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A B S T R A C T

One-hundred farmers from lowland rice systems of Battambang province in Cambodia were surveyed in 2017
using a structured questionnaire with the objectives to (1) determine farmers' current knowledge and weed man-
agement practices and document the effect of adopted agronomic practices on management of weeds in rice,
and (2) quantify the extent of weed seed contamination in farmers’ own saved paddy seed lots. To estimate the
level of contamination by weed seeds, a one kg paddy seed sample was collected from each surveyed farmer. All
farmers practiced broadcast direct-seeded rice (DSR), with an average seeding rate of 181kgha−1. For sowing the
rice crop, 82% of farmers used their own saved seeds or bought seed from their neighbour. All the paddy seed
samples were contaminated with seeds of 34 weed species with an average of 1,070 weed seeds kg−1 of paddy
seed. The most common weed contaminants in the seed samples were Oryza sativa f. spontanea (weedy rice),
Fimbristylis miliacea, Echinochloa colona, Echinochloa crus-galli, and Ischaemum rugosum. Weeds, in their rice field,
were considered a major problem by 93% of farmers with 70% of farmers indicating a yield loss of >20% due to
weed competition. All farmers followed a post-emergence based herbicide program for weed control with no use
of pre-emergence herbicides. Farmers (75%) relied on the advice of input dealers on the selection and use of her-
bicides. Knowledge gaps were found among farmers on herbicide application techniques including selection of
the right sprayer, nozzle tips, and sprayer calibration. Although 94% of farmers responded that they were aware
of pesticide exposure risk, use of boots and gloves, as personal protective equipment, during spraying was low
(10 and 54%, respectively). The fertilizer use was lower than recommended rates (50% of recommended N and
around 40% of recommended P and K). An exploitable rice yield gap of 1.3 tha−1 (40%) and 1.1 tha−1 (30%) was
found in the wet and dry season, respectively. These results suggest that integrated weed management (IWM)
and optimum fertilizer use can play an important role in closing the rice yield gap in Battambang. IWM options
using clean/certified seeds free from weed seeds, optimum fertilizer, selection and application of appropriate
pre- and post-emergence herbicides at the right time, amount, and accurate application techniques can improve
weed control and hence enhance the rice yield in Cambodia. Farmer training is needed to close their knowledge
gaps and to educate them on IWM, especially, to manage difficult-to-control weeds such as weedy rice.

1. Introduction

Rice production is crucial for global food security, and of high im-
portance for Asia, as rice is a staple food for half of the world's popula-
tion (GRiSP, 2013). For Cambodia, rice is even more important because

it is a strategic commodity for poverty reduction, income growth, and
national and household level food security. A high percentage of Cam-
bodian farmers are dependent on rice directly or indirectly as rice is
grown on about 75% of the cultivated land and is an important agri-
cultural export commodity (IFC, 2015). In 2007, rice contributed to
>10% of Cambodia's total export value (IMF, 2009). The average daily
calorie intake from rice in Cambodia is 63%, which is much higher
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than average of Asia (28.6%) (FAOSTAT, 2017 as reported by Kumar et
al., 2017).

The tremendous progress Cambodia has made in improving rice pro-
ductivity in recent years has changed the status of the country from
rice deficit to surplus. The rice productivity increased from 1.6 tha−1 in
1994–97 to current average yield of 3.5 tha−1 (FAOSTAT, 2017), which
is still only 58% of the yield potential (6.0 tha−1) (Martin et al., 2017).
In addition, rice productivity and profitability in Asia is threatened by
rising scarcity of resources such as labor and water, rising cost of inputs
and cultivation, imbalanced input use of especially overuse of pesticides
and under use of fertilizer., fluctuating farm-gate rice prices, emerging
socio-economic changes, and climate change (Bouman, 2007; Stuart et
al., 2017). The future challenge is to improve rice productivity using
fewer resources (labor, water, energy, and agro-chemicals), and mini-
mizing the environmental footprint while buffering the risk of climatic
change.

The exploitable rice yield gap in Cambodia can partially be closed
by minimizing yield losses caused by weeds, as yield losses due to weed
competition are as high as 46% (Ikeda et al., 2008). Oerke et al. (1999)
estimated that the potential and actual yield losses due to weeds in
rice for Cambodia were 50–60% and 27%, respectively. Changes in rice
farming practices can have implications for weed management prac-
tices, and therefore it is important to document farmers’ current man-
agement practices, their knowledge gaps, and key emerging issues such
as shifts to new methods/technologies, so that appropriate solutions
can be developed and disseminated. For example, recently, Cambodian
farmers rapidly shifted from puddle transplanted rice to direct seeded
rice (DSR) and from hand weeding to herbicide-based weed control to
cope with rising scarcity of agricultural labor in the country (Martin
et al., 2017). In addition, there has been rapid adoption of mechaniza-
tion for land preparation and harvesting (Chim et al., 2015). Prior to
2000, DSR was practiced in 10–30% of the total rice area, but by 2017,
>90% farmers practiced DSR (Martin et al., 2017). This change can
have strong implications for agronomic practices affecting weed man-
agement and weed population dynamics. For example, with the shift
from transplanted rice to DSR, the seeding rate increased from 15 to
25kgha−1 to 100–200kg (Martin et al., 2017). The trade-off with high
seed rates was that farmers started using their own saved seed to re-
duce cost. This poses a high risk of weed seed contamination for grow-
ers (Martin et al., 2017). Many weed-related issues have emerged in
areas where transplanted rice is largely replaced by DSR such as: (i)
higher weed infestation with complex and diverse weed flora, (ii) in-
creased reliance on herbicides for weed control leading to a higher risk
of herbicide resistance, and (iii) shifts in weed flora towards more dif-
ficult-to-control weeds such as weedy rice (Oryza sativa f. spontanea)
(Kumar et al., 2017; Rao et al., 2017).

Household studies are a useful approach to characterize farmers’
weed management practices, identify key important weed species preva-
lent in the region, document agronomic practices influencing weed
management, and identify knowledge gaps of farmers.

The purpose of this study is to provide an appraisal of the current
situation regarding weed management in the lowland rice systems of
Battambang province in Cambodia. The specific objectives were to: (1)
understand farmers' agronomic practices related to weed management,
(2) document farmers' knowledge and practices used for weed control,
(3) identify key knowledge gaps in the current weed management prac-
tices of farmers, and (4) assess the level of weed seed contamination in
farmers’ saved paddy seed. The information obtained in this study will
help researchers and extension agents develop and extend to farmers
the appropriate weed control tactics tailored to improve weed manage-
ment and other agronomic practices, and thus reduce the rice produc-
tion yield gap for farmers in Battambang province in Cambodia.

2. Materials and methods

2.1. Study sites

This study was conducted in four communes of Battambang province
in northwestern Cambodia in 2017: Ou Mal, Phnum Sampov, Preaek
Norint, and Ta Kream (Fig. 1).

2.2. Household survey of rice farmers on agronomic practices, weed
problems, management, and knowledge

A household survey of 100 farmers was conducted using a structured
survey questionnaire with 25 farmers randomly selected from each of
the four communes. The survey consisted of 49 questions that doc-
umented the farmer's profile/socio-demographic characteristics, farm
characteristics, major weed species invading their rice farms in the main
(wet) season, key agronomic practices, and farmers' knowledge and per-
ception on weeds and their management practices. The survey question-
naire was developed in English and then translated verbally to Khmer
during farmer interviews.

