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Simple Summary: The presence of pest rodents around food production and storage sites is one of

many underlying problems contributing to food contamination and loss, particularly influencing

food and nutrition security in low-income countries. By reducing harvest losses by rodents, millions

of food-insecure people would benefit. As there are limited data on post-harvest rice losses due

to rodents, our objectives were to assess stored rice losses in local households and two rice milling

factories in Bangladesh. We also wanted to monitor the effect of different rodent control strategies

on stored rice losses over a period of two years (2016 and 2017). Four control strategies were tested,

(i) untreated control, (ii) use of domestic cats, (iii) use of rodenticides, (iv) use of snap-traps. In total,

210 rodents were captured from inside people’s homes, with Rattus rattus trapped most often, followed

by Mus musculus and Bandicota bengalensis. In the milling stations, 68 rodents were trapped, of which

21 were M. musculus, 19 R. rattus, 17 B. bengalensis, 8 Rattus exulans, and 3 Mus terricolor. In 2016,

losses from standardised baskets of rice within households were between 13.6% and 16.7%. In 2017,

the losses were lower, ranging from 0.6% to 2.2%. Daily rodent removal by trapping proved to be

most effective to diminish stored produce loss. The effectiveness of domestic cats was limited.

Abstract: The presence of pest rodents around food production and storage sites is one of many

underlying problems contributing to food contamination and loss, particularly influencing food and

nutrition security in low-income countries. By reducing both pre- and post-harvest losses by rodents,

millions of food-insecure people would benefit. As there are limited quantitative data on post-harvest

rice losses due to rodents, our objectives were to assess stored rice losses in local households from

eight rural communities and two rice milling factories in Bangladesh and to monitor the effect of

different rodent control strategies to limit potential losses. Four treatments were applied in 2016 and

2017, (i) untreated control, (ii) use of domestic cats, (iii) use of rodenticides, (iv) use of snap-traps.

In total, over a two-year period, 210 rodents were captured from inside people’s homes, with Rattus

rattus trapped most often (n = 91), followed by Mus musculus (n = 75) and Bandicota bengalensis

(n = 26). In the milling stations, 68 rodents were trapped, of which 21 were M. musculus, 19 R. rattus,

17 B. bengalensis, 8 Rattus exulans, and 3 Mus terricolor. In 2016, losses from standardised baskets of rice

within households were between 13.6% and 16.7%. In 2017, the losses were lower, ranging from 0.6%

to 2.2%. Daily rodent removal by trapping proved to be most effective to diminish stored produce

loss. The effectiveness of domestic cats was limited.

Animals 2020, 10, 1612; doi:10.3390/ani10091612 www.mdpi.com/journal/animals

http://www.mdpi.com/journal/animals
http://www.mdpi.com
https://orcid.org/0000-0001-7612-0381
https://orcid.org/0000-0002-5590-7545
https://orcid.org/0000-0001-7491-4022
http://dx.doi.org/10.3390/ani10091612
http://www.mdpi.com/journal/animals
https://www.mdpi.com/2076-2615/10/9/1612?type=check_update&version=2


Animals 2020, 10, 1612 2 of 19

Keywords: grain store; rodent management; post-harvest losses; Bandicota bengalensis; Rattus rattus; rice

1. Introduction

The fight against hunger persists, with the number of undernourished people continuing to

rise. In 2017 about 820 million people were undernourished globally [1]. The Food and Agriculture

Organisation (FAO) defines undernourishment as the daily energy intake of a person being too low

to meet their daily minimum dietary energy requirements (kcal/day/person). Southern Asia has

the highest undernourishment rate, with an estimated 275 million people suffering from hunger [1].

In Bangladesh the proportion of undernourished people in 2017 was around 15% of the total population,

which is almost 25 million people [1]. Asia produces more than 90% of the global rice production,

with rice accounting for approximately 60% of the daily caloric intake, on average, across Asia [2].

One contributing factor to food insecurity is the presence of rodents. On a yearly basis rodents cause

5–10% loss to rice production in Asia, which leads to a worldwide estimated loss of 11 kg of food per

person per year [2]. By sustainably reducing pre- and post-harvest losses by rodents, nearly 280 million

undernourished people could meet their daily energy requirements [3].

In 2018, Bangladesh produced 53.6 million tons of paddy rice [4], where a 10% post-harvest rice loss

due to rodents equated to an annual loss of 5.36 million tons. Singleton [2] and Meerburg et al. [5] state

that reports of up to 15–20% post-harvest grain losses due to rodents are not uncommon. Unfortunately,

there is little quantitative data on Asian post-harvest losses to cereals due to rodents [2,6–9]. From

previous studies it is known that rodents do play a significant role in post-harvest losses in Asia, but only

a few recent publications [8–10] have provided information on the magnitude of the post-harvest

rice losses within villages in Southern Asia. In Myanmar, Htwe et al. [9] calculated that the total

amount of grain that was lost due to rodents was enough rice to feed local households for 1.6–4 months.

Belmain et al. [8] showed that farmers without rodent management on average lose 2.5% of their stored

rice stocks, but when applying rodent management they reduce the loss to 0.5%. Therefore, the first

objective of the current study is to assess how large post-harvest losses in Bangladesh are in local

households and in rice milling stations.

As rodent management can reduce stored product losses [11], the need to implement or improve

cost-beneficial rodent management strategies based on sound ecological research to understand their

patterns of behaviour and feeding becomes essential [12,13]. For example, measuring the actual impact

of rodents within stored rice facilities is difficult as these animals not only eat rice [14], but also hoard

and move rice to other locations [15] and damage and contaminate the grain [8]. As rodents forage from

several different habitats, their feeding from any given grain store cannot be easily estimated through

simple estimations of rodent population density [16,17]. Although pest rodent presence is considered

a problem across many rural farming communities (e.g., by damaging clothes, blankets, transmitting

disease, eating and contaminating stored rice), rodent management is usually applied too late [18,19].

Rodent control is mostly practised once damage to crops or stored produce becomes visible [12,20],

whilst rodent control in rural Asian environments relies mainly on the use of rodenticides [6,21].

Other management methods which can be applied are trapping, habitat management (e.g., proofing,

sanitation), and biocontrol (e.g., wild or domestic predators, rodent pathogens) [18,22]. As a second

objective of the study, we wanted to assess the efficacy of different rodent management methods

capable of reducing post-harvest losses under local contexts.

2. Materials and Methods

2.1. Study Locations

Research was conducted over 2016 and 2017 in the South-East region of Bangladesh. The South-East

region is one of the most important rice growing areas of Bangladesh and was selected because the
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area represents typical rice production practices and enabled us to choose villages that were relatively

close to each other to ensure similar abiotic/biotic parameters that would reduce potential bias in

environmental parameters across villages. Choices were further informed by local collaborators

enabling access and permissions for ethical clearance. In total, two rice milling stations (Modern

Rice Milling Unit, and Sonali Rice mill, respectively 23◦27’26.2” N 91◦10’19.3” E and 23◦20’55.7” N

91◦15’38.3” E) and eight villages participated in the study. The selected villages were: (A) Lakhshmipur,

(B) Comalla, (C) Kadamtoli, (D) Monahpur, (E) Maruali, (F) West-Maruali, (G) Nagarkandi, and (H)

Baro Char, and were together with the rice mills situated in the Chittagong division, Comilla district,

Comilla sadar upazila (all villages are located within 10 km of 23◦27’23.0” N 91◦10’20.6” E, Figure 1).

Figure 1. Map showing locations of the participating mills and the villages in Bangladesh, based on

GPS coordinates. Villages A–D are marked yellow, E-H blue, and the mills are marked red.

