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Integrated research efforts are needed to provide insights for simultaneously achieving

food production and environmental goals in rice production systems. In this study

we evaluated eight Sustainable Rice Platform performance indicators (net profit, labor

productivity, grain yield, water use efficiency, nitrogen use efficiency, phosphorus use

efficiency, pesticide use efficiency, and greenhouse gas emissions) for 65 rice farmers in

Peru. The aimwas to (1) identify the major management factors influencing profitability, (2)

evaluate potential tradeoffs between economic and environmental sustainability, and (3)

understand farmer perceptions and decision-making processes related to profitability.

For data analysis, farmers were grouped into profitability categories based on net

profit: top (top 20%), middle (middle 60%), and bottom (bottom 20%). Our results

indicate that rice yields, grain sale price, and total spending drive profitability in this

region of Peru. An important finding is that the top profitability group achieved higher

yields while using lower inputs of labor, pesticides, elemental P, and irrigation hours,

resulting in improved environmental performance (e.g., higher nutrient and water use

efficiency and lower greenhouse gas emissions). Results from focus group discussions

highlighted that rice production has changed in recent decades, and there is a need for

improved extension support to cope with increasing pests, disease, and water scarcity.

Moreover, farmers indicated they are vulnerable to exploitation from vendors along the

rice supply chain, with limited access to credit facilities and market channels and little

negotiating power over the cost of inputs and rice sale price. Our results suggest that rice

productivity and profitability can be improved in this region without negatively influencing

environmental footprint per unit production, yet this is unlikely to occur unless key

agronomic and socio-economic challenges are addressed, such as improved access

to crop management recommendations, alternative financing and credit options, and

technologies that decrease the costs of production.
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INTRODUCTION

Rice (Oryza sativa L.) is a major source of calories for nearly half
the world’s population and a livelihood source for over one billion
people (Van Nguyen and Ferrero, 2006). Rice consumption is
drastically increasing in developing countries with expanding
populations (Seck et al., 2012). Global projections show that rice
production will need to increase by 26% by 2035 to meet the
growing demand in regions such as Africa and Latin America
(Seck et al., 2012).While production increases are critical for food
security, there is also a need for balancing the competing goals
of maximizing farmer profits and minimizing negative effects on
the environment.

Intensive rice production practices have increased global

cereal output, but higher yields do not always mean increased
profitability at the farm-level. Starting with The Green
Revolution, the use of technologies, such as improved seed,

irrigation and the intensive use of fertilizers and pesticides, has
increased global rice yields by 130% from 1966 to 2000 (Khush,
2005). During this period, populations of underdeveloped
countries grew by 90%, food prices consistently decreased,
and an estimated 18 million hectares (ha) of agricultural
land was spared from cultivation (Khush, 2005; Stevenson
et al., 2013). However, external inputs including fertilizers and
agrochemicals represent a significant economic cost for farmers,
many of whom do not have access to financial resources or
the appropriate knowledge to effectively manage their rice
crop and thereby maximize returns to investment (Reardon
et al., 2009; Wiggins et al., 2010). For rice production, labor
costs can also be exceptionally high for transplanting as a crop
establishment method (Toriyama et al., 2005). Lastly, since
the 1960’s, global grain prices have continued to decline as
input costs have increased (FAOSTAT, 2020). While this is
beneficial for consumers, producers ultimately generate less
revenue per unit. Therefore, if costs are too high and yields
or rice prices are too low, there is a risk that rice production
will not be profitable. Given the dependence of millions of
small-scale farmers on rice production as a livelihood strategy,
understanding the major factors influencing profitability in
specific biophysical, political, and socioeconomic contexts is
necessary to inform the development of effective agricultural
research and extension programs.

In the face of growing resource scarcity and a changing
climate, crop production targets aimed at attaining global food
security must also be achieved sustainably without expanding
land under crop production (Godfray and Garnett, 2014). High
greenhouse gas emissions (GHG) and water use are two main
challenges threatening the sustainability of flooded rice systems.
Methane emissions from rice production account for roughly
50% of global cropland emissions (Carlson et al., 2016). In
addition, it is estimated that rice production uses ∼34–43%
of the world’s irrigation water (Bouman et al., 2007). High
rates of fertilizers and pesticides are also known to pollute air,
water, and soil resources which has long-term environmental and
social ramifications (De Roos et al., 2003; Pimentel et al., 2004;
Fageria and Baligar, 2005; Rosenbaum et al., 2008). Hence, it
is necessary to evaluate the environmental performance of rice

production using multiple indicators to comprehensively balance
between profitability and efficient management practices leading
to a reduced environmental footprint. Benchmarking yield and
resource-use efficiency gaps among farmers is a well-documented
strategy to highlight attainable efficiencies and yield-limiting
factors within specific agronomic and socioeconomic contexts
(Van Ittersumvan and Rabbinge, 1997; Papademetriou et al.,
2000; Lobell et al., 2009; Foley et al., 2011; Stuart et al., 2016;
Devkota et al., 2019). In simple terms, yield and resource
use gaps are calculated as the difference between the highest
attainable values currently achieved in the region and the
average value achieved by farmers. While yield gap analysis is
a crucial first step in setting agricultural intensification targets,
relatively few studies have holistically examined relationships
between yield gaps and sustainability indicators to determine
tradeoffs between increasing yields and its adverse impacts on
environmental footprint.

