prior
to this study, quantitative data were lacking.
Further research is urgently needed to quantify the interactions

between rodents and other cereal crop pests, so that cost effective
integrated management options can be developed and pro-
moted. Why the urgency? The trends for increased intensification
of rice cropping, moving from one rice crop to two, and two to
three per year, is highly likely to increase the impacts of pests on
yield and indeed rodent pests may exacerbate the losses caused
by other types of pests and diseases. Moreover, increased impacts
of cereal pests associated with climate change70 and extreme cli-
mate events41 are likely to provide unexpected interactions
between insect, weed, and rodent pests and also crop diseases.
The better we understand these possible interactions then we will
be in a stronger position to anticipate them and to provide inte-
grated management recommendations to assist smallholder
farmers.

2.1.4 Widespread geographic adoption of EBRM, including
lowland non-irrigated crops – wheat and maize
Given that rice is by far themain cereal staple in Southeast Asia,15 it
is not surprising that most of the published literature on rodent
management in agricultural systems has concentrated on rice
(Table 1). In the decade beginning in 2009, there have been an
impressive number of papers published on EBRM in China. Part
of this focus is related to an increased awareness in China of the
risks associated with environmental pollution and threats to non-
target biodiversity from the use of pesticides such as rodenti-
cides.50,71 The trap-barrier system (TBS) was initially promoted by
Lam72 to protect irrigated rice crops in Malaysia and later was
modified to include an early planted ‘trap-crop’ to attract rodents
to the multiple-capture traps set into the rectangular fence/barrier
to protect rice-cropping systems in Indonesia,61 the Philippines,73

Vietnam74 and elsewhere in Southeast Asia.8

In China, wheat andmaize are also important cereals. The TBS in
a rectangular and linear form has been used successfully in wheat,
maize, rice and other crops, resulting in increases in grain yield.

Apparently, the TBS is widely adopted in cropping systems in
China but most of the publications are in Chinese (see Wang,
et al.50). This development of greater adoption of EBRM of rodent
pests in China and in non-rice crops is indeed a positive develop-
ment. Moreover, the TBS has been successfully adopted as a tool
for EBRM in rice crops in Eastern Africa.75 Although the geo-
graphic spread of EBRM over the past decade is impressive, and
impacts at a local scale have been reported,34,35,54 quantitative
data on the number of farmers who have adopted EBRM and
the area of coverage at a district, region or provincial level is lim-
ited. More such data are required to influence policy makers to
increase support for EBRM.

2.2 Upland rainfed systems
Over the past decade there has been little progress except for bet-
ter understanding of the life cycle of specific species of bamboo
and the role they may play in rodent outbreaks. However, the les-
sons learned from the outbreaks in Chittagong in Bangladesh,
Mizoram in India, and Rhakine and Chin States in Myanmar are
well covered in Singleton, et al.56 In Bangladesh, there has been
a first study to look at management options of rodent pests in
the Chittagong Hill tract region.76 This is to be commended given
the logistics for field work in this region is challenging, and
because many of the farmers rely on subsistence farming.
In the upland rice habitats of Laos, there has been one study of the

social-economic aspects of rodent pests via farmer interviews,77 and
another impressive study that reported positive impacts from a
combination of EBRM activities and the use of bio-control using
the protozoan Sarcocystis singaporensis.45

In upland cereal systems, rodent impacts generally are episodic
and severe.16 Long term studies are desperately required in these
farming systems to provide a data set that can be used to develop
predictive models of rodent outbreaks. Long term data sets have
provided the basis for models that have been successfully used in
agricultural landscapes to assist with the timing of management
of common voles,Microtus arvalis, in Germany,77 and house mice,
Mus domesticus, in Australia.78

3 POST-HARVEST IMPACTS
OF RODENTS – A WAY FORWARD
In this paper, we have not systematically reviewed post-harvest
impacts of rodents on cereal crops in Asia. Until the early 2000s
there were very few publications on post-harvest losses. And
these few papers provided general qualitative descriptions on
losses and recommended management actions (e.g., Meyer79)
rather than quantitative data obtained from replicated studies
with appropriate controls. Encouragingly, after a long lapse in
research on this topic, there have been several quantitative stud-
ies in Southeast Asia and elsewhere since the 2000s. A recent
review by Brown, et al.55 provides a detailed coverage of
recent studies on post-harvest losses by rodents to cereal crops
in Asia and recommended management actions.
A clear message from recent studies is that for a particular

region, generally the rodent pest species in grain stores differ
from those in the field. Again, this emphasizes the need to under-
stand the population ecology of the particular rodent species that
are causing a problem. We cannot simply extrapolate from our
knowledge of the population and breeding dynamics of a major
pest species of rodent that causes pre-harvest losses to manage
rodents that are feasting on the freshly harvested cereals in
nearby grain stores.
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Effective management of post-harvest rodent losses to cereals
in stores include improved hygiene in and around the stores
and nearby buildings, improved rodent proofing of grain
stores that is affordable to smallholder farmers, community pro-
grams to highlight the best time to manage rodents (usually
related to the breeding and spatial ecology of the pest species
and the timing of harvest), and an awareness of social and reli-
gious factors that may influence the involvement of the farming
community in proposed management actions. We provide two
examples of the latter. Firstly, studies in Bangladesh andMyanmar
indicate that the sharing within a community of kill-traps on a
rotational basis can significantly reduce rodent losses.80 However,
in countries such as Myanmar where Buddhism is a dominant reli-
gion, the killing of animals is not readily accepted by farming com-
munities. Second, a study in South Africa indicated that promoting
a landscape of fear for rodents by encouraging predators such as
cats and dogs, restricted the movements of rodents (decreased
their access to grain stores), although the population density of
the rodents was not affected.81 In countries such as Indonesia
where theMuslim religion is dominant, promoting dogs in villages
would not be acceptable.
The review by Brown, et al.55 highlighted the significant nega-

tive impact that rodent losses post-harvest can have on food
security for smallholder communities. The progress of the past
10–15 years has been impressive in assessing the level of damage
and the risks to food security. More now needs to be done to eval-
uate critically the effectiveness economically, environmentally
and socially, of recommended management actions. One impor-
tant component that is lacking from post-harvest studies is a
quantitative assessment of the human health impact from
a reduction of rodent densities in and around houses in rural com-
munities in Asia. Given that rodents are carriers of many zoono-
ses8 then we would expect there to be major health benefits.