Data were collected on methods of land preparation, crop establish-
ment, source of seed, seeding rates, rice varieties used and reasons for
their preference, and fertilizer management. Farmers were asked to de-
scribe the severity of the weed infestation in their fields, their percep-
tion on losses caused by weed infestations, and major sources of weeds
occurring in their rice fields and ranking these in order of importance.
Details on farmers’ current weed control practices were collected for
both the dry and wet-season. Farmers were also asked about factors
that affect their decision on herbicide selection, their major source of

Fig. 1. Location of Communes surveyed in Battambang provinces (shaded areas).
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information on herbicide use, how satisfied they are with the perfor-
mance of herbicides, which weeds are poorly controlled by herbicides,
and which weed species were no longer controlled by herbicides (poten-
tial case of resistance evolution). Farmers were asked to describe their
perceptions on the trends of weed problems and herbicide use in the last
five years.

To identify the major weeds infesting their rice fields, farmers were
shown photos of rice weeds and then asked to list the major species pre-
sent in their fields and to rank the five most important. Farmers were
asked about weedy rice and the level of infestation in their rice fields.
Farmers' current seed cleaning practices were recorded. In addition, in-
formation on farmers’ awareness of health hazards associated with her-
bicide application and use of personal protective equipment (PPE) dur-
ing herbicide application were collected.

2.3. Estimating the weed seed contamination level in paddy seed

Paddy seed samples were collected at the end of the 2017 main
wet-season to assess the level of weed seed contamination. One kg of
paddy seed was collected from paddy seeds kept by farmers for sowing
from each of the 100 farmers who were surveyed.

All paddy seed samples were inspected for the presence of weed
seeds of different species. For this purpose, 300g subsamples were taken
from 1kg collected samples. Weed seeds were collected by hand and
inspected with a HOT S06 digital microscope with magnification up to
200x. For identification, weed seed specimens were compared with a
collection of HOT seed images of 186 weed species commonly occurring
in Cambodia (R. Martin unpublished). Weed species with seeds <1mm
in length were most commonly represented in the paddy samples as
intact capsules, spikes, spikelets or pod segments. For the purpose of
this study, capsules, spikes, spikelets and pod segments were counted as
single dispersal units, and the number of individual seeds contained in
these was not recorded.

2.4. Statistical analysis

Data were analysed using R statistical software (R Core Team, 2017).
The socio-demographic characteristics of the farmers were

analysed using chi-square test to test the association between these pa-
rameters and study sites (communes). Reported yield data among com-
munes were compared using ANOVA and the means separated using
Tukey HSD post-hoc analysis. Exploitable rice yield gap was calculated
using farmers’ survey data as described by Stuart et al. (2016) using the
equation: Exploitable yield gap=EYf – FY, where.

EYf: mean yield of the top decile farmers (yield of farmers above the
90th percentile).

FY: mean yield of the full sample size.
Redundancy Analysis (RDA) was conducted using the ‘vegan’ pack-

age (Oksanen et al., 2016) in R statistical software to analyze the re-
lationship between weed species diversity and commune location for
species found as contaminants in paddy seed samples and for weed
species reported by farmers as problematic in their rice fields and pre-
sented as a biplot chart.

3. Results

3.1. Socio-demographic characteristics of surveyed farmers

Rice farms in northwestern Cambodia are managed equally by both
men and women; there was no significant difference between com-
munes (Table 1). The age of rice farmers from different communes
did not differ significantly. 50–60%, farmers were in the age group of
30–50 years. The education level of the farmers varied significantly
between communes. Only 8% of farmers from Ta Kream and Preaek
Norint had no formal education, whereas 12–16% farmers from Ou
Mal and Phnom Sampov had no formal education. The majority of the
farmers (68–84%) had lower or upper secondary or college education
across four communes (Table 1). In addition, the rice environment did
differ with commune; Ta Kream was mostly irrigated (92%), whereas
other communes were mostly rainfed (favorable lowland) (76–92%).
Among the surveyed farmers, 33% of farms had access to irrigation. The
surveyed farmers ranged from small (0.0–1.0ha), medium (1.1–3.0ha)
and large (>3.0ha). About 76% of the farmers had small or medium
scale rice fields. The average farm size was 2.76±0.25ha. All farm-
ers grew rice in the wet season and 53% grew rice in the dry sea-
son. In irrigated areas, the majority of the farmers preferred wet

Table 1
Socio-demographic characteristics of surveyed farmers from four communes in Battambang province of Cambodia in 2017.

Farmers' profile Overall Ou Mal Phnom Sompov Preaek Norint Ta Kream Chi-square

% x2 value Prob

Gender
Male 48 40 52 44 56
Female 52 60 48 56 44 1.40 NS

Age
17-30 18 16 16 20 20
31-40 30 40 20 24 36
41-50 24 20 40 20 16
51-60 12 4 12 12 20
>60 16 20 12 24 8 11.3 NS

Education level
No formal 11 16 12 8 8
Primary 15 16 4 24 16
Lower secondary 25 28 16 40 16
Upper secondary 42 40 52 20 56
College graduate 7 0 16 8 4 21.8 0.039a

Rice environment
Irrigated 33 24 8 8 92
Lowland rainfed (F) a 72 88 92 100 8 68.7 0.000***

Farm size
0.0–1.0ha 38 56 32 40 24
1.1–3.0ha 38 32 48 28 44
3.1–5.0ha 17 12 16 16 24
>5.0ha 7 0 4 16 8 11.6 NS

Statistically significant at *P < 0.05; ***P < 0.001; NS = non significant.
a Lowland rainfed (F) is favorable lowland rainfed.
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seeding of rice (e.g. in Ta Kream) and in favorable lowland rainfed sites,
preference was more towards dry seeding of rice.

3.2. Farmers’ reported paddy yields and exploitable yield gap in the
surveyed areas

Paddy yields in the four communes varied significantly (Table 2).
In the wet season, the mean yield of Ta Kream commune was highest
(3.7 tha−1) and it was lowest in Ou Mal in 2016 and in Ou Mal and
Phnum Sampov in 2017. In the dry season, in both years, rice yields
in Preaek Norint were lowest and other communes did not differ in
rice yields. During the wet season, rice yields were higher under irri-
gated environment than under lowland rainfed environment. Also, rice
yields were higher for wet-seeding compared to dry seeding. However,
in the dry-season, rice yields were similar in both rice environments.
The exploitable/achievable rice yield gap in the study area ranged from
1.3 tha−1 (40%) in the wet season to 1.1 tha−1 (27–30%) in the dry sea-
son (Table 2).

3.3. Crop establishment, seeding method, seeding rate, source of rice seed,
and varieties

Direct-seeding of rice was practiced by 100% of farmers with dry-
and wet-seeding in equal proportion (Table 3). However, the type of
direct-seeding method varied with the commune. For example, 88%
farmers were using wet-seeding in the irrigated commune (Ta Kream),
whereas dry-seeding was more commonly practiced (68–72%) in Ou
Mal and Phnum Sampov, and both dry- and wet-seeding were equally
practiced by farmers in Preaek Norint. A big variation was observed in
the type of DSR depending on rice environment. In the irrigated en-
vironment, 96% of farmers opted wet-seeding and only 4% of farm-
ers used dry-seeding. In rainfed lowland, 70% of farmers preferred
dry-seeding and 30% wet-seeding. Both dry- and wet-seeding was es-
tablished by manual broadcast methods by 100% of the farmers. The
average seeding rate was 182±3kgha−1 in the wet season and
181±3kgha−1 in the dry season and it did not vary significantly with
crop establishment method. Seed rate also did not vary with rice envi-
ronment and rice establishment methods as average seed rate was in the
range of 180–183kgha−1. The seed rate ranged from 100 to 300kgha−1.
Pre-germinated seed was used for wet seeding with an average soaking
time of 28h and incubation for 38h (majority followed 24h soaking fol-
lowed by 24 or 48h of incubation).

In both wet and dry seasons, the source of seed was farmer–kept
or bought from the neighbour (82–83%), 17% of farmers bought seed
from seed companies or seed growers and 1% from government sources
(Table 4).