The Sustainable Rice Platform (SRP) is a multi-stakeholder
alliance led by the United Nations (UN) Environment
Programme and IRRI (International Rice Research Institute),
with the overall goal to create a framework for evaluating
and promoting sustainable rice production (Sustainable Rice
Platform, 2015). The SRP contains a set of 12 performance
indicators designed to evaluate the sustainability of farming
systems while also identifying opportunities for improvement.
Utilizing performance indicators for benchmarking yield
and resource use efficiency gaps allows local evaluation
of performance, as well as regional comparisons within a
standardized and internationally accepted framework. The
majority of research utilizing indicators from the SRP has
focused on Southeast Asia, where it has identified areas of
improvement for the adoption of sustainable practices (Stuart
et al., 2018; Watcharapongchai et al., 2018; Devkota et al., 2019;
2020). To our knowledge, there is no published evidence that the
SRP has been utilized to evaluate rice production practices in
Latin America.

In Peru, like many countries in Latin America, rice is a staple
food and cash crop with demand rapidly increasing due to a
growing population with changing dietary preferences. Since
1960, Peru’s land area of rice production has expanded by 81%
and yields have increased by 49%, but the country is still a net
rice importer (FAOSTAT, 2020). Peru has the second-highest
average rice yields in Latin America and the fifth-highest in the
world (FAOSTAT, 2020). However, gains in productivity have
been supported by higher input use which is generally associated
with greater environmental costs (Foley et al., 2011). From the
year 2007 to 2017, Peru increased total agricultural pesticide use
by 69%, and since 2002 has increased total nitrogen fertilizer
use by 36% (FAOSTAT, 2020). Thus, there is a need to evaluate
how input use affects the sustainability and profitability of farm
systems in this region.

Exploring the farmer decision-making process is important
to adequately understand farm management decisions within
farm systems (Byerlee and Anderson, 1982; Edwards-Jones,
2006; Wilson et al., 2009; Nakazi and Sserunkuuma, 2013).
Farmers have a variety of perceptions, biases, and personal
beliefs that inform the decisions that they make (Mankad,
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2016). Researching extrinsic and intrinsic factors such as
profitability, praise, and personal motivation can lead to a
better understanding of the adoption or non-adoption of certain
agricultural practices (Dono et al., 2013; Meijer et al., 2015).
An important outcome of researching farmer perceptions is to
determine if farmers perceptions of profitability and successful
management are different from those of various stakeholders
tasked with implementing solutions.

Balancing the economic and environmental sustainability
of rice production systems is a complex challenge. Integrated
research efforts accounting for both biophysical and social
dimensions are needed to provide insights for achieving food
production and environmental sustainability goals in the future.
The objectives of this study were to (1) investigate the economic
performance of smallholder rice farming systems of Peru to
identify the major factors influencing profitability, (2) evaluate
environmental sustainability using SRP performance indicators
and assess relationships with economic outcomes, and (3)
understand perceptions and barriers to increasing productivity
and profitability based on discussions of research findings with
local farmers.

METHODS

Characterization of the Survey Region
This study was conducted within the Ferreñafe irrigation district
of the Ferreñafe province (6◦38’01.8 “S, 79◦47’14.3” W) in the
department of Lambayeque, Peru (Figure 1). The department
of Lambayeque is one of the largest rice-producing areas in
the country and is known for high yields and exceptional grain
quality due to favorable climate and availability of irrigation
infrastructure. This region is ∼20 km inland of the north-west
coast of Peru, and is classified as coastal desert with rainfall
<100mm per year (Nguyen et al., 2019). The Ferreñafe irrigation
district is the largest district in Lambayeque with ∼14,000 ha
planted in rice and 4,000 rice farmers. The conventional method
of rice production consists of manual transplanting and high
rates of fertilizer and pesticide inputs, when compared to small-
scale irrigated farming regions in Asia (Devkota et al., 2019).
Current production challenges in the region include labor and
water shortages, disease pressure, and reduced soil quality due to
salinization (Maclean et al., 2013). Farmers in this region typically
grow one rice crop per year, without crop rotation, but with
small plots of non-rice crops between seasons. The availability
of irrigation is dependent on rainfall that occurs in the Andes
Mountains, which is harvested from a reservoir situated 45 km
away and delivered to the region using canal systems.

Farmer Survey
A paper-based survey was created in collaboration with
CIAT (Centro Internacional de Agricultura Tropical) and the
Universidad Nacional Agraria La Molina to collect detailed
data on farm management practices and production costs.
In turn, this information was used to calculate eight SRP
performance indicators (Sustainable Rice Platform, 2015). The
survey consisted of 115 questions in 14 sections: demographics,
previous crop and residue management, land preparation, seed,

fertilizer, irrigation fees, application of water, perceptions of
water use, pesticide, herbicide, weeding, harvest, yield, and sale
price (Supplementary Figure 1). The survey was piloted with
six farmers in the district to verify that the questions were
appropriate and applicable to the local context. Farmer surveys
were conducted during July and August 2019. Respondents were
limited to those that cultivated rice in the 2018-2019 growing
season and confirmed that they were the sole decision-makers
on management and input purchases for the farm. Farmers
were identified within the Ferreñafe irrigation district through
snowball sampling. This convenience technique relies on initial
subjects referring additional subjects and is useful for identifying
hard to reach populations where a sampling database does not
exist (Biernacki andWaldorf, 1981). The total sample size for the
survey was 65 farmers, representing 1.6% of the farmers in the
region. Interviews lasted ∼45min, where farmers were asked to
answer in-depth questions about the previous growing season.