Bangladesh has a subtropical monsoon climate, which is characterised by broad annual variations

in rainfall, temperatures, and humidity [23,24]. The selected sites all experience the same climate and

monsoon rainfall cycles between June and October. In Bangladesh there are two to three crops per

year (depending on the climate and irrigation possibilities during the dry period), with most farmers

planting rice [25]. The size of the communities selected was between 75 and 150 households per village.

Ethical approval was obtained through project partner AID-Comilla, which explained activities in the

local language, gaining consent from each household involved. The owners of the rice mills were part

of the project team and agreed to use their properties and buildings for this study.

For every village, ten households were randomly selected, with the pre-condition that the household

stored paddy rice for at least three months after each harvest and consented to participate in the study.

The most commonly used storage methods in Bangladesh for paddy (~80% of households) are jute

sacks or baskets made from woven reeds, bamboo, and/or wood, which are usually left uncovered and

positioned in bedrooms or other living areas. Other storage methods are plastic barrels or steel drums

(often without a lid), which are more expensive and are present in ~20% of households [26]. Storage trials

took place during both the wet (June, July, August) and dry seasons (October, November, December),

with one replication (2016 and 2017, Figure 2). Assignment of treatments to villages was done randomly.

Figure 2. Overview of the study design of eight selected villages in Bangladesh.
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In order to reduce the possibility of trial activities influencing rodent populations, data collection

in the wet season took place in four different villages (A–D) from those involved during the dry season

(E–H).

2.2. Assessment of Stored Rice Losses

To assess the rice losses due to rodents, we used the method developed by Belmain et al. [20]

as the basis for both the rice milling stations and households. Baskets made from woven reeds and

bamboo were purchased in a local market. The baskets were 20 cm deep, had a base diameter of

21 cm, and a diameter of 41 cm at the open top (Figure 3). Each basket was filled with 5 kg of threshed

paddy rice, and each selected household received one rice basket to determine the loss due to rodents

(n = 10 per village) for a period of three consecutive months. Baskets were placed in the same area

as the family food store, and every fortnight the baskets were weighed and moisture content was

measured using a portable grain moisture meter (Model GMK 303RS; G-WON HITECH Co. LTD,

Seoul, Korea). In the two rice milling stations, 10 rice baskets filled with threshed rice were randomly

placed in the paddy rice storage warehouse for a period of nine months (July 2016–March 2017).

The rice baskets in the mills were also weighed and moisture content was measured every fortnight.

In contrast to the procedure described in Belmain et al. [20], baskets were not restocked after weight

measurements to avoid potential problems in variable grain quality in the baskets compared to rice in

farmer granaries that could affect rodent feeding behaviour.

Figure 3. Baskets made from woven reeds and bamboo filled with rice to assess the rice losses due to rodents.

Weight losses of the rice in the baskets could be influenced by potential moisture changes.

To correct for those changes in moisture content, the following formula was used:

Wa = Wi ∗ (100−MCi)/(100−MC f ) (1)

with Wa being the adjusted weight, Wi initial weight, MCi = initial moisture content (%), and

MCf = the final moisture content (%). All results are reported as adjusted weights.

2.3. Monitoring Rodent Presence

Rodent presence was monitored before, during, and after the treatments in both the rice milling

stations and in the villages for two consecutive days each fortnight using Giving up Densities (GUD)

and tracking tiles. To measure GUDs, open plastic trays of 30× 20× 8 cm were filled with approximately

4 cm local sand within which 25 peanuts were randomly buried [27,28]. The sand was sieved the next

morning in order to count the peanuts eaten, and all trays were restocked to repeat the procedure over

two consecutive nights every fortnight. Each household received one tray, which was placed in an
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area near obvious signs of rodent presence (faeces, holes, damage to storage structures). Tracking

tiles (Figure 4) were used to passively monitor rodent activity and consisted of white ceramic wall

tiles (20 × 30 cm) that were blackened with soot using a smoking paraffin lamp. Two blackened tiles

were placed in each household for two consecutive days each. The percentage area marked by rodent

footprints was determined by placing a transparent plastic sheet marked into 16 cells on top of the

tile (Figure 4B). The number of cells with rodent footprints was expressed as a percentage of the total

number of cells. By calculating the percentage of the tile covered with footprints the relative amount of

rodent activity could be measured [29]. After each count, tiles were re-blackened.

Figure 4. Tracking tiles: (A) with rodent footprints; (B) determining the percentage area marked by

rodent footprints by placing a transparent plastic sheet marked into 16 cells on top of the tile.

2.4. Rodent Control Measures in Villages

Ethical approval and permission for the work were secured through the owners of the mills and the

individuals involved in all the communities. All staff followed international guidelines on the handling

of wild mammals in field research [30] and according to the Netherlands code of scientific practice.

Although the animals used were not laboratory animals, the NCad opinion on “alternative methods

for killing laboratory animals” was followed, as provided by the Netherlands National Committee

for the protection of animals used for scientific purposes [31]. There were four treatments assessed:

(I) control (no treatment); (II) place 20 domestic cats per village. Cats were maintained two each at the

10 households involved in the other monitoring activities [32]. As households had to agree to feed and

maintain the cats, it was not possible to increase this number; (III) anticoagulant rodenticides (Lanirat

containing bromadiolone, Novartis Ltd., Dhaka, Bangladesh), three bait stations per household with

weekly bait replacement; and (IV) daily rodent trapping with four traps per household (using two

snap traps of 14 × 7 cm; Big Snap-E (Kness, Albia, IA, USA), and two locally made live single capture

cage traps measuring 10 × 15 × 33 cm). All traps were baited with banana. Traps were placed in the

afternoon (between 15:00–17:00 h) and re-visited the next morning (between 09:00 and 11:00) to check

for captures. Rodent species were identified according to Aplin et al. [33,34]. Each session took three

months (June–August, and October–December), in which four villages were visited, receiving one of

the four management methods. In each month, rice losses were assessed and rodent presence was

monitored. In 2016, monitoring consisted of measuring GUDs, rice basket losses and tracking tiles;

however, in 2017, a third method of trapping every fortnight for one night in all involved households

was added to monitor rodent species’ presence. In month two and three the rodent control treatments

were conducted alongside the monitoring activities.

2.5. Rodent Control Measures in Rice Mills

Two rice mills were selected for the study. At mill one, rodent control was conducted using domestic

cats. At mill two, no rodent-management was applied (control). Starting in July 2016, two months of

baseline monitoring losses and rodent presence data were collected. Starting in September, 20 cats

were placed at rice milling station no. 1. The number of cats was agreed upon with the mill owner
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who would have to feed the cats. However, the number seemed reasonable based on the size of the

mill and from what is currently known about domestic cat foraging and home range size [35–37].

Thereafter, the rice loss and rodent monitoring was continued for five more months (both locations,

September 2016–January 2017). During months 8 and 9 (February and March 2017) in both mills,

rodent presence was measured by rodent trapping for two consecutive days each fortnight (20 traps in

total consisting of 10 snap and 10 live traps (Big Snap-E, Kness), and locally made live single capture

cage traps measuring 10 × 15 × 33 cm). Rodent trapping was conducted in the warehouse of each

milling station where paddy rice is stored in jute bags.

2.6. Data Analyses

The efficacy of rodent management (presence of cats) in rice mills was assessed using descriptive

statistics only due to lack of replication of the cat treatment, i.e., only one mill with cats and one mill

without cats was followed over time; thus the number of trapped rodents was shown simply split by

rodent species and treatment.