4 IMPORTANCE OF MODIFIED WETLANDS
FOR BIODIVERSITY – WHAT DOES IT MEAN
FOR RODENT MANAGEMENT?
The essence of the United Nations Sustainable Development
Goal 2 is to reduce hunger by producing sufficient food in a sus-
tainable manner. This in turn links with Goal 15 which empha-
sizes the restoration of terrestrial ecosystems and halting
biodiversity loss.82 In Asia, there are 52 million ha of lowland irri-
gated rice.15 Wetland habitats are at grave risk globally and as a
result there are great concerns on the rates of loss of biological
diversity. In 2018, the RAMSAR Convention on wetlands
highlighted the loss of 35% of wetlands globally since 19701,
and the Living Planet Report 2020 by the World Wildlife Fund83

estimated that since 1970, there has been a 45% loss in verte-
brate biodiversity in Asia and Oceania, and that more sustain-
able agricultural production is an important intervention to
redress biodiversity loss. Rice agricultural systems provide
important human-modified wetlands for wildlife,84–87 particu-
larly in Asia. The challenge then is to increase rice production
using methods that are environmentally, socially, and economi-
cally sustainable, which importantly includes effective steward-
ship of water use, crop margins and non-agricultural lands in
the associated landscape.

4.1 Case study 3: what does increased water productivity
mean for the management of rodent impacts in rice
cropping systems?
Alternate Wetting and Drying (AWD), also known as controlled or
intermittent irrigation, is a techniquedeveloped to increasewater pro-
ductivity (amount of food produced per unit of total water input) in
lowland irrigated rice, and to save on water for other purposes, or
for further distribution along the irrigation system.88,89 Just as impor-
tantly, the implementation of AWD that allows the rice field to dry
but maintain sub-soil moisture within 15 cm of the surface, leads to
substantial reductions in methane gas emissions by as much as 73%
in the dry season and 21% during the wet season.90

Rice farmers in Southeast Asia are hesitant to adopt this water-
saving technology for fear the practice will lead to increased
rodent pest activity, consequently exacerbating yield loss. Results
of a study, which examined the effects of AWD on the population
dynamics, habitat use, and damage levels inflicted on rice crops
by Rattus argentiventer in Indonesia, and R. tanezumi in the Philip-
pines, demonstrate that damage levels on standing rice cropwere
not affected by the water management scheme used, as shown
by replicated damage assessments done on AWD and control
fields. Rodent activity and movement, examined using spool-
and-line tracking, also was not influenced by water level.53 AWD
also had no significant effect on the breeding performance and
population dynamics of these species.

4.2 Impact of rodent pests on efforts to promote eco-
engineering and conservation agriculture in intensive rice-
cropping systems
Like the AWD situation, farmer perceptions are important tomain-
tain ecosystem benefits of crop margins. Firstly, the promotion of
eco-engineering through growing plants that produce nectar
along the banks of rice fields is used to increase biodiversity and
thus attract predatory insects and arthropods. The rationale is that
these predators will reduce the population density and impact of
insect pests of rice.91 The promotion of ecological intensification
requires dense cover on the rice banks. Farmers can be hesitant
to implement this practice because they perceive that such cover
favors rodents (My Phung NT, pers. Comm.). If these habitats are
targeted for community action for rodent management prior to
crop establishment, which is recommended,74 then a combina-
tion of early rodent management and the planting of nectar-
producing plants can not only promote biodiversity but also has
the potential to manage both rodent and insect pest populations.
Secondly, the edges of rice fields and associated riparian

habitats favor non-pest rodent species as well as amphibian
populations that have been documented to provide positive
eco-system services in Asian rice cropping systems.13,92,93 Again,
we need to avoid perceptions that associated riparian habitats
(e.g., reed beds, irrigation canals, small dams and banks of rice
fields) will provide a benefit to rodent populations that cannot
be effectively managed. A balanced approach is required. This
may not be too large a problem given farmers in Luzon in the
Philippines reported that they perceive amphibians as beneficial
because they eat pest insects and that a healthy frog and toad
population provides a positive indicator that the cropping system
is healthy for humans.94

Conservation agriculture in developed countries has altered the
habitat use of some agricultural rodent pests, which then affects
management recommendations.95 Conservation agriculture is
being promoted in Asia, but little is known about how this will
influence the population dynamics and subsequent impact of1Ramsar convention on wetlands 2018.
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rodent pests. For example, no-till agriculture, which conserves soil
and water, can allow rodent pest populations to increase due to
the accumulation of crop residue (which provides additional food
source and insulation from climate extremes) and the continuity
of intact burrow systems in the cereal-legume fields of
Washington, USA.96 No-till and high biomass mulch caused insect
and rodent pests to overwinter in conservation agriculture plots
in South Africa, which would then feed on maize seeds and seed-
lings.97Wheat farmers in India reported an increase in rodent dep-
redation in zero-tillage crops.98 These examples indicate a
possible conflict between conservation agriculture and rodent
pest management. We urgently need field research on conserva-
tion agriculture and the effects of such practices on pest rodent
population dynamics. We contend that if potential conflicts are
anticipated then appropriate management actions can be
developed.