Sustainable Rice Platform Performance
Indicators
The SRP is an international framework for measuring the
economic and environmental sustainability of rice systems across
12 performance indicators. Information from surveys allowed
eight indicators to be calculated in this study: net profit, labor
productivity, grain yield, water use efficiency, nitrogen use
efficiency (NUE), phosphorus use efficiency (PUE), pesticide use
efficiency, and GHG emission. The indicators for food safety,
worker health and safety, child labor, and women empowerment
were omitted to shorten the survey to an appropriate length
for conducting the interview. Several modifications to indicator
calculations were made based on local management practices
and available data obtained from the farmers. Net profit ($
ha−1) was calculated by subtracting total variable costs from
gross returns (grain revenue). The total variable cost is the sum
of production costs for seedbed and field production (labor,
fertilizer, harvest, transportation, land preparation, irrigation and
fees, pesticides, herbicides, and seed), and the cost of milling and
rent (if applicable) per hectare. An opportunity cost for land
ownership could be included in total variable costs, but this is
only valid in situations where land-owning farmers could easily
find a renter. Based on our conversations with farmers, rice
production is becoming less attractive as a livelihood strategy
in this region and the potential for renting farmland is limited.
Therefore, the opportunity cost for land ownership was excluded
because conditions did not meet the assumption of perfect
competition. Gross return was calculated from paddy yield and
the market price the farmer received or expected to receive.
Labor productivity (kg grain $ labor−1 ha−1) was calculated by
dividing grain yield by the total cost of labor for production. Total
labor hours and costs were calculated from farmer responses
regarding the amount of time for a field activity and the rate of
pay, including own and family labor. Farmers reported grain yield
(kg grain ha−1) standardized to 14% moisture content. Water
use efficiency (kg grain water-hour −1 ha−1) was calculated by
dividing grain yield by the number of water-hours the farmer
purchased. Farmers purchase water-hours from the irrigation
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FIGURE 1 | Map showing the Ferreñafe irrigation sector in the department of Lambayeque, Peru. Surveys were completed in the Ferreñafe irrigation sector. Sources:

Esri, DeLorme, HERE, TomTom, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI,

Esri China (Hong Kong), swisstopo, MapmyIndia, and the GIS User Community.

commission, as a means to account and limit water usage in the
district. The irrigation commission estimates that one water-hour
is the equivalent to 575 m3 of water, but field variation made
the calculation of volume usage imprecise. Thus, water-hour was
used as the input value in this study. Indicators for NUE and
PUE are expressed as kg grain kg−1 elemental N or P applied,

and were calculated from farmer reported fertilizer use. Pesticide
use efficiency was calculated using the IRRI field calculator,
which computes a score based on the number and timing of
herbicide, insecticide, fungicide, rodenticide, and molluscicide
applications. Rodenticide and molluscicide were not included, as
use of these pesticides is not common. Pesticide use efficiency
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range from zero to 75 points, with a higher score indicating more
sustainable practices. Field GHG emissions were expressed as
kg grain kg−1 CO2 equivalent (CO2e). Estimations of methane
emissions were made using Tier 1 emission factors given in
the IPCC’s greenhouse gas inventory methodology (IPCC, 2006)
which accounts for flooding duration, irrigation regime, drying
events, the timing of organic inputs, and residue burning. Drying
events were reported from farmers as periods of aeration of 3
days or more (IPCC, 2006). Methane was adjusted to CO2e by
multiplying by a factor of 28.

Focus Group Discussions
In November 2019, two focus groups were conducted within the
Ferreñafe irrigation district to present preliminary results from
the study and better understand farmers’ perceptions of profitable
farming systems, barriers to production, and decision-making
process regarding crop management inputs. Focus groups are
a qualitative research method that allows insight into the
complex nature of personal beliefs within the context of the
participants’ lives (Krueger and Casey, 2014). Focus groups allow
farmers to openly engage with ideas and each other in a semi-
controlled environment, supporting in-depth discussions on a
variety of topics (Onwuegbuzie et al., 2009). Each focus group
was semi-structured and lasted ∼1.5 h. Farmers in the region
were invited from an announcement in the regional irrigation
district. The focus group started with a short questionnaire about
perceptions of spending, and then a guided group discussion was
facilitated by the author and a local translator and agronomy
student. Forty-five farmers attended the focus groups, with
22 farmers individually responding to the questionnaire. The
moderators presented handouts of figures summarizing the
results of the survey and had participants provide feedback and
assess the validity of the results by discussing their perceptions
of profitable vs. non-profitable systems. Focus groups were
recorded and an assistant took notes to emphasize significant
themes. This stimulus-based methodology allowed participants
to interact with survey results and one another, thereby enabling
an in-depth understanding of their perceptions and the barriers
preventing the adoption of more profitable or sustainable
management practices (Onwuegbuzie et al., 2009).

Data Analysis
To evaluate the potential for optimizing input use and
management factors, we used the concept of attainable
profitability to compare average- or below-average farmers to
those that maximized profitability in the region. Farmers were
grouped into three profitability categories based on net profit:
top (top 20%), middle (middle 60%), and bottom (bottom 20%).
This method was adjusted for a small sample size but based on
similar studies exploring yield and resource use efficiency gaps
using the top decile (10%) (Samarasinghe, 2003; Lobell et al.,
2009; Stuart et al., 2016). Likewise, to analyze possible yield
gaps and resource use efficiencies for different SRP performance
indicators, relative gaps were calculated among farmers as the
percent difference between the mean of the top 20% (target) and
the population mean (baseline). Radar charts show the relative
difference of SRP indicators between profitability groups, with

data normalized to one from the largest value of each variable.
A linear mixed effect model was built using lmer() from R
package lme4 and analysis of variance (ANOVA) was used to test
for significant factors influencing yield. The assumptions of the
model were examined for residual normality. Analysis of variance
(ANOVA) was performed to test differences between profitability
groups for demographics, input use, and performance indicators.
Assumptions of normality and homogeneity of variance were
evaluated using the Shapiro-Wilk and Levene tests. All statistical
analyses were completed with R version 3.4 (RStudio Team,
2020).

