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Rodents are a major pest of rice throughout Southeast Asia, causing both pre- and post-26 

harvest losses. In Cambodia, where 90% of the cultivated land is used for rice production, 27 

rodent damage to rice can cause significant impacts to smallholder farmers’ livelihoods and to 28 

food security. To help smallholder farmers minimize yield losses from rodent pests, adaptive 29 

research experiments were established in two villages in Takeo province. In each village, three 30 

replicate 5-hectare sites were selected for treatment and three for control. In each treatment 31 

site, groups of farmers implemented ecologically-based rodent management (EBRM) methods 32 

over two rice cropping seasons. The management methods were adapted based on the local 33 

situation and preferred practices of farmers and included maintaining basic hygiene in field 34 

margins, synchronous planting of rice crops, community rat hunts, no electric fencing and the 35 

implementation of a Community Trap Barrier System (CTBS) along with a Linear Trap Barrier 36 

System (LTBS) in an area of intensive rice monoculture, and a LTBS with targeted and limited 37 

bromadiolone rodenticide in an area growing recession rice on lake margins. Over 130 rats 38 

were caught at each treatment site per season and rodent damage levels were reduced from a 39 

mean of 22 - 34% per site and season in the non-treatment sites to less than 6% in the 40 

treatment sites. Following the implementation of EBRM, rice yields were, on average, 20-32% 41 

higher in the treatment sites than in the non-treatment sites, giving a 53 to 169% increase in net 42 

income and a benefit-cost ratio ranging from 3:1 to 11:1 per season. We show that rodent 43 

damage to rice in Cambodia and the associated yield loss can be significantly reduced following 44 

the implementation of cost-efficient EBRM approaches that were locally adapted to village-45 

specific agro-ecological and social conditions. We conclude by discussing incentives that 46 

support the adoption of these practices by smallholder farming communities. 47 

 48 

1. Introduction 49 

Rodents are a major pest of rice throughout Southeast Asia, causing both pre- and post-50 

harvest losses that can cause devastating impacts to smallholder farmers’ livelihoods and to 51 
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food security (John, 2014; Singleton et al., 2010). In Cambodia, where 90% of the cultivated 52 

land is used for rice production, a rice-crop health survey conducted in 2016 recorded a mean of 53 

9% rodent damage across four surveyed provinces, with damage levels of 57% recorded in one 54 

of the surveyed fields (Castilla, in press). The infliction of rodent damage to rice from the 55 

reproductive stage onwards directly translates into rice yield loss due to the inability of the rice 56 

plant to compensate in time for harvest (My Phung et al., 2010; Singleton et al., 2005b). For 57 

example, during 1996, Jahn et al. (1999) reported the occurrence of a rodent outbreak in 58 

Cambodia which caused a yield loss of 12,600 t of rice; enough to feed more than 50,000 59 

people for a year. The potential for such high crop losses due to rodents necessitates rodent 60 

management action. However, in Cambodia, farmers often apply indiscriminate methods such 61 

as the acute rodenticide zinc phosphide, abamectin-based insecticides mixed with motor oil, 62 

and electric fencing, despite their awareness of the hazardous risks to people and other 63 

animals. The efficacies of such methods are also questionable, including the common practice 64 

of applying zinc phosphide in tropical agroecosystems (Buckle, 1999; Hoque and Sanchez, 65 

2008). 66 

To develop rodent management strategies that are sustainable and have minimum 67 

environmental impact, ecologically-based rodent management (EBRM) strategies are 68 

recommended (Singleton et al., 1999a). Through a solid understanding of the species 69 

composition and the biology of the pest species, as well as the ecological characteristics of the 70 

agro-ecosystem and the local farming and cultural practices, the optimal times, locations and 71 

scale of actions can be identified (Brown et al., 1999; Fiedler and Fall, 1994; Leung et al., 1999; 72 

Palis et al., 2008). For example, it is known that the breeding seasons for the most important 73 

rodent pest species of rice in Southeast Asia are closely linked to rice-cropping cycles due to 74 

the abundant availability of food provided by the growing rice crop (Brown et al., 2017). Thus, 75 

EBRM strategies for rice ecosystems in this region generally include synchronous planting, 76 

community action, and extended fallow periods to reduce pest population build-up. However, an 77 
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increasing pressure to produce more food with less land and labour availability is leading to 78 

intensified cropping frequency and changes to cropping systems that can pose challenges for 79 

rodent management.  80 

In Cambodia, the introduction of faster maturing varieties and improvements in irrigation 81 

infrastructure has enabled an increase in the frequency of rice crops per year, from one wet 82 

season crop to two or three crops per year in some areas (Jahn, 1999), and also an expansion 83 

of rice crop production to river and lake margins as the floodwaters recede in the dry season 84 

(Frost and King, 2003). For example, between 2002 and 2012, the total annual harvested area 85 

for rice paddy increased by 50%, from 2 million to 3 million hectares (FAO, 2017). Such 86 

conditions increase the availability of food for rodents during the year, which can thereby 87 

exacerbate rodent problems to rice crops. The problem is then compounded by the limited 88 

knowledge of rice farmers on how best to manage rodents. 89 

One effective EBRM tool for rice-based agroecosystems is the trap barrier system (TBS; 90 

Singleton et al., 2003; Singleton et al., 1998). The TBS was originally developed by Lam (1988) 91 

as a method to protect an individual farmer’s field. However, it has since been adapted to 92 

include a trap crop that is planted several weeks before the surrounding crops. This is often 93 

known as the Community-TBS (CTBS) due to its ability to protect 8-10 ha surrounding the trap 94 

crop (Singleton et al., 2003; Singleton et al., 1998). Another variant of the TBS is to apply it as a 95 

linear barrier known as a Linear-TBS (LTBS) to intercept rodent movement into or within 96 

agricultural crops. There are currently no published studies that have examined the 97 

effectiveness of this method in rice. However, a recent study in maize fields in China found it to 98 

be as effective as a CTBS applied with no trap crop (Wang et al., 2017). 99 

In smallholder farming systems, community participation is needed for successful 100 

implementation of EBRM (Palis et al., 2008). In Cambodia, King et al. (2003) conducted a study 101 

to determine how an adaptive research approach can be applied to promote effective adoption 102 

of EBRM at the community level. Involvement of farmers in the decision making process allows 103 
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them to combine local knowledge and experience with information and technology options 104 

offered by researchers. The farmers test options and then decide on how to adapt and integrate 105 

them on their farms to suit local agroecological and socioeconomic conditions. Through this 106 

adaptive process, the value of both process and technical knowledge of farmers is highlighted, 107 

helping to ensure the sustainability of the learning process in communities (King et al., 2003). 108 