5 RECOMMENDATIONS FOR THE WAY
FORWARD
In an agricultural context in Asia there are insect and weed pests
that potentially have a significantly larger impact on rice produc-
tion than rodents. However, as pointed out by Schiller, et al.99

rodent pests, particularly in outbreak years, are often of high con-
cern to farmers because they are recognized as a pest that they
have the least control over. In upland rainfed systems, managing
rodent population outbreaks is still a huge challenge, however, in
non-outbreak years, and in lowland systems, there has been good
progress in developing strategies to reduce rodent damage.
There are some management recommendations that apply to

most if not all systems. These include synchrony of cropping
(planting within 2 weeks of neighbors),60 conducting community
management prior to the onset of breeding andwhen rodents are
aggregated in specific habitats whilst the fields are in fallow,
improving hygiene around villages and reducing spilled grain
post-harvest. Our review further confirms that rodent manage-
ment approaches are dependent on the respective ecology and
population dynamics of the main agricultural pests, on particular
rice systems, on coordinated community action, and on the cul-
ture and beliefs of rural communities in different countries. Pro-
gress towards tailoring management for specific systems and
rodent species continues to make impressive progress. As
highlighted by Krebs,1 for progress to continue along this path
we require a ‘toolbox’ of management options and this requires
researchers to embrace current and future trends in agricultural
production and to communicate clear messages on how rodent
populations are likely to respond to these actions, and to obtain
objective evidence from replicated field studies in the fields of
farmers to provide advice on management strategies.
We identify the following challenges to tackle (not in priority

order) to assist smallholder farmers in Asia to manage their rodent
problems. From our interactions with colleagues in Africa, many of
these challenges also apply with EBRM showing promise to help
redress the rodent impacts on cereal production pre- and post-
harvest.6 Some of these challenges not surprisingly overlap with
a recent global review that identified 10 essential questions for
furthering our understanding of key population ecology pro-
cesses associated with population cycles and outbreaks of small
rodent populations.100

• We require better estimates of crop and post-harvest losses to
rodents, and economic analyses of EBRM, including livelihood

benefits. This information is essential if policy makers are to
be convinced of the need to broaden crop protection practices
so that rodent management is more strongly integrated with
recommendations for the management of agricultural pests
and diseases.

• There is still a paucity of knowledge on the biology, behavior
and population ecology ofmost rodent pest species in develop-
ing countries despite the impressive progress over the past
20 years. In an agricultural context, the current generation of
rodent biologists in Southeast Asia come with a background
mainly in entomology. In Asian countries, the curricula for plant
protection are usually dominated by entomology, plant pathol-
ogy and, to a lesser extent, weed biology. It is rare for courses to
be available on vertebrate biology. We need to continue
to advocate for the importance of managing rodent impacts
in cereal systems and mentor young scientists with an interest
in rodent biology and management.

• There is an urgent need for long-term data sets that would pro-
vide a solid foundation for developing predictive models for
rodent outbreaks. These predictions are important in regions
that suffer episodic outbreaks of rodent populations and need
to trigger timely community management actions. Rodent
management should be pro-active rather than reactive thus
timely interventions are needed – population modelling is an
important tool for our toolbox.

• We need to explore species interactions between invasive and
native rodents. Is it possible to foster ‘biotic resistance’ in the
fight against invasive rodents? Can ‘rewilding’ to restore more
natural habitat within agricultural landscapes reduce rodent
pest populations through interspecific competition with native
rodent species?64,101

• Rodent communities – there is an important gap in our knowl-
edge both in developed (see Parsons, et al.102) and developing
countries on what is happening at the rural–urban interface
and cropping systems-forest interface.

• Community action is the key to effective rodent management
in Asian cropping systems where most farm holdings are less
than 5 ha. It is encouraging to report that in our review of
research from 2010 to 2020 there has been an impressive num-
ber that has a strong sociological component (Table 1). Capac-
ity building of local extension specialists is vital to support
smallholder farmers in developing effective community EBRM
actions.34,35

• We need to be able to anticipate how rodents will respond to
changes in intensive production to meet increased food
demands and therefore evaluate the sustainability of such sys-
tems. For example, three rice crops per year in the Mekong
River Delta, Vietnam, lead to increased rodent impacts yet three
crops have been reported as less profitable overall than two
crops per year.103

• Too little is known about conservation agriculture and the pos-
itive or negative effects of such practices on pest rodent popu-
lation dynamics.