Eight different varieties of rice were grown in the wet season and
five in the dry season (Fig. 2). The most popular varieties for the wet
season were Sen Kra Oub (31%), Srov Ngor (20%), Neang Khon (17%),
Phka Rumduol (12%), and Riang Chey (7%) and in the dry season,
Sen Kra Oub, and Srov Ngor were the most popular. With the excep-
tion of Sen Kra Oub (106 days), varieties grown in the wet season were
of medium to long duration (130–180 days), whereas in the dry sea-
son most varieties were of short duration (100–120 days). Yield, pest/
disease resistance, early maturity, ease of harvest, and price were the
main criteria farmers considered when choosing a rice variety (data not
shown).

The communes varied a lot in the choice of variety in both seasons
(Fig. 2). In the wet season, Srov Ngor was widely used in Ta Kream
(64%), whereas in other communes it was used by 0% (Preaek Norint),
4% (Ou Mal), and 12% (Phnum Sampov) of farmers. Preaek Norint
farmers (88%) preferred San Kra Oub, whereas its adoption ranged from
4 to 24% in other communes. Neang Khon (48%) and Riang Chey (24%)
were preferred in Ou Mal. Phkha Rumduol and Somaly were more pre-
ferred in Phnum Sampov than other communes. In the dry season, Srov
Ngor was most popular in Ta Kream but was not grown by surveyed
farmers in other communes. In Ou Mal, Preaek Norint, and Phnum Sam-
pov communes, San Kra Ob was the most dominant variety (69–92%).
Phka Malis was only grown in Preaek Norint by 31% farmers, and IR
504 was only grown in Ou Mal by 17% farmers.

3.4. Land preparation

Primary tillage was predominantly done by a 4-wheel tractor (97%),
mostly by contractors, and the average month for first tillage in the
wet season was June but primary tillage was done as early as March
and as late as August. Seventy-three percent of primary tillage was
done in the absence of water in the field. Secondary tillage was mostly
done using a 2-wheel tractor owned by the farmer (85%), usually
two weeks after the primary tillage. Wet-tillage (puddling) was car-
ried out for wet-seeding whereas, no puddling was done for dry-seed-
ing. The median duration of land preparation was 30 days and the
duration of land preparation ranged from 15 to 75 days. In general,

Table 2
Mean paddy yield and exploitable yield gap in north-western Battambang province during wet and dry-season 2016 and 2017.

Parameter Wet-season Dry-season

N 2016 2017 N 2016 2017

Paddy yield (t ha −1)

Commune
Ou Mal 25 2.90 ba 3.16 b 7 4.37 a 4.25 a
Phnum Sampov 25 3.20 ab 3.06 b 11 3.95 ab 4.05 ab
Preaek Norint 25 3.38 ab 3.24 ab 12 3.30 b 3.25 b
Ta Kream 25 3.70 a 3.68 a 23 3.96 ab 3.69 ab

Crop establishment method
Dry-seeding 51 3.09 b 3.10 b 11 4.09 a 4.00 a
Wet-seeding 49 3.48 a 3.53 a 42 3.64 a 3.82 a

Rice environment
Irrigated 33 3.62 a 3.61 a 31 3.69 a 3.94 a
Lowland rainfed 67 3.11 b 3.13 b 22 3.80 a 3.75 a

Exploitable yield gap
Mean yield (t ha −1) 100 3.30 3.29 53 3.90 3.81
Mean yield from top decile farmers' yield (t ha −1) 100 4.60 4.60 53 5.00 5.00
Exploitable yield gap (t ha −1) 100 1.30 1.31 53 1.05 1.14
Exploitable yield gap (%) 100 40 40 53 27 30

a Within a column for each parameter (commune, crop establishment method and rice environment), means followed by the same letter are not different at the 0.05 level of probability
using Tukey's HSD test.
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Table 3
Rice establishment method, seeding method, and seed rate practiced by farmers in four
communes of Battambang province in Cambodia (n=100 farmers).

Parameter Overall
Ou
Mal

Phnum
Sampov

Preaek
Norint

Ta
Kream

%

Rice establishment method a

Dry-seeding 51 72 68 52 12
Wet-seeding 49 28 32 48 88

Seeding method
Hand
broadcast

100 100 100 100 100

Row-seeding 0 0 0 0 0
Seed rate (kg ha −1)b c d

<100 0 0 0 0 0
100-150 23 24 24 16 28
151-200 67 76 72 56 64
201-300 10 0 4 28 8

>300 0 0 0 0 0

a In irrigated environment: 96% wet-seeding and 4% dry-seeding; In rainfed lowland
(favorable) environment: 70% dry-seeding and 30% wet-seeding.

b Average seed rate=182±3kgha−1 in wet-season and 181±3kgha−1 in dry-season.
c Average seed rate=180±4kgha−1 in dry-seeding and 183±5kgha−1 in

wet-seeding.
d Average seed rate=183±4kgha−1 in rainfed lowland, and 180±6kgha−1 in

irrigated system.

land preparation duration was longer (average 42 days) for wet-seeding
compared to dry-seeding (32 days).

3.5. Fertilizer use

Ninety-five percent of farmers used fertilizer on rice in the wet sea-
son. Urea (82%) was the most commonly used fertilizer, followed by
di-ammonium phosphate (DAP, 52%), ammonium phosphate (27%),
N:P:K fertilizers (12%), and muriate of potash (8%). Overall, 91% of
farmers applied N, 86% applied P and only 30% applied K. In the dry
season, only 53% of farmers planted rice and among them 96%, farmers
used fertilizer. Urea (75%) was the most commonly used fertilizer in the
dry season, followed by DAP, 42%, N:P:K fertilizers (32%), ammonium
phosphate (30%), and muriate of potash (9%). Overall, 96% of farmers
applied N, 94% applied P and 35% applied K.

In the wet and dry season, the average amount of elemental N:P:K
applied was 44kgN ha−1; 11kgP ha−1; and 4kgK ha−1 and 49kgN ha−1,
13kgP ha−1, and 4kgK ha−1, respectively. Among communes, the low-
est use of N and P was in Preaek Norint in both wet and dry season.
In the wet-season, N use was 26kgN ha−1 in Preaek Norint, whereas in
other communes it was 46–54kgha−1. P use was 4kgha−1 in compari-
son to 14kgha−1 in other communes. Similarly, in the dry season, N use
in Preaek Norint was 37kgha−1, whereas it was 50–56kgha−1 in other
communes, and P use was 4kgha−1 in comparison to 12–21kgha−1 in
other communes.. The overall use of K was low (3.3–7.5kgha−1 in both
seasons) in all communes but there was almost no K use in Phnum Sam-
pov commune in either dry or wet season.

The average N: P: K use in wet and dry season reported by farmers
were 42: 10: 3.4kgha−1 and 45: 13: 4.4kgha−1, respectively. On aver-
age, fertilizer use was slightly higher in irrigated compared to rainfed

lowland environment. The N, P, and K use in the irrigated environment
was 49, 16 and 6kgha−1, respectively whereas; in rainfed lowland, it
was 42, 10, and 3kgha−1. The 10% of farmers who applied the most
fertilizer in the wet and dry season applied an average of 88kgN ha−1;
22kgP ha−1; and 5kgK ha−1.

3.6. Farmers’ perception on weed problem and yield loss caused by weeds

Ninety-three percent of farmers said that weed management was a
major problem in their rice fields and infestations were ranked as mod-
erate to severe (54 and 30% farmers, respectively) and only 16% of the
farmers reported a low infestation level (Table 5). The majority of farm-
ers (55%) said that the yield loss from weeds was >25%. The remain-
ing farmers said yield losses were 20–25% (15%), 15–20% (13%), and
10–15% (10%). Only 7% farmers reported low yield loss (5–10%) due
to weeds.