Such local experimentation has been found to have a learning effect not only for farmers and 109 

researchers, but also for other stakeholders such as policy makers and service providers (Flor 110 

et al., 2017; Krupnik et al., 2012). The co-production of knowledge is intended to align these 111 

stakeholders and enable innovations, such as EBRM  (Leeuwis, 2004). 112 

In this paper, we report on two different adaptive research experiments for EBRM in two 113 

villages in Takeo province, Cambodia, where high rodent losses were previously reported. The 114 

main aim of the study was to determine whether rodent damage could be decreased and rice 115 

yields increased following implementation of integrated EBRM approaches that were locally 116 

adapted to village-specific agroecological and social conditions. We also conduct an economic 117 

assessment to determine the economic viability of each approach for the farmer. 118 

 119 

2. Materials and methods 120 

2.1. Study sites 121 

As part of an adaptive participatory research platform, field trials were established in two 122 

villages in Takeo province, Cambodia, namely Ro Vieng village in Traeng district (10º87’N 123 

104º77E) and Kandaul village in Batie district (11°19'N 104° 55'E). Rice farming is the primary 124 

livelihood in both villages with an average farm size of 1.2 and 1.1 ha, respectively. In Ro Vieng 125 

village, year-round irrigation allows for three rice crops per year: a dry season (DS) crop from 126 

December to March, the early wet season (EWS) crop from April to July, and the wet season 127 

(WS) crop from August to November. In Kandaul village, rice is mostly grown two times a year: 128 

the DS crop from December to April and WS crop from June to November. In the DS, a rice 129 
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crop is gradually sown on the margins of Lake Tonle Bati as the flood waters recede. In the WS, 130 

a rainfed rice crop is grown on higher elevated land above the high-water level. The vast 131 

majority of this rainfed area lies fallow in the dry season, except for a few fields with irrigation 132 

from the lake. The predominant crop establishment method for rice in both villages is manually 133 

broadcast wet direct-seeding.  134 

To identify the main rodent pest species, trapping was conducted using kill-traps during 135 

the wet season of 2016.  136 

 137 

2.2. Field trial design and treatment details 138 

In each village, focus group discussions were conducted with 10-15 farmers to explain 139 

the purpose of the project, to determine the rodent situation across the village rice-growing 140 

landscape, to determine the preferred rodent management practices of farmers and to select 141 

study sites. During the discussion, the farmers were given a selection of potential options for 142 

rodent management that they would like to see evaluated in their village. Choices included the 143 

Linear Trap Barrier System (LTBS), the Community Trap Barrier System (CTBS) and 144 

community-based rodenticide application. The farmers were then asked to individually vote for 145 

their preferred rodent management options, and the options with the highest number of votes 146 

were selected for the field trials. 147 

In each village, three replicate 5-hectare sites were selected for treatment and three 148 

replicate 5-hectare sites were selected for control (i.e. non-treatment). In each treatment site, 149 

groups of farmers implemented EBRM methods during two successive rice cropping seasons. 150 

The management methods were based on the preferred practices of farmers and adapted to the 151 

local situation.  152 

In Ro Vieng village, rodent management actions at each treatment site included a CTBS, along 153 

with a 120 m LTBS near a potential rodent refuge habitat (with no rodenticide treatment). The 154 

CTBS consisted of 20 m x 20 m plastic barrier with four multiple-capture cage traps (600 x 240 x 155 
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240 mm with a 10 x 10 mm mesh-size to catch mice) encompassing a rice crop that was 156 

planted 2 to 3 weeks earlier than the surrounding crops (see Singleton et al., 1998). All sites 157 

were at least 200 m away from each other because the CTBS trap crop can attract rats from up 158 

to 200 m away (Brown et al., 2006; Singleton et al., 2003; Singleton et al., 1998). Each LTBS 159 

consisted of a 120 m long plastic barrier placed on one edge of each 5 ha treatment site, facing 160 

a potential source habitat for rats, e.g. forest or scrub habitat. The LTBS was constructed 161 

similarly to a CTBS and along the rice crop side of the plastic barrier, 5 multiple-capture traps 162 

were placed every 20 m, starting 10 m from the edge, with the entrance of the traps facing the 163 

potential source habitat. In Ro Vieng, the LTBS was only set up from the maximum tillering 164 

stage – a period known for high rat movement into rice crops, and left in the field until harvest 165 

60 days later. The multiple-capture traps were checked every morning and rats were removed 166 

and non-target captures were released. If farmers were not able to check the traps the next day, 167 

the traps were temporarily removed from the TBS and the holes that normally lead into the traps 168 

were blocked. The number of rodents caught and their sex were recorded for each TBS. 169 

In Kandaul village, the rodent management actions at each treatment site included a 170 

LTBS with limited and targeted application of bromadiolone rodenticide. Each LTBS consisted of 171 

a 120-240 m long plastic barrier placed on one edge of each 5 ha treatment site, facing the rice-172 

cropping area that was recently harvested; towards the recession rice growing area during the 173 

WS and towards the rainfed rice growing area during the DS. Along the side of the plastic 174 

barrier that had a rice crop, 5-12 multiple capture traps (depending on the length of the barrier) 175 

were placed every 20 m, starting 10 m from the edge. During the DS season in Kandaul, the 176 

LTBS was set up during the maximum tillering stage. However, during the next season and 177 

upon request by the participatory farmers, the LTBS was set up during the crop establishment 178 

due to rodent damage being previously experienced during the seedling stage. The traps were 179 

checked as above. For the rodenticide treatment, bromadiolone was applied using a ‘pulsed 180 

baiting’ technique (Buckle, 1984, 1999; Dubock, 1982) at the maximum tillering-booting stage 181 
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during the DS and at the crop establishment and maximum tillering-booting stage during the 182 

WS. Bromadiolone is a second generation anticoagulant rodenticide which has a chronic mode 183 

of action, unlike the commonly used acute rodenticide zinc phosphide. Due to the delayed 184 

symptoms of poisoning, bait shyness does not occur (Greaves, 1982). Because it takes several 185 

days for rodents to die after ingesting a lethal dose, a ‘pulsed baiting’ technique was applied. 186 

This technique involves the application of relatively small quantities of bait at weekly intervals, 187 

allowing rodents that consumed a lethal dose to die before bait is replenished (Buckle, 1984, 188 

1999; Dubock, 1982). The advantages of this technique are that labour is reduced, less bait is 189 

needed and smaller quantities of rodenticides enter the environment. During the sowing stage, 190 

one 5 g bromadiolone wax bait block was placed every 10 m along major banks throughout 191 

each 5 ha treatment site and alongside other habitat bordering the treatment sites, where rats 192 

may be nesting. During the maximum tillering-booting stage, two hundred 5 g bait blocks were 193 

applied per treatment site, with one bait block evenly placed every 10 m (± 2 m) throughout the 194 

