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ABSTRACT
Climate change is predicted to negatively impact wheat yields across northern India, primarily as a result of
increased heat stress during grain filling at the end of the growing season. One way that farmers may adapt
is by sowing their wheat earlier to avoid this terminal heat stress. However, many farmers in the eastern
Indo-Gangetic Plains (IGP) sow their wheat later than is optimal, likely leading to yield reductions. There is
limited documentation of why farmers sow their wheat late and the potential constraints to early sowing. Our
study uses data from 256 farmers in Arrah, Bihar, a region in the eastern IGP with late wheat sowing, to
identify the socioeconomic, biophysical, perceptional, and management factors influencing wheat-sowingdate decisions. Despite widespread awareness of climate change, we found that farmers did not adopt
strategies to adapt to warming temperatures and that wheat-sowing dates were not influenced by perceptions
of climate change. Instead, we found that the most important factors influencing wheat-sowing-date decisions
were irrigation type and cropping decisions during the monsoon season prior to the winter wheat growing
season. Specifically, we found that using canal irrigation instead of groundwater irrigation, planting rice in the
monsoon season, transplanting rice, and transplanting rice later during the monsoon season were all associated with delayed wheat sowing. These results suggest that there are system constraints to sowing wheat on
time, and these factors must be addressed if farmers are to adapt wheat-sowing-date decisions in the face of
warming temperatures.

1. Introduction
The rice–wheat system in India’s Indo-Gangetic Plains
(IGP) is one of the most important agricultural systems
in the world, and India is the second largest producer of
both rice and wheat globally (Singh 2018). This region is
expected to face some of the largest negative impacts on
crop yields due to warming temperatures associated
with climate change (Kumar et al. 2014). This is particularly true for wheat, where terminal heat stress during
Supplemental information related to this paper is available at
the Journals Online website: https://doi.org/10.1175/WCAS-D-190122.s1.
Corresponding author: Meha Jain, mehajain@umich.edu

grain filling currently reduces yields by 5% and is expected to further negatively impact yields over the
coming decades (Lobell et al. 2011; Kumar et al. 2014).
As India’s population continues to grow, these losses pose
a serious threat to food security. One way to reduce the
negative impacts of warming temperatures is to sow wheat
on time, by 15 November across the IGP, which allows for
the crop to mature prior to heat stress at the end of the
growing season (Kalra et al. 2008; Pathak et al. 2015). The
implementation of practices promoting on-time sowing are
crucial because even with the development of new agricultural technologies, late sowing remains one of the key
factors impacting wheat yields across the IGP (Tripathi
et al. 2005; Reynolds et al. 2008; Hobbs et al. 2019).
In the western IGP, in the states of Punjab, Haryana,
and western Uttar Pradesh, farmers already sow wheat
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close to the ideal date of 15 November (Vyas et al. 2013;
Chakraborty et al. 2018). In the eastern IGP, in the states
of eastern Uttar Pradesh and Bihar, wheat is sown much
later than the west (Vyas et al. 2013; Chakraborty et al.
2018), sometimes as late as early January (Jain et al.
2016). Studies have shown that sowing wheat just one
week earlier than current planting dates is associated with
yield gains of approximately 5% in the western IGP
(Lobell et al. 2013). It is likely that yield gains from early
planting would be even greater in the east given that yield
decline from late planting is 1.5–2.0 times that in the west,
primarily due to a shorter winter window for growth of
wheat in the east (Chandna et al. 2004). Despite the long
established benefits of sowing wheat by 15 November
(Ortiz-Monasterio et al. 1994), a large proportion of
farmers across the IGP, particularly the eastern IGP, sow
their wheat late (Chakraborty et al. 2018).
There is little understanding of why a large proportion
of farmers in the eastern IGP sow wheat later than is
recommended. Previous studies, primarily conducted in
the western IGP, have suggested that wheat sowing is
delayed due to late rice establishment, the prevalence of
planting long-duration rice, and the long turnover period for fields between rice harvest and wheat sowing
(Ladha et al. 2003; Rao et al. 2015). For example,
Balwinder-Singh et al. (2015) found that delaying rice
establishment (and in turn rice harvesting) in the western IGP results in later sowing of wheat. Farmers may be
able to overcome these challenges by adopting alternate
sowing and field preparation practices. Considering
earlier rice establishment, studies in Malaysia and the
Philippines have shown that direct seeding of rice seeds
into dry soil in place of transplanting rice seedlings into
puddled fields reduces land preparation time and leads
to earlier establishment of rice crops, as farmers did not
have to wait for fields to become saturated with irrigation or rainfall before sowing (Cabangon et al. 2002;
Tuong et al. 2000; Lantican et al. 1999). In addition,
farmers may be able to reduce the turn over period
length between rice and wheat by using zero till, which
does not require farmers to till the soil prior to sowing
wheat, reducing land preparation time and allowing for
earlier wheat planting (Rafiq et al. 2017; Hobbs 2001).
To date, there is limited documentation of the proportion of farmers who sow wheat later than 15 November,
which factors are associated with late wheat sowing, and
whether farmers are adopting any technologies, such as
direct seeding or zero till, to help sow wheat earlier in
the eastern IGP. Yet understanding these issues is important as it helps identify which factors are the largest
constraints to sowing wheat earlier and may be the most
effective leverage points for interventions to encourage
earlier sowing in the face of climate change. We focus
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our study on one region that faces late sowing dates,
Arrah, Bihar, located in the eastern IGP. We examine
the socioeconomic, biophysical, perceptional, and management factors that are associated with both wheatsowing date and rice-planting decisions, as monsoon crop
decisions can impact wheat-sowing date. We specifically
seek to answer the following questions:
1) Which socioeconomic, biophysical, perceptional, and
management factors are associated with late wheatsowing dates?
2) Do monsoon cropping decisions affect the sowing
date of wheat in the winter growing season? If so,
which factors are driving monsoon cropping decisions?
3) What are farmers’ perceptions of climate change,
and do these perceptions influence rice- and wheatcropping decisions?
In this study, we aim to identify the factors influencing
the timing of the rice–wheat-cropping system. Such information could help policy makers target interventions
and policies to help farmers sow wheat earlier, reducing
a large proportion of the negative impacts of warming
temperatures caused by climate change, and ensuring
that wheat yields continue to meet rising food demand in
this important agricultural region.