Rodent management in households was empirically replicated, permitting more detailed analysis.

We first present frequency tables of number of captured rodents split by season, village, year, and

rodent species, and tables of average rice loss split by village, year, and time interval. The effect of

rodent management method was studied using a modelling approach for three parameters: (i) amount

of rice eaten by rodents per day, (ii) number of cells (out of 16) per tile with rodent footprints per

night, and (iii) GUD (number of peanuts (out of 25) remaining per night). To quantify the strength

of the pairwise relationships, Spearman rank correlation coefficients were calculated among rice loss

measurements, percentage of tiles marked with footprints (averaged over locations within household

and two consecutive days), and GUDs (averaged over two consecutive days).

All three parameters comprised repeated measurements per household, calling for appropriate

statistical methods that handle correlated responses. To this end we used (generalised) linear mixed

models ((g)lmm), which are described further below. To emphasise the repeated measurements per

household, we produced scatterplots per year-season combination, showing data with observations

from the same household connected by lines and coloured by treatment.

The repeated measurements on the three parameters were obtained as follows: (i) Per household

using weight of baskets filled with rice, recording weights every two weeks. Weights were transformed

into the average amount of rice eaten per day (over the past interval), and log-transformed as

y = log (amount per day +1), leading to approximate normality and constant variance in later analysis;

(ii) Per household using two tiles in two locations scored on the two mornings after the rice basket

weight measurement; (iii) Per household using the GUD data that were recorded twice on the same

two mornings.

The rice-filled baskets were monitored in all households without being assigned a treatment

for four weeks (season 2016-wet) or after two weeks (other seasons), and then assigned a specific

treatment at the village level (control, cats, rodenticide, traps). We labelled the time of application of

the treatment as t = 0. After t = 0 five (2016-wet), two (2016-dry), or four (2017-wet, 2017-dry) data

collection sessions were taken. Longer monitoring was not possible as most farmers do not normally

store rice longer than three months.

The year-season combination was studied in four villages with all ten households per village

receiving the same treatment because rodent control treatments had to be delivered at the village

level. Therefore, the effects of village and treatment may be confounded. Potential inherent differences

between villages were corrected through the analysis of baseline measurements taken before treatments

were implemented to estimate the variability of the responses between villages.

We used an lmm for the log-amount of rice eaten per day, assuming a normal distribution, and

glmms for the counts of marked cells and for the GUD, assuming binomial distributions with logit

link function. The fixed and random parts for these three (g)lmms were largely identical and are

described below.
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The fixed part of the (g)lmms comprised treatment specific quadratic time trends, which were

allowed to be different for year-season combinations. Per year-season combination, these time trends

started from a common intercept at t = 0, as this was the time point when the treatment started. For the

starting phase, a common quadratic time trend was assumed per year-season combination. Checks

were made to see whether cubic time trends were needed.

In the random part of the (g)lmms we introduced the following components: (1) random quadratic

time trends per household to handle the repeated measurements (which makes this mixed model

a random coefficient model), (2) random effects for village-year combinations (largely allowing for

differences in rodent population sizes between villages per year), (3) random effects for village-year-time

combinations (allowing for deviations from a quadratic time trend at village level).

In the binomial glmms extra random effects were introduced to handle binomial overdispersion.

After fitting the (g)lmms we answered the following questions:

(a) Are the treatment time trends different in the four year-season combinations? If so, which

year-season combinations are different?

(b) Are the time trends different between treatments within year-season combinations? If so, which

treatments have different time trends?

(c) Are treatment effects different at specific timepoints within year-season combinations? We checked

here at the timepoints when rice measurements were taken. If so, which treatments are different?

To answer these questions for the lmm, hypothesis tests were made using approximate F-tests

with the Kenward-Roger method (a), followed by user-defined contrasts using F-tests (b), followed by

post-hoc comparisons with the Tukey method (c). For the glmms, likelihood ratio tests were done (a),

followed by user-defined comparisons using chi-square tests (b), and pairwise comparisons using Wald

tests with the Tukey method (c). Results for these approaches are available as supplemental material.

All statistical analyses were performed using R version 3.6.1 (R Core team, Vienna, Austria); (g)lmm

were fitted using package lme4 [38] and compared using package pbkrtest [39]; user-defined contrasts

were made using package car [40]; treatment comparisons were made using package emmeans [41];

plots were produced using package ggplot2 [42].

3. Results

In total, 210 rodents were captured from inside people’s homes (Table 1). Rattus rattus was present

in almost all villages, and trapped most often (43.3%), followed by Mus musculus (35.7%) and Bandicota

bengalensis (12.4%).

In 2016 villages A-D were visited nine times, whereas villages E-H were visited five times. For

2017 adjustments to the original planning were made such that all villages (A–H) were visited six

times. In 2016, all villages experienced similar losses, ranging from 677.9 g loss per basket per month

to 846.5 g loss per month (13.6–16.9%) from the basket stored within the household (Table 2). In 2017,

the losses were lower, ranging from 29.1 g per month to 107.9 g eaten per month (0.6–2.2%).

When comparing the three monitoring methods against the four treatments, the rice loss and

tracking tiles showed the highest Spearman rank correlation (r = 0.75, n = 959), followed by GUDs and

tracking tiles (r = 0.73, n = 1120), and rice loss and GUDs (r = 0.63, n = 959, see also in Supplementary

Materials File S1). Treatments that are significantly different at individual time points (days from

start of intervention) indicate which monitoring methods are generally more effective in assessing the

impact of the rodent management treatments (Table 3). As expected, treatments are more likely to be

different from each other at later time points.
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Table 1. Number and species of rodents captured inside households of the participating villages in

Bangladesh, over the wet and dry seasons of 2016 and 2017. The village letters A to H are between

brackets after the village names.

Season. Village, Year Treatment
Total Number

Captured
Bandicota
bengalensis

Bandicota
indica

Mus
musculus

Mus
terricolor

Rattus
exulans

Rattus
rattus

W
et

Laksmipur (A) Trapping
2016 64 10 0 24 0 0 30
2017 21 0 0 13 0 5 3

Comalla (B) Cats
2017 8 1 0 2 0 5

Kadamtoly (C) Rodenticides
2017 5 0 0 0 1 0 4

Monahpur (D) Control
2017 23 11 0 3 0 0 9

Subtotal 121 22 0 42 1 5 51

D
ry

Maruali (E) Trapping
2016 42 0 6 20 0 2 14
2017 39 3 3 10 1 22

West Maruali (F) Cats
2017 3 0 0 2 0 0 1

Nagar Kandi (G) Rodenticides
2017 2 1 0 1 0 0 0

Baro Char (H) Control
2017 3 0 0 0 0 0 3

Subtotal 89 4 9 33 1 2 40

Total 210 26 9 75 2 7 91

Table 2. Average amount of stored rice-loss in Bangladesh households per interval (14 days), n = 10

baskets per village.