5 ha treatment site, including the field edges. If fields were flooded, the baits were placed on the 195 

rice bund. If fields were dry, the baits were placed inside the rice field, 2 m away from the bund 196 

to maximize effectiveness. As there was a low non-target risk, bait blocks were simply placed on 197 

the ground, on top of a small pile of rice husk. Seven days after application, each bait station 198 

was checked and provided with a new bait block if at least half of a bait block had been 199 

consumed or was missing. Uneaten baits were left in the field.  200 

In all treatment sites, additional rodent management activities included synchronous 201 

planting of rice crops, two community rat hunts during the early stages of the rice cropping 202 

season (during land preparation until early tillering); field sanitation (clearing bunds and field 203 

edges from weeds) from booting stage until harvest; and trapping using kill-traps every 2-3 204 

weeks (30 traps per site) from the maximum tillering stage to flowering stage using sweet potato 205 

as bait. In addition, reducing bund (embankment) size between rice paddies to ≤15 cm wide or 206 
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15 cm high to prevent burrowing by rats was recommended and electric fencing and other 207 

rodenticide use was discouraged.  208 

Field sites were selected based on the farmers’ willingness to participate in the field trials 209 

and one farmer per treatment site was requested to lead the implementation of treatments. In 210 

the non-treatment sites, farmers followed their usual rodent management practices. For all the 211 

field sites, farmers followed their usual practices for crop management, including fertilizer 212 

application and non-rodent pest management. Rice varieties grown included IR504 (IR50401-213 

77-2-1-3) and IR66 in Ro Vieng, and IR504, CAR8, Phka Khnei and Kramomyuon in Kandaul. 214 

During each season, the same varieties were used at both treatment and control sites within 215 

each village. 216 

 217 

2.3. Data collection 218 

At each treatment site, lead farmers were recruited to check and maintain the traps and 219 

fences. The number of rodents caught per treatment method was recorded daily by these lead 220 

farmers. 221 

During the EWS and DS, damage assessments and crop cuts for each treatment and 222 

non-treatment site were made in three randomly selected rice field parcels that were located 5 223 

m, 50 m and 100 m from the CTBS in Ro Vieng and LTBS in Kandaul. In each non-treatment 224 

site, damage assessments and crop cuts were made in three randomly selected rice field 225 

parcels that were located 50 m from each other in Ro Vieng and 5 m, 50 m and 100 m from the 226 

edge of the rice growing area (similar to the treatment plot locations) in Kandaul.  227 

To increase the size of the area assessed in the WS, damage assessments and crop 228 

cuts were made in three randomly selected rice field parcels that were located 5 m, 75 m and 229 

150 m from the CTBS in Ro Vieng and LTBS in Kandaul in the treatment sites. In each non-230 

treatment site, assessed rice field parcels were located 75 m from each other in Ro Vieng and 5 231 
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m, 75 m and 150 m from the edge of the rice growing area (similar to the treatment plot 232 

locations) in Kandaul..  233 

The rodent damage assessments were conducted three times over each growing 234 

season; at maximum tillering, reproductive (panicle initiation to flowering) and ripening (as close 235 

as possible to crop maturity and within two weeks before harvest) crop growth stages. The 236 

damage assessments were conducted following a stratified random sampling design (Aplin et 237 

al., 2003; Stuart et al., 2014). The sampling area was the first half of the field parcel that is 238 

parallel to the TBS or non-rice habitat. This area was then divided into three equally spaced line 239 

strata. Within each stratum, a line transect (parallel to the TBS or non-rice habitat) was placed. 240 

These were at 5 m from the edge of the field, and at distances from the edge that were 25% and 241 

50% of the field length. Where possible, the transect covered the entire width of the field parcel, 242 

starting and ending two meters from the levee on the edge of the field. Assessments were made 243 

on eight equally spaced sampling points along each transect and the total number of cut and 244 

uncut tillers at each sampling point were counted. Cut tillers included those that were visibly cut 245 

by rodents but had regrown. At each sampling point, a 0.01 m2 quadrat was placed and the cut 246 

and uncut tillers within were counted. If the first sampled quadrat within a sampling point had 247 

less than 20 tillers, all the cut and uncut tillers of an additional quadrat were counted. In these 248 

cases, the additional quadrat was placed immediately adjacent to the one that had been 249 

previously assessed.  250 

During the week prior to harvest, yield measurements were taken from three 2.5 × 2 m 251 

quadrats, each randomly placed within one of the stratum. The samples were weighed to the 252 

nearest gram and the moisture content (%) recorded from three random grain samples per crop 253 

cut.  254 

At the end of each cropping season, farmers and researchers discussed what was done, 255 

what the outcomes were, and what they wanted to improve from the EBRM trials. These 256 
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discussions were documented and provided qualitative insights into the findings from the 257 

adaptive research.  258 

Using a structured questionnaire, owners of each rice field sampled for crop cuts were 259 

interviewed at the end of each season and asked for details of all their crop production 260 

practices, including costs and inputs, e.g. seeds, fertilizer, pesticides. Yields estimated from 261 

crop cuts were used to complement these data. 262 

 263 

2.4. Statistical analysis 264 

Statistical analyses were carried out using Statistical Package for the Social Sciences 265 

(SPSS) version 24 (SPSS Inc., Chicago, IL, USA). Repeated measures ANOVA was conducted 266 

to compare rodent capture rates between the CTBS, LTBS and kill traps in Ro Vieng village 267 

during the reproductive and ripening crop stages. The main factors entered into the model were 268 

season and trap type. Pairwise comparisons of main effects were conducted using the 269 

Bonferroni test. 270 

Linear mixed models with maximum likelihood estimation were used to analyse 271 

differences in cumulative rodent damage (ln transformed) and rice yield between treatments and 272 

seasons for each village separately. Fixed effects entered into the model included treatment, 273 

season, field site (i.e. as a proxy for distance to CTBS/LTBS), species and all interactions. 274 

Treatment and non-treatment sites were entered as random effects.  275 

To analyse the relationship between rodent damage and rice yield, linear regressions 276 

were conducted on each village and season combination. 277 

 278 

 279 

3. Results 280 

3.1. Rodents captured 281 
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The majority of species caught were Rattus argentiventer. However, Rattus rattus 282 

species complex, Bandicota sp. and Mus caroli were also present. Across all three treatment 283 

sites in Ro Vieng, a total of 1234 and 914 rodents were caught during the EWS and WS, 284 

respectively (Fig. 1). In both seasons, the majority of these were caught in the CTBS and by 285 

community hunting. The CTBS was most effective from the reproductive stage onwards, with 286 

more rodents caught in the CTBS as compared to the LTBS or kill-traps (F2,639 = 84.3, P < 287 

0.001; Pairwise comparisons of CTBS vs LTBS and CTBS vs kill-traps: P < 0.001). Although, 288 

because the CTBS was harvested three weeks before the surrounding crop in the WS, the 289 

LTBS and kill traps were more effective during the ripening stage in the WS (F2,213 = 96.2, P < 290 