2. Study region and methods
a. Study region
Located in the eastern Indian state of Bihar, our study
is based in the district of Arrah, where approximately
50% of the population lives on rural agricultural lands
(Directorate of Census Operations, Bihar 2011). The
fertile plains that make up this district make it suitable
for its predominantly agricultural economy, whose
main agricultural crops and commercial exports are
rice and wheat (Ministry of Micro, Small and Medium
Enterprises 2011). We selected a 16 km 3 8 km region
in Arrah (Fig. 1) that we knew had variation in wheatsowing times based on previous fieldwork and satellite
image analysis of sowing dates across the region (Jain
et al. 2016; Fig. S1 in the online supplemental material);
our study area is also located in one of the regions with
the greatest amount of late wheat sowing across the
eastern IGP (Fig. S1). Furthermore, this region is facing terminal heat stress (Fig. S2A in the online supplemental material), which is associated with reduced
wheat yields with later sowing dates (Fig. S2B).

b. Data collection and descriptive statistics
To design the structured household survey, we first
conducted one focus group in each village we visited
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FIG. 1. Map of villages considered in this study. The district of Arrah within the state of Bihar is highlighted in light
gray within the outline in the inset. Villages (marked by stars) are west of the city of Arrah (marked by pin).

with farmers to identify potential factors that may influence wheat-sowing-date decisions and potential constraints to sowing early. These focus groups helped
inform what questions we ultimately included in our
structured household survey and also the set of potential
responses that were coded for each question. All questions were open ended, and our field team selected the
coded response that matched each farmer’s open-ended
response. We also included ‘‘other’’ as a potential response category that allowed for our survey team to
write in a farmer’s response if it was different from the
structured coded responses for each question (please see
the online supplemental information for a copy of the
survey). We then translated this survey into Hindi,
which is spoken by all farmers in our study region. After
we designed the structured household survey, field staff
conducted mock interviews with farmers to ensure that
our survey questions were worded appropriately, that
the translation was correct, and that our coded list of
answers to each question included the most common
responses given by farmers.
Once the survey was finalized, we selected 11 villages
that were distributed across the study region, represented the range in wheat-sowing dates across the region, and were independent of the locations where we

conducted focus groups and survey training (Fig. 1).
Within each village, we interviewed approximately 25
farmers. These farmers were selected using a stratified
sampling design, where we stratified farmer selection
across landholding size and caste. Landholding size and
caste have been shown to be proxies for socioeconomic
status and crop-management decisions in India (Jain
et al. 2015), and if we apply stratified sampling across
these categories, we likely would observe the full
range of crop-management decisions within a village.
We first spoke with government officials from the
village Panchayat, or local government, to obtain an
estimate of the distribution of farmers across landholding sizes and castes within the given village. We then
visited households for our survey throughout the village,
ensuring that the distribution of landholding size within
our survey sample matched our village distributions.
The households that we selected were also geographically distributed throughout the village to ensure that we
sampled farmers from each of the different neighborhoods across each village since castes are typically
clustered in neighborhoods within a village.
Within each household, we asked to speak to the main
household member in charge of agricultural decisionmaking (over 99% of our respondents were the male
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TABLE 1. Summary statistics for all variables included in regressions.
Wheat sow date (N 5 254)
Irrigation type (N 5 248)
Max education level (N 5 255)
Risk (N 5 249)

Tilling practices (N 5 245)
Age (N 5 253)
Wealth index (N 5 256)
Soil type (N 5 256)
Topography (N 5 240)
Do warm temperatures in March reduce
wheat yields? (N 5 253)
Has the winter growing-season temperature changed relative to 10 years ago?
(N 5 253)
Monsoon crop (N 5 229)
Rice variety duration (N 5 203)
Sowing method (N 5 201)
Rice transplant date (N 5 197)

Mean 5 3 Dec; median 5 30 Nov; range 5 1 Nov–18 Jan
100% of farmers have irrigation; 5.4% are canal irrigated, 65.6% rent water from another
farmer’s bore well, and 29% use water from their own bore well
8.47% had no schooling, 38.71% went to primary school, 26.21% graduated from the 10th
standard, 12.5% graduated from the 12th standard, 0.4% received a diploma, and 13.71%
earned a B.A./B.Sc.
Category 1 5 36.78%, category 2 5 16.12%, category 3 5 11.57%, and category 4 5 35.54%,
where category 1 represents the least risky answer and category 4 represents the most
risky answer to a question that asked farmers how much money they would bet on getting
heads in a coin-flipping game
96% of farmers till their soils with tractors, 1% till their fields using ox plots, and 2.4% use
zero-tillage technologies
Mean 5 51; median 5 50; range 5 22–83
Mean 5 5.76; median 5 5; range 5 0–22 [sum of all durable goods (bikes, television, etc.)
that a landowner owns]
45.4% of farmers had dark clay soil, 24.10% had sandy loam soil, and 30.5% had other
soil types
31.20% have lowland topography, 5.56% have midland topography, and 63.25% have
upland topography
76.83% yes; 23.17% no
66% warmed; 15% cooler; 10% more variable; 9% no change