RESULTS

Production Practices and Input Use
The majority of farms practiced transplanting for crop
establishment (97%, n = 65) with a small number of farmers
who practiced manual direct seeding with an average of 100 kg
of seed per hectare. Mean farm size was 7.8 ha with mean
planting and harvest dates of January 19 and June 2 (Table 1).
Farms were characterized by high mean production costs (1,793
$ ha−1), more than 2-fold than production costs observed in
flooded regions in Vietnam, Myanmar, Thailand, and Sri Lanka
(Devkota et al., 2019). High input use was observed in these same
rice producing regions (mean fertilizer rates of 290 kg N ha−1,
31 kg P ha−1, and 35 kg K ha−1). On average, farms also had
multiple applications of pesticides (six). Rainfall in this region
was minimal during the growing season, ∼74mm (Nguyen
et al., 2019), thus farmers relied on multiple irrigations (nine)
throughout the growing season. A mean of 17.8 water-hours was
purchased, with an estimated volume usage of 10,235 m3 per
hectare. At least one soil drying event occurred in 42% of farmers’

TABLE 1 | Characterization of farm size and production inputs in Ferreñafe, Peru

from 65 farmer surveys conducted in 2019.

Area, production inputs, and total variable costs

Farm Size (ha−1) 7.8 ± 10.4

Sowing/Transplanting date January 19 ± 13

Harvest Date June 2 ± 16

Seed Rate (kg ha−1) 101 ± 22

Elemental N (kg ha−1 ) 290 ± 86

Elemental P (kg ha−1) 31 ± 41

Elemental K (kg ha−1) 35 ± 54

Rainfall (mm) 73 ± 61

No. of drying events 0.8 ± 1.1

No. of irrigations 9 ± 2.3

No. of fertilizer applications 5 ± 1.0

No. of Pesticide applications 6 ± 1.0

Establishment method Transplant = 63 (97%)

Direct = 2 (3%)

Total variable cost ($ ha−1) 1,790 ± 295

Values are mean ± standard deviation. Establishment values are the number of farmers

practicing the method with the percentages shown.
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fields, with some experiencing up to four drying events due to
shortages of water and the complexities of irrigation scheduling.

Yield, Total Variable Cost, Sale Price, and
Net Profit
Yield was identified as a major factor driving profitability (R2

= 0.65). The top profitability group had the highest yield
(9,482 kg ha−1) with the average yield 26% higher than themiddle
(6,981 kg ha−1) and 47% higher than the bottom (5,031 kg ha−1)
profitability group (Figure 2). Predictor variables explained 30%
of yield variation across farms (Supplementary Table 1). In the
study regions, planting date was the only variable significantly
associated with yield. The top group had the lowest production
costs (1,721 $ ha−1) with production costs 15% less than the
bottom (2,019 $ ha−1) profitability group. The top group spent
20% less on labor (538 $ ha−1), 24% less on irrigation and
fees (146 $ ha−1), and 46% less on pesticides than the bottom
profitability group (Figure 3). When accounting for total variable
costs, the top group (1,790 $ ha−1) spent 21% less than the
bottom (2,266 $ ha−1), due to fewer farmers renting land in
the top profitably group. The top group had the highest sale
price (0.352 $ kg−1), with a sale price 16% higher than the
bottom (0.296 $ kg−1) group. The top group had the highest net
profit (1,416 $ ha−1), which was 78% higher than the middle
(305 $ ha−1) and 154% higher than the bottom (-768 $ ha−1)
profitability group.

SRP Performance Indicators and Resource
Use Efficiency Gaps
The largest resource use efficiency gap was for net profit (78%,
Figure 4), with a baseline value of 312 $ ha−1 and a target of 1,415
$ ha−1 (Table 2). Profit values ranged from $-1,409 to $2,102 per
hectare, with 38% of farmers being unprofitable in this growing
season. Net profit was strongly correlated with yield (r = 0.65,
p < 0.001). The majority of farmers used fertilizers containing P
(75%), and a large P-use efficiency gap (51%) was observed with
a baseline value of 273 kg grain kg P−1 ha−1 and a target value
of 553 kg grain kg P−1 ha−1. Labor productivity had a 42% gap
with a baseline of 12.9 and a target of 22.3 kg grain labor hour−1.
There was a 42% gap in water use efficiency with a baseline of

449 and a target of 772 kg grain water-hour−1. Yield-scaled GHG
emissions had a 42% gap with a baseline of 1.836 and a target of
3.191 kg grain kgCO2e

−1. All farmers surveyed used N fertilizer,
and there was a resource gap of 40% with a baseline NUE of 26.3
and a target of 36.3 kg grain kg−1 N. Pesticide use efficiency had
a 31% gap with a baseline of 44.5 and a target of 64.5 points.
The smallest resource gap observed was grain yield (22%) with
a baseline value of 7,091 and a target yield of 9,070 kg ha−1.

The top profit group generally used lower levels of inputs,
except for seed and nitrogen, but achieved higher yields
(Figure 5). For example, the top profit group had 22% lower
total variable costs (1,777 $ ha−1), 20% lower labor costs (212
$ ha−1), 65% lower elemental P (20 kg ha−1), and 24% fewer
chemicals (7.8 chemicals ha−1) than the bottom profitability
group. Seed rate was consistent across the profit groups, but the
top group used ∼10% more N fertilizer (323 kg ha−1) than the
bottom group. Tradeoffs between economics and performance
indicators were not observed, as the top profit group had 154%
higher profits (1,416 $ ha−1), 47% higher yield (9,483 kg ha−1),
and 61% higher labor productivity (18 kg grain $ labor−1). The
top group also had 44% higher NUE (32 kg grain kg N−1),
59% higher PUE (436 kg grain kg P−1), 56% higher water
productivity (615 kg grain water-hour labor−1), and 39% higher
yield-scale GHG (2.148Kg grain kg CO2 equiv−1) than the
bottom profitability group.