• Newmanagement approaches are on the horizon. One example
is fertility control of rodent pests.104–106 Another, although
controversial,107 is synthetic gene drive technology thatmay pro-
vide an opportunity to substantially influence the sex ratio of a
rodent population.108 As well as potential socio-political opposi-
tion to the environmental release of gene drive technology to
manage rodent pests, another essential consideration is how will
wild rodent populations in agricultural landscapes respond to
new methods of control. Will all species respond the same?
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• Climate change: A 46-year study of small mammal populations
in the Boreal forest in northern Canada indicates that there
have been long term shifts in the relative abundance of the four
main species andmarked changes in the energy flow in the her-
bivore populations contributed by the small mammals, and that
these may be related to changes in the climate.109 Unfortu-
nately, we do not have long term monitoring of rodent popula-
tions in agricultural systems in Asia to assess effects of climate
change at this level. However, the change of cropping systems
associated with changes in climate and how rodent pest spe-
cies respond to these changes needs careful study. An example
is the Mekong River Delta where saline intrusion up the delta
during the dry season is considerable and currently three prov-
inces have greater than 80% of their cropland under salinity
risk.110 If salinity intrusion, coupled with flooding events, con-
tinues to increase because of climate change and sea level rise
then that will likely lead to increased intensification of cropping
of cereals and hence a likely increase in rodent impacts.
Extreme weather effects can have indirect effects on rodent
populations through changes in cropmanagement. For example,
Cyclone Nargis in the Ayeyarwaddy delta, Myanmar, devastated
more than 738 000 ha of rice land.59 Farming communities recov-
ered at different rates and this led to an increase in asynchronous
cropping and 15 months after the cyclone, there was a massive
rodent population outbreak.59 After such major climatic events,
coordinated efforts are needed to avoid asynchronous planting.
More quantitative data on the direct and indirect effects of cli-
mate change on rodent population dynamics is desperately
needed to convince policy makers of the potential risks of rodent
outbreaks for food security.

ACKNOWLEDGEMENTS
We thank Charles Krebs for his most helpful comments on an ear-
lier version of this manuscript. Funding for the review was pro-
vided by the Closing Rice Yield Gaps in Asia with a Reduced
Environmental Footprint (CORIGAP) project funded by the Swiss
Agency for Development and Cooperation through the Interna-
tional Rice Research Institute (Grant Number 81046615) and the
United States Agency for International Development (USAID)
under Cooperative Agreement No. AID-0AA-L-15 -00001 with Vir-
ginia Tech under the Feed the Future Collaborative Research on
Integrated Pest Management Lab (IPM IL).

CONFLICT OF INTEREST
The authors declare that they have no commercial or financial
relationships that could be construed as a potential conflict of
interest.

REFERENCES
1 Krebs CJ, Rodents galore: third international conference on rodent

biology and management. Integr Zool 1:194–195 (2006).
2 Meerburg BG, Singleton GR and Leirs H, The year of the rat ends - time

to fight hunger! Pest Manag Sci 65:351–352 (2009).
3 John A, Rodent outbreaks and rice pre-harvest losses in Southeast

Asia. Food Secur 6:249–260 (2014).
4 Singleton GR, Belmain S, Brown PR, Aplin K and Htwe NM, Impacts of

rodent outbreaks on food security in Asia. Wildl Res 37:355–359
(2010).

5 Brown PR, Douangboupha B, Htwe NM, Jacob J, Mulungu L, My
Phung NT et al., Control of rodent pests in rice cultivation, in

Achieving Sustainable Rice Cultivation, Part 2: Rice Pests and Diseases,
ed. by Sasaki T. Burleigh Dodds, Cambridge, pp. 343–376 (2017).

6 Makundi RH and Massawe AW, Ecologically based rodent manage-
ment in Africa: potential and challenges. Wildl Res 38:588–595
(2011).

7 Singleton GR, Leirs H, Hinds LA and Zhang Z, Ecologically-basedman-
agement of rodent pests-re-evaluating our approach to an old prob-
lem, in Ecologically-Based Rodent Management, ed. by Singleton GR,
Leirs H, Hinds LA and Zhang Z. Australian Centre for International
Agricultural Research, Canberra, pp. 17–30 (1999).

8 Singleton GR, Brown PR, Jacob J and Aplin KP, Unwanted and unin-
tended effects of culling: a case for ecologically-based rodent man-
agement. Integ Zool 2:247–259 (2007).

9 Stenseth NC, Leirs H, Skonhoft A, Davis SA, Pech RP, Andreassen HP
et al., Mice, rats, and people: the bio-economics of agricultural
rodent pests. Front Ecol Environ 1:367–375 (2003).

10 Singleton GR, Hinds LA, Krebs CJ and Spratt DM, Rats, Mice and People:
Rodent Biology and Management. Australian Centre for International
Agricultural Research, Canberra (2003).

11 Meerburg BG, Singleton GR and Kijlstra A, Rodent-borne diseases and
their risks for public health. Crit Rev Microbiol 35:221–270 (2009).

12 Baril L, Vallès X, Stenseth NC, Rajerison M, Ratsitorahina M, Pizarro-
Cerdá J et al., Can we make human plague history? A call to action.
BMJ Glob Health 4:1984 (2019).

13 Vallès X, Stenseth NC, Demeure C, Horby P, Mead PS, Cabanillas O
et al., Human plague: an old scourge that needs new answers. PLoS
Negl Trop Dis 14:e0008251 (2020).

14 Ratnadass A and Deguine J-P, Crop protection practices and viral zoo-
notic risks within a one health framework. Sci Tot Environ 774:
145172 (2021).

15 Global Rice Science Partnership (GRiSP), Rice Almanac. International
Rice Research Institute, Los Baños (2013).

16 Aplin K, Brown P, Singleton G, Douangboupha B and
Khamphoukeo K, Rodents in the rice environments of Laos, in Rice
in Laos, ed. by Schiller J, Chanphengxay M, Linquist B and Appa
Rao S. International Rice Research Institute, Los Baños, pp. 291–308
(2006).

17 Stuart AM, Prescott CV, Singleton GR, Joshi RC and Sebastian LS, The
rodent species of the Ifugao Rice terraces, Philippines – target or
non-target species for management? Int J Pest Manag 53:139–146
(2007).

18 Alexandratos N and Bruinsma J, World agriculture towards 2030/2050:
the 2012 revision, in ESAWorking Papers 12–03. Food and Agriculture
Organization of the United Nations, Rome, p. 147 (2012).

19 Htwe NM and Singleton GR, Is quantity or quality of food influencing
the reproduction of rice-field rats in The Philippines? Wildl Res 41:
56–63 (2014).