89.19% of farmers plant rice; 10.81% leave land fallow during monsoon season
Mean 5 112 days; median 5 115; range 5 60–165 days
95.92% of farmers transplant their rice; 4.08% use direct seeding to plant rice
Mean 5 29 Jul; median 5 28 Jul; range 5 3 Jun–28 Aug

head of the household) and asked if this person would
be willing to take part in our 45-min household survey.
Consent was obtained following an approved institutional review board (IRB) protocol (eProtocol 30648;
Stanford University) and farmers were told that they
could stop taking the survey at any time. We ensured
that no other farmers from the village were present in
the house at the time of survey collection so that responses were not biased by other farmers. If a farmer’s
response to each question was one of the a priori coded
responses, our survey team would select the associated
response. However, if a farmer gave a different answer
that was not one of the available response choices, our
survey team selected ‘‘other’’ and wrote out the farmer’s
response. These free-form answers were later coded if
there was more than one of the same response across all
of our surveys.
We described each of the variables considered in our
analyses and produced descriptive statistics (Table 1).
All farmers in our sample had access to irrigation, and
the reported irrigation sources were canal (5%), own
bore well (29%), and others’ bore well (66%). When
using canal irrigation, farmers draw water using diesel
pumps from nearby canals, and when using bore well
irrigation, farmers draw groundwater using diesel pumps
from wells dug near their fields. Own bore well refers to

farmers who own their own well, and others’ bore well
refers to farmers who do not own their own bore well,
but instead purchase water from bore well owners in
their village at an hourly rate. Most farmers planted
rice during the monsoon season (89%), though some
farmers left their monsoon land fallow (11%). Of those
farmers who planted rice, 96% of farmers transplanted
their rice and 4% used direct seeding of rice. The soil
types of farmers’ fields were either of dark clay (45%),
sandy loam (24%), or other (31%), a category that
represented soils other than the two aforementioned
soil types. The median size of farmers’ plots was 2.5
acres. The highest level of education completed by
most farmers was primary school (39%), followed by
the 10th grade (26%).

c. Statistical analyses
So as to not overrepresent farmers with multiple plots
of land, regressions were run using data from each
farmer’s largest field. To ensure that selecting only
farmers’ largest fields did not bias our results, we compared the mean and variance of wheat-sowing dates
for the largest fields with those of all fields (Fig. S3
in the online supplemental material) and found that
they were not significantly different ( p . 0.05). For regressions on continuous variables (e.g., sowing date,
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TABLE 2. Effect, in terms of number of days (6) relative to the reference, of various socioeconomic, biophysical, perceptional, and
management factors on the wheat-sowing-date dependent variable, with the full dataset (regression 1: all data), for only farmers growing
rice (regression 2: rice subset), and for only farmers who transplanted their rice (regression 3: transplant subset). Reference levels were
canal for irrigation, ox plow for tilling, dark clay for soil type, lowland for topography, and fallow for monsoon crop type. Significance is
indicated with the following symbols: plus sign for p , 0.1, asterisk for p , 0.05, two asterisks for p , 0.01, and three asterisks for p , 0.001.
Here, df is degrees of freedom, and the other numbers in parentheses are standard errors.
All data
Others’ bore well
Own bore well
Tractor tilling
Zero tillage
Education
Risk
Age
Wealth
Other soil
Sandy loam soil
Midland topography
Upland topography
Warm temperature impacts yields
Growing-season temperature has changed
Plant rice
Rice duration
Transplant rice
Transplant date
Constant
No. obs
R2
Adjusted R2
Residual std error
F statistic

Rice subset
214.215** (5.061)
210.5151 (5.347)
25.682 (10.234)
3.528 (12.848)
0.742 (0.877)
0.280 (0.997)
20.071 (0.084)
20.124 (0.432)
1.220 (2.821)
20.066 (2.940)
23.746 (5.029)
0.436 (2.501)
2.894 (2.832)
0.772 (4.321)

213.761** (4.774)
28.8921 (5.051)
27.989 (9.788)
1.966 (12.392)
0.434 (0.784)
0.275 (0.906)
20.069 (0.074)
20.346 (0.390)
2.321 (2.550)
21.445 (2.679)
0.538 (4.313)
2.069 (2.269)
3.962 (2.545)
20.410 (3.668)
7.213* (3.382)

0.065 (0.071)
9.8201 (5.797)
33.2911 (18.163)

45.148** (14.418)
174
0.166
0.087
13.233 (df 5 158)
2.102* (df 5 15; 158)

duration), we used linear regressions to identify the
factors influencing the dependent variable in question.
We ensured that all of our continuous covariates had
linear relationships with our dependent variable of interest (Fig. S4 in the online supplemental material). For
regressions on binomial categorical variables (e.g., crop
type), we ran binomial logistic regressions to find the
factors increasing likelihood of choosing one category
over the other. R Project software and the relaimpo,
glm, and stargazer packages were used for data analysis
and visualization.
We specifically ran three regressions using wheatsowing date as the dependent variable including 1) all
farmers, 2) a subset of farmers that grew rice in the
monsoon season, and 3) a subset of farmers that transplanted rice. It is important to note that the sample size
for each regression is less than 256 (the total number of
farmers we interviewed) because some farmers did not
provide information for all variables that were considered in our regression (see Table 1 for number of responses for each variable). We tested whether the subset
of data used in the regression was representative of the
full dataset by comparing the mean and variance of