Farmers’ Perceptions of Production and
Profitability
Farmers indicated that being profitable was becoming more
difficult, due to increasing economic challenges and production
barriers, which limited yields. Frequent water shortages were
described as one of the most challenging aspects to rice
production in the region. From the farmers surveyed, 78%
said that there were occasions during the previous growing
season when water was not available when needed. In addition,
58% of farmers said their crop experienced water stress during
the vegetative period, while 17% of farmers said their crop
experienced water stress during the reproductive phase. Farmers
purchase water from the irrigation commission on a per water-
hour basis, and the total hours are limited to each farmer based

FIGURE 2 | Yield, total variable costs, grain sale price, and net profit per hectare delineated by profit group (top, middle, bottom) for 65 farmers in Ferreñafe, Peru in

2019. Farmers are grouped into profitability categories based on net profit: top (top 20%, n = 13), middle (middle 60%, n = 39), and bottom (bottom 20%, n = 13).
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FIGURE 3 | Average production costs delineated by profit groups (top, middle, bottom) for 65 farmers in Ferreñafe, Peru. Farmers are grouped into profitability

categories based on net profit: top (top 20%; n = 13), middle (middle 60%, n = 39), and bottom (bottom 20%, n = 13).

on the number of hectares, non-rice crops grown, and the level
of the reservoir in the current season. In recent years, farmers
reported that water shortages have become more common due
to reduced rainfall and the complexity of irrigation scheduling,
causing extended periods of drought conditions in their fields.

The cost of production was also described as a major barrier
to profitability. Concerning access to capital, most farmers lack
financial resources and access to cheap credit facilities, so they
rely on the rice milling industry for high interest loans to finance
their production, which ultimately reduces their grain marketing
options. Historically, farmers explained that rice farming was
profitable, but with increasing production costs and constraints
to crop productivity, farmers are unsure about the future of
rice farming. From the focus groups, 82% of farmers responded
that low production costs were important or very important
for increasing profitability (Figure 6). When the same group
was questioned about their estimates on the amounts of money
a farmer should spend to maximize yield and profit, 23 and
36% of participants responded that farmers should spend more
than 1,800 and 2,100 $ ha−1 respectively, both of which are

greater than the mean production cost of the top profitability
group (1,721 $ ha−1), and the population mean (1,793 $ ha−1).
Additionally, when asked if farmers knew the exact amounts
they were spending throughout the growing season, 15 farmers
responded yes, while seven responded no. In the discussion
portion of the focus groups, farmers explained the tension that
exists between the pressure to purchase inputs from salespersons,
the lack of knowledge in how to use inputs appropriately, and
the lack of agricultural extension to provide recommendations.
Farmers highlighted the fact that production costs are very high,
mainly because the only people they talk to about improving their
management are sales people. This creates a scenario where there
is an incentive for salespersons to continue a business as usual
approach, which does not support low input use, as this would
reduce their sales. Farmers feel at odds between improving their
management by purchasing additional inputs, and reducing their
cost of production. Furthermore, farmers financed by the milling
industry claimed that purchases are often made in the field on
credit from traveling salespersons, which made it difficult to keep
track of expenditures throughout the growing season.

Frontiers in Sustainable Food Systems | www.frontiersin.org 7 October 2020 | Volume 4 | Article 564418

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


White et al. Balancing Economic and Environmental Performance

FIGURE 4 | Percent gap for SRP indicators calculated among farmers as the percent difference between the mean of the top 20% (target) and the population mean

(baseline) for 65 farmers in Ferreñafe, Peru.

TABLE 2 | Baseline (population mean) and target (mean of top 20% performers:

each category) values of performance indicators for 65 farms in Ferreñafe, Peru.

Indicator Unit Baseline Target

Profit ($ha−1) 312 1,415

Labor productivity (kg grain $labor−1) 12.9 22.3

Grain Yield (kg ha−1) 7,091 9,070

Water productivity (kg grain water-hour−1 ) 449 772

Nitrogen use efficiency (kg grain Kg N−1) 26.3 43.6

Phosphorus use efficiency (kg grain kg P−1) 273.4 553.4

Yield-Scaled GHG (kg grain kgCO2e
−1) 1.836 3.191

Pesticide use efficiency (0-75 points) 44.5 64.5

DISCUSSION

Profitability and Decision-making
Our results suggest that rice farmers in this region of
Peru can achieve the highest profitability through efforts
aimed at increasing yields, marketing grain at the most
competitive price, and decreasing the cost of production. The
importance of these factors is consistent with the concepts of
agricultural development for small-scale farmers, which focuses
on improving productivity while reducing input costs (Norton,
2004). It is noteworthy that agronomic management practices,
and specifically the level of inputs, were not directly responsible

for increasing yields and profitability across farms (discussed
below). The strength of our study is that factors influencing
profitability were analyzed from survey data, and focus groups
revealed additional important insights to the perceptions and
decision-making process of farmers. Namely, the underlying
explanation of why some farmers were more profitable than
others appeared to be primarily related to the decision-
making process regarding financing, spending and management
decisions. Farmers explained that access to credit for capital
expenses and agriculture education was needed meaning that
overcoming barriers to higher profitability is as much of a
socioeconomic challenge as an agronomic challenge. Below
we discuss the major opportunities for improving profitability
in this region and the need for research and extension
programs that would provide farmers access to knowledge
on improved management and technological options. We also
discuss the need to not only address yield-limiting factors,
but navigate the complex socioeconomic challenges related to
credit facilities and market channels. The small sample size in
this study is the primary limitation to the generalization of
these results, and we suggest that more research and extension
efforts are needed working across a large number of farms to
identify crop management practices that can reliably increase
yield in this region without negatively influencing the SRP
performance indicators.