20 Lam YM, Reproduction in the rice field rat, Rattus argentiventer.
Malayan Nat J 36:249–282 (1983).

21 Leung LKP and Singleton GR, Sudarmaji and Rahmini. Ecologically-
based population management of the rice-field rat in Indonesia, in
Ecologically-Based Management of Rodent Pests, ed. by
Singleton GR, Hinds LA, Leirs H and Zhang Z. Australian Centre for
International Agricultural Research, Canberra, pp. 305–318 (1999).

22 Musser GG, Zoogeographical significance of the ricefield rat, Rattus
argentiventer, on Celebes and New Guinea and the identity of
Rattus pesticulus. Am Mus Novit 2511:1–30 (1973).

23 Alfonso PJ, Fiedler LA and Sumangil JP, Rodent ecology, population
dynamics and behavior, in Rodent Biology and Control (with Special
Reference to The Philippines), ed. by Sanchez FF and Benigno EA.
The National Crop Protection Center, Los Baños, pp. 25–47 (1985).

24 Fall MW, Rodents in tropical rice, in Technical Bulletin no 36. University
of the Philippines at Los Baños, Los Baños, p. 43 (1977).

25 HtweNM, Singleton GR, Hinds LA, Propper CR and Sluydts V, Breeding
ecology of rice field rats, Rattus argentiventer and R. tanezumi in low-
land irrigated rice systems in The Philippines. Agric Ecosyst Environ
161:39–45 (2012).

26 Marges BE, Reproduction and Seasonal Abundance of the Ricefield Rat
(Rattus rattus mindanensis Mearns) at Siniloan, Laguna. University of
the Philippines, Los Baños (1972).

27 Stuart AM, Singleton GR and Prescott CV, Population ecology of the
Asian house rat (Rattus tanezumi) in complex lowland agroecosys-
tems in The Philippines. Wildl Res 42:165–175 (2015).

28 Htwe NM, Singleton GR and Johnson DE, Interactions between
rodents and weeds in a lowland rice agro-ecosystem: the need for

Rodent management and cereal production in Asia www.soci.org

Pest Manag Sci 2021 © 2021 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

11

http://wileyonlinelibrary.com/journal/ps


an integrated approach to management. Integ Zool 14:396–409
(2019).

29 Hussain I, Ahmad MM and Brooks JE, On reproduction of the bandi-
coot rat, Bandicota bengalensis. Pakistan J Zool 26:119–126 (1994).

30 Rao NS and Kishore MN, Seasonal changes in the population size and
reproduction of Bandicota bengalensis in rice-rice-pulse ecosystem
in Andhra Pradesh. Ind J Plant Protect 37:59–63 (2009).

31 Singh P and Kaur N, Population dynamics and reproductive biology of
Bandicota bengalensis in relation to growth stages of rice crop. J Exp
Zool 22:1235–1241 (2019).

32 Srihari K and Raj GG, Effective period for control of Bandicota benga-
lensis in paddy fields. Trop Pest Manag 34:141–146 (1988).

33 Jacob J, Singleton GR, Herawati NA and Brown PR, Ecologically based
management of rodents in lowland irrigated rice fields in Indonesia.
Wildl Res 37:418–427 (2010).

34 Flor RJB and Singleton GR, Can media campaign messages influence
change towards ecologically based rodent management? Wildl Res
38:579–587 (2011).

35 Palis FG, Singleton GR, Brown PR, Huan NH, Umali C and NgaNTD, Can
humans outsmart rodents? Learning to work collectively and strate-
gically. Wildl Res 38:568–578 (2011).

36 Stuart AM, Prescott CV, Singleton GR and Joshi RC, Knowledge, atti-
tudes and practices of farmers on rodent pests and their manage-
ment in the lowlands of the Sierra Madre biodiversity corridor,
Philippines. Crop Protect 30:147–154 (2011).

37 Stuart AM, Prescott CV and Singleton GR, Natal nest locations of the
Asian house rat (Rattus tanezumi) in lowland rice–coconut cropping
systems: a coconut penthouse or rice bunds with water frontage?
Wildl Res 39:496–502 (2012).

38 Brown PR andMy Phung NT, Pattern and dynamics of rodent damage
to lowland irrigated rice crops in an Giang, Vietnam. Int J Pest Manag
57:67–76 (2011).

39 Brown PR, My Phung NT and Gaydon DS, Rats in rice: linking crop and
pest models to explore management strategies. Wildl Res 38:560–
567 (2011).

40 My PhungNT, Brown PR and Leung LKP, Changes in population abun-
dance, reproduction and habitat use of the rice-field rat, Rattus
argentiventer, in relation to rice-crop growth stage in a lowland rice
agroecosystem in Vietnam. Wildl Res 39:250–257 (2012).

41 Htwe NM, Singleton GR and Nelson AD, Can rodent outbreaks be
driven by major climatic events? Evidence from cyclone Nargis in
the Ayeyawady Delta, Myanmar. Pest Manag Sci 69:378–385 (2013).

42 Stuart AM, Prescott CV and Singleton GR, Habitat manipulation in
lowland rice-coconut cropping systems of The Philippines-an effec-
tive rodent pest management strategy? Pest Manag Sci 70:939–945
(2014).

43 Kabir MMM and Hossain MM, Effect of trap barrier system (TBS) in rice
field rat management. Appl Sci Rep 8:9–12 (2014).

44 Singla N, Kaur S and JavedM, Rodenticidal potential of bromadiolone
and cholecalciferol in synergism against Bandicota bengalensis. Crop
Protect 72:163–168 (2015).