Mean (± SD) Losses (g) Per Village (Treatment Between Brackets)

2016

Interval
Laksmipur
(Trapping)

Comalla
(Cats)

Kadamtoly
(Rodenticides)

Monahpur
(Control)

Maruali
(Trapping)

West Maruali
(Cats)

Nagar Kandi
(Rodenticides)

Baro Char
(Control)

1 1046.8 ± 13.4 690.0 ± 133.3 1051.4 ± 11.7 963.9 ± 140.7 224.2 ± 83.1 255.5 ± 81.0 227.2 ± 45.7 270.4 ± 52.6
2 557.9 ± 58.1 294.0 ± 61.1 554.1 ± 53.9 781.2 ± 175.9 459.9 ± 90.0 330.9 ± 83.3 374.9 ± 56.0 367.2 ± 66.2
3 290.9 ± 57.6 889.1 ± 117.1 291.5 ± 62.3 495.7 ± 237.7 408.4 ± 75.4 349.1 ± 35.2 434.4 ± 76.2 398.3 ± 32.1
4 400.9 ± 85.9 433.3 ± 127.1 398.0 ± 86.8 274.4 ± 159.0 572.5 ± 91.5 465.7 ± 72.1 319.2 ±71.3 451.9 ± 148.0
5 417.1 ± 57.8 451.7 ± 62.4 416.5 ± 35.6 206.5 ± 149.4
6 299.7 ± 40.3 262.1 ± 68.1 270.1 ± 51.5 173.6 ± 48.4
7 111.9 ± 30.9 159.8 ± 48.0 101.3 ± 49.3 219.5 ± 45.4
8 61.3 ± 35.7 162.8 ± 53.9 71.0 ± 14.5 270.9 ± 56.6

2017

Laksmipur Comalla Kadamtoly Monahpur Maruali West Maruali Nagar Kandi Baro Char

1 60.5 ± 11.5 60.1 ± 12.1 54.0 ± 8.1 61.7 ± 13.3 32.4 ± 5.4 24.5 ± 2.4 22.5 ± 3.0 27.8 ± 5.2
2 36.8 ± 9.3 42.6 ± 15.1 38.4 ± 9.4 38.7 ± 12.8 15.2 ± 5.9 14.7 ± 6.5 11.8 ± 5.8 11.2 ± 6.1
3 60.2 ± 19.4 47.1 ± 9.3 41.7 ± 11.3 50.9 ± 10.0 17.9 ± 4.1 15.4 ± 4.8 13.4 ± 5.4 13.9 ± 4.9
4 78.6 ± 22.0 45.5 ± 8.9 40.9 ± 7.1 51.8 ± 22.3 14.3 ± 6.0 12.6 ± 6.8 14.1 ± 8.0 14.6 ± 4.3
5 44.7 ± 11.1 51.7 ± 9.8 42.9 ± 6.6 53.0 ± 22.2 11.6 ± 5.7 9.5 ± 3.4 10.1 ± 7.2 11.6 ± 4.7
6 43.1 ± 17.5 51.3 ± 28.5 44.2 ± 12.1 32.7 ± 9.2 14.8 ± 5.4 11.2 ± 4.5 16.6 ± 5.3 13.4 ± 5.6
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Table 3. Time points (t= days from start of intervention) where comparisons across treatments indicated

that some monitoring methods are more likely to point to statistical differences among treatments than

others. Pairwise comparisons between the four treatments were made for each timepoint, using the

Tukey method with α = 0.05. Values in the same column followed by the same letter are not statistically

different from each other.

2016-Wet 2017-Wet

Rice Loss Tiles GUD Tiles

t = 14

Control a a a c
Cats b a a a,b

Rodenticide b a a a
Traps b a a b,c

t = 28

Control a a a c
Cats a,b a a a,b

Rodenticide a,b a a a
Traps b a a b,c

t = 42

Control a a a b
Cats a a a a,b

Rodenticide a a a a
Traps a a a b

t = 56

Control a b b a
Cats a a b a

Rodenticide a a a,b a
Traps a a a a

t = 67

Control c b b
Cats b,c a b

Rodenticide a,b a a,b
Traps a a a

3.1. Stored Rice Losses

3.1.1. Villages

The treatment trends of daily rice loss over time showed significant differences among year-season

combinations (Figure 5), when comparing all four year-season combinations simultaneously (p < 0.0001,

F = 83.9, df = 27 and 9.7) as well as individual pairwise comparisons (all six pairwise comparisons

p < 0.0001, see Supplementary Materials File S1, p. 6–8).

An analysis of data from the wet season of 2016 (Figure 6) indicated that rodent management

interventions were different (p = 0.0017, F = 9.7, df = 6 and 8.9, see Supplementary Materials File S1, p. 9).

When comparing the responses on rice loss between the treatments at specific time points,

significant differences were found. At 14 days after the start of the treatments, the untreated control

group differed from the three treatment types and showed unexpectedly significant lower loss of rice

per day (Figure 6). Over time the difference reversed, with lower loss of rice per day in the treatment

groups. At 67 days after the start of the treatment (the final measurement day), significantly more rice

was eaten per day in the control group than in the rodenticide group (t = 4.45, p = 0.006, df = 29.7) and

trap treatment group (t = 4.79, p = 0.0002, df = 29.7), while the difference between the control and cat

group was not significant (t = 2.13, p = 0.1658, df = 29.7, see Supplementary Materials File S1, p. 12).

By the end there were also differences between the three treatments; the use of traps resulted in less

rice loss per day compared to the use of cats (t = 2.695, p = 0.046, df = 49.3).
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Figure 5. Figure 5. Amount of rice loss per day by rodents taken from baskets placed in farmer stores,

split by year and season. Lines connect observations from the same experimental units (baskets) over

time (days).

Figure 6. Rice loss by rodents per day from baskets of rice in farmer stores during the wet season of

2016. Estimated time trend lines for each treatment were generated by a mixed model (see Section 2.6),

with shaded areas representing 95% confidence bands, indicating that treatments had an effect on

reducing rodent losses compared to the untreated control by the end of the storage period.

3.1.2. Tracking Tiles

The treatment time trends assessing the percentage of tiles marked with rodent footprints on

tracking tiles placed in the villages differed significantly amongst year-season combinations when

comparing all four year-season combinations simultaneously (p < 0.0001, X2 = 323.4, df = 27) as well as

through pairwise comparisons (Figure 7; p < 0.0001 for all pairs, see details in Supplementary Materials

File S1, p. 22–25).
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Figure 7. Percentage of tracking tiles marked with rodent footprints, using average values from two

locations and two consecutive observation days (n = 4), split by year and season. Lines connect

observations of rodent activity from the same households over time (days).

For the tracking tile data collected, there were differences in rodent activity observed over time

among treatments in both wet seasons (2016 p < 0.0001, X2 = 29.5 df = 6, and 2017 p < 0.0001, X2 = 33.0,

df = 6). When comparing the percentage of tiles marked with footprints, the final assessments at 56

and at 67 days since the start of the trial in the wet season of 2016 showed that there was significantly

more rodent activity in the untreated control treatment than in the other treatment villages (Figure 8).

Figure 8. Percentage of tracking tiles marked with rodent footprints, using average values from two

locations and two consecutive observation days (n = 4), in the wet season of 2016. Estimated time trend

lines for each treatment were generated by a generalised linear mixed model (described in M&M),

with shaded areas representing 95% confidence bands for the predicted mean response, indicating that

treatments had an effect on reducing rodent losses compared to the untreated control by the end of the

storage period.
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Tracking tile data from the wet season of 2017 indicated there were significant differences in

treatment effects on the tracking tiles for 14, 28, and 42 days after the start of the treatments (see

Supplementary Materials File S1, p. 30–38). The most effective method for 14, 28, and 42 days after the

start of the treatments was the use of rodenticide.

3.1.3. Giving Up Densities

The treatment time trends assessing the percentage of tiles marked with rodent footprints on

tracking tiles placed in the villages differed significantly amongst year-season combinations when

comparing all four year-season combinations simultaneously (p < 0.0001, X2 = 224.3, df = 27).