0.001). During the EWS, the CTBS was harvested at the same time as the surrounding crop. 291 

There was no difference in the efficacy between the LTBS and kill-traps during the reproductive 292 

to ripening crop growth stages (Pairwise comparison: P > 0.05).  293 

In Kandaul, a total of 812 and 636 rodents were caught during the DS and WS, 294 

respectively. Of which, 50 to 51% were caught in the LTBS and 27 to 30% were caught by 295 

community hunting during each respective season. In the DS, the number of rodents trapped by 296 

the LTBS was highest during the reproductive stage, whereas there was no clear peak in 297 

captures during the WS.  298 
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 299 

 300 

Figure 1. The mean number of rodents caught per treatment site for each method of 301 

trapping/hunting across the different crop growth stages during the dry season (DS) or early wet 302 
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season (EWS) and wet season (WS) in Ro Vieng (A) and Kandaul (B) villages, Takeo province. 303 

Crop growth stages were categorized as seedling, vegetative (early tillering to maximum 304 

tillering), reproductive (panicle initiation to flowering) and ripening (milky ripe stage to harvest). 305 

 306 

3.2. Impact on rodent damage 307 

In the non-treatment sites, the mean level of rodent damage (calculated as % of cut 308 

tillers) per crop stage ranged from 3.8% to 17.9% in Ro Vieng and from 2.6% to 13.1% in 309 

Kandaul, whereas, in the treated sites, the mean level of rodent damage per crop stage did not 310 

exceed 2.2% (Fig. 2.). Damage was typically highest at the booting and ripening stages, except 311 

in the wet season in Kandaul, when it was highest at the maximum tillering stage.  312 

Following the implementation of the EBRM treatments, the cumulative rodent damage, 313 

measured from maximum tillering until harvest, was significantly lower in the treated sites as 314 

compared to the control sites. In Ro Vieng, the cumulative rodent damage in the treated sites 315 

was reduced by 99.1% (from 22.4 to 0.2%) in the EWS and by 86.9 % (from 33.6 to 4.4%) in the 316 

WS (F1,36 = 667.6, P < 0.001). In Kandaul, the cumulative rodent damage was reduced by 317 

92.0% (from 30.1 to 2.4%) in the DS and by 83.5% (from 31.0 to 5.1%) in the WS (F1,36 = 237.0, 318 

P < 0.001). In Ro Vieng the cumulative damage was higher in the WS (F1,36 = 111.3, P < 0.001) 319 

than in the DS. However, the difference between seasons was more pronounced for the 320 

treatment sites (F1,36 = 35.3, P < 0.001). 321 

In Ro Vieng, the distance to the CTBS had no effect on yield (P > 0.05), whereas in 322 

Kandaul, there was a significant three-way interaction between season, treatment and distance 323 

to TBS (F2,36 = 3.62, P = 0.037). In the WS, the sites closest to the LTBS, had less damage than 324 

those further away, but no distance effect was visible for the DS and the non-treatment sites 325 

(Fig. 3.) 326 

 327 
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  328 

  329 

Fig. 2. The mean level of rodent damage per site across the different crop growth stages during 330 

the dry season (DS) or early wet season (EWS) and wet season (WS) in Ro Vieng (A) and 331 

Kandaul (B) villages, Takeo province. 332 
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 333 

 334 

Fig 3. The mean level of rodent damage per site at different distances from the Trap Barrier 335 

System(TBS) during the dry season (DS) or early wet season (EWS) and wet season (WS) in 336 

Ro Vieng and Kandaul villages, Takeo province. In the treatment sites, F1, F2 and F3 represent 337 

fields that were 5, 50 and 100 m from the TBS, respectively. In the non-treatment sites, no TBS 338 

was applied. 339 

 340 

3.3. Impact on rice yield  341 

Across both seasons, the mean rice yield was significantly lower (17 to 37%) in the non-342 

treatment sites than in the treatment sites in both Ro Vieng and Kandaul villages (F1,36 = 72.8, P 343 

< 0.001; F1,36 = 69.6, P < 0.001, respectively). In both villages, the mean yield was lower in the 344 

WS than in the previous season (F1,36 = 19.4, P < 0.001; F1,36 = 112.9, P < 0.001, respectively). 345 

However, in Ro Vieng, the difference in yield between seasons was more pronounced in the 346 

treatment sites (F1,36 = 66.6, P = 0.014). In both villages, the distance to the TBS had no effect 347 

on yield (P > 0.05). 348 
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There was a negative linear relationship between cumulative rodent damage and yield 349 

(P < 0.05; Fig. 4). This relationship was strongest during the EWS and DS for Ro Vieng (n =18, 350 

R2 = 0.93, p < 0.001) and Kandaul (n = 18, R2 = 0.84, p < 0.001), respectively. During these 351 

seasons, the slope of the regression indicates that for every 1% increase in rodent damage in 352 

Ro Vieng and Kandaul, there was a 74 and 42 kg ha-1 decrease in rice yield, respectively. 353 

Based on the rice yield value taken at the intercept, this is equivalent to a 1.3% and 0.76% 354 

decrease in rice yield, respectively, for every 1% increase in rodent damage. 355 

In the WS, the regression was more scattered with a poorer fit (Ro Vieng: n = 18, R2 = 356 

0.51, p = 0.001; Kandaul: n = 18, R2 = 0.25, p = 0.033). During this season, the slope of the 357 

regression indicates that for every 1% increase in rodent damage in Ro Vieng and Kandaul, 358 

there was a 28 and 40 kg ha-1 decrease in rice yield, respectively. Based on the rice yield value 359 

taken at the intercept, this is equivalent to a 0.6% and 1.1% decrease in rice yield, respectively, 360 

for every 1% increase in rodent damage. 361 

 362 
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 363 

Fig 4. Correlation between cumulative rodent damage and rice yield in Ro Vieng village during 364 

the early wet season (A) and wet season (B), and in Kandaul village during the dry season (C) 365 

and wet season (D). 366 

 367 

 368 

3.4. Economic analysis 369 

In each 5 ha treated site, the total costs for EBRM activities ranged from 316 to 397 USD 370 

per season. Considering that this cost is shared between all farmers within the 5 ha site, this 371 

equates to a cost of 63 to 79 USD ha-1 per season (Table 1). This cost takes into account the 372 

non-paid out costs (or lost opportunity costs) for labour (i.e. two hours per day to check traps 373 

over the length of the cropping season at a wage rate of 0.125 USD hr-1; Table 2). However, 374 

part of this cost was offset by selling rats caught to local sellers or to the market. We also were 375 

informed that some farmers opted to take trapped rats home for family consumption. The value 376 
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of selling or harvesting rats was not included in our cost-benefit and net income calculations due 377 

to insufficient data (e.g. we did not differentiate between rats and mice, the latter of which has 378 

no market value due to their small size), but in Kandaul, we were informed that farmers were 379 

able to sell live rats at USD 0.75 USD Kg-1 and in Ro Vieng, farmers could get 2.50 USD kg-1.  380 