154
0.158
0.060
13.852 (df 5 137)
1.6081 (df 5 16; 137)

Transplant subset
213.615* (5.357)
29.5031 (5.544)
25.531 (10.255)
22.188 (14.037)
0.877 (0.877)
0.287 (1.016)
20.025 (0.084)
20.082 (0.435)
2.058 (2.916)
0.073 (2.927)
21.917 (4.995)
0.383 (2.506)
4.208 (2.824)
0.697 (4.315)
0.059 (0.071)
0.180* (0.090)
27.767 (18.842)
149
0.157
0.054
13.540 (df 5 132)
1.5331(df 5 16; 132)

wheat-sowing date between the subset of data (n 5 174)
and the full dataset (n 5 256) and found no significant
differences ( p . 0.05). Since cropping decisions in the
monsoon season influence wheat-sowing dates, we also
ran three regressions with monsoon cropping decisions
as the dependent variables: 1) whether the farmer
planted rice, 2) the transplant date of rice, and 3) the
duration of rice. Beta coefficients and significance levels
are presented for all of the independent variables in
each regression to determine which factors significantly
influence our dependent variables of interest (Tables
2 and 3).

d. Scenario analysis
To gain a better understanding of the possible benefits
of adopting different crop-management strategies, we
used the results of our linear regression models to estimate the overall change in wheat-sowing dates that
could occur if farmers adopted different management
practices. We specifically did this by replacing the suboptimal management strategy in our dataset with the
optimal management strategy, and then applied the beta
coefficients from our linear model to this amended
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TABLE 3. Effect, in terms of number of days (6) relative to the reference, of socioeconomic, biophysical, perceptional, and management
factors on the dependent variables monsoon crop choice [regression 1: plant rice (logistic)], rice transplant date [regression 2 (OLS)], and
rice duration [regression 3: (OLS)]. Reference levels were canal for irrigation, dark clay for soil type, and lowland for topography.
Significance is indicated with the following symbols: plus sign for p , 0.1, a single asterisk for p , 0.05, two asterisks for p , 0.01, and three
asterisks for p , 0.001. Here, df is degrees of freedom, and the other numbers in parentheses are standard errors.
Plant rice
Others’ bore well
Own bore well
Education
Risk
Age
Wealth
Other soil
Sandy loam soil
Midland topography
Upland topography
Transplant rice
Transplant date
Constant
No. obs
R2
Adjusted R2
Log likelihood
Akaike information criterion
Residual std error
F statistic

Rice transplant date

216.276 (1696.799)
215.374 (1696.799)
20.008 (0.199)
0.524* (0.241)
0.021 (0.020)
20.085 (0.094)
22.450** (0.822)
22.195** (0.799)
22.328* (1.036)
20.569 (0.629)

3.736 (4.302)
0.913 (4.519)
0.104 (0.771)
1.4771 (0.861)
20.067 (0.076)
20.186 (0.384)
24.5441 (2.411)
22.007 (2.655)
25.382 (4.494)
1.189 (2.228)

18.682 (1696.799)

56.409*** (6.894)

189

Rice duration
211.907* (5.740)
26.796 (6.019)
2.058* (0.994)
20.350 (1.144)
20.027 (0.099)
20.560 (0.477)
9.817** (3.217)
22.187 (3.481)
11.1241 (5.981)
2.867 (2.919)
0.885 (7.477)
0.083 (0.106)
110.332*** (11.756)

157
0.072
0.009

163
0.174
0.107

252.948
127.895

dataset to predict sowing dates. To develop a viable
comparison dataset of current sowing dates, we predicted wheat-sowing dates using the original dataset. We
used these simulated sowing dates as our baseline scenario instead of observed sowing dates since the linear
model has error and is not able to predict the observed
sowing dates exactly. For the scenarios that only considered a subset of farmers in our models (e.g., scenarios
that only considered rice farmers), we included the
baseline predicted sowing dates for farmers who were
not included in the subset so that we had sowing dates
for all farmers in all scenarios. It is important to note
that we are not trying to simulate farmers’ abilities to
adapt to future climate change with these scenarios; we
only want to understand how much changing management strategies may enhance earlier wheat sowing.

3. Results
a. Perceptions of ideal wheat-sowing date, constraints
to wheat yields, and climate change
The average wheat-sowing date for the farmers in our
sample for the year in which we conducted the study was
2 December, which is two weeks later than the optimal
sowing date of 15 November, suggested by agronomists
for the eastern IGP region (Ortiz-Monasterio et al. 1994;
Department of Agriculture 2019). When asked what

12.502 (df 5 146)
1.137 (df 5 10; 146)