Data on the number of peanuts eaten by rodents from the GUD monitoring in village households

indicated the treatments varied over time during the two seasons of 2016 (p < 0.0001, X2 = 115.78,

df = 9 Figure 9), but that there was no such observed difference in the 2017 wet and dry seasons

(p = 0.114, chi 14.23, df = 9, more details can be found in the Supplementary Materials File S1, p. 46).

Figure 9. Percentage of peanuts eaten by rodents per day (averaged over two consecutive observation

days) in a giving up density monitoring trial, split by year and season. Lines connect observations

from the same household over time (days).

When comparing the GUD data at specific time points, significant differences were found only

in the wet season of 2016 at the final data collection times of 56 and 67 days after the start of the

trial, where the untreated control group showed significantly higher GUDs than the trap treatments

(at 56 days: p = 0.002, Z = 3.6, at 67 days: p = 0.0036, Z = 3.4) (Figure 10).
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Figure 10. Percentage of peanuts eaten by rodents per day (averaged over two consecutive observation

days) in a giving up density monitoring trial in the wet season of 2016. Estimated time trend lines for

each treatment were generated by a generalised linear mixed model (described elsewhere) with shaded

areas representing 95% confidence bands for the predicted mean response. By the end of the storage

period, the number of peanuts eaten from the GUD in the trapping and rodenticide treatments was

marginally lower than the number eaten in the untreated control GUD.

3.1.4. Rice Milling Stations

In the rice mills, there was no substantial effect observed from the introduction of cats (Figure 11).

Although it was not possible to replicate the data with different sites or seasons, the trend in rice

losses did seem to reduce by 5–10% shortly after the placement of the cats in the mill. Furthermore,

mill workers made the observation that it seemed there were fewer rodents around after the cats

were introduced.

Figure 11. Fortnightly measurements of the cumulative weight loss (g) of stored rice removed by

rodents from baskets placed in two rice mills (one without rodent control and one with rodent control

by cats) from July 2016 to March 2017.
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The tracking tiles and the GUDs placed in the mills showed no clear patterns and no changes after

introducing the cats in one of the two mills. However, during the trapping phase in the end of the

study, more rodents were trapped in the untreated control mill (48 rodents) than in the mill where cats

were introduced for rodent management (20 rodents), with the same trapping intensity at both sites

(Table 4).

Table 4. Rodents trapped in two rice mills in Bangladesh.

Rice Mills

Species Control Cats

Rattus rattus 12 7
Mus musculus 16 5

Bandicota
bengalensis

13 4

Rattus exulans 7 1
Mus terricolor 0 3

Total 48 20

4. Discussion

All households across all villages experienced similar losses, ranging from 13.6% to 16.9% loss

per month from the baskets stored within the household in 2016, and in 2017 the losses were lower,

ranging from 0.6% to 2.2% per month. Discussions with farmers suggest the lower losses experienced

in 2017 may be due to more severe monsoonal flooding between these years in comparison to the

monsoon prior to 2016, which resulted in less flooding. Flood waters will naturally reduce rodent

habitat and rodent numbers, and thus may account for the differences observed in our data between

the two years [43]. National statistics indicate that in 2013 the annual mean consumption of rice per

person per month was 14.3 kg, or approximately 500 g per day [44]. From our 2016 data showing an

average loss of 796.6 g/month, the lost rice could feed one person for almost two days extra each month.

Research of Htwe et al. [9] in Myanmar also found differences in loss of grain across seasons; in 2013

they observed losses of 14% and 8.2% in two different villages and a year later in 2014 they observed

losses of 4% and 1.2% in the same communities. Seasonal variations in such measurements should

be expected and can be attributed to a number of factors that would influence the amount of rice

produced and rodent population abundance, e.g., severity of monsoon flooding or rice crop growing

conditions and yield. Longer-term studies would be required to understand the drivers of inter-annual

variations in post-harvest losses caused by rodents. A study in Laos on rice loss by rodents found that

losses were higher in the dry season compared to the wet season (10.3% and 7.4%, respectively) [10].

Our data are inconclusive in this respect, with no clear trend in losses observed between wet and dry

seasons, and this may be due to relatively stable year-round rodent populations found in Bangladesh

villages compared to more fluctuating populations in Laos [8,45].

With respect to rodent management methods we found that the main rodent pests in village

households were Rattus rattus, followed by Mus musculus, and Bandicota bengalensis. This is in line

with findings from Bangladesh [46], India [47], Pakistan [48], and Myanmar [9,18], where R. rattus and

B. bengalensis were also found to be the main rodent pests. During the dry season, fewer rodents were

trapped (n = 89) than during the wet season (n = 121), which agrees with what is known about these

rodent species’ breeding and population dynamics [34].

It was expected that there would be steeper declines in the amount of rice in the baskets in

the untreated control households compared to locations where a rodent management treatment was

conducted. However, this was only observed in the wet season of 2016, where time trend differences

were found between treatments. In order to make solid statements about which rodent management

method is most efficient, the monitoring period should have been at least one month longer, as we

began to see an effect near the end of the monitoring period (67 days after starting the treatments).

However, many farmers do not store their rice longer than this, so extending the monitoring may lead
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to further confounding evidence. Our data on the time taken to observe potential benefits of rodent

control on post-harvest losses suggest that management impacts may be more strongly observed

if rodent control was implemented several months before rice was harvested and stored, allowing

time for the rodent population to reduce before the storage period. From the management options

applied, the use of rodenticides and daily trapping resulted in lower losses of rice in the baskets. As no

statistical difference between these two management methods was observed, we recommend the use of

daily trapping as a rodent pest management tool, as this is a non-toxic, sustainable method that costs

less than rodenticide use, particularly as purchased traps can last for many years. Furthermore, the

use of rodenticides is known to have a negative impact on the environment, where non-target species,

including humans, can be affected [49,50], and where problems with development of rodenticide

resistance are growing globally [51]. Other studies on rodent management methods also found daily

rodent removal trapping to be effective [8,52,53]. A study from Uganda showed that the impact of

trapping was highly effective but that the benefits disappear shortly after cessation of trapping [52].

Therefore, it is recommended that farming communities establish continuous trapping programmes in

order to keep the rodent pest population at low levels. The intensity of trapping in terms of number of

traps per household and type of trap to use would require some further investigation in collaboration

with farming communities.

For both the villages and the rice mill, there was no significant effect of the placement of cats on

the amount of rice lost from the baskets. However, when looking at the data from the mill, we observed

that cat presence had a slight effect on the basket weight loss shortly after the introduction of the

cats. Although the cats were fed daily to keep them in and around the households and mill, we think

many of the cats strayed away during the trial monitoring period, and both the feeding and the

dispersal of cats are likely to have influenced their potential predation impact. New innovations in

low energy blue tooth tracking systems and GPS collars could be used to increase our understanding

of domestic cat foraging activity and home ranges [49,50]. Despite the fact that some rodent species

in Bangladesh are larger than cats, e.g., Bandicota indica, the presence of domestic predators could

make effective contributions to an integrated rodent management strategy [51,52]. However, more

research is required to understand the potential impacts of domestic cats on rodent pests in different

local contexts. Mahlaba et al. [51] found no effect on rodent feeding in a GUD study when cats alone

were present around homesteads; however, when cat presence was combined with the presence of

dogs around homesteads, GUD data showed significant reductions in rodent foraging activity.