In this study, we identified a significant gap in profitability,
where the top farmers (top 20%) were 154%more profitable than
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FIGURE 5 | Comparison of SRP indicators (A) and production inputs (B) and among three categories of farmers delineated by profit percentiles in Ferreñafe, Peru for

the 2019 season. Farmers are grouped into profitability categories based on net profit: top (top 20%, n = 13), middle (middle 60%, n = 39), and bottom (bottom 20%,

n = 13). Data is normalized to 1 based on the largest value for each variable. Profit = ($ ha−1), Yield = (kg ha−1), Labor productivity = (kg grain $labor −1), Pesticide

use efficiency = (0-75 points), N use efficiency = (kg grain kg N−1), P use efficiency = (kg grain kg P−1), Water productivity = (kg grain water-hour−1 ), Yield-Scaled

GHG = (kg grain kg CO2 equiv−1), Total variable costs = ($ ha−1), Labor cost = ($ ha−1), Seed rate = (kg ha−1), Total pesticides = (total chemicals), Elemental N =

(kg ha−1), Elemental P = (kg ha−1), Irrigation = (water-hours purchased).

FIGURE 6 | Farmer’s responses to questions about perceptions of production costs and profitability from 22 farmers in Ferreñafe, Peru. (A) Farmer’s responses to the

importance of low production costs for profitability: 1 = not important, 2 = low importance, 3 = neutral, 4 = important, 5 = very important. (B) Farmer’s responses

(yes or no) to whether they know how much they spend per hectare during the growing season. (C) Farmers response to how much they should spend to maximize

profit and yield.

the bottom group. This gap was associated with considerable
variations in yield and management practices, as well as related
production costs. The rice yields were identified as a major
factor driving profitability, with the top profitability group
having yields 46% higher than the bottom group. This gap
in productivity is not uncommon in small-scale rice systems
(Affholder et al., 2013; Stuart et al., 2016). In focus groups,
farmers explained that water scarcity, pests, and diseases often
cause low yields and there is a lack of research extension
efforts to help them address these issues. When discussing
the rationale behind management decisions leading to high
yields, farmers felt strongly that the emphasis during recent

decades in Peru has been on increased inputs for higher
production. Farmers’ management decisions are influenced by
subjective beliefs pertaining to risk aversion (Babcock, 1992;
Sheriff, 2005; Menapace et al., 2013), hence it is likely that
increasing economic uncertainty has contributed to the high
seed, nutrient, and agrochemical inputs in this study (Table 1).
Combined with a suitable biophysical environment, high input
levels may help explain why Peru has the second-highest
average yields in Latin America (FAOSTAT, 2020). Nevertheless,
farmers discussed that production challenges have changed
in recent decades and maintaining high yields is becoming
more difficult.
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Although the identification of variables leading to yield
increases can help establish guidelines for closing yield gaps
(Lobell, 2013; Zhang et al., 2016), we found that only planting
date was significantly associated with yield. This finding is
likely due to the relatively small sample size combined with a
large variation in management and crop production outcomes.
In addition, farmers reported that yields were lower than
average due to disease pressure that was not captured in the
survey data. Unfortunately, in this region, planting date is
primarily out of farmers’ hands, as farmers plant as soon
as the water is available in their irrigation branch. Efforts
to make water available earlier, to those who receive it the
latest, could improve yields. Despite the lack of significant
management factors influencing yield, yields were still a driver
of profitability.

Further research and extension geared toward closing yield
gaps is critical for improving farmer livelihood outcomes
(Tittonell and Giller, 2013; Dzanku et al., 2015) without
negatively influencing the SRP performance indicators below.
In the pursuit of maintaining high yields, farmers explained a
tension that exists in the decision-making process of whether
to manage more intensively, often in a prophylactic manner, or
to risk yield loss by reducing production costs. Interestingly, we
found that the top profitability group spent significantly less on
production than the bottom profitability group (Figure 2). This
result suggests that the top profitability group was optimizing
their spending, mainly related to labor, fertilizer, water, and
pesticides. Conversely, farmers spending large amounts on
production do so at economic risk. For labor, the top profitability
group spent 20% less on total labor costs (538 vs. 676 $ ha−1)
than the bottom group, with a 20% reduction in transplanting
costs (269 vs. 333 $ ha−1), mainly from hiring fewer laborers. In
the case of fertilizer, the top profitability group generally spent
less (397 vs. 436 $ for NPK inputs), but applied higher rates of
N fertilizer in their fields (323 vs. 290 kg N ha−1). These farmers
may be optimizing N inputs due to more extensive knowledge
of fertilizer management and crop requirements, or possibly
better access to higher N fertilizer sources such as urea (46-0-0)
compared to the more expensive compound fertilizers (20-20-
20) with lower N content. For pesticides, the top profitability
group spent 43% less than the bottom group (111 vs. 204 $ ha−1),
which could be due to increased knowledge of when pesticides
are required or from reduced disease and pest pressure. For
water usage and fees, the top profitability group spent 25% less
than the bottom group (146 vs. 193 $ ha−1), mainly from using
fewer water-hours (16 vs. 21 hours ha−1), although irrigation fees
varied based on the cost of cleaning and maintaining the section
of the canal where the farm is located. Furthermore, farmers with
limited access to purchase water-hours in person, opted to pay
an additional price to send someone to purchase water-hours
for them.