16.687 (df 5 150)
2.625** (df 5 12; 150)

they perceived to be the ideal wheat-sowing date, 70.7%
of farmers responded that 16–30 November is the range
in which they would ideally sow wheat (Fig. 2a).
However, only 41.5% of farmers actually sowed wheat
within this window (Fig. 2b). Compared to the 8% reporting dates after 30 November as their ideal planting
window, 47% of farmers actually sowed wheat after
30 November.
The majority of farmers responded that they did not
plant wheat within their ideal sowing window because
their rice crop was still standing (Fig. 2c). It is common
for farmers in this region to plant rice during the monsoon season, with 89% growing rice and 11% leaving
fields fallow. The average establishment date for rice is
29 July, and the average duration that rice is in a
farmer’s field is 112 days, which does not account for the
amount of time seedlings were grown in nurseries.
Additionally, farmers reported lack of inputs such as
irrigation and fertilizer to be their biggest constraints to
increasing wheat yield, whereas late sowing and high
temperature were rarely listed as constraints (Fig. 2d).
It is clear that farmers realize there are benefits to
sowing earlier; in fact, 77% of the farmers in this region
responded that they were aware that high temperatures
in March reduce wheat yields (Table 1). In addition,
66% of farmers also reported that the growing-season
temperatures had warmed over the last 10 years
(Table 1). Despite their perceptions of the negative
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FIG. 2. Farmers’ (a) ideal sowing date, (b) actual sowing date, (c) reason for not planting within their ideal sowing
window, and (d) constraints to increasing yield.

effects of warm temperatures in March and rising growingseason temperatures, all farmers responded that they
have not made any adaptations to mitigate the effects of
warming temperatures, with most farmers saying that
they either did not know what to do or that there was
nothing they could do to reduce the negative impacts of
warming temperatures.
We also asked questions about zero-till adoption and
found that 96% of farmers had heard of zero till
(Fig. S5a in the online supplemental material), yet only
2.5% of farmers reported using zero till in their largest

wheat field during the growing season for which we
collected data (Fig. S5b). Instead of using zero till, the
most common land preparation method stated was using
tractors for tilling (96% of farmers; Fig. S5b). When
considering the use of zero till, it is important to understand how rice residues are cleared from the field
prior to wheat land preparation. In this region, approximately 60% of fields are mechanically harvested, leaving behind large rice residues that are difficult to dispose
of quickly, resulting in most farmers burning their residue. Approximately 40% of farmers hand harvest their
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fields and these farmers remove rice residues manually,
with small, anchored residues remaining in the field.

b. Factors affecting wheat-sowing dates
When considering all farmers, one of the variables we
found to affect wheat-sowing date is irrigation source
(Table 2; regression 1). When compared with those who
used canal irrigation, farmers using their own bore water
sowed wheat 9 days earlier ( p , 0.1) and farmers using
others’ bore water sowed wheat 14 days earlier ( p ,
0.01). Farmers who planted rice instead of leaving their
land fallow during the monsoon season sowed wheat
7 days later ( p , 0.05). This finding corroborates responses from farmers who said that the standing rice
crop was their biggest obstacle to sowing wheat on
time (Fig. 2c).
Since planting rice was one of the factors that was
most associated with delayed wheat sowing, we ran a
regression for only those farmers who grew rice to
identify if there were any rice-management factors associated with late wheat sowing (Table 2; regression
2). We find that having access to bore well irrigation
was again associated with earlier sowing of wheat; specifically, compared to canal irrigation, farmers sowed
wheat 14 days earlier if they irrigated from others’ bores
( p , 0.01) and 11 days earlier if they used their own bore
water ( p , 0.1). In addition, we find that direct seeding
of rice instead of transplanting rice is associated with
earlier wheat sowing by 10 days ( p , 0.1). We then investigated which factors were associated with wheatsowing date for farmers who transplanted rice during
the monsoon season (Table 2; regression 3). We again
found that irrigation source affects these farmers’
wheat-sowing date. When compared with those who
used canal irrigation, farmers using their own bore
water sowed wheat 10 days earlier ( p , 0.1) and
farmers using others’ bore water sowed wheat 14 days
earlier ( p , 0.05). We found that for each day later
that farmers transplanted their rice, the wheat-sowing
date was 0.2 days later ( p , 0.05).

c. Monsoon-season decisions
When we examined what factors are associated with
whether a farmer decided to plant rice or leave fields
fallow, we found that risk, soil type, and topography
were significantly associated with crop choice (Table 3;
regression 1). Farmers with sandy loam soil and other
soils were more likely to leave fields fallow than those
farmers with sandy clay soil ( p , 0.01). This is expected
given that sandy clay soil is able to retain water better
than other soil types, making it well suited to planting
rice. In addition, farmers who were identified as more
risk taking were more likely to plant rice ( p , 0.05).

VOLUME 12

We then examined which factors explained rice transplant date for those farmers who grew rice and transplanted seedlings into their fields (.96% of farmers)
(Table 3; regression 2). We found that increased risktaking attitudes were positively associated with later rice
transplant dates (p , 0.1). Additionally, other soil type
was associated with earlier transplanting than farmers
with sandy loam and dark clay soils ( p , 0.1).
Although rice duration was not a significant predictor
in our regression of wheat-sowing date for farmers
planting rice during the monsoon season, we wanted to
understand the factors influencing farmers’ choice in
rice varieties since rice crops still standing in field was
the main constraint for sowing wheat on time (Table 3;
regression 3). We found that farmers whose fields were
made up of other soil types were more likely to sow
longer-duration rice varieties than farmers with sandy
loam and dark clay soils ( p , 0.01). In addition, we
found that more educated farmers planted longer duration rice ( p , 0.05) and farmers who used water from
others’ bores were more likely to plant shorter-duration
rice varieties ( p , 0.05).