In our study the baskets with rice were not topped up after each measurement period, and it could

be argued that this could reduce the attractiveness of rodents to the baskets over time through increased

contamination with rodent droppings and urine. However, the farmer granaries where the baskets

are placed are also subject to increased contamination over time, so topping up the baskets every

fortnight could change the relative attractiveness of the baskets compared to the rice present in the

farmers’ own granary, thus increasing the attractiveness of the rice in the baskets over time. Although

this aspect of the methodology requires further research using context specific choice tests, we argue

that the over-riding feeding behaviour will be influenced more strongly by relative contamination

levels between rice in the basket and the farmer granary, which is more adequately controlled by not

topping up the baskets. Another parameter with which it is difficult to control potential variation is

biotic/abiotic conditions between the villages. All the villages involved were less than 10 km apart

with similar socio-economic, cultural, geographic, and agricultural conditions. However, involved

households varied from each other with respect to distance to roads, ponds, cropping areas, abundance

of trees, etc., that could potentially skew variations in rodent abundance. We argue that our analysis

has been able to correct for this in the glmm model due to our collection of monitoring data for 2–4

weeks before rodent management interventions started in each season and year.

When comparing the three rodent monitoring methods we found that the GUDs and tracking tiles

showed similar results. Based on our results we would suggest to use tracking tiles for monitoring as

they are relatively easy to implement, whilst other research confirms that rodent activity measured with
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tracking tiles correlates very well with rodent abundance [29]. Another benefit of using tracking tiles is

that rodent activity is passively measured, compared to the use of GUDs or rice baskets, which may

attract rodents, or removal trapping that will reduce the population. The relative weakness of the GUDs

in comparison to the other methods used may be due to the fact that they are in feeding competition

with the much larger farmer grain store where the rice baskets are and where the rice is provided

entirely open without the need to spend effort finding the peanuts in the GUD. However, GUDs can

provide insights into the feeding behaviour and habitat preferences of animals by giving an index of

the costs of foraging in a given area as well as changes in population abundance [53]. Unfortunately,

our use of different monitoring methods was unable to untangle the potential effects of predation by

cats on reduced foraging by rodents vs. lower rodent populations induced by trapping or rodenticides.

Besides predation, the presence of natural predators can induce innate fear responses [54,55]. Predator

cues such can be through vision, olfaction, and sensing [56]. In the current study, there could have

been an effect of the cat cues on the rodent presence, although it would have been difficult to truly test

these effects due to the low replication of the cat sites. For further research it would be valuable to

measure the effect of predator presence on rodent presence.

In conclusion, our data confirm that post-harvest losses caused by rodents in rural communities

are significant and exacerbate food insecurity and food safety issues. We recommend that rodent pests

are continuously controlled by the use of snap traps, which will ensure the rodent population is already

low at the start of each storage period. Improving household granaries in Bangladesh to make the

structures rodent proof through the addition of lids could also reduce stored food losses and increase

human health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/9/1612/s1,
File S1: Mixed model analysis of rodent management in Bangladesh.

Author Contributions: Conceptualization, I.M.K., S.R.B. and B.G.M.; methodology, I.M.K., S.R.B., G.G., R.B.S.
and B.G.M.; formal analysis, G.G. and I.M.K.; investigation, I.M.K.; resources, P.W.G.G.K., S.R.B. and B.G.M.;
writing—original draft preparation, I.M.K.; writing—review and editing, S.R.B., B.G.M., P.W.G.G.K. and G.G.;
visualization, I.M.K. and G.G.; supervision, P.G.K. and B.G.M.; funding acquisition, S.R.B. and B.G.M. All authors
have read and agreed to the published version of the manuscript.

Funding: Funding for this work was obtained through a grant to Steven R. Belmain and Bastiaan G. Meerburg
from the Netherlands Organisation for Scientific Research (grant # W08.270.301).

Acknowledgments: The authors acknowledge the considerable technical support provided by the research staff
of the Association for Integrated Development–Comilla (AID-Comilla), with special thanks to Abul Kalam Azad,
Abu Baker, Badruddoza Bappy, and Saiful Haque. The authors sincerely thank the owners of the rice mills for
their kind cooperation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Food and Agriculture Organization of the United Nations (FAO); United Nations International Children’s

Emergency Fund (UNICEF); World Health Organization (WHO); World Food Programme (WFP);

International Fund for Agriculture Development (IFAD). The State of Food Security and Nutrition in the

World 2018: Building Climate Resilience for Food Security and Nutrition; FAO: Rome, Italy, 2018.

2. Singleton, G.R. Impacts of Rodents on Rice Production in Asia; International Rice Research Institute: Los Banos,

Philippines, 2003; pp. 1–30.

3. Meerburg, B.G.; Singleton, G.R.; Kijlstra, A. Rodent-borne diseases and their risks for public health. Crit. Rev.

Microbiol. 2009, 35, 221–270. [CrossRef] [PubMed]

4. Food and Agriculture Organization of the United Natio (FAO). Country Briefs. Bangladesh. 2018.

Available online: http://www.fao.org/giews/countrybrief/country.jsp?code=BGD (accessed on 14 May 2020).

5. Meerburg, B.G.; Singleton, G.R.; Leirs, H. The Year of the Rat ends—Time to fight hunger! Pest. Manag. Sci.

2009, 65, 351–352. [CrossRef] [PubMed]

6. Parshad, V.R. Rodent Control. in India. Integr. Pest Manag. Rev. 1999, 4, 97–126. [CrossRef]

http://www.mdpi.com/2076-2615/10/9/1612/s1
http://dx.doi.org/10.1080/10408410902989837
http://www.ncbi.nlm.nih.gov/pubmed/19548807
http://www.fao.org/giews/countrybrief/country.jsp?code=BGD
http://dx.doi.org/10.1002/ps.1718
http://www.ncbi.nlm.nih.gov/pubmed/19206089
http://dx.doi.org/10.1023/A:1009622109901


Animals 2020, 10, 1612 17 of 19

7. Mian, Y.; Ahmed, S.; Brooks, J.E. Small mammals and stored food losses in farm households in Bangladesh.

Crop. Protec. 1987, 6, 200–203. [CrossRef]

8. Belmain, S.R.; Htwe, N.M.; Kamal, N.Q.; Singleton, G.R. Estimating rodent losses to stored rice as a means to

assess efficacy of rodent management. Wildl. Res. 2015, 42, 132–142. [CrossRef]

9. Htwe, N.M.; Singleton, G.R.; Maw, P.P. Post-harvest impacts of rodents in Myanmar; How much rice do they

eat and damage? Pest. Manag. Sci. 2016, 73, 318–324. [CrossRef]

10. Brown, P.R.; McWilliam, A.; Khamphoukeo, K. Post-harvest damage to stored grain by rodents in village

environments in Laos. Int. Biodeterior. Biodegrad. 2013, 82, 104–109. [CrossRef]

11. Taylor, P.J.; Downs, S.; Monadjem, A.; Eiseb, S.J.; Mulungu, L.S.; Massawe, A.W.; Mahlaba, T.A.; Kirsten, F.;

von Maltitz, E.; Malebane, P.; et al. Experimental treatment-control studies of ecologically based rodent

management in Africa: Balancing conservation and pest management. Wildl. Res. 2012, 39, 51–61. [CrossRef]

12. John, A. Rodent outbreaks and rice pre-harvest losses in Southeast. Asia Food Sec. 2014, 6, 249–260. [CrossRef]

13. Krijger, I.M.; Belmain, S.R.; Singleton, G.R. The need to implement the e of fear within rodent pest management

strategies. Pest. Manag. Sci. 2017, 73, 2397–2402. [CrossRef]

14. Ognakossan, K.E.; Affognon, H.D.; Mutungi, C.M.; Sila, D.N.; Midingoyi SK, G.; Owino, W.O. On-farm

maize storage systems and rodent postharvest losses in six maize growing agro-ecological zones of Kenya.