Rats that had been killed by electric fencing fetch a much lower price of 0.25 USD kg-1 in 381 

Kandaul. If we assume an average weight of 150 g per rodent caught, we calculate that the 382 

value of the rats caught by the farmers in the Ro Vieng treatment sites was 19 to 28 USD ha-1 383 

per season.  384 

In the untreated sites, the total rodent management costs ranged from 1 to 424.99 USD 385 

ha-1 (Table 2). The highest costs were incurred during the DS in Kandaul due to the 386 

accumulation of hours required to check the electric fencing at night (6.5 hours per night over 70 387 

days).  388 

The mean rice production cost (including rodent management costs) for the non-389 

treatment sites ranged from 455 to 639 USD ha-1 per season (Table 1). Based on the income 390 

calculated from crop cuts, the mean net income at these sites ranged from 193 to 320 USD ha-1 391 

per season. Based on the difference in rice yield between the treatment and non-treatment 392 

sites, there was a 53 to 169% increase in net income following the implementation of EBRM and 393 

the benefit-cost ratios for EBRM ranged from 3:1 to 11:1 per season. The highest benefit-cost 394 

ratio occurred during the DS in Kandaul, largely due to the reduction in income spent on electric 395 

fencing.  396 
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Table 1. Mean rice grain yield for treatment and non-treatment sites, the calculation of the benefit-cost ratio and increase in net 

income following implementation of ecologically-based rodent management for the dry season (DS), early wet season (EWS) and 

wet season (WS) in Takeo province, Cambodia. 

 

 

  

Non-

treatment Treatment

Rice production 

cost (USD ha-
1
)

b

Net income 

(USD-
1
)

b

Ro Vieng EWS 3.85 (0.29) 5.63 (0.19) 1.78 0.19 338.88 16.75 60.70 6 454.95 276.00 330.93 120 27.7

WS 3.73 (0.30) 4.51 (0.26) 0.78 0.19 147.66 16.03 60.70 3 444.87 264.38 138.99 53 19.05

Kandaul DS 4.16 (0.18) 5.44 (0.17) 1.28 0.20 255.72 461.81 63.20 11 639.31 192.74 326.33 169 4.67

WS 2.40 (0.40) 3.82 (0.29) 1.42 0.30 424.99 1.00 79.30 5 399.88 319.79 406.69 127 2.46
a
Based on paid-out and non-paid-out costs; 

b
Based on paid-out costs only; 

c
Captures from kill traps not included

Non-treatment sitesGrain yield (t ha
-1 

+ SE)

Non-

treatment Treatment

Benefit-

cost 

ratio

Increase 

in net 

income 

(USD
-1

)
b

% increase 

in net 

income

Rodent management 

cost (USD ha
-1

)
a

Additional 

income from 

selling rats 

(USD ha
-1

)
c

Village Season

Value of 

yield 

increase  

(USD ha
-1

)

Price of 

rice kg
-1

Yield 

increase  

(t ha
-1

)
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Table 2. Mean costs of rodent management (USD ha-1) in treatment and non-treatment sites for the dry season (DS), early wet 

season (EWS) and wet season (WS) in Takeo province, Cambodia. 

   

      

Village Season  CTBSa LTBSab Kill traps Rat 

campaig

n 

Rodenticidec Electric 

fencinga 

Total 

paid-out 

costs 

Labour 

non-

paid-out 

costs 

Total costs (paid 

out and non-paid 

out costs for 

labour) 

Ro Vieng EWS Non-treatment    16.75  16.8  16.8  

  Treatme

nt 

8.8 10.1 3 2.8   24.7 36 60.7  

 WS Non-treatment    16.0  16.0  16.0  

  Treatme

nt 

8.8 10.1 3 2.8   24.7 36 60.7  

Kandaul DS Non-treatment    10 101.8 111.8 350 461.8  

  Treatment 20.3 3 2.8 5.1  31.2 32 63.2  

 WS Non-treatment    1  1.0  1.0  

  Treatment 10.1 3 2.8 3.4  19.3 60 79.3  
aThe value for durable items (i.e. plastic, bamboo poles, traps, battery, power inverter) were halved    

bLTBS length in Kandaul = 240 m per site in the dry season and 120 m per site in the wet season     

cRodentcide use in Kandaul treatment sites = 3 kg ha-1 in the dry season, 2 kg ha-1 in the wet season    
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4. Discussion 551 

4.1. Reducing rodent damage and rice yield loss 552 

The level of rodent damage recorded in our untreated sites confirms that rodent damage 553 

to rice poses a significant threat to food security and smallholder farmer livelihoods in Cambodia 554 

(Castilla, in press; Jahn et al., 1999; King et al., 2003). The implementation of a CTBS along 555 

with LTBS in intensive rice monoculture and a LTBS with bromadiolone rodenticide in recession 556 

rice growing areas reduced rodent damage by at least 84% for all cropping seasons evaluated. 557 

The level of success for the CTBS approach is comparable to previous studies (Brown et al., 558 

2006; Singleton et al., 2003; Singleton et al., 2005b; Singleton et al., 1998) and provides further 559 

evidence to support this approach in intensive rice growing areas of Southeast Asia. As shown 560 

in previous studies, distance from the CTBS also had no effect on damage and yield, indicating 561 

that the level of protection of the CTBS extended to at least 100 m in the EWS and 150 m in the 562 

WS, within the 10 ha radius of protection previously reported (Brown et al., 2006; Singleton et 563 

al., 2003). We would thus expect the level of protection to extend beyond our 5 ha treatment 564 

sites.  565 

In recession rice growing areas, the LTBS was very effective at removing rodents, as 566 

observed in maize growing systems in China (Wang et al., 2017). The high rodent capture rates 567 

and reduction in rodent damage thus demonstrates the suitability of this method for this type of 568 

agroecosystem. Unlike in rice monoculture, where rodents travel in many directions between 569 

rice fields and refuge habitats, we suspect that rodents generally travel in one direction in the 570 

recession rice landscape from the recently harvested rice growing area towards the newly 571 

planted rice crops. When the rodents reach the LTBS, the most accessible route is via the holes 572 

into the traps. The shorter length of the fence in the WS may explain why there was a slight 573 

increase in rodent damage 75 – 150 m from the fence during this season, and thus indicates 574 

some decrease in efficacy the further from the fence. A longer barrier, especially, a continuous 575 

barrier erected along the high water mark of the lake margin, is expected to provide a greater 576 
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area of protection. However, this would require the coordination of more farmers and resources. 577 