d. Modeling wheat-sowing dates under different
management scenarios
To understand how shifting management practices
may result in earlier wheat sowing, we analyzed four
different scenarios based on management strategies
that were associated with earlier wheat sowing in our
regressions (Table 2). First, we assumed that all farmers
used others’ bore well instead of canal irrigation.
Second, we assumed that all farmers left their fields
fallow during the monsoon season instead of planting
rice. It is clear that leaving lands fallow instead of
planting rice is likely not a profitable strategy, but we
wanted to see what the effect of switching to fallow lands
would be on wheat-sowing date since this was one of the
most important factors explaining early sowing in our
regressions (Table 2; regression 1). Third, for farmers
that grew rice, we assumed that the farmers switched to
direct seeding of rice. Finally, for those farmers who
transplanted rice, we assumed that all farmers switched
to transplanting on the earliest date found in our study
(30 June 2014).
The distributions of estimated sowing dates for the
original data and for each of the four scenarios are
shown below (Fig. 3). It is important to note that simulations of wheat-sowing date for our original data (pink
histograms) do not perfectly align with observed sowing
date (Fig. 2b), likely because our linear regression only
explained 15% of the variation in wheat-sowing date.
Of the different management changes, switching to direct seeding of rice has the biggest effect and reduces the
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FIG. 3. Distributions of wheat-sowing date and predicted sowing date assuming (a) use of others’ bore well for
irrigation, (b) fallow during monsoon, (c) direct seeding of rice, and (d) earliest rice transplant in the monsoon
season. The percent value represents the number of farmers who would plant on or before 30 Nov, and the date
represents the mean wheat-sowing date for each scenario. The mean sowing date between each scenario and the
original sowing date is significantly different (t test; p , 0.001) except for (a), which is not significantly different.

mean wheat-sowing date by 8 days (Fig. 3c). By adopting
this management practice, 88% of the farmers could
potentially sow wheat on or before 30 November,
compared to only 30% of farmers using our original
dataset. We chose 30 November as the cutoff date for
late sowing given that this was the date range that most
farmers said was the ideal time period for sowing wheat
(Fig. 2a). Switching from canal irrigation to bore irrigation has the smallest effect, shifting mean wheatsowing date only one day earlier and increasing the
percent of farmers who plant on or before 30 November
by 1%, likely because only 5% of farmers in our study
used canal irrigation (Fig. 3a). Switching to fallow fields
during the monsoon season is simulated to bring up
sowing date by 6 days, and results in 84% of farmers
sowing on or before 30 November (Fig. 3b). Last, if all
farmers transplanted rice on the earliest transplant date
seen in our study, wheat-sowing date would be 5 days
earlier and 76% of farmers would plant wheat on or
before 30 November (Fig. 3d).

4. Discussion
This study examined the drivers of delayed wheat
sowing beyond the optimum sowing window for farmers
in Arrah using data collected from 256 farmers in this
district. We were specifically interested in identifying
the socioeconomic, biophysical, perceptional, and management factors associated with wheat-sowing date and
monsoon cropping decisions, and whether perceptions