When these findings were discussed in focus groups,
farmers suggested that the top profitability group was more
knowledgeable about inputs and their appropriate usage, which
allowed them to achieve high yields with lower production
costs. This observation is consistent with studies indicating the

influence of information and knowledge to the decision-making
process, which can benefit famer profitability and sustainable
management practices (Feder et al., 1985; Phillips, 1994;
Anderson, 2008; Nakano et al., 2018). Also, while yields have
increased due to the use of technologies, fewer efforts have
been made to teach farmers about technologies that can
decrease costs such as direct manual or mechanized seeding. For
example, in this region, the overwhelming majority of farmers
transplant rice, which represents nearly 50% of labor costs and
16% of total production costs. Farmers that practiced direct
seeding, rather than transplanting, saved nearly 300 dollars per
hectare. Farmers discussed their reluctance to try direct seeding
due to worries about water scheduling and increased weed
pressure. Recent research has highlighted the benefits of direct
seeding in Peru (Pando et al., 2017), but there is a need to
increase extension opportunities to inform farmers about specific
production or post-production options that could generate
higher profits.

Another driving factor for profit was farmers selling their
grain for higher prices. This was accomplished by either selling
their grain first after the start of harvest, price shopping among
different mills, or milling their rice and then selling to retailers.
However, these options are not feasible for most farmers who
do not have sufficient capital and rely on external loans to cover
production costs each season. The majority of farmers (74%)
sold their paddy at the farm gate immediately after harvest. This
practice is common in rice-growing regions and is consistent
with research highlighting that small-scale rice farmers with
limited access to market channels are more likely to sell at
the farm gate for lower prices (Cazzuffi and McKay, 2012;
Muhunyu, 2012; Soe et al., 2015). While not as profitable, this
arrangement allows farmers to be paid quickly, and it reduces
the costs associated with drying, storing, or milling. Of the 65
farmers surveyed, 43 were financed by the milling operations,
which typically has the stipulation of selling the paddy at the
farm gate. Furthermore, if farmers enter into debt with a given
milling operation, a cycle of reduced market choices ensues until
the farmer pays off debt or decapitalization occurs. Ultimately,
this relationship reinforces a lack of bargaining power, which
makes farmers vulnerable to exploitation and further reduces the
farmer’s sense of agency. In our focus groups, farmers expressed
a desire to be organized so they could protect themselves from
low prices and aggressive financial intervention from the milling
operations. Farmers in this region have concerns about the future
of rice production due to the influence of the milling operations
over input use and sale prices. Many studies suggesting that
small-scale farmers lacking power, negotiating capacity, and
political representation would benefit from a farmer organization
(Stockbridge et al., 2003; Alene et al., 2008; Aku et al., 2018),
although the success of farmer organizations is mixed (Key
and Runsten, 1999; Masakure and Henson, 2005; Thorp et al.,
2005). In addition to the sale price, farmers desired additional
options for credit, including access to regulated long-term
credit, and research efforts concentrated toward helping
farmers make educated management decisions will likely boost
their confidence.
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TABLE 3 | Production inputs and SRP indicators among three categories of

farmers delineated by profit percentile in Ferreñafe, Peru for the 2019 season.

Input use Top Middle Bottom

Total variable costs ($ ha−1) 1,790 1,847 2,266

Labor cost ($ ha−1) 212 231 268

Seed rate (kg ha−1 ) 101 102 101

Number of pesticides 8 8 10

Elemental N (kg ha−1 ) 323 278 290

Elemental P (kg ha−1 ) 20 25 58

Water-hours (hours purchased) 16 17 21

SRP Indicators

Profit ($ ha−1) 1,416 305 −768

Yield (kg ha−1 ) 9,483 6,981 5,030

Labor productivity (kg grain $labor −1) 18 13 7

Pesticide use efficiency (0–75 points) 50 45 39

Nitrogen use efficiency (kg grain kg N−1) 32 28 18

Phosphorus use efficiency (kg grain kg P−1) 436 252 179

Water productivity (kg grain hour H2O
−1) 615 454 270

Yield-Scaled GHG (kg grain kg CO2 equiv−1) 2.148 1.912 1.300

Resource Use Efficiencies and Prospects
for Sustainable Intensification
To achieve the dual goals of enhancing food security and
environmental performance, yield increases cannot come at the
cost of lower resource use efficiencies. In this study, we observed
a wide range of input levels and resource use efficiencies for eight
SRP performance indicators across the three profitability groups
(Table 3, Figure 4), indicating significant room for improvement
among farmers. Notably, the top profitability group used lower
rates of inputs, with the exception of N fertilizer and seed,
suggesting that intensive use of inputs does not translate to
increased yield but rather economic and environmental risk.
As discussed below, this finding goes against the common
assumption that high yield farming, which is associated with
profitability, is often viewed synonymously with environmental
degradation (Foley et al., 2011).

In the case of P fertilizer and chemical applications, lack of
recommendations and farmer knowledge appeared to be the
basis for the highest rates of input use. Farmers that chose
to use compound fertilizers, in a bag-for-bag manner, applied
excessively high P rates at a higher cost and environmental risk.
Extension efforts aimed at helping farmers understand nutrient
requirements and the elemental composition of fertilizer will help
reduce over or under application of fertilizers and potentially
increase profitability. Similar programs have been effective in
optimizing fertilizer efficiency for increasing environmental
sustainability and profitability in rice production elsewhere
(Pingali et al., 1998; Huang et al., 2008; Emmanuel et al., 2016).
For pesticide use efficiency, the top profitability group used
25% fewer chemicals than the bottom group. Many famers
applied prophylactic pesticides or took recommendations from
sales representatives that consisted of tank mixes of several

chemicals applied multiple times over the season. Ultimately,
many farmers felt conflicted between their knowledge gaps in the
use of pesticides, the rising costs of such products, and the desire
to protect yields. Extension efforts geared toward integrated
pest management will help farmers make informed choices, and
potentially reduce the environmental footprint of these systems.