Perception of weed problems varied with the type of direct-seed-
ing (wet- or dry-seeding) (Table 5). Ninety-eight percent of farmers re-
ported weeds as a major problem in wet-seeding whereas, in dry-seed-
ing, only 88% of farmers reported weeds as a major problem. The same
trend was reflected in the farmers’ reported yield loss –a high percent-
age of farmers (63%) reported yield loss >25% in wet-seeding whereas,
in dry-seeding, only 47% farmers reported yield loss >25%. Similarly,
about 90% of farmers reported moderate to severe weed problem in
wet-seeding whereas in dry-seeding this number was 79%.

3.7. Important weeds nominated by farmers and farmers’ knowledge on the
source of the weed problem

Overall, the five most important weed species identified by farm-
ers were Fimbristylis spp., Echinochloa crus-galli, Oryza sativa f. spontanea,
Cyperus iria and Leptochloa chinensis (Table 6). Other weed species of im-
portance were Echinochloa colona, Ischaemum rugosum, and Eleusine in-
dica. According to farmers, weed species that were becoming an increas-
ing problem included: C. iria, E. crus-galli, E. colona, Fimbristylis spp., L.
chinensis and O. sativa f. spontanea (weedy rice).

Farmer's ranking of weeds invading their fields varied with the com-
mune, rice establishment methods and rice environment (Table 6). For
example, weedy rice was reported by only 8% of farmers in Ta Kream,
whereas in other communes 55–84% farmers reported it as a major
weed invading their rice fields. E. crus-galli was reported by the majority
of farmers (88%) in Ta Kream but in other communes, it was reported
by 44–48% farmers. Similarly, L. chinensis was reported by 72% farmers
in Ta Kream but only 8% of farmers from Phnum Sampov and 28–40%
farmers from other communes reported this weed as a problem in their
rice fields. E. indica was more associated with Phnum Sampov as re-
ported by 28% farmers whereas in other communes it was not (4%) re-
ported as a problem weed. E. prostrate was more associated with Ou Mal
and it was not reported by farmers from Ta Kream and Preaek Norint
and only by 4% farmers from Phnum Sampov.

L. chinensis and C. difformis were more associated with wet-seeding
compared to dry-seeding (Table 6). In contrast, E. prostrate and I. ru-
gosum were more associated with dry seeding. Weed species such as F.
miliacea, C. iria, E. crus-galli, E. colona and weedy rice were reported by
both dry and wet-seeding farmers.

Farmers recognized that the major sources of weed seeds in their
fields were the seed bank (in the soil, 68%), contaminants in sowing

Table 4
Source of rice seed for sowing used by farmers in Battambang province of Cambodia (N=100).

Season Own seed Own + Neighbour Neighbour Seed company Own + Seed grower Own + seed company Own + Govt

%

Wet season 32 32 18 8 5 4 1
Dry season 20 43 20 13 4 0 0

5



UN
CO

RR
EC

TE
D

PR
OO

F

S. Chhun et al. Crop Protection xxx (xxxx) xxx-xxx

Fig. 2. Rice varieties grown in the wet (A) and dry season (B) from four communes in
Battambang province.Note: Overall is the average value of all the four communes.

Table 5
Farmers' perception on weed problems and losses caused by weeds in their rice fields
(N=100).

Parameter
Overall
(N=100)

Dry-seeding
(N=51)

Wet-seeding
(N=49)

% farmer

Are weeds a major problem in your field?
Yes 93 88 98
No 7 12 2

Yield losses caused by weeds (%)
5-10 7 12 2
10-15 10 10 10
15-20 13 14 12
20-25 15 18 12

>25 55 47 63
Severity of weed problem

Low 16 21 10
Moderate 54 57 51
Severe 30 22 39

seed (64%), transfer from field-to-field by machinery (46%), livestock
and irrigation water (13–14%) [Data not shown].

3.8. Farmers knowledge on weed control (herbicide use, hand weeding,
application techniques, and emerging weed management issues

One hundred percent of farmers used herbicides (Table 7). All the
farmers relied on post-emergence herbicides for weed control and no
farmer used pre-emergence herbicides. Only 18% of farmers
hand-weeded. Most of the farmers (72%) who used hand weeding did
so once; only 28% hand weeded their field twice. If doing hand weed-
ing once, most of farmers hand weeded at 30 days after sowing (DAS),

whereas when hand weeded twice, the timing was either at 15 and 30
DAS or 30 and 55–60 DAS.

The most commonly used herbicide was 2,4-D (76%) and 18% of
farmers used 2,4-D as the only herbicide. Other herbicides used were
bispyribac-sodium (32%), pyribenzoxim (27%), quinclorac + pyrazo-
sulfuron + fenoxaprop (26%), propanil + clomazone (9%) and bensul-
furon + quinclorac (2%) (Table 8). Types of herbicides used for weed
control varied with the commune and type of DSR method. Pyriben-
zoxim was widely (64%) used in Ta Kream whereas in Preaek Norint it
was used by only 5% farmers and in other communes, 20–27% farm-
ers used this herbicide. Propanil + clomazone (pre-mix) was used by
18–20% farmers in Ta Kream and Preaek Norint but no surveyed farmer
use this herbicide in OuMal and Phnum Sampov. Except in Ta Kream,
bensulfuron + quinclorac (pre-mix) was not used in any of the com-
munes. Bispyribac-sodium was used less in Ta Kream (18%) but in other
its used ranged from 29 to 32% in Ou Mal and Phnum Sampov to 55%
in Preaek Norint. 2, 4-D was used widely in all the communes. Quin-
clorac + pyrazosulfuron + fenoxaprop (pre-mix) use varied as follows:
Phnum Sampov and Preaek Norint (35–38%) > Ta Kream (23%) > Ou
Mal (12%).

Pyribenxozim, propanil + clomazone, and bensulfuron + quinclo-
rac were more associated with wet-seeding (Table 8). Herbicides such
as bispyribac-sodium, 2, 4-D, and quinclorac + pyrazosul-
furon + fenoxaprop were used equally in both dry and wet-seeding.
Majority of farmers used higher doses than recommended. For example,
70% of farmers who used bispyribac are using at 50 g ai ha−1, whereas
the recommended dose is 20–30g ai ha−1. Similarly, pyribenzoxim is ap-
plied at either lower or higher dose than recommended. For example,
40% of farmers using pyribenzoxim used at 50g ai ha−1, 33% farmers
used at 25g ai ha−1 and remaining used at a range from 8.0g to 17.5g
ai ha−1. The application rate of 2,4-D also varied a lot among farmers.

The median time for the first herbicide application was 25 DAS and
30 DAS for the second application. About 35% farmers apply their first
herbicide around 30 DAS and 23% 22% farmers apply their second her-
bicide >40 DAS (data not shown). Majority of farmers (88%) did not
drain their field prior to post-emergence herbicide application and only
12% of farmers drained their fields prior to herbicide application (Table
7). These results suggest that there is lack of knowledge on the use of
right doses, right time of application and right method of application
(application technology).

The majority of the farmers (75%) relied on the advice of input deal-
ers for the choice of herbicide (Table 7). Other sources of information
for the surveyed farmers were other fellow farmers (46%), chemical
companies (8%), and herbicide label (19%). Only 30% of farmers were
happy with the performance of herbicides but none could specify weeds
not controlled or why they were not happy.

Ninety-eight percent of farmers used power backpack sprayers and
2% used battery powered sprayers (Table 7). Farmers were asked if
they calibrated sprayers and 96% said no, however for these types of
sprayers, farmers apply a specified volume per hectare and that could
be the reason that farmers are not calibrating their sprayer prior to ap-
plication. About 29% of farmers did not know what kind of nozzle they
used for spraying, whereas 23% of farmers were using the hollow cone
nozzle type which is not recommended for herbicide application. The
remaining farmers used cut/flood (41%) and flat fan (6%) type nozzles.
The majority of farmers used sprayers with a boom fitted with more
than one nozzle with an average of five and maximum of seven nozzles
per boom.