45 Jäkel T, Mouaxengcha K, Nuber U and Douangboupha B, Integrated
rodent management in outbreak-prone upland rice growing areas
of northern Laos. Crop Prot 79:34–42 (2017).

46 Ngoc Ninh H, Aragon CT, Palis FG, Rejesus RM and Singleton GR, Yield
and income effects of ecologically-based rodent Management in
Mekong River Delta, Vietnam. Asian J Agric Develop 13:55–74 (2016).

47 Rasmussen LV, Christensen AE, Danielsen F, Dawson N, Martin A,
Mertz O et al., From food to pest: conversion factors determine
switches between ecosystem services and disservices. Ambio 46:
173–183 (2017).

48 Reginaldo AA and Ong PS, Structure of small non-flying mammal
communities in disturbed habitats in the central cordillera, Luzon
Island, Philippines. Philip Sci Lett 13:81–94 (2020).

49 Ngaomei G and Singh EJ, Farmers' knowledge, attitudes and practices
with respect to rodentmanagement in the agricultural ecosystem of
Tamenglong district, Manipur, north-East India. Ind J Appl Res 2:536–
540 (2016).

50 Wang D, Li Q, Li K and Guo Y, Modified trap barrier system for the
management of rodents in maize fields in Jilin Province, China. Crop
Protect 98:172–178 (2017).

51 Chakma N, Sarker NJ, Sarker SU, Sarker SK, Shafali RB and Belmain SR,
Impact of trap barrier systems on rodent damage to upland rice
cropping systems during bamboo masting events. Crop Prot 126:
104939 (2019).

52 Herawati NA and Purnawan T, Implementation of integrated ecolog-
ically based rodent management and its effectiveness to protect
farmers irrigated rice crop in Karawang, West Java–Indonesia, in
AIP Conference Proceedings, ed. by Prasedya ES and Martyasari WR.
AIP Publishing LLC, Lombok, p. 040004 (2019).

53 Lorica RP, Singleton GR, Stuart AM and Belmain SR, Rodent damage to
rice crops is not affected by the water-saving technique, alternate
wetting and drying. J Pest Sci 93:1431–1442 (2020).

54 Stuart AM, Kong P, Then R, Flor RJ and Sathya K, Tailor-made solutions
to tackle rodent pests of rice through community-based manage-
ment approaches in Cambodia. Crop Prot 135:104717 (2020).

55 Brown PR, Singleton GR, Belmain SR, Htwe NM, Mulungu L and
Mdangi M, Advances in understanding rodent pests affecting cereal
grains, in Advances in Postharvest Management of Cereals and Grains,
ed. by Maier DE. Burleigh Dodds Science Publishing Limited,
Cambridge, UK, pp. 93–124 (2020).

56 Singleton GR, Belmain SR, Brown PR and Hardy B, Rodent Outbreaks:
Ecology and Impacts. International Rice Research Institute, Los
Baños, p. 289 (2010).

57 Buckle A, Integrated management of rice rats in Indonesia. FAO Plant
Protect Bull 36:111–118 (1988).

58 Singleton GR, Jacob J and Krebs CJ, Integrated management to
reduce rodent damage to lowland rice crops in Indonesia. Agric Eco-
syst Environ 107:75–82 (2005).

59 Lam YM, Rice as a trap crop for the rice field rat inMalaysia, in Proceed-
ings of the 13th Vertebrate Pest Conference, ed. by Crabb AC and
Marsh RE. University of California, Davis, CA, pp. 123–128 (1988).

60 Singleton GR, Kenney AJ, Tann C and Nguyen QH, Myth, dogma and
rodent management: good stories ruined by data? in Rats, Mice
and People: Rodent Biology and Management, ed. by Singleton GR,
Hinds LA, Krebs CJ and Spratt DM. Australian Centre for International
Agricultural Research, Canberra, pp. 554–560 (2003).

61 Singleton GR, Sudarmaji and Suriapermana S, an experimental field
study to evaluate a trap-barrier system and fumigation for control-
ling the rice field rat, Rattus argentiventer, in rice crops in West Java.
Crop Protect 17:55–64 (1998).

62 Stokes VL, Banks PB, Pech RP and Williams RL, Invasion by Rattus rat-
tus into native coastal forests of South-Eastern Australia: are native
small mammals at risk? Austral Ecol 34:395–408 (2009).

63 Reginaldo AA and de Guia APO, Species richness and patterns of
occurrence of small non-flying mammals of Mt. Sto Tomas, Luzon
Island, Philippines. Philip Sci Lett 7:37–44 (2014).

64 Rickart EA, Balete DS, Rowe RJ and Heaney LR, Mammals of the north-
ern Philippines: tolerance for habitat disturbance and resistance to
invasive species in an endemic insular fauna. Divers Distribut 17:
530–541 (2011).

65 Pimentel D, Encyclopedia of Pest Management Volume II. CRC Press,
New York, p. 748 (2007).

66 Rapisarda C and Cocuzza GEM, Integrated Pest Management in Tropi-
cal Regions. CABI, Glasgow, UK, p. 351 (2017).

67 Oerke EC and Dehne HW, Safeguarding production—losses in major
crops and the role of crop protection. Crop Protect 23:275–285
(2004).

68 Pimentel D, McNair S, Janecka J, Wightman J, Simmonds C,
O'connell C et al., Economic and environmental threats of alien
plant, animal, and microbe invasions. Agr Ecosyst Environ 84:1–20
(2001).

69 Jäkel T, Khoprasert Y, Promkerd P and Hongnark S, An experimental
field study to assess the effectiveness of bait containing the parasitic
protozoan Sarcocystis singaporensis for protecting rice crops against
rodent damage. Crop Protect 25:773–780 (2006).

