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Abstract

Rice once played a strategic role for food security in Venezuela, but economic stagnation and the onset of hyperinflation
in 2016 led to a sharp decline in production. Today, the country imports about 45% of its rice needs. Despite this critical
situation, no previous studies have quantified rice yield potential or yield gap analyses in Venezuela, leaving an important
research gap regarding the country’s capacity to achieve self-sufficiency. The objectives of this study were threefold: (i) to
determine the rice yield potential and yield gap for the wet and dry seasons, (ii) to identify the biophysical and manage-
ment factors causing the yield gap, and (iii) to estimate whether it is possible to achieve rice self-sufficiency by closing the
yield gap in Venezuela. Yield potential was estimated using the Oryza v3 simulation model, and yield gaps were analyzed
based on 401 farmer field surveys conducted over seven agricultural years (2018-2024). Additional production potential
was assessed under scenarios of agricultural intensification and cropland expansion and compared with projections of rice
demand until 2040. Results showed that the yield potential of irrigated rice ranged between 8.1 and 9.8 Mg ha~! in the
wet season and between 10.4 and 10.9 Mg ha~! in the dry season. Yield gaps averaged 53% in the wet season and 59% in
the dry season, with main constraints related to crop establishment methods and preceding summer crops. These findings
highlight substantial opportunities to increase national production through improved agronomic practices. The novelty of
this study lies in providing the first comprehensive and data-based assessment of rice yield gaps in Venezuela, combining
crop modeling, farm surveys, and future demand scenarios. The results demonstrate that by intensifying rice-based systems
and investing in research, rural credit, and infrastructure, Venezuela could achieve self-sufficiency and double domestic rice
production by 2040.
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1 Introduction
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greatest challenges, caused by rapid population growth and
the resulting need to meet the high demand for food (Fanzo
et al. 2024). It is estimated that global food demand will
increase by 35 to 56% between 2010 and 2050, while the
number of people at risk of hunger could rise from 811 mil-
lion in 2020 to over 1.5 billion by 2050 under pessimistic
socioeconomic and climate scenarios (Van Dijk et al. 2021).
Given the scenario of decreasing arable land and climate
change, yield increases and more efficient resource use are
key prerequisites to ensure the sustainability of agricultural
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ecosystems (Gaffney et al. 2019; Cassman and Grassini
2020; Yuan et al. 2021, 2022).

Rice (Oryza sativa L.) cultivation plays a critical role in
ensuring self-sufficiency in Venezuela and has been recog-
nized by the United Nations Industrial Development Organi-
zation (UNIDO) as one of the five priority agro-industrial
sectors vital to reducing the country’s dependence on food
imports and revitalizing domestic agricultural production
(UNIDO 2019). Historically, rice represented a key com-
ponent of Venezuela’s agricultural output, with production
reaching 1.15 million tons in 2014 (FAOSTAT 2024; USDA
2016). However, this progress was undermined by the onset
of economic stagnation in 2013, which gradually eroded
the country’s productive capacity and destabilized the food
supply chain (Zerpa & Soto 2017; FAO 2018). By 2016, as
hyperinflation accelerated and institutional support weak-
ened, rice production had fallen sharply to 500,000 tons,
driven by both a reduction in cultivated area and a decline
in yield, reflecting the broader structural and financial chal-
lenges faced by the agricultural sector (USDA 2016; IMF
2018).

According to the World Food Programme (WFP 2025),
around 40% of the Venezuelan population is currently facing
moderate to severe food insecurity. Furthermore, this unfa-
vorable scenario caused a shortage of inputs for agricultural
production (low quality and minimum quantity availability),
which, combined with the lack of government support, the
lack of public investment in productive infrastructure, and
limited bank credit, led to a technological “lag” and a reduc-
tion in rice cultivation areas. From 2014 to 2022, there was
a significant decline in rice production and harvested area in
Venezuela, which was insufficient to meet the Venezuelan
population’s food needs (Supplementary Fig. 1). On average,
over the last 10 years (except 2020, a year of low imports
due to restrictions caused by the COVID-19 pandemic), rice
production has been in sharp decline and around 45% of the
country’s rice needs have had to be met by imports, leaving
the country hostage to fluctuations and sanctions in the inter-
national market (FAOSTAT 2024). It is therefore impera-
tive to develop strategies that maximize agricultural yields
and support consultants and producers in decision-making
regarding the country’s self-sufficiency, e.g., by developing
strategies to close the yield gap.

Yield potential (Yp) is the maximum that a plant can pro-
duce in the absence of biotic or abiotic stress and is deter-
mined by solar radiation, temperature, atmospheric CO,, and
genetics (Evans and Fisher 1999; Van Ittersun and Rabbinge,
1997). The yield gap (Yg) is determined by the difference
between the Yp and the actual yield (Ya) in the field (Lobell
et al. 2009). It is also known that the economically exploit-
able potential is about 80% of Yp (Cassman 1999; Cassman
et al. 2003). Studies on Yp and causes of Yg have already
been conducted in several countries around the world, such
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as rice in the USA (Espe et al. 2016), rice and maize in Indo-
nesia (Agustiani et al. 2018), wheat in Australia (Hochman
et al. 2016), and irrigated rice and soybeans in Brazil and
Argentina (Duarte Junior et al. 2021; Ribas et al. 2021a,
b; Tagliapietra et al. 2021; Winck et al. 2023; Meus et al.
2024). However, there are no reports of studies on the yield
gap and factors leading to the yield gap in rice for Ven-
ezuela, which are essential to achieve food self-sufficiency
in this country.