The majority of farmers (53%) said they changed herbicides every
year, 18% changed herbicides every 2 years, 14% seasonally and 14%
did not change herbicides. When asked whether herbicide use increased
over time most farmers said they were increasing their use of herbi-
cides (93%) while 5% said herbicide use was not changing and 2%
said herbicide use was decreasing. Most farmers (94%) said they were
aware of pesticide exposure risks. However, the use of personal
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Table 6
Farmer ranking of weed species invading their rice fields in different commune, and under different rice establishment methods and rice environments (%) (N=100).

Weed Commune Establishment method Rice environment

Ou Mal Phnum Sampov Preaek Norint Ta Kreem Overall Dry-seeding Wet-seeding Irrigated Rainfed lowland

%

Alternanthera sessilis 8 0 0 0 2 4 0 0 3
Ammannia spp 0 0 8 0 2 2 2 0 3
Commelina spp 0 0 4 0 1 1 0 0 1
Cynodon dactylon 0 4 8 0 3 2 4 0 4
Cyperus difformis 8 0 8 8 6 2 10 11 4
Cyperus iria 56 32 28 48 41 47 35 43 40
Cyperus rotundus 4 12 4 8 7 8 6 4 8
Dactyloctenium aegyptium 4 12 4 0 5 4 6 0 7
Eclipta prostrata 28 4 0 0 8 12 4 0 11
Echinochloa crus galli 44 44 48 88 56 47 65 82 46
Echinochloa colona 8 8 24 12 13 12 14 14 13
Eleusine indica 4 28 4 4 10 12 8 11 10
Fimbristylis miliacea 64 80 80 68 73 73 73 68 75
Ischaemum rugosum 16 20 12 4 13 18 8 7 15
Ipomoea aquatica 8 8 20 0 9 14 4 0 13
Leptochloa chinensis 28 8 40 72 37 18 57 68 25
Ludwigia hyssopifolia 12 0 4 4 5 4 6 4 6
Marsilia spp. 8 0 0 0 2 4 0 0 3
Oryza sativa 68 84 60 8 55 65 45 21 68
Saggitaria 0 0 4 0 1 0 2 0 1
Sphenoclea zeylanica 0 4 12 4 5 4 6 0 7
Paspalum scrobiculatum 20 0 0 4 6 8 4 7 6

Table 7
Weed control practices and knowledge on spray techniques and safety used by farmers (%)
(N=100).

Parameter % Parameter %

Herbicide used for weed control Source of information on herbicide
use

Yes 100 Input dealer 75
No 0 Other farmers 46

Type of herbicide use Chemical companies 8
Pre-emergence 0 Herbicide label 19
Post-emergence 100 Type of sprayer used

Hand weeding for weed control Power back pack 98
Yes 18 Battery operated 2
No 82 Nozzle type used

Number of hand weeding Hollow Cone type 23
One 72 Cut/flood jet 41
Two 28 Flat fan 6

Did not know 29
Do you drain standing water prior to POST

application
Types of spray boom

Yes 12 Single nozzle 14
No 88 Multiple nozzle 86

Satisfied with herbicide efficacy
Yes 30 Are you aware of pesticide

exposure risks?
No 70 Yes 94

Sprayer calibration prior to use No 6
Yes 4 Herbicide use
No 96 Increasing 93

Do you change herbicide? Decreasing 2
Yes 86 No change 5
No 14

protective equipment (PPE) was at a low level of sophistication: face-
mask (76%), hat (73%), long shirt (67%), and gloves (54%). Only 10%
of farmers wore boots and none used gas masks or aprons.

About 83% of farmers thought that some weed species were devel-
oping herbicide resistance. However, no farmers were able to nominate
a weed species that was no longer controlled by a particular herbicide.

The main reason for use of herbicides cited was efficacy (74%) but the
cost of labor for hand weeding was mentioned by 29% of farmers. The
main weed management issues cited by farmers were the high cost of
labor and herbicides (68%), lack of knowledge (62%) and misuse of her-
bicides (45%).

3.9. Weed seed contamination in paddy seed samples

All the seed samples (100%) were contaminated with weed seeds.
Seeds of 34 weed species, representing 12 families, were identified
in paddy seed samples (Table 9). The most important families were
Poaceae (9 species), Cyperaceae (8 species) and Fabaceae (4 species).
Thirteen small-seeded species were present in the form of spikelets (e.g.
Fimbristylis spp.) or capsules (e.g. Lindernia antipoda). Species with small
seeds that separate from the spikelets or panicles such as L. chinensis
were not found.

The most common weed seed contaminants found in paddy seed
samples were O. sativa f spontanea (awnless biotype) (92%), Fimbristylis
miliacea (50%), E. crus-galli (42%), E. colona (33%), O. sativa f. spontanea
(awned biotype) (28%), L. antipoda (23%), I. rugosum (22%), Cyanotis
axillaris (21%), Melochia corchorifolia (20%), and Paspalum scrobiculatum
(12%) (Table 9). In one kg of farmer-kept seeds, a mean of 570±72
seeds of weedy rice (both awnless and awned biotypes) were detected.
Similarly, a mean of 190±40 seeds of Echinochloa species per kg of
paddy seeds were found. The mean number of weed seeds/propagules of
all weed species was 1,072±106kg−1, which is equivalent to, 192,960
seeds ha−1 assuming a field is sown with a seed rate of 180kgha−1.

Awned and awnless weedy rice biotypes did not vary significantly
between communes (Fig. 3A). E. crus-galli, F. miliacea and E. colona were
the most frequently occurring contaminants under the more intensive
production systems in Ta Kream and Preaek Norint communes. The
weed composition under drier and less intensive conditions in Ou Mal
commune was characterized by a greater frequency of M. corchorifolia,
C. axillaris and I. rugosum (Fig. 3a). The weeds listed by farmers as in-
festing their fields showed a similar pattern to the weed seeds found
in farmer-kept paddy seed samples with Echinochloa spp. associated
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Table 8
Major herbicides used for weed control in different communes and crop establishment methods in Battambang province of northwest Cambodiaa.

Parameter N Bensulfuron + Quinclorac Bispyribac-sodium Propanil + Clomazone Pyrinbenzoxim 2,4-D Quinclorac + Pyrazosulfuron + Fenoxaprop Quinclorac + Pyrazosulfuron

Commune
Ou Mal 25 0 32 0 20 92 12 0
Phnum Sampov 24 0 29 0 21 71 38 4
Preaek Norint 20 0 55 20 5 65 35 0
Ta Kreem 22 9 14 18 64 73 23 0
Average 91 2 32 9 27 76 26 1

CE method
Dry-seeding 47 0 28 4 17 79 28 0
Wet-seeding 44 5 36 14 39 73 25 2

a Herbicide use was same in both dry and wet-season.
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Table 9
Frequency (%) of seeds of weed species found in paddy seed samples in order of impor-
tance and average number of weed seeds of these contaminant in one kg of farmers’ kept
seed samples; combined from four provinces in Battambang (n=100).