For both labor and water use, we found that the top
profitability group used less than the middle and bottom profit
groups. This practice translates to lower production costs and
reduced input use and environmental footprint. We hypothesize
that this is due to the level of involvement the farmer has in
day-to-day management activities. Production activities such as
transplanting and irrigation require in-depth understanding and
involvement of the activity, field, and community. An earlier
study (Abdulai and Huffman, 1998) found that small-scale rice
farmers engaged in non-farm activities tended to exhibit higher
levels of inefficiency due to a reduction of time allocated to
farm work. Similarly, our focus group discussions highlighted
that many farmers are managing their fields while also focusing
on other means of employment. If rice production continues
to be viewed as a poor or risky way to make a living, then
production efficiencies may decrease as farmers continually
shift their resources to find more profitable means of work. A
reduction in the farmer population is a trend that is not only
happening in rice systems but agriculture worldwide (McNally,
2002; Phimister and Roberts, 2006; Rigg, 2006; Nasir and Kotu,
2014).

Our research shows that the top profitability group achieved
the highest scores for all SRP performance indicators. In the case
of labor productivity, pesticide use efficiency, PUE, and water
productivity, a combination of high yields and low input use was
a driving factor for these high efficiency rates. For NUE, the top
profitability group applied higher N rates, but still were 40%more
efficient than the bottom group due to achieving higher yields.
Likewise, for GHG emissions, the top profitability group also had
higher methane emissions per unit area, but 40% lower emissions
than the bottom group when expressed per unit production.
Consistent with our findings, previous studies have shown that
measuring the efficiencies of farm systems by per unit area of
farmland underestimates the fact that lower-yield systems require
more land per unit yield (Balmford et al., 2018). A recent study
assessing SRP indicators in six countries (Devkota et al., 2019),
observed that high yielding farmers in Indonesia used higher
rates of inputs, and were more efficient in their use, with higher
indicator scores. Similarly, in Guangdong, China, Devkota et al.
(2019) observed a similar synergy between high yields and high
SRP indicators.

All farms in the target group (i.e., top 20%) for GHG
efficiency experienced at least one period of drying in their
field, which can reduce estimated methane emissions by 48%
(IPCC, 2006). These drying periods constitute a significant cause
of stress for farmers, as they are not planned but occur due
to limited control over irrigation scheduling and community
water use. Still, the farmers with the highest GHG efficiency
were able to maintain yields while experiencing drying events,
which is consistent with studies showing that alternate wetting
and drying (AWD) can significantly reduce methane emissions
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without yield loss (Linquist et al., 2015; Xu et al., 2015; Liang
et al., 2016; Setyanto et al., 2018). Recent research (Pando et al.,
2017) has demonstrated AWD and direct seeding as successful
options in northern Peru, but changes in water distribution
and suitable cultivars that tolerate drying periods are needed.
Extension efforts demonstrating effective AWD and efficient
weed management could change the perception that drying
events are harmful for the crop. If farmers view this as a viable
technology rather than an insurmountable problem, farmers
could likely regain a sense of confidence, which is a critical aspect
of the farmer decision-making process.

Our results are the first to benchmark resource efficiency
gaps for rice production in Latin America using SRP indicators,
which is an essential step for identifying options for sustainable
intensification. While previous work in other countries used
similar sample sizes to assess SRP indicators (Devkota et al.,
2019), we recognize there are limitations to interviewing 65
farmers and we encourage more extensive assessments in Peru
and other countries. Overall, synergies were found between crop
production and sustainability goals because the top profitability
group used fewer inputs, achieved the highest yields, and
scored the highest across all SRP performance indicators. While
this provides necessary evidence that sustainable intensification
can be achieved at the farm-level, there is still considerable
room for improvement for the majority of farmers across
SRP indicators (resource use efficiency gaps ranged 22-77%).
Indeed, the largest gap was for profitability, underscoring
the need for efforts aimed at helping farmers manage inputs
wisely while simultaneously increasing yields. Our results
suggest that farmers are capable of achieving high levels of
profitability and productivity at low environmental costs per
unit production.

CONCLUSIONS

Globally, agriculture faces the challenge of balancing the need to
feed a growing population, improving the livelihoods of farmers,
and protecting the environment for long-term sustainability. In
this study, we provide a holistic assessment of these challenges
for rice production in Peru by analyzing potential synergies
and tradeoffs across multiple performance indicators, while
also exploring the farmer decision-making process. Our results
indicate that the factors driving profitability are yield, market
price, and production costs. However, socio-ecological factors
such as farmer access to knowledge and financing also impact
how rice production systems are managed and specifically
the level of inputs and costs of production, influencing both
economic and environmental footprint. These findings are
essential to inform future research and extension in this region,
which should concentrate efforts toward identifying improved
agronomic practices to increase yield under on-farm conditions,
while also recognizing the role of economic and socio-ecological
factors that constrain farm management practices. This study
indicated the absence of tradeoffs between profit, yield, and
environmental performance per unit of production, which
suggests a synergy can exist between simultaneous gains in

resource efficiency and profitability. Management practices such
as AWD and direct seeding have the potential to change farmers’
perceptions of water use and reduce production costs, to increase
farm profitability while reducing GHG emissions. Therefore,
our results are critical for exploring pathways for achieving
sustainable development goals, and to help policy-makers
prioritize investments in agriculture and food security.
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