of climate change were associated with cropping decisions. Overall, our results show that climate perceptions
are not important drivers of wheat-sowing-date decisions, even though a majority of farmers believe that
temperatures have warmed over the last 10 years and
that warm temperatures negatively impact wheat yields.
Instead, irrigation and monsoon cropping decisions
were the factors that were significantly associated with
wheat-sowing date in our regression analyses. This
suggests that late sowing of wheat is a systems problem, where wheat-cropping decisions are strongly tied
to the cropping decisions farmers make during the
monsoon season, and any intervention to bring up the
sowing date of wheat must consider farmers’ monsoon
cropping decisions.
Our analyses of wheat-sowing dates found a significant association with irrigation source, with farmers who
use canal irrigation planting wheat 9–14 days later than
those who use groundwater irrigation. Based on focus
group discussions and our knowledge of the system, we
believe that the reason groundwater irrigation is associated with earlier planting is because bore wells
give farmers more reliable access to irrigation when
farmers are preparing fields for wheat sowing. Canals,
on the other hand, are often unreliable, as they are
replenished by highly variable monsoon rains and are
susceptible to evaporation and seepage (Kazmi et al.
2012; Sivapragasam et al. 2009). Lack of consistent
irrigation access either from canals or tube wells was
the second most cited factor for why farmers sow their
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wheat late (Fig. 2c), likely because farmers apply one
preirrigation before sowing wheat to soften soils. Our
results suggest that improving access to groundwater
irrigation, either by enhancing irrigation infrastructure or by improving electricity access for existing
wells, could help canal-irrigated farmers sow wheat
earlier by approximately two weeks. This recommendation may be concerning due to groundwater exploitation in the IGP, but studies have found that there
are opportunities for farmers in eastern states such as
Bihar to increase sustainable groundwater extraction
(Singh 2004); furthermore, groundwater development
in Bihar is still relatively low when compared with
other states in India and is currently not overexploited
(Chatterjee and Purohit 2009). Currently, the cost of
bore well irrigation is high in Bihar due to high diesel
costs and a lack of subsidies, making it difficult for
farmers to maximize bore well potential (Mukherji
et al. 2013). However, in our scenario analysis when we
switched irrigation use to bore wells for those farmers
who currently use canals, there was little change in
wheat-sowing dates and this difference was not significant (Fig. 3a), likely because only a few farmers
(5%) use canal irrigation. This suggests that increasing
access to bore well irrigation may not be the most effective intervention in our study area.
Instead, we found that altering monsoon cropping
decisions, specifically leaving monsoon lands fallow,
direct seeding rice, and transplanting rice earlier, were
significantly associated with large shifts to earlier wheat
sowing in our study area. These results align with
farmers’ perceptions of the main constraints to sowing
wheat on time, which is that the rice crop is still standing
(Fig. 2c). Our scenario analysis shows that all three of
these strategies can significantly increase the number of
farmers sowing wheat during their ideal growing window, increasing the percent of farmers sowing on or
before 30 November to over 75% (Fig. 3). Interestingly,
establishing rice earlier had similar benefits to leaving
monsoon land fallows, without the negative economic
impacts of forgoing a monsoon crop. Yet farmers may
be hesitant to establish rice earlier given that rice is
more profitable than wheat; while we did not collect
profit data in this study, another study that was recently conducted in our same study region shows that
78% of farmers stated that rice is more profitable than
wheat, with a profit of INR 4872 bhiga21 versus INR
2794 bhiga21 (1 bhiga 5 2500 m2) for rice versus wheat
(Umashaanker 2019; Table S1 in the online supplemental material). This study found that over 99% of
farmers interviewed said that sowing wheat late reduces their yields, with a 17% average yield loss for
every one week of late sowing (Table S1). Yet, this
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loss of wheat yield may not concern farmers since it
may be more profitable to optimize their rice production. These results suggest that interventions to
enhance earlier sowing of wheat must consider the full
cropping cycle of rice and wheat in this region, and
that viable solutions will need to enhance earlier
sowing of wheat without significantly reducing current
profit margins of rice.
Considering direct seeding of rice, several studies
have similarly found that it leads to earlier rice establishment compared to rice transplanting (Cabangon
et al. 2002; Tuong et al. 2000; Lantican et al. 1999). Yet,
studies that measure the impacts of direct seeding on
rice yield suggest that the profitability of direct seeding
depends on context. Overall, studies have shown that
direct seeded rice leads to reduced labor, irrigation, and
initial capital costs compared to rice transplanting, including in the IGP (Singh et al. 2009). Direct seeded
rice, however, typically leads to reduced yields due to
greater weed establishment compared to transplanted
rice; studies have shown that direct seeding rice without
proper weed control can reduce yields by 50%–90%
(Singh et al. 2009; Choubey et al. 2001; Moorthy and
Saha 2002). This yield differential between direct seeded
and transplanted rice can be significantly reduced or
even eliminated if weed management is effectively
controlled (Singh et al. 2011). Previous studies have
suggested that several effective strategies include
mulching (Singh et al. 2007; Gopal et al. 2010), using
tillage (Sharma 1997; Singh et a. 2011), using chemical
herbicides and weedicides, and switching to rice varieties that are more resistant to weeds (Singh et al. 2009;
Gopal et al. 2010). Yet capital investment for such
strategies, particularly herbicides and weedicides, is
challenging for resource poor farmers. Studies have
found that direct seeded rice becomes profitable when
there are labor shortages, labor costs are high, and there
is limited access to irrigation (Pandey et al. 2002).
Applying these findings from the broader literature to
our study region, it is unlikely that switching to direct
seeding will lead to greater profits, given the availability
of irrigation and cheap labor in our study area. This
likely explains why only 4% of farmers in our study use
direct seeding for rice, even though it leads to earlier
wheat establishment in the subsequent season.
The second mechanism by which farmers can establish
rice earlier is by transplanting rice earlier. The mean
transplanting date for rice in our study area during the
year of our study was 29 July, though there was a broad
range in transplant dates (3 June–28 August; Table 1).
Studies have suggested that earlier rice transplanting
leads to increased or stable rice yields. In field experiments in Bihar, sowing rice in early (5–7 July) instead
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of late July increased rice yields by 13%–17% when
planting medium-duration rice varieties (Singh et al. 2000;
Chaudhary et al. 2011). When planting long-duration
rice varieties, studies have suggested that transplanting
rice between June to July does not impact yields, but
yields decline rapidly with transplanting in early to midAugust (e.g., Hira and Khera 2000; Jalota et al. 2009;
Basu et al. 2014; Balwinder-Singh et al. 2019). Therefore,
it appears that shifting transplant dates earlier may be a
viable strategy to enhance wheat-sowing dates without
reducing rice yields in Bihar. While we found that the
factors that were associated with late transplanting were
more risk-taking attitudes and having nonclay and
nonsandy soil, other studies have found that the main
factors explaining late transplant dates were delayed
monsoon onset, limited access to irrigation, and lack
of labor availability during the ideal transplant window (Timsina and Connor 2001; Gopal et al. 2010).
These factors also lead farmers in Bihar to transplant