Food Sec. 2016, 8, 1169–1189. [CrossRef]

15. Mdangi, M.; Mulungu, L.S.; Massawe, A.W.; Eiseb, S.J.; Tutjavi, V.; Kirsten, F.; Mahlaba, T.; Malebane, P.; von

Maltitz, E.; Monadjem, A.; et al. Assessment of rodent damage to stored maize (Zea mays L.) on smallholder

farms in Tanzania. Int. J. Pest Manag. 2013, 59, 55–62. [CrossRef]

16. Pye, T.; Swain, R.; Seppelt, R.D. Distribution and habitat use of the feral black rat (Rattus rattus) on subantarctic

Macquarie Island. J. Zool. 1999, 247, 429–438. [CrossRef]

17. Maqbool, S. Burrowing Characteristics and Food Hoarding Behaviour of Bandicota bengalensis wardi Wroughton

in Wheat Fields, Muzaffarabad, Azad Jammu and Kashmir, Pakistan. Pak. J. Zool. 2011, 43, 987–992.

18. Brown, P.R.; Yee, N.; Singleton, G.R.; Kenney, A.J.; Htwe, N.M.; Myint, M.; Aye, T. Farmers’ knowledge,

attitudes, and practices for rodent management in Myanmar. Int. J. Pest Manag. 2008, 54, 69–76. [CrossRef]

19. Aplin, K.; Brown, P.R.; Singleton, G.R.; Douangboupha, B.; Khamphoukheo, K. Rodents in the rice

environments of Laos. In Rice in Laos; International Rice Research Institute: Los Banos, Philippines, 2006;

pp. 291–308.

20. Belmain, S.R.; Jiggins, J.; Röling, N.; van den Berg, H.; Snijders, P. Ecologically based rodent management

for rice-based cropping systems in Bangladesh. In Perspectives on Pests II: Achievements of Research under

the UK Department for International Development Crop Protection Programme 2000–2005; Natural Resources

International: London, UK, 2006; pp. 179–181.

21. Mathur, R.; Prakash, I. Reduction in population of Indian desert rodents with anticoagulant rodenticides.

Proc. Anim. Sci. 1984, 93, 585–589. [CrossRef]

22. Capizzi, D.; Bertolino, S.; Mortelliti, A. Rating the rat: Global patterns and research priorities in impacts and

management of rodent pests. Mamm. Rev. 2014, 44, 148–162. [CrossRef]

23. Shahid, S. Recent trends in the climate of Bangladesh. Clim. Res. 2010, 42, 185–193. [CrossRef]

24. Stiller-Reeve, M.A.; Syed, M.A.; Spengler, T.; Spinney, J.A.; Hossain, R. Complementing Scientific Monsoon

Definitions with Social Perception in Bangladesh. Bull. Am. Meteorol. Soc. 2015, 96, 49–57. [CrossRef]

25. Rasul, G. Ecosystem services and agricultural land-use practices: A case study of the Chittagong Hill Tracts

of Bangladesh. Sustain. Sci. Pract. Policy 2009, 5, 15–27. [CrossRef]

26. Hasan, M.; Abedin, M.Z.; Islam, T.; Rahman, M.Z. Traditional rice storage facilities and options for safe

storage: A study in some selected flood-prone areas under Bhola district. J. Bangladesh Agric. Univ. 2015, 13,

125–130. [CrossRef]

27. Wheeler, H.C.; Hik, D.S. Giving-up densities and foraging behaviour indicate possible effects of shrub

encroachment on arctic ground squirrels. Anim. Behav. 2014, 95, 1–8. [CrossRef]

28. Morgan, R.A.; Brown, J.S. Using Giving-Up Densities to Detect. Search Images. Am. Nat. 1996, 148,

1059–1074. [CrossRef]

29. Hacker, K.P.; Minter, A.; Begon, M.; Diggle, P.J.; Serrano, S.; Reis, M.G.; Childs, J.E.; Ko, A.I.; Costa, F. A

comparative assessment of track plates to quantify fine scale variations in the relative abundance of Norway

rats in urban slums. Urban Ecosyst. 2016, 19, 561–575. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0261-2194(87)90012-3
http://dx.doi.org/10.1071/WR14189
http://dx.doi.org/10.1002/ps.4292
http://dx.doi.org/10.1016/j.ibiod.2012.12.018
http://dx.doi.org/10.1071/WR11111
http://dx.doi.org/10.1007/s12571-014-0338-4
http://dx.doi.org/10.1002/ps.4626
http://dx.doi.org/10.1007/s12571-016-0618-2
http://dx.doi.org/10.1080/09670874.2012.744495
http://dx.doi.org/10.1111/j.1469-7998.1999.tb01006.x
http://dx.doi.org/10.1080/09670870701474047
http://dx.doi.org/10.1007/BF03186308
http://dx.doi.org/10.1111/mam.12019
http://dx.doi.org/10.3354/cr00889
http://dx.doi.org/10.1175/BAMS-D-13-00144.1
http://dx.doi.org/10.1080/15487733.2009.11908032
http://dx.doi.org/10.3329/jbau.v13i1.28728
http://dx.doi.org/10.1016/j.anbehav.2014.06.005
http://dx.doi.org/10.1086/285971
http://dx.doi.org/10.1007/s11252-015-0519-8
http://www.ncbi.nlm.nih.gov/pubmed/27453682


Animals 2020, 10, 1612 18 of 19

30. Sikes, R.S.; Gannon, W.L. Guidelines of the American Society of Mammalogists for the use of wild mammals

in research. J. Mammal. 2011, 92, 235–253. [CrossRef]

31. Netherlands National Committee for the Protection of Animals Used for Scientific Purposes (NCad).

Alternative Methods for Killing Laboratory Animals: For Careful Consideration in Structurally Departing from the

Described Methods; Koëter, H., Ed.; NCad: The Hague, The Netherlands, 2015; p. 44.

32. Bengsen, A.J.; Butler, J.A.; Masters, P. Applying home-range and landscape-use data to design effective

feral-cat control programs. Wildl. Res. 2012, 39, 258–265. [CrossRef]

33. Aplin, K.P.; Frost, A.; Tuan, N.P.; Lan, L.P.; Hung, N.M. Identification of rodents of the genus Bandicota in

Vietnam and Cambodia. ACIAR Monogr. Ser. 2003, 96, 531–535.

34. Aplin, K.P.; Rown, P.R.; Jacob, J.; Krebs, C.J.; Singleton, G. Field Methods for Rodent Studies in Asia and the

Indo-Pacific; Australian Centre for International Agricultural Research: Canberra, Australia, 2003.

35. Thomas, R.L.; Baker, P.J.; Fellowes, M.D.E. Ranging characteristics of the domestic cat (Felis catus) in an urban

environment. Urban Ecosyst. 2014, 17, 911–921. [CrossRef]

36. Horn, J.A.; Mateus-Pinilla, N.; Warner, R.E.; Heske, E.J. Home range, habitat use, and activity patterns of

free-roaming domestic cats. J. Wildl. Manag. 2011, 75, 1177–1185. [CrossRef]

37. Barratt, D.G. Home range size, habitat utilisation and movement patterns of suburban and farm cats Felis catus.

Ecography 1997, 20, 271–280. [CrossRef]

38. Brown, P.; Htwe, N.M.; Jacob, J.; Mulungu, L.; Singleton, G.R.; Stuart, A.; Douangboupha, B.; Phung, N.T.M.

Control of rodent pests in rice cultivation. In Achieving Sustainable Cultivation of Rice; Taylor & Francis Group:

Abingdon, UK, 2017; pp. 343–376.