Family Weed species
Freq.
(%)

Seeds
(kg−1) Forma

Poaceae Oryza sativa f. spontanea
(awnless)

92 543.93 S

Cyperaceae Fimbristylis miliacea (L.) Vahl 50 83.00 P
Poaceae Echinochloa crus galli (L.) Beauv. 42 103.03 S
Poaceae Echinochloa colona (L.) Link 33 86.60 S
Poaceae Oryza sativa f. spontanea

(awned)
28 25.40 S

Linderniaceae Lindernia antipoda (L.) Alston 23 36.90 P
Poaceae Ischaemum rugosum Salisb. 22 18.27 S
Commelinaceae Cyanotis axillaris (L.) D. Don ex

Sweet
21 13.20 S

Malvaceae Melochia corchorifolia L. 20 48.47 S
Poaceae Paspalum scrobiculatum L. 12 10.93 S
Cyperaceae Fimbristylis dichotoma (L.) Vahl 10 5.03 P
Poaceae Pennisetum pedicellatum L. 9 12.43 S
Poaceae Panicum repens L. 7 6.23 S
Fabaceae Aeschynomene americana L. 7 4.13 S
Cyperaceae Cyperus iria L. 7 0.70 P
Malvaceae Pentapetes phoenicea L. 6 2.87 S
Phyllanthaceae Phyllanthus virgatus G. Forster 5 7.53 P
Cyperaceae Fimbristylis ovata (Burm. F) J.

Kern
5 1.53 P

Cyperaceae Scleria lithosperma (L.) Swartz 4 4.67 S
Poaceae Digitaria bicornis (Lam.) Roemer

& J.A. Schultes ex Loud.
4 3.10 S

Boraginaceae Heliotropum indicum L. 4 2.10 S
Asteraceae Actinoscirpus grossus (L.f.)

Goetgh. & D. A. Simpson
4 2.43 P

Phyllanthaceae Phyllanthus urinaria L. 4 1.10 P
Xyridaceae Xyris indica L. 4 0.53 P
Cyperaceae Cyperus difformis L. 3 0.30 P
Asteraceae Eclipta prostrata (L.) L 2 7.57 S
Fabaceae Aeschynomene aspera L. 2 2.00 S
Asteraceae Chromolaena odorata L.

R.M.King & H.Rob.
2 0.33 S

Onagraceae Ludwigia octovalvis (Jacq.)
P.H.Raven

2 0.20 P

Convolvulaceae Ipomoea obscura (L.) Ker Gawler 1 0.33 S
Fabaceae Aeschynomene indica L. 1 0.10 S
Fabaceae Alysicarpus monilifer (L.) DC 1 0.10 S
Cyperaceae Schoenoplectus juncoides

Roxburgh
1 0.33 P

Cyperaceae Schoenoplectus supinus (L.) Palla 1 0.23 P

a S=seed; P=propagule (capsule, spikelet etc).

with Ta Kream, Fimbristylis spp. with Preaek Norint and broadleaf
species (e.g. Eclipta prostrata) with Ou Mal (Fig. 3 B).

Seeds of weedy rice (O. sativa f spontanea) were found in 92% of
paddy seed samples but only 55% of farmers listed this species as oc-
curring in their fields (Fig. 4). Farmers did not list weed species such
as L. antipoda, C. axillaris, M. corchorifolia as their important weeds but
they were found in their paddy seed samples. The grass, P. scrobicula-
tum, was found in farmer-kept seed samples but not listed by farmers.
F. dichotoma was not listed by farmers but it is likely they didn't distin-
guish this species from F. miliacea. Weed species including C. iria and L.
chinensis were considered important weeds by farmers (Table 6, Fig. 4)
but these species were not found in paddy seed samples (Table 9 and
Fig. 4).

The top 10 weed contaminants in paddy seed samples in 2017, a wet
year, was compared with 2016, a dry year (Fig. 5). O. sativa f. spontanea
(awnless weedy rice) was by far the most frequent weed seed contami-
nant in the harvested paddy in both 2016 (95%) and 2017 (92%). The
weed species that were more frequent in the wet year were F. miliacea,
Echinochloa spp., and L. antipoda. The species that were more frequent
in the dry year were I. rugosum, M. corchorifolia, and P. scrobiculatum.

When farmers were interviewed to determine their knowledge about
weedy rice, 94% of farmers said they were aware and 67% said they
had weedy rice in their fields and of these, 50% described weedy rice
as a minor problem and 17% described it as a severe problem (Table
10). This implies that almost 27% of farmers were apparently not aware
they had weedy rice in their fields as 95% of samples were contami-
nated with weedy rice.

Regarding cleaning methods for seed kept for sowing, 24% of farm-
ers did not clean their kept seeds prior to sowing, however, 76% of farm-
ers did clean their seed. Among the seed cleaning practices, winnowing
was used by 34% of farmers, floatation by 28% of farmers and 14% of
farmers used both winnowing and floatation. No farmers used a sieving
method for cleaning paddy seeds (Table 10).

4. Discussion

4.1. Household survey of rice farmers on agronomic practices, weed
problems, management, and knowledge

In all the study sites, rice was established by DSR using manual
broadcasting by 100% of the farmers with an average seeding rate of
181kgha−1 (Table 3). Martin et al. (2017) in their survey study con-
ducted in Battambang and Takeo province of Cambodia also found that
97% farmers were practicing DSR using a similar seed rate. The majority
of the farmers used their own saved seeds or seed purchased from neigh-
bouring farmers (82–83%) for planting rice in both dry and wet season
and only 8–13% farmers bought seeds from a seed company (Table 4).
These results are similar to the findings of Martin et al. (2017). Chin
(2001) reported a similar situation in Vietnam, where 81% of farmers
use their own saved seeds for rice sowing and only<5% farmers buy
certified seeds.

Some of the possible reasons for using a high seed rate are as fol-
lows: (1) broadcast method instead of mechanized seeding, (2) using
own-saved seeds rather than certified seeds, which have high prob-
ability of poor quality with low germination rate, (3) compensating
the potential losses in the field including predation, poor germination
and seed/seedling mortality due to inundation caused by untimely rain
(Kumar and Ladha, 2011), and (4) to suppress weeds (Chauhan, 2013).
The risk of seed predation by birds or rodents could be high in wet-DSR
because pre-germinated seeds are sown on the soil surface. In India,
a seed rate of 20–25kgha−1 is recommended for mechanized dry-DSR
(Kumar and Ladha, 2011). Wang et al. (2014) in China also found that
when wet-DSR was sown with a mechanical row hill seeder, a seed rate
of 20–25kgha−1 generated yields higher than broadcast DSR and simi-
lar to puddled transplanted rice. These results suggest that there is huge
scope for reducing seeding rate and potentially seed cost by using mech-
anized seeding. However, low seed rates under DSR systems should be
accompanied with effective integrated weed management to avoid com-
petition from weeds.

All the paddy seed samples of farmer-kept seeds were contaminated
with weed seeds. Based on initial experimentation, the seeding rate in
Battambang can be reduced to 45kgha−1 if rice is drill-seeded (W Zwick
pers. Comm. cited in Martin et al., 2017). A low seed rate would en-
able farmers to afford good quality seed free from weed seeds, as a high
seed rate is an important bottleneck for adoption of good quality seeds.
Martin et al. (2017) estimated that the cost of drill-seeding with qual-
ity seed free from weed [more expensive (US$ 0.75kg−1) than farm-
ers saved seed (US $ 0.25kg−1)] is similar to hand broadcast DSR with
the current seed rate. However, this would reduce weed problem in the
long-run by reducing introduction of weed seeds through contaminated
paddy seeds.