70 Rodenburg J, Meinke H and Johnson DE, Challenges for weed man-
agement in African rice systems in a changing climate. J Agric Sci
149:427–435 (2011).

71 Li H, Zeng EY and You J, Mitigating pesticide pollution in China
requires law enforcement, farmer training, and technological inno-
vation. Environ Toxicol Chem 33:963–971 (2014).

72 Lam YM. Reproductive behaviour of the rice field rat, Rattus argenti-
venter and implications for its control. In Proceedings of the National
Rice Conference, 26–28 February 1980, Kuala Lumpur, Malaysia.
Malaysian Agricultural Research and Development Institute, pp
243–257.

73 Gergon E, Catudan B and Desamero N, Ecology-based rat manage-
ment system in Banaue and Hungduan rice terraces, in Philippine
Rats: Ecology and Management, ed. by Singleton GR, Joshi RC and

www.soci.org GR Singleton et al.

wileyonlinelibrary.com/journal/ps © 2021 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Pest Manag Sci 2021

12

http://wileyonlinelibrary.com/journal/ps


Sebastian LS. Philippine Rice Research Institute, Muñoz, pp. 85–100
(2008).

74 Brown PR, Tuan NP, Singleton GR, Ha PT, Hoa PT, Hue DT et al., Ecolog-
ically based management of rodents in the real world: applied to a
mixed agroecosystem in Vietnam. Ecol Appl 16:2000–2010 (2006).

75 Mulungu LS, Mchukya BM and Mnyone LL, Trap barrier system (TBS)
as a new tool for rodent pest management in irrigated rice in Africa,
in Pests Control and Acarology, ed. by Haouas D and Hufnagel L. Inte-
chopen, London, p. 37 (2020).

76 Jones CR, Lorica RP, Villegas JM, Ramal AF, Horgan FG, Singleton GR
et al., The stadium effect: rodent damage patterns in rice fields
explored using giving-up densities. Integ Zool 12:438–445 (2017).

77 Imholt C, Esther A, Perner J and Jacob J, Identification of weather
parameters related to regional population outbreak risk of common
voles (Microtus arvalis) in eastern Germany. Wildl Res 38:551–559
(2011).

78 Krebs CJ, Kenney AJ, Singleton GR, Mutze G, Pech RP, Brown PR et al.,
Can outbreaks of house mice in South-Eastern Australia be pre-
dicted by weather models? Wildl Res 31:465–474 (2004).

79 Meyer AN, Rodent control in practice: food stores, in Rodent Pests and
their Control, ed. by Buckle AP and Smith RH. CAB International,
Wallingford, pp. 273–290 (1994).

80 Belmain SR, Htwe NM, Kamal NQ and Singleton GR, Estimating rodent
losses to stored rice as a means to assess efficacy of rodent manage-
ment. Wildl Res 42:132–142 (2015).

81 Mahlaba TA, Monadjem A, McCleery R and Belmain SR, Domestic cats
and dogs create a landscape of fear for pest rodents around rural
homesteads. PLoS One 12:e0171593 (2017).

82 United Nations, THE 17 GOALS | Sustainable Development. Available:
www.un.org/sustainabledevelopment/sustainable-development-
goals/

83 WWF, in Living Planet Report 2020 - Bending the Curve of Biodiversity
Loss, ed. by Almond REA, Grooten M and Petersen T. WWF, Gland,
Switzerland, p. 159 (2020).

84 Elphick CS, Functional equivalency between rice fields and seminatu-
ral wetland habitats. Conserv Biol 14:181–191 (2000).

85 Lawler SP, Rice fields as temporary wetlands: a review. Israel J Zool 47:
513–528 (2001).

86 Stenert C, Bacca RC, Maltchik L and Rocha O, Can hydrologic manage-
ment practices of rice fields contribute tomacroinvertebrate conser-
vation in southern Brazil wetlands? Hydrobiologia 635:339–350
(2009).

87 Yoon CG, Wise use of paddy rice fields to partially compensate for the
loss of natural wetlands. Paddy Water Environ 7:357–366 (2009).

88 Bouman BAM, Lampayan RM and Tuong TP, Water Management in
Irrigated Rice: Coping with Water Scarcity. International Rice Research
Institute, Los Baños (2007).

89 Bouman BAM and Tuong TP, Field water management to save water
and increase its productivity in irrigated lowland rice. Agric
Water Manag 49:11–30 (2001).

90 Sander BO, Schneider P, Romasanta R, Samoy-Pascual K, Sibayan EB,
Asis CA et al., Potential of alternate wetting and drying irrigation
practices for the mitigation of GHG emissions from rice fields: two
cases in Central Luzon (Philippines). Agriculture 10:350 (2020).

91 Gurr GM, Lu Z, Zheng X, Xu H, Zhu P, Chen G et al., Multi-country evi-
dence that crop diversification promotes ecological intensification
of agriculture. Nat Plant 2:1–4 (2016).

92 Khatiwada JR, Ghimire S, Khatiwada SP, Paudel B, Bischof R, Jiang J
et al., Frogs as potential biological control agents in the rice fields
of Chitwan, Nepal. Agric Ecosyst Environ 230:307–314 (2016).

93 Shuman-Goodier ME, Diaz MI, Almazan ML, Singleton GR, Hadi BA
and Propper CR, Ecosystem hero and villain: native frog consumes

rice pests, while the invasive cane toad feasts on beneficial arthro-
pods. Agric Ecosyst Environ 279:100–108 (2019).