39. Food and Agriculture Organization of the United Nations (FAO); International Fund for Agriculture

Development (IFAD); World Food Programme (WFP). The State of Food Insecurity in the World 2015: Meeting

the 2015 International Hunger Targets: Taking Stock of Uneven Progress; FAO: Rome, Italy, 2015.

40. Douangboupha, B.; Brown, P.R.; Khamphoukeo, K.; Aplin, K.P.; Singleton, G.R. Population Dynamics of

Rodent Pest Species in Upland Farming Systems of Lao PDR. Kasetsart J. 2009, 43, 125–131.

41. Chakma, N.; Sarker, N.J.; Belmain, S.; Sarker, S.U.; Aplin, K.; Sarker, S.K. New records of rodent species in

Bangladesh: Taxonomic studies from rodent outbreak areas in the Chittagong hill tracts. Bangladesh J. Zool.

2018, 46, 217–230. [CrossRef]

42. Santra, L.B.; Manna, C.K. Studies of some aspects of rodent ecology in the four districts of the gangetic plain

of West Bengal, India. Univ. J. Zool. Rajshahi Univ. 2008, 27, 85–90. [CrossRef]

43. Rehman, Q.S.U.; Ali, K.W.; Ali, W.S.M.; Waqar, M.; Muhammad, N.; Abdul, S.; Ullah, K.A. Damage impact of

vertebrate pests on different crops and stored food items. GSC Biol. Pharm. Sci. 2019. [CrossRef]

44. Smith, R.; Shore, R. Environmental Impacts of Rodenticides. In Rodent Pests and Their Control; Buckle, A.P.,

Smith, R.H., Eds.; Centre for Agriculture and Bioscience International (CABI): Wallingford, UK, 2015.

45. Elmeros, M.; Bossi, R.; Christensen, T.K.; Kjær, L.J.; Lassen, P.; Topping, C.J. Exposure of non-target small

mammals to anticoagulant rodenticide during chemical rodent control operations. Environ. Sci. Pollut. Res.

2019, 26, 6133–6140. [CrossRef] [PubMed]

46. Jacob, J.; Buckle, A. Use of Anticoagulant Rodenticides in Different Applications Around the World.

In Anticoagulant Rodenticides and Wildlife; van den Brink, N.W., Elliott, J.E., Shore, R.F., Rattner, B.A., Eds.;

Springer: Cham, Switzerland, 2018; pp. 11–43.

47. Eisen, R.J.; Atiku, L.A.; Boegler, K.A.; Mpanga, J.T.; Enscore, R.E.; MacMillan, K.; Gage, K.L. An Evaluation

of Removal Trapping to Control Rodents Inside Homes in a Plague-Endemic Region of Rural Northwestern

Uganda. Vector-Borne Zoonotic Dis. 2018, 18, 458–463. [CrossRef] [PubMed]

48. Mari Saez, A.; Cherif Haidara, M.; Camara, A.; Kourouma, F.; Sage, M.; Magassouba, N.F.; Fichet-Calvet, E.

Rodent control to fight Lassa fever: Evaluation and lessons learned from a 4-year study in Upper Guinea.

PLoS Negl. Trop. Dis. 2018, 12, e0006829. [CrossRef] [PubMed]

49. Berkvens, R.; Olivares, I.H.; Mercelis, S.; Kirkpatrick, L.; Weyn, M. Contact Detection for Social Networking of

Small Animals; Springer: Cham, Switzerland, 2019.

50. Matthews, A.; Ruykys, L.; Ellis, B.; FitzGibbon, S.; Lunney, D.; Crowther, M.S.; Glen, A.S.; Purcell, B.;

Moseby, K.E.; Stott, J.; et al. The success of GPS collar deployments on mammals in Australia. Aust. Mammal.

2013, 35, 65–83. [CrossRef]

51. Mahlabla, T.A.A.; Monadjem, A.; McCleery, R.; Belmain, S.R. Domestic cats and dogs create a landscape of

fear for pest rodents around rural homesteads. PLoS ONE 2017, 12, e0171593. [CrossRef]

http://dx.doi.org/10.1644/10-MAMM-F-355.1
http://dx.doi.org/10.1071/WR11097
http://dx.doi.org/10.1007/s11252-014-0360-5
http://dx.doi.org/10.1002/jwmg.145
http://dx.doi.org/10.1111/j.1600-0587.1997.tb00371.x
http://dx.doi.org/10.3329/bjz.v46i2.39055
http://dx.doi.org/10.3329/ujzru.v27i0.1961
http://dx.doi.org/10.30574/gscbps.2019,6.1.0162
http://dx.doi.org/10.1007/s11356-018-04064-3
http://www.ncbi.nlm.nih.gov/pubmed/30617892
http://dx.doi.org/10.1089/vbz.2018.2276
http://www.ncbi.nlm.nih.gov/pubmed/29768127
http://dx.doi.org/10.1371/journal.pntd.0006829
http://www.ncbi.nlm.nih.gov/pubmed/30399142
http://dx.doi.org/10.1071/AM12021
http://dx.doi.org/10.1371/journal.pone.0171593


Animals 2020, 10, 1612 19 of 19

52. Davies, H.F.; McCarthy, M.A.; Firth, R.S.C.; Woinarski, J.C.Z.; Gillespie, G.R.; Andersen, A.N.; Geyle, H.M.;

Nicholson, E.; Murphy, B.P. Top-down control of species distributions: Feral cats driving the regional

extinction of a threatened rodent in northern Australia. Diver. Distrib. 2017, 23, 272–283. [CrossRef]

53. Brown, J.S. Patch use as an indicator of habitat preference, predation risk, and competition. Behav. Ecol.

Sociobiol. 1988, 22, 37–47. [CrossRef]

54. Parsons, M.H.; Apfelbach, R.; Cameron, E.Z.; Dickman, C.R.; Frank, A.S.K.; Jones, M.E.; McGregor, I.S.;

McLean, S.; Müller-Schwarze, D.; Sparrow, E.E. Biologically meaningful scents: A framework for

understanding predator–prey research across disciplines. Biol. Rev. Camb. Philos. Soc. 2018, 93, 98–114.

[CrossRef] [PubMed]

55. Bedoya-Pérez, M.A.; Smith, K.L.; Kevin, R.C.; Luo, J.L.; Crowther, M.S.; McGregor, I.S. Parameters that affect

fear responses in rodents and how to use them for management. Front. Ecol. Evol. 2019, 7, 136. [CrossRef]

56. Apfelbach, R.; Parsons, M.H.; Soini, H.A.; Novotny, M.V. Are single odorous components of a predator

sufficient to elicit defensive behaviors in prey species? Front. Neurosci. 2015, 9, 263. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/ddi.12522
http://dx.doi.org/10.1007/BF00395696
http://dx.doi.org/10.1111/brv.12334
http://www.ncbi.nlm.nih.gov/pubmed/28444848
http://dx.doi.org/10.3389/fevo.2019.00136
http://dx.doi.org/10.3389/fnins.2015.00263
http://www.ncbi.nlm.nih.gov/pubmed/26283903
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Locations 
	Assessment of Stored Rice Losses 
	Monitoring Rodent Presence 
	Rodent Control Measures in Villages 
	Rodent Control Measures in Rice Mills 
	Data Analyses 

	Results 
	Stored Rice Losses 
	Villages 
	Tracking Tiles 
	Giving Up Densities 
	Rice Milling Stations 


	Discussion 
	References