Further research is needed to identify the suitability of this method in other landscapes where 578 

rodents migrate from one area to another.  579 

For EBRM to be most effective, an integrated pest management approach should be 580 

applied (Singleton et al., 1999b). However, because of this, it is difficult to ascertain the 581 

individual value of each method. By comparing the number of rodents caught by each method, 582 

the LTBS was less effective than the CTBS in the rice monoculture, with similar numbers of 583 

rodents caught with kill-trapping. Based on research in maize cropping systems in China, Wang 584 

et al. (2017) hypothesize that thigmotaxis (the characteristic behavior of rodents to move along 585 

a physical barrier) is a more important factor in the success of the TBS rather than the attraction 586 

of trap crops. However, when comparing the trap success of the LTBS and CTBS in rice 587 

monoculture in this study, the CTBS clearly outperformed the LTBS. This suggests that in rice 588 

monoculture where R. argentiventer is the dominant rodent species, the attraction of the trap 589 

crop to rodents is a more important factor. Further research is needed to understand this 590 

mechanism for different cropping systems and rodent species, although, thigmotaxis is certainly 591 

likely to play a role in the success of both the CTBS and LTBS.  592 

In this study, the rodenticide bromadiolone was applied in Kandaul village as an 593 

alternative to zinc phosphide and as a supplementary method of rodent control for the LTBS. 594 

However, in many Cambodian rice growing communities, rat hunting is regularly practiced and 595 

rodent meat is an important source of protein and income. It is thus inadvisable to apply 596 

rodenticides in such areas. As a minimum, rat hunting for consumption should be prohibited for 597 

two weeks following the end of the application of rodenticides, especially for anticoagulant 598 

rodenticides. However, if farmers cannot prevent free-ranging hunters from hunting in their land 599 

during this time, rodenticides should not be used. In recession rice growing areas, further 600 

research is needed to identify the optimum length of LTBS when no rodenticide is applied. 601 

 602 
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4.2. Relationship between rodent damage and yield loss 603 

In the non-treatment sites, mean cumulative rodent damage ranged from 22-34% with a 604 

similar reduction in rice yield as compared to the treatment sites, indicating a direct relationship 605 

between rice yield loss and cumulative rodent damage measured at maximum tillering, 606 

reproductive and ripening crop growth stages. This was supported by the regression analysis 607 

which indicated a 0.6 - 1.3% reduction in rice yield for every 1% increase in cumulative rodent 608 

damage. The strong relationship in the DS and EWS, suggests that rodent damage was a 609 

common factor for all fields with little variation in other yield limiting or yield reducing factors, 610 

whereas in the WS, the higher variability between rodent damage and yield indicates that 611 

variation in rice yield was also explained by other factors such as variety, fertilizer use and other 612 

crop pests and diseases. 613 

Often, when rodent damage assessments are made, they are only conducted at the 614 

ripening stage (Singleton et al., 2005a). However, as reported in this study and in previous 615 

studies, rodent damage occurs throughout the rice cropping season and can even be higher in 616 

previous crop stages (Singleton et al., 2005a; Singleton et al., 2003). In the non-treatment sites 617 

of this study, 37% and 40% of mean cumulative rodent damage occurred during the 618 

reproductive and ripening stages, respectively. Thus ideally, both of these crop stages should 619 

be monitored for rodent damage to get accurate assessments of yield loss. If only the ripening 620 

stage can be assessed, the results from this study suggest that this value should be multiplied 621 

by a factor of 2.5 to estimate cumulative rodent damage or by 2.3 to obtain an estimate of 622 

percentage yield loss due to rodents. This is slightly lower than previous calculations from 623 

studies in Malaysia and Indonesia, that suggest that damage estimates at ripening should be 624 

multiplied between three and seven times to estimate percent yield loss (Buckle and Rowe, 625 

1981; Singleton et al., 2005a; Singleton et al., 2003). 626 

 627 

4.3. Economic benefits 628 
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Farmers who adopted EBRM accrued economic benefits from increased yields (reduced 629 

damage) and sharing the costs of EBRM management options across five hectares. In addition, 630 

farmers benefit from the value of rats trapped and sold to sellers. In the non-treatment sites, the 631 

net income for paid-out costs was less than USD 320 per ha per season due to the high rice 632 

yield losses from rodents and high production costs. This is roughly half the net income for paid-633 

out costs recently calculated for rice farmers in Vietnam and the Philippines during the low 634 

yielding season (Bordey et al., 2016). Following the implementation of EBRM, the net income of 635 

the treatments sites was at least 50% greater than the non-treatment sites, with farmers 636 

receiving double the net income in three out of the four seasons evaluated.  637 

In a previous analysis of CTBS in Cambodia, the lower rice yields (0.6 – 2 t ha-1) and 638 

higher equipment costs (40 USD ha-1) did not appear to justify investment in the barrier (Jahn et 639 

al., 1999). However, based on the mean rice yields in our treatment sites, we calculate that the 640 

threshold rodent damage level for each tested EBRM approach to be economically viable (i.e. 641 

when the benefits outweigh the costs) was 5.7% and 5.8% for the Ro Vieng EWS and Kandaul 642 

DS, respectively, and 7.1% and 6.9% for the Ro Vieng and Kandaul WS, respectively. In our 643 

calculations, we included the lost opportunity costs for labour to check the traps. However, if 644 

there is no loss of income for this activity, e.g. if farmers are visiting the farm for other activities 645 

anyway, then the economic threshold should be lower. We would also expect greater value from 646 

the CTBS if the expected 10 ha coverage is included in the calculations. Our calculations were 647 

based on a five ha halo of protection. Alternatively, if rice farmers perceive that the risk of rodent 648 

damage is lower than the economic threshold, low cost methods of EBRM are advised, such as 649 

community campaigns, trapping and hunting early in the rice cropping season (before the rodent 650 

breeding season), synchronous cropping, extended fallow periods and maintaining field hygiene 651 

during the rodent breeding season. The implementation of a CTBS without the LTBS also has 652 

been proven to be sufficient in rice monocultures in Southeast Asia (Brown et al., 2006; 653 
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Singleton et al., 2003; Singleton et al., 2005b; Singleton et al., 1998). This would thus reduce 654 

the TBS costs by half.  655 

The benefits and costs for integrated pest management are often measured against use 656 

of pesticides (Pretty and Bharucha, 2015). In the case of the two sites in this study, EBRM was 657 

compared with high-risk, labour and cost intensive options such as electric fencing. This study 658 

shows that alternatives that are safer for humans and the environment have benefits that 659 

outweigh those from current practices. However, consideration should be given towards the 660 

effect of discarded plastic on the environment and sourcing biodegradable materials where 661 

possible. 662 

 663 

 664 

4.4. Locally adapting the technologies 665 

Local adaptation of EBRM entailed adjustments in timing of management actions, 666 

coordinating activities by farmers, and the tools used, such as length of plastic barriers or 667 

number of traps or use of rodenticides. These changes were refined as the farmers continued to 668 

experiment with the EBRM techniques, similar to processes documented by Palis et al. (2008). 669 