94 Propper CR, Hardy LJ, Howard BD, Flor RJB and Singleton GR,
Role of farmer knowledge in agroecosystem science: Rice farm-
ing and amphibians in The Philippines. Hum Wildl Interact 14:
15 (2020).

95 Ruscoe W, Brown P, Henry S, van de Weyer N, Robinson F, Hinds L
et al., Conservation agriculture practices have changed habitat use
by rodent pests: implications for management of feral house mice.
J Pest Sci (2021). https://doi.org/10.1007/s10340-021-01370-7.

96 Witmer G, Sayler R, Huggins D and Capelli J, Ecology and manage-
ment of rodents in no-till agriculture in Washington, USA. Integ Zool
2:154–164 (2007).

97 Chiduza C and Dube E. Maize production challenges in high biomass
input smallholder farmer conservation agriculture systems: a practi-
cal research experience from South Africa. In African Crop Science
Conference Proceedings, pp. 23–27 (2013).

98 Laxmi V, Erenstein O and Gupta RK. Impact of zero tillage in India's
rice-wheat systems. CIMMYT (2007).

99 Schiller JM, Boupha BD and Bounnaphol O, 18. Rodents in agriculture
in the Lao PDR—a problem with an unknown future, in Ecologically-
Based Management of Rodent Pests, ed. by Singleton GR, Hinds LA,
Leirs H and Zhang Z. Australian Centre for International Agricultural
Research, Canberra, pp. 372–387 (1999).

100 Andreassen HP, Sundell J, Ecke F, Halle S, Haapakoski M, Henttonen H
et al., Population cycles and outbreaks of small rodents: ten essential
questions we still need to solve. Oecologia 195:601–622 (2021).
https://doi.org/10.1007/s00442-020-04810-w.

101 Stuart AM, Prescott CV and Singleton GR, Can a native rodent species
limit the invasive potential of a non-native rodent species in tropical
agroforest habitats? Pest Manag Sci 72:1168–1177 (2016).

102 Parsons MH, Banks PB, Deutsch MA, Corrigan RF and Munshi-South J,
Trends in urban rat ecology: a framework to define the prevailing
knowledge gaps and incentives for academia, pest management
professionals (PMPs) and public health agencies to participate.
J Urban Ecol 3:1–8 (2017).

103 Tong YD, Rice intensive cropping and balanced cropping in the
Mekong Delta, Vietnam— economic and ecological considerations.
Ecol Econ 132:205–212 (2017).

104 Jacob J, Singleton GR and Hinds LA, Fertility control of rodent pests.
Wildl Res 35:487–493 (2008).

105 Massawe AW, Makundi RH, Zhang Z, Mhamphi G, Liu M, Li H-J et al.,
Effect of synthetic hormones on reproduction in Mastomys natalen-
sis. J Pest Sci 91:157–168 (2018).

106 Shi L, Li X, Ji Z, Wang Z, Shi Y, Tian X et al., The reproductive inhibitory
effects of levonorgestrel, quinestrol, and EP-1 in Brandt's vole (Lasio-
podomys brandtii). PeerJ 8:e9140 (2020). https://doi.org/10.7717/
peerj.9140.

107 Webber BL, Raghu S and Edwards OR, Is CRISPR-based gene drive a
biocontrol silver bullet or global conservation threat? PNAS 112:
10565–10567 (2015).

108 Barnhill-Dilling SK, Serr M, Blondel DV and Godwin J, Sustainability as
a framework for considering gene drive mice for invasive rodent
eradication. Sustainability 11:1334 (2019).

109 Krebs CJ, Boonstra R, Gilbert BS, Kenney AJ and Boutin S, Impact of cli-
mate change on the small mammal community of the Yukon boreal
forest. Integ Zool 14:528–541 (2019).

110 Wassmann R, Phong ND, Tho TQ, Hoanh CT, Khoi NH, Hien NX et al.,
High-resolution mapping of flood and salinity risks for rice produc-
tion in the Vietnamese Mekong Delta. Field Crops Res 236:111–120
(2019).

Rodent management and cereal production in Asia www.soci.org

Pest Manag Sci 2021 © 2021 The Authors.
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/journal/ps

13

http://www.un.org/sustainabledevelopment/sustainable-development-goals/
http://www.un.org/sustainabledevelopment/sustainable-development-goals/
https://doi.org/10.1007/s10340-021-01370-7
https://doi.org/10.1007/s00442-020-04810-w
https://doi.org/10.7717/peerj.9140
https://doi.org/10.7717/peerj.9140
http://wileyonlinelibrary.com/journal/ps

	Rodent management and cereal production in Asia: Balancing food security and conservation
	1  INTRODUCTION
	2  RICE AND RODENTS - AN IMPORTANT FOOD SECURITY ISSUE IN ASIA
	2.1  Lowland irrigated rice systems
	2.1.1  Case study 1: ecologically-based rodent management (EBRM) in Cambodia
	2.1.2  Interactions between non-pest and pest rodent species
	2.1.3  Case study 2: the interactions between rodent pests and other cereal pests
	2.1.4  Widespread geographic adoption of EBRM, including lowland non-irrigated crops - wheat and maize

	2.2  Upland rainfed systems

	3  POST-HARVEST IMPACTS OF RODENTS - A WAY FORWARD
	4  IMPORTANCE OF MODIFIED WETLANDS FOR BIODIVERSITY - WHAT DOES IT MEAN FOR RODENT MANAGEMENT?
	4.1  Case study 3: what does increased water productivity mean for the management of rodent impacts in rice cropping systems?
	4.2  Impact of rodent pests on efforts to promote eco-engineering and conservation agriculture in intensive rice-cropping s...

	5  RECOMMENDATIONS FOR THE WAY FORWARD
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	REFERENCES