The predominant soil type in Battambang province is Toul Sam-
roung (White et al., 1997). This soil is characterized by brown or gray
clayey or loamy topsoil that develops moderate to large cracks on dry-
ing. The fertilizer recommendation for rice for this soil type is N:P:K:
86:30:10kgha−1 (Blair and Blair, 2014). However, results showed that
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Fig. 3. Redundancy analysis (RDA) of weed species diversity of contaminants in paddy seed samples (A) and of weed species as reported by farmers in their fields (B), in re-
lation to commune location in Battambang province.Weed abbreviations: ORYSA= Oryza sativa (weedy rice); ECLPR=Eclipta prostrata; CYPIR= Cyperus iria; LEPCH=Leptochloa
chinensis; ECHCG=Echinochloa crus-galli; ECHCO=Echinochloa colona; FIMMI= Fimbristylis miliacea; FIMDI = Fimbristylis dichotoma; ISHRU= Ischaemum rugosum; ELEIN=Eleusine
indica; IPOAQ= Ipomoea aquatic; MELCH=Melochia corchorifolia; CYAAX= Cyanotis axillaris; PASCR = Paspalum scrobiculatum; LINAN=Lindernia spp.

fertilizer used by farmers in both wet and dry season was well be-
low the recommended rate: 50, 63, and 60% lower than recommended
rates of N, P, and K, respectively. The top 10% high yielding farmers

who are using high fertilizer were using adequate N (88kgN ha−1) but
P and K was 23 and 50% below the recommended rate, respectively.
The combination of high seed rate and fertilizer application below rec
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Fig. 4. Weed species frequency (a) contaminants in paddy seed samples and (b) farmer ranking of weed species in their fields in four communes in Battambang province. Refer Fig. 3 for
weed abbreviations.

Fig. 5. Frequency (%) of the 10 most common weed seeds found in paddy seed samples in the 2017 wet season (dotted line) in this study compared to the 2016 (solid line) wet season-
Note: 2017 was a wet year and 2016 was a dry year.

Table 10
Farmer's knowledge about weedy rice and their seed cleaning practices.

Parameter %

% farmers familiar with weedy rice 94
% farmers reported weedy rice presence in their field 67
% farmers reported weedy rice a severe problem 17
% farmers reported weedy rice a minor problem 50
% farmers reported no weedy rice problem 33
Seed cleaning prior to seeding

Yes 76
No 24

Method of seed cleaning
Sieving 0
Winnowing 34
Floatation 28
Floatation + winnowing 14

ommended rates may further reduce the yield potential as there might
be more competition among plants at high plant densities for nutrients.
It has been reported that at harvest, N uptake and N translocation de-
clined at higher seeding rates which resulted in lower yield compared to
lower seed rates (Mahajan and Chauhan, 2016). Therefore optimal fer-
tilization becomes more important under high seeding rates. Cambodian
farmers have identified high price as the main constraint to adoption
of inputs such as fertilizer (Anon., 2015). The concept of site-specific
nutrient management (SSNM) (Dobermann and White, 1999) is recom-
mended as an extension tool to assist farmer decision making for opti-
mized fertilizer applications. This should include a ‘real-time’ approach
to N management where the timing and rate of N is adjusted to esti-
mated crop needs using recommendations based on readings of canopy
greenness (Peng et al., 1996).

The majority of surveyed farmers indicated that weeds were one of
the main constraints in their rice cultivation. An exploitable yield gap
of 40% (1.3 tha−1) in wet-season and of 30% (∼1.0 tha−1) in dry sea
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son was estimated from the data collected (Table 2). These results indi-
cate that poor weed control, fertilizer applications below recommended
rates, and rainfed conditions (only 33% farms had access to irrigation)
could be important contributors to the yield gap. Research is required
to quantify the relative effects of integrated weed and fertilizer man-
agement, and supplemental irrigation on closing the yield gap. All these
conditions (low fertilizer, poor water control) shift crop-weed compe-
tition in favor of weeds because of poor crop canopy development. In
Cambodia, Ikeda et al. (2008) reported a rice yield loss by up to 46%
due to weed competition.

The five most important weed species nominated by farmers were
Fimbristylis spp., E. crus-galli, O. sativa f. spontanea (weedy rice), C. iria
and L. chinensis. These species typically predominate in DSR rice un-
der conditions of insufficient water supply (Juraimi et al., 2013). Direct
seeding results in more difficult to control weeds, especially, weedy rice
(Azmi and Baki, 2002). In other areas of Cambodia, where direct-seed-
ing has been carried out for some years, grasses such as Echinochloa spp.
and L. chinensis have also become more prevalent and are proving dif-
ficult to control. In contrast to findings of Martin et al. (2017), farm-
ers in this study did not mention submerged and floating weeds (Hy-
drocharitaceae, Hydrophyllaceae, Marsileaceae, Nymphaeaceae, Pont-
ederiaceae), which suggests that the majority of the rice fields have less
access and control of irrigation water compared to the Kamping Puoy
Irrigation Area. In a field survey conducted by Castilla et al., 2019) (un-
published) in four provinces of Cambodia including Battambang to as-
sess the pest injuries and weeds incidence in rice fields also reported
Echnochloa spp, L. chinensis, and C. iria as dominating weed species in
Battambang similar to our study. In contrast to this study, they also re-
ported Aeschynomene aspera as another dominant weed species in rice
fields in Banan district of Battambang. The seeds of M. corchorifolia were
found in 20% of farmer-kept seed samples but farmers did not list this
as an important weed. Martin et al., (2017) found that farmers did not
recognize some common weed species such as M. corchorifolia.

One hundred percent of surveyed farmers in Battambang province
used herbicides for weed control. Survey results indicate that knowledge
gap exists among farmers for selection of the right herbicides and their
proper application practices. Farmers used total post-emergence herbi-
cides; none used pre-emergence herbicides. Pre-emergence herbicides
(pretilachlor with fenclorim safener for wet-DSR; pendimethalin, oxadi-
argyl, oxadiazon, and pretilachlor with fenclorim safener for dry-DSR),
are highly recommended for achieving effective weed control in
wet-DSR and dry-DSR to avoid early weed competition (Chauhan, 2012;
Kumar and Ladha, 2011). Authors observed the availability of these her-
bicides in the local input stores. Furthermore, 15% of farmers used 2,
4-D as the sole herbicide and this would contribute to the grass-dom-
inated weed problem. Generally, it is recommended to drain water in
the field prior to post-emergence herbicide application; however, only
12% of farmers drained their fields prior to post-herbicide applica-
tion. Although multiple-nozzle spray booms are commonly used (86%
of farmers), only 7% said they used flat-fan nozzles. Flat-fan nozzles
should be used on multiple-nozzle booms as the spray pattern is ta-
pered from the center to the edges to create a uniform coverage through
overlapping with adjacent nozzles (Bellinder et al., 2002; Chauhan,
2012). The knowledge of sprayer calibration and application techniques
is lacking among farmers. Only 4% of the surveyed farmers calibrate
their sprayer prior to herbicide application. However, based on our
own personal observation, we found that Cambodian farmers gener-
ally sweep the spray boom from side to side, as they walk through
the crop, and this might explain why they do not use flat-fan noz-
zles. Not only does this method result in uneven application, the op-
erator has high exposure to the spray drift. Although 92% of farmers
said they were aware of pesticide risks, the choice of personal protec-
tive equipment (PPE) indicated that their level of exposure during ap-
plication is likely to be high considering the way the spray boom is
used and use of boots (10%) and gloves (54%) was low. Moreover,

power sprayers are widely used which is not recommended for herbi-
cide application because of the high risks of drift associated with these
sprayers due to the high pressure. Input dealers (75%) or fellow farmers
(46%) were the key sources of information for the surveyed farmers in
the selection and use of herbicides for weed control in their rice fields.
Together these findings suggest that knowledge gap exists among farm-
ers, as well as local input suppliers, on the selection of herbicides and
application techniques.

More than 40 varieties of rice are grown across northwestern Cam-
bodia (Cross et al., 2017). However, in localized areas such as the clus-
ter of communes in this study, only nine varieties were grown (Fig. 2).
As with the Cross et al. (2017) survey, the short-duration Sen Kra Oub
was the most popular variety in both wet and dry seasons (Fig. 2). The
preference for short-duration varieties is consistent with the number of
farms with access to irrigation (33%) and 53% of farmers grew rice in
the dry season. The local variety, Srov Ngor accounted for 20% but did
not feature in the Cross et al. (2017) survey. Other varieties such as
Neang Khon, Phka Rumduol, and Riang Chey featured in the Cross et al.
(2017) survey.