For example, in Kandaul, the LTBS was set up earlier in the second season (WS) following the 670 

farmers request. Subsequently, high numbers of rodents were caught during this early crop 671 

stage and rodent damage to seedlings was reduced. Furthermore, as technical learning 672 

progressed, farmers learnt to coordinate the social mechanisms such as building interest for 673 

involvement in community rat hunting, or checking the traps in a shared experimental site. They 674 

also evaluated the value of trapped rodents as they interacted with sellers. The complementary 675 

information increases the capacity of farmers to make adjustments to their practices in the face 676 

of complex conditions, particularly regarding pest management (World Bank, 2007; Byerlee, 677 

1987). Knowledge co-production among varied stakeholders such as between farmers, rat 678 

sellers, and manufacturers of traps for example, can enable financial incentives that support the 679 
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adoption of EBRM practices by smallholder rice farming communities in Cambodia (Flor et al., 680 

2016; Leeuwis, 2004). 681 

 682 

4.5. Conclusions 683 

Our results show that rodent damage to rice in Cambodia and the associated yield loss 684 

can be significantly reduced following the implementation of cost-efficient EBRM approaches 685 

that are locally adapted to village-specific agro-ecological and social conditions. By working 686 

closely with farmers in a participatory adaptive research approach, we successfully 687 

demonstrated that different rodent management options are suitable for different conditions, 688 

even within the same geographic region. To enable widespread adoption, strong support (e.g. 689 

from government extension, NGOs, etc.) is needed to facilitate cross-learning between farmers, 690 

local adaptation and community approaches to rodent management.  691 

 692 

Acknowledgements 693 

The authors wish to thank team members from the Plant Protection Division, Cambodian 694 

Agricultural Research and Development Institute (CARDI) and extension staff from the General 695 

Directorate of Agriculture and the Provincial Development of Agriculture Forestry and Fisheries 696 

of Takeo that helped to coordinate activities with the farmers and collect the data. We also 697 

sincerely thank all the farmers involved in the research and Grant Singleton for his advice during 698 

the planning stage and for helping to improve the manuscript. Funding was provided by the 699 

United States Agency for International Development (USAID) under Cooperative Agreement No. 700 

AID-0AA-L-15 -00001 with Virginia Tech under the Feed the Future Collaborative Research on 701 

Integrated Pest Management Lab (IPM IL). The farmer participatory research platform was 702 

supported under a sub-grant   Ecologically-based Participatory IPM Packages for Rice in 703 

Cambodia (EPIC) with the International Rice Research Institute (IRRI), the lead institution for 704 

the sub-grant. 705 



28 

 

 706 

References 707 

Aplin, K.P., Brown, P.R., Jacob, J., Krebs, C.J., Singleton, G.R., 2003. Field methods for rodent 708 

studies in Asia and the Indo-Pacific. BPA Print Group, Melbourne, Australia. 709 

 710 

World Bank, 2007. Enhancing Agricultural Innovation : How to Go Beyond the Strengthening of 711 

Research Systems. World Bank, Washington, DC. 712 

 713 

Bordey, F.H., Moya, P.F., Beltran, J.C., Dawe, D.C., 2016. Competitiveness of Philippine Rice in 714 

Asia. . Philippine Rice Research Institute and International Rice Research Institute, Philippines.   715 

 716 

Brown, P.R., Douangboupha, B., Htwe, N.M., Jacob, J., Mulungu, L., My Phung, N.T., Singleton, 717 

G.R., Stuart, A.M., 2017. Control of rodent pests in rice cultivation, in: Sasaki, T. (Ed.), 718 

Achieving sustainable cultivation of rice. Burleigh dodds, Cambridge, UK, pp. 343-376. 719 

 720 

Brown, P.R., Hung, N.Q., Hung, N.M., Wensveen, M.V., 1999. Population ecology and 721 

management of rodent pests in the Mekong River Delta, Vietnam, in: Singleton, G., Leirs, H., 722 

Hinds, L., Zhang, Z. (Eds.), Ecologically-based Rodent Management. Australian Centre for 723 

International Agricultural Research, Canberra, pp. 319-337. 724 

 725 

Brown, P.R., Tuan, N.P., Singleton, G.R., Ha, P.T.T., Hoa, P.T., Hue, D.T., Tan, T.Q., Tuat, 726 

N.V., Jacob, J., Muller, W.J., 2006. Ecologically based management of rodents in the real world: 727 

Applied to a mixed agroecosystem in Vietnam. Ecol. Appl. 16, 2000-2010. 728 

 729 

Buckle, A.P., 1984. Field trials of warfarin and brodifacoum wax block baits for the control of the 730 

rice field rat, Rattus argentiventer, in Peninsular Malaysia. Tropical Pest Management 30, 51-731 

58. 732 

 733 

Buckle, A.P., 1999. Rodenticides-Their Role in Rodent Pest Management in Tropical 734 

Agriculture, in: Singleton, G., Hinds, L., Zhang, Z. (Eds.), Ecologically-based Rodent 735 

Management. Australian Centre for International Agricultural Research, Canberra, pp. 163-177. 736 

 737 

Buckle, A.P., Rowe, F.P., 1981. Overseas Development Administration/Department of 738 

Agriculture, Malaysia. Rice field rat project, Malaysia, Technical Report. 1977-1980. Centre for 739 

Overseas Pest Research, London, UK, p. 99. 740 

 741 

Byerlee, D., 1987. From adaptive research to farmer recommendations and extension advice. 742 

Agricultural Administration and Extension 27, 231-244. 743 

 744 

Castilla, N., in press. Major rice ecosystems and their associated pests and diseases in 745 

Cambodia. Crop Protection. 746 

 747 

Dubock, A.C., 1982. Pulsed baiting-a new technique for high potency, slow acting rodenticides., 748 

in: Marsh, R.E. (Ed.), Proceedingsof the Tenth Vertebrate Pests Conference, University of 749 

California, Davis, California, pp. 123-135. 750 

 751 

FAO, 2017. FAOSTAT. http://www.fao.org/faostat/en/?#data (accessed 21 June 2018). 752 



29 

 

 753 

Fiedler, L.A., Fall, M.W., 1994. Rodent Control in Practice: Tropical Field Crops, in: Buckle, 754 

A.P., Smith, R.H. (Eds.), Rodent Pests and Their Control. CAB International, Wallingford, 755 

England, UK, pp. 313-338. 756 

 757 

Flor, R.J., Maat, H., Leeuwis, C., Singleton, G., Gummert, M., 2017. Adaptive Research with 758 

and without a Learning Alliance in Myanmar: Differences in learning process and agenda for 759 

participatory research. NJAS - Wageningen Journal of Life Sciences 81, 33-42. 760 

 761 

Flor, R.J., Singleton, G., Casimero, M., Abidin, Z., Razak, N., Maat, H., Leeuwis, C., 2016. 762 