By analyzing yield data, crop management practices,
and environmental characteristics, it is possible to obtain
an estimate of Yp and to identify and evaluate the factors
that lead to Yg (Edreira et al. 2017; Andrade et al. 2022).
Thus, by diagnosing these factors, it is possible to recom-
mend management decisions, such as the ideal sowing date,
fertilizer rate, seed treatment, crop rotation, planting density,
and others (Silva et al. 2022; Winck et al. 2023; Rizzo et al.
2023). Identifying the factors limiting higher yields through
on-farm research experiments is laborious, expensive, and
time-consuming, often requiring multiple years and loca-
tions to correlate with environmental interactions over time
and area in a given region.

A farmer data-based approach can be used to identify
the main yield constraints for individual crops in specific
regions (Stuart et al. 2016; Edreira et al. 2017, 2020). This
approach can also guide the subsequent development of field
experiments aimed at specifically working on each factor
identified as a cause of Yg and evaluating management prac-
tices to overcome them and ultimately make investments
more efficient (Andrade et al. 2022; Rizzo et al. 2023). To
this end, we used a robust set of data reported by farmers
from 401 fields to identify the main factors causing Yg in the
states of Portuguesa, Cojedes, and Guarico, which together
account for more than 90% of irrigated rice production in
Venezuela (Fig. 1). The objectives in this study were three-
fold: (i) to determine the rice Yp and Yg for the wet and
dry seasons, (ii) to identify the biophysical and management
factors causing the Yg, and (iii) to estimate whether it is
possible to achieve rice self-sufficiency by closing the Yg
in Venezuela.

2 Material and methods
2.1 Study sites and meteorological data

Between the 2018 and 2024 growing seasons, a total of 464
irrigated rice fields (on average, 66 fields per year) were
monitored across three main producing states in Venezuela:
Portuguesa, Cojedes, and Guarico (Fig. 2). Of these, 317
fields were cultivated during the dry season (DS) and 147
during the wet season (WS). According to the Kdppen-
Geiger climate classification, these regions have a tropical
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Fig.1 Field visits for monitoring and data collection in irrigated
rice farms in Venezuela under the Pilot Project ST 52 of the United
Nations Industrial Development Organization (UNIDO). A, B Crop

savannah climate (Aw), which allows for two irrigated rice
harvests per calendar year, one in each season. Data collec-
tion was carried out by field technicians from the National
Foundation for Irrigated Rice in Venezuela (FUNDARROZ),
using a structured survey methodology. To ensure consist-
ency and data reliability, biweekly meetings were held to
provide technical training and ongoing support to the survey
teams. The recorded data included key agronomic practices
such as cultivar selection, sowing date, fertilization, irriga-
tion method, soil preparation, crop protection, production
system, and other farm-level management strategies. A rig-
orous data quality control process was used by excluding
fields with missing essential information such as yield, fer-
tilization, or sowing date, or those using outdated cultivars.
After the quality control, 401 fields with complete and reli-
able records (275 in DS and 126 in WS) were retained for
analysis, representing 86.4% of the original dataset.

Daily meteorological data from 2018 to 2022 were col-
lected at meteorological stations provided by the United
Nations Industrial Development Organization (UNIDO)
and the Association of Agricultural Producers of Portuguesa
(ASOPORTUGUESA). To estimate the Yp of an irrigated
crop, at least 10 years of meteorological data are required
(Grassini et al. 2015). Therefore, NASA POWER radiation

and plants during the vegetative phase. C, D Crop and plants during
the reproductive phase. Photos credits: Tarmar Lopez.

and temperature data from 2012 to 2017 were retrieved and
calibrated according to the relationship between measured
(station) and estimated (NASA POWER) data from 2018 to
2022 (Supplementary Fig. 2) (Van Wart et al. 2013). Fur-
thermore, NASA POWER was used to supplement/correct
missing meteorological data at stations 3, 5, 4, and 7% for
buffer zones I, II, III, and IV, respectively (Fig. 3). Further
details on the correction and adjustment of the meteorologi-
cal data can be found on the Global Yield Gap Atlas Plat-
form (http://www.yieldgap.org).