Farmer's reported yield varied according to commune, rice environ-
ment, and rice establishment method. The possible reasons for higher
yield in Ta Kream compared to other communes during wet-season
could be because rice in Ta Kream was mostly (92%) irrigated, whereas
in other communes it was rainfed. The average rice yield of Preaek
Norint was statistically similar to Ta Kream during wet-season despite
rainfed nature of rice farming and use of low N fertilizer. It could be be-
cause (1) 48% of sampled farmers used wet-seeding and this commune
has better access of soil and water being in seasonally flooded land lead-
ing to flooding of rice fields between September and November which
may have enhanced nutrient availability and reduced weed competition,
and (2) majority of sampled farmers in Preaek Norint used photo-insen-
sitive varieties as used by high yielding irrigated commune, Ta Kream
whereas, in other communes, a significant area was under photosensi-
tive rice varieties which are more sensitive to planting dates. In contrast,
the lowest average rice yield of this commune during dry season could
be because of use of low N and P fertilizers compared to other com-
munes (e.g. 37kgN ha−1 versus 49–56kgN ha−1 and 4kgP ha−1 versus
12–21kgP ha−1). The lower yield of Ou Mal compared to other com-
munes could be because Ou Mal has the least access to water and is also
on difficult soil type.

The possible reason for higher yields of wet-seeding than dry-seeding
in wet season could be because wet-seeding was grown under irrigated
conditions whereas dry-seeding was mostly under rainfed lowland en-
vironment. However, no difference was observed in dry season mainly
because only those farmers who had access to irrigation grew rice dur-
ing dry season.

4.2. Weed seed contamination level in paddy seed samples

The majority of farmers (100% of samples were contaminated) in
Battambang are returning a substantial amount of weed seeds back to
their rice fields by using contaminated paddy seeds. Based on the aver-
age contamination level (1,072 weed seeds kg−1 paddy seed), it equates
to 192,960 weed seeds per hectare. Weed seed contamination therefore
is an important issue in DSR where farmers use their own saved seeds.
Similar findings have been reported elsewhere in Southeast Asia (Rao et
al., 2017).

The five most frequent weed species found as contaminants in paddy
samples were O. sativa f. spontanea (92%) F. miliacea (50%), E. colona
(42%), E. crus galli (33%), and I. rugosum (28%). Farmers also ranked the
same species as important in their farm. However, C. iria and L. chinen-
sis were also ranked as important by farmers but we did not find seeds
of these species as major contaminants in paddy seed samples (Tables 6
and 9, Fig. 4). It is possible that C. iria sheds seeds before harvest and
that the small seeds of L. chinensis are removed by the harvesting ma-
chine or shattered prior to harvest.
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We also observed seasonal variation in the type of weed seed conta-
minants. The marked differences in the most common weed seeds found
in the paddy seed samples in the wet and dry seasons highlight that
weather conditions can influence the dominance of weeds in the paddy
field in any particular year, which in turn can influence the type of weed
seed contaminants in farmers’ own saved seeds.

Weedy rice has emerged as a major threat for the DSR system in
many Asian countries where transplanted rice has been widely replaced
with DSR because of limited options to manage this weed because of
its physiological, morphological and phenological similarly to cultivated
rice (Kumar and Ladha, 2011; Chauhan, 2013; and Ziska et al., 2015).
One of the mechanisms of spread of weedy rice in cultivated rice fields
is via seed lot contamination (Rao et al., 2017). Noldin (2000) estimated
if paddy seed contaminated with two seeds of weedy rice per kg of rice
seeds is sown in a rice field; it can produce 100kg of weedy rice in three
seasons. In Vietnam, where the majority of farmers also use their own
saved seed, 314 weedy rice seeds per kg of paddy seeds have been re-
ported (Mai et al., 1998). In our study, weedy rice contamination far ex-
ceeded this level with average weedy rice seeds of 544 (awnless) and 25
(awned) in 1kg of paddy seed. In Thailand, Maneechote et al. (2004) re-
ported a weedy rice contamination level of 4,000 seeds in 1kg of paddy
seed.

Our data suggest that although farmers are familiar with weedy rice
(94%) (Table 10), they lack knowledge on weedy rice identification. Of
the surveyed farmers, 67% of farmers said weedy rice occurred in their
fields but in the seed contamination study we found that 92% of paddy
samples were contaminated with awnless weedy rice. Only 37% of sam-
ples were contaminated with awned weedy rice. This suggests that farm-
ers might have difficulty identifying weedy rice, especially awnless bio-
types. Furthermore, it is unlikely that farmers can remove weedy rice
seeds from seed kept for sowing using on-farm seed cleaning techniques.
This was confirmed by analysis of freshly harvested paddy samples,
farmer-kept seed samples, and seed samples from seed producers from
the 2016 crop (Fig. 6). Weedy rice contamination level did not differ
between samples of fresh paddy and farmer kept seed for sowing but it
was drastically reduced in seed samples collected from seed producers.
The average level of weedy rice (red seed) contamination of seed pro-
ducer and seed company seed was 30 red seeds per 500g and the min-
imum standard for certified seed is 5 red seeds for certified seed and 8
red seeds for graded seed (Khun and Soly, 2012).

Our findings highlight the importance of using clean seeds as part
of integrated weed management program. Weed problems in Cambo-
dia can be substantially reduced by using certified seeds free from weed
seeds or by proper cleaning of their own saved seeds prior to sowing.
None of the farmers surveyed used sieving. Sieving can be an effec-
tive method of seed cleaning as the size of most of the weed seeds are

Fig. 6. Weed seed contamination in fresh paddy (n=27), farmer-kept seeds (n=29), and
producer seeds (n=28) (Martin Pers. Comm.).

smaller than rice seeds and therefore these can be easily separated from
rice seeds except for those that are of similar size and shape such as
weedy rice.

5. Conclusions

From this survey, it is evident that farmers perceived weeds as one
of the major factors affecting their rice yields. The lack of awareness on
weedy rice is evident from the fact that 92% of paddy seed samples were
contaminated with weedy rice and only 67% of farmers were aware that
they had weedy rice in their fields. These results suggest that weedy
rice is becoming an increasingly problematic weed in DSR fields. Cur-
rent agronomic practices such as use of high seed rate combined with
farmer-saved paddy seeds, with a high level of contamination with weed
seeds, have a major impact on weed management because by these prac-
tices farmers are accidently returning a substantial amount of weed seed
(>190,000 weed seeds ha−1) back to their field at the time of rice seed-
ing. Preventing or minimizing the spread of weed seeds via contami-
nants in crop seeds (e.g. by using clean/certified seeds), can be a prac-
tical approach to reduce the weed problem in DSR, including that of
weedy rice. Overall, data suggest that the yield gap can be partially
closed by deploying effective weed management and recommended fer-
tilizer rates.

The results highlight the need for implementation of training and
educational programs for farmers and input dealers on IWM, and other
best agronomic practices with special emphasis on awareness and man-
agement of emerging weed problems such as weedy rice. Information
generated in this survey also would assist in the development of action-
able outreach material. Future research in the following areas would
further strengthen IWM: (1) assessing long-term benefits of certified
seeds free from weed seeds to minimize weedy rice and other weed
problems and its positive impact on rice grain yield in DSR systems, (2)
understanding the knowledge gap and training needs of input dealers,
(3) developing innovative IWM approaches for weedy rice and other
emerging weed problems, and (4) developing strategies to manage con-
taminated weed seeds in farmers saved paddy seed (e.g. seed cleaning
methods, and modifying harvest and threshing equipment to avoid, or
separate, weed seeds from harvested paddy etc).
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