Farmers, institutions and technology in agricultural change processes: outcomes from Adaptive 763 

Research on rice production in Sulawesi, Indonesia. International Journal of Agricultural 764 

Sustainability 14, 166-186. 765 

 766 

Frost, A., King, C., 2003. Gathering indigenous knowledge as a tool for rural research, 767 

development and extension: case study on rodent management in Cambodia,in: Singleton, 768 

G.R., Hinds, L.A., Krebs, C.J., Spratt, D.M. (Eds.), Rats, mice and people: rodent biology and 769 

management, ACIAR Monograph No.96, Canberra, pp. 426-430. 770 

 771 

Greaves, J.H., 1982. Rodent control in agriculture, FAO Plant Production and Protection Paper. 772 

40. 773 

 774 

Hoque, M.M., Sanchez, F.F., 2008. Development of rodent management in the Philippines from 775 

1968 to 1988. In: Joshi, R.C., Singleton, G.R., Sebastian, L.S. (Eds.), Philippine rats: ecology 776 

and management. Philippine Rice Research Institute Science City of Muñoz, Nueva Ecija, pp. 9-777 

24. 778 

 779 

Jahn, G.C., Solieng, M., Cox, P.G., Nel, C., 1999. Farmer participatory research on rat 780 

management in Cambodia, in: Singleton, G.R., Hinds, L., Zhang, Z. (Eds.), Ecologically-based 781 

management of rodent pests. . Australian Centre for International Agricultural Research, 782 

Canberra, Australia, pp. 358-371. 783 

 784 

John, A., 2014. Rodent outbreaks and rice pre-harvest losses in Southeast Asia. Food Secur. 6, 785 

249-260. 786 

 787 

King, C., Frost, A., Phaloeun, C., Leung, L., Sotheary, E., Vong, T.R., Russell, L.W., 2003. 788 

Adaptive management: a methodology for ecosystem and community-based rodent 789 

management in Cambodia, in: Singleton, G.R., Hinds, L.A., Krebs, C.J., Spratt, D.M. (Eds.), 790 

Rats, mice and people: rodent biology and management, ACIAR Monograph No.96, Canberra, 791 

pp. 419-425. 792 

 793 

Krupnik, T.J., Shennan, C., Settle, W.H., Demont, M., Ndiaye, A.B., Rodenburg, J., 2012. 794 

Improving irrigated rice production in the Senegal River Valley through experiential learning and 795 

innovation. Agric. Syst. 109, 101-112. 796 

 797 

Lam, Y.M., 1988. Rice as a trap crop for the rice field rat in Malaysia, In: Crabb, A.C., Marsh, 798 

R.E. (Eds.), Proceedings 13th Vertebrate Pest Conference. University of California, Davis, pp. 799 

123–128. 800 

 801 

Leeuwis, C., 2004. Communication for rural innovation: rethinking agricultural extension. (3rd 802 

ed) Blackwell Science Ltd., Oxford. 803 



30 

 

 804 

Leung, L.K.P., Singleton, G.R., Sudarmaji, Rahmini, 1999. Ecologically-based population 805 

management of the rice-field rat in Indonesia, in: Singleton, G., Hinds, L., Zhang, Z. (Eds.), 806 

Ecologically-based Rodent Management. Australian Centre for International Agricultural 807 

Research, Canberra, pp. 305-318. 808 

 809 

My Phung, N.T., Brown, P.R., Luke, K.P.L., Luu, M.T., 2010. The effect of simulated rat damage 810 

on irrigated rice yield and compensation. Crop Protection 29, 1466-1471. 811 

 812 

Palis, F.G., Singleton, G.R., Flor, R.B., 2008. Humans outsmarting rodents: adoption and impact 813 

of ecologically based rodent management in Asia, in: Joshi, R.C., Singleton, G.R., Sebastian, 814 

L.S. (Eds.), Philippine rats: Ecology and management. Philippine Rice Research Institute, 815 

Science City of Muñoz, Nueva Ecija, pp. 127-142. 816 

 817 

Pretty, J., Bharucha, Z.P., 2015. Integrated Pest Management for Sustainable Intensification of 818 

Agriculture in Asia and Africa. Insects 6, 152-182. 819 
 820 

Singleton, G., Leirs, H., Hinds, L., Zhang, Z., 1999a. Ecologically-based Management of Rodent 821 

Pests-Re-evaluating Our Approach to an Old Problem, in: Singleton, G., Leirs, H., Hinds, L., 822 

Zhang, Z. (Eds.), Ecologically-based Rodent Management. Australian Centre for International 823 

Agricultural Research, Canberra, pp. 17-30. 824 

 825 

Singleton, G.R., Belmain, S., Brown, P.R., Aplin, K., Htwe, N.M., 2010. Impacts of rodent 826 

outbreaks on food security in Asia. Wildlife Research 37, 355-359. 827 

 828 

Singleton, G.R., Brown, P.R., Pech, R.P., Jacob, J., Mutze, G.J., Krebs, C.J., 2005a. One 829 

hundred years of eruptions of house mice in Australia - a natural biological curio. Biological 830 

Journal of the Linnean Society 84, 617-627. 831 

 832 

Singleton, G.R., Leirs, H., Hinds, L.A., Zhang, Z., 1999b. Ecologically-based management of 833 

rodent pests – Re-evaluating our approach to an old problem,in: Singleton, G., Hinds, L., Leirs, 834 

H., Zhang, Z. (Eds.), Ecologically-based Management of Rodent Pests. Australian Centre for 835 

International Agricultural Research (ACIAR), Canberra, Australia, pp. 17-29. 836 

 837 

Singleton, G.R., Sudarmaji, Brown, P.R., 2003. Comparison of different sizes of physical 838 

barriers for controlling the impact of the rice field rat, Rattus argentiventer, in rice crops in 839 

Indonesia. Crop Protection 22, 7-13. 840 

 841 

Singleton, G.R., Sudarmaji, Jacob, J., Krebs, C.J., 2005b. Integrated management to reduce 842 

rodent damage to lowland rice crops in Indonesia. Agric. Ecosyst. Environ. 107, 75-82. 843 

 844 

Singleton, G.R., Sudarmaji, Suriapermana, S., 1998. An experimental field study to evaluate a 845 

trap-barrier system and fumigation for controlling the rice field rat, Rattus argentiventer, in rice 846 

crops in West Java. Crop Protection 17, 55-64. 847 

 848 

Stuart, A.M., Prescott, C.V., Singleton, G.R., 2014. Habitat manipulation in lowland rice-coconut 849 

cropping systems of the Philippines - An effective rodent pest management strategy? Pest 850 

Management Science 70, 939-945. 851 

 852 

Wang, D., Li, Q., Li, K., Guo, Y., 2017. Modified trap barrier system for the management of 853 

rodents in maize fields in Jilin Province, China. Crop Protection 98, 172-178. 854 