seedlings that are older than ideal (ideal is 21–30 days
old), which results in significant yield reductions
(Balwinder-Singh et al. 2019). A recent crop modeling
study parameterized with data from central Bihar
(Balwinder-Singh et al. 2019) found that current rice
yields could be doubled if appropriately aged seedlings were used and transplant date was advanced to
synchronize with the start of monsoon onset (which
occurs on average in mid-June in this study region);
this differs from current practice, where nurseries are
usually established at the start of monsoon onset and
transplanting occurs anywhere from 3 to 6 weeks later
depending on monsoon rainfall patterns. While understanding ways to enhance rice nursery establishments dates was outside of the scope of this study,
other work suggests that one way to do this is to establish community-level nurseries that are irrigated
prior to monsoon onset and to invest in additional
infrastructure that provides irrigation prior to monsoon onset (Balwinder-Singh et al. 2019).
Interestingly, there are several factors that we did not
find to be significant in our regressions that have been
shown to enhance wheat-sowing date in previous studies. First, we did not find an association between the use
of zero-tillage technologies for sowing wheat and earlier
wheat sowing. Previous work has shown that by using
zero-tillage technologies to plant wheat, seeds can be
sown 8–10 days earlier compared to traditional planting
methods, yields can be increased by 19%, and annual
incomes can be increased by 6% in Bihar (Keil et al.
2015). This is because farmers can save time in preparing fields after rice harvest by eliminating the need to
irrigate and till soils prior to planting wheat. Unlike
the other recommendations in this study, adopting
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zero-tillage technology has the benefit of enhancing
wheat-sowing date without needing to change ricemanagement practices in the previous growing season.
One reason we may not have found zero tillage to be
significant in our regressions is because there was not
much variation in zero-tillage use across farmers in our
study region; only 2.4% of farmers used zero tillage to
sow wheat in our sample. Future work should examine a
sample of farmers with a larger proportion using zerotillage technologies, which may allow for sufficient
variation to identify the effect of zero-tillage use on
wheat-sowing date. Second, previous studies have suggested that planting shorter-duration rice varieties leads
to earlier harvesting of rice and, subsequently, earlier
planting of wheat. Yet, in our regression, rice duration
was not significantly associated with wheat-sowing date.
One reason this variable may not have been significant
in our regression is if there is a relationship between
when rice is planted and the type of rice variety planted.
Previous work has, in fact, suggested that farmers are
more likely to sow shorter-duration rice varieties if they
transplant rice late. Since our regression did not consider an interaction term between rice transplant date
and duration, it is possible that we were unable to capture the importance of rice duration on wheat-sowing
date since it may only have an effect after controlling for
rice transplant date.
Despite the majority of farmers reporting awareness
of increased temperatures over the past 10 years and of
the negative impacts that these temperatures have on
wheat yields, no farmers in our study reported making
changes to mitigate these negative effects. When
farmers were asked why they did not make adaptations
to heat stress, most said there was nothing they could
do in response. Farmers’ lack of adaptation is most
likely the reason that climate change perceptions were
not significantly associated with cropping decisions in
our regressions. With our current data, it is difficult to
discern which factors influenced farmers’ lack of response to climate change. Previous literature suggests
that smallholder farmers are less likely to adapt to
climate change, as they may be more risk averse and
unwilling to try new strategies that may fail (Aggarwal
2008). In addition, studies have shown that while a
majority of individuals may be aware of climate
change, they do not perceive it as an imminent threat
and, therefore, may not adapt (Leiserowitz 2005;
Brechin and Bhandari 2011). Finally, it is possible that
farmers believe the most profitable option is to continue with current rice establishment methods that
lead to delayed wheat planting, even if warming
temperatures are decreasing wheat yields, because rice
is more profitable than wheat. In this case, farmers may
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not alter their cropping strategies in response to known
climate change.
There are several limitations to our study. First, our
study focused only on one region in the eastern IGP,
Arrah, and future work should examine how the constraints to sowing wheat earlier may vary across a wide
range of geographies across the eastern IGP. That being
said, when considering how applicable the findings from
our study are to other regions across the eastern IGP, we
believe that they could provide valuable transferrable
knowledge for other regions that are primarily rice–
wheat-cropping systems. This is because previous work
has shown that irrigation access and management factors are similar in Arrah compared to other rice–wheat
systems across the eastern IGP (Jain et al. 2017). It is
unclear how much our work would inform findings in
regions with other cropping patterns, such as maize–
wheat, and future work should explore the generalizability of our findings to these areas. Second, our study
would have benefitted from collecting data on riceplanting decisions, such as nursery establishment practices and perceptions of ideal rice transplanting date.
Furthermore, identifying the factors influencing riceplanting decisions would give further context to the intricacies of the yearly growing cycle, and give us a better
sense of the constraints to timely sowing of the system
as a whole. Third, it is important to note that the R2 of
our regression models were fairly low (,20%), suggesting that there are additional variables that influence
wheat-sowing-date decisions that were not considered in
this study; future work should attempt to identify what
are these additional important factors. In particular, we
did not collect any information about the variety and
yield of rice and wheat in each farmer’s field, and future
work should examine whether these variables influence
sowing date decisions. It was also sometimes challenging
to disentangle the differential effects of irrigation type
and soil type on farmer cropping decisions, because canal irrigated farmers were more likely to grow crops on
clay soils. Future studies should increase sample size and
collect more data where canal irrigated farmers have
different soil types to better disentangle individual effects on cropping decisions. Last, our study did not
collect data about market-related drivers or profits of
rice versus wheat; future work should identify if there
are any adaptation strategies that can maintain high
levels of rice profit while simultaneously enhancing early
wheat sowing as suggested by the literature cited in this
discussion section.
In conclusion, our study finds that many farmers in
Arrah in the eastern IGP sow their wheat later than
optimal, making their wheat crop more susceptible to
the negative impacts of warming temperatures. Even
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though farmers are aware of warming temperatures
and their negative impacts on wheat yields, farmers
are not adapting their cropping strategies in response
to this warming. This is likely because wheat-sowing
date is strongly influenced by decisions made about
rice cropping during the preceding monsoon season.
We find that earlier rice establishment, either through
direct seeding or earlier transplanting, could lead to
large shifts to earlier wheat sowing in our study region
(Fig. 3). In particular, previous work suggests that
earlier rice transplanting could be a viable strategy
that maintains or increases rice profits while also enhancing wheat yields. Future work should identify the
factors that constrain timely rice transplanting and
potential interventions to help farmers alleviate these
constraints.
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