Sites were selected using (i) a climate zone (CZ) scheme
that delineates geographic areas based on spatial variations
in growing degree days, temperature seasonality, and arid-
ity index (Van Wart et al. 2013) and (ii) the distribution of
irrigated rice area in 2010 (SPAM2010; http://www.mapsp
am.info). First, CZs that accounted for > 5% of the total
national rice area were selected. Then, within each selected
CZ, polygons with a radius of 100 km (referred to as “buffer
zones”) were created around existing weather stations. The
buffer zones were cut off from the CZ edges to minimize
climatic variability within the buffer zones. A total of four
buffer zones were created according to the availability of
weather stations and climate zones in each region, cover-
ing 54% of the irrigated rice area in Venezuela (Yu et al.
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Fig.2 A Location of the states of Portuguesa, Cojedes, and Guérico in Venezuela, including irrigated rice experiments, meteorological stations,
and survey fields. (B) Location of Venezuela in South America. C Climate zones and D identification of the four buffer zones used in the study.

Fig.3 Ten-year average of
monthly incoming solar radia-
tion (Radsol), and maximum
(Tmax) and minimum (Tmin)
air temperature in the four
buffer zones: A Acarigua, B
Las Majaguas, C Gateao, and
D Calabozo, which represent
the irrigated rice production
regions in the states of Portu-
guesa, Cojedes, and Guarico of
Venezuela. Source: UNIDO and
ASOPORTUGUESA mete-
orological stations, and NASA
POWER.
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2020; http://www.yieldgap.org). The four buffer zones are
located in the three main irrigated rice-producing states of
the country, so we focused on collecting data from crops
within these boundaries.

2.2 Estimation of yield potential: validating
the Oryza v3 simulation model

The Yp of irrigated rice was estimated using the Oryza
v3 model (Li et al. 2017), a well-known and widely used
process-based model that allows the simulation of plant
development and growth processes of a rice crop on a daily
time step under field conditions, assuming that biotic factors
(diseases, insects, and weeds) and abiotic factors (water and
nutrients) are not limiting. The calibration used to evaluate
the model was the one that used data and genetic coeffi-
cients from the cultivar FEDEARROZ 2000 developed for
Colombia (Barrios-Perez et al. 2021). This rice cultivar is
similar in developmental cycle to the cultivar ASP18, the
most widely grown rice cultivar in Venezuela in five sowing
periods (May, June, November, December, and January).
Therefore, the genetic coefficients of the cultivar FEDEAR-
ROZ 2000 were assumed to be the same for the cultivar
ASP18 in the model.

Evaluation of the Oryza v3 model in Venezuela with
the cultivar ASP18 was conducted using independent data
on rice development and yield in farm fields collected by
FUNDARROZ technicians and extension agents. The tri-
als were established under potential conditions, ensuring
the absence of biotic and abiotic stresses such as nutrient
deficiencies or weed competition. All experiments were
managed using optimal agronomic management practices,
including timely irrigation, pest control, and full nutrient
supply based on crop demand. Each plot had 25 m?, with
four replications, and plant development monitoring was
performed every 3 days. The variables evaluated were the
dates of developmental stages R1 (beginning of flowering),

Fig.4 Simulated and observed
data of A developmental stages

Phenology simulated (DAE)

R4 (milky grain), and R8 (physiological maturity), following
the developmental scale by Counce et al. (2000), and grain
yield adjusted to 13% moisture content. The statistics root
mean square error (RMSE) and normalized root mean square
error (NRMSE) were used to evaluate model performance
and prediction accuracy (Janssen and Heuberger 1995)
(Fig. 4). The statistics used showed a good performance of
the Oryza v3 model for both development (RMSE of 5.6
days and NRMSE 6.4%) and yield (RMSE 0.8 Mg ha™! and
NRMSE 9.9%) (Van Oort et al. 2011; Mongiano et al. 2019;
Ribas et al. 2020).

2.3 Yield potential simulation and yield gap
determination

The Yp was simulated for the agricultural years 2012 to
2022 (10 agricultural years in total). The cultivar used was
ASP18 (the most commonly grown cultivar in the country),
in both seasons based on measured and estimated meteoro-
logical data. The sowing date, cycle, and planting density
were determined according to the practice of more than 50%
of the farmers. This information was obtained through dis-
cussions with farmers and extension agents (Supplementary
Fig. 3). The average Yp was estimated following the protocol
established by the Global Yield Gap Atlas (GYGA) (Van
Ittersum et al. 2013; Grassini et al. 2015). Yp was initially
simulated for each buffer zone, which represents spatial units
centered around weather stations and delineated within a
radius of 100 km to capture areas with relatively homogene-
ous climatic conditions and a high concentration of irrigated
rice production. These buffer zones were adapted to the
Venezuelan context and validated previously by Martinez
et al. (2024). Seasonal Yp values were aggregated using a
weighted average, with weights corresponding to the har-
vested area of irrigated rice within each buffer. Finally, an
overall mean Yp was calculated by combining seasonal esti-
mates, also weighted by their respective harvested areas.

Yield simulated (Mg ha-')
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The Yg was calculated by the difference between Yp and
the average farm yield (Ya) provided by the Venezuelan
Federation of Rice Producers Organization (FEVEARRQOZ),
as the data showed a statistical agreement (RMSE 0.6 and
NRSME 16.1%) with the FAO data (Supplementary Fig. 4).
The yields of the last five agricultural years (2018 to 2022)
were used to define the average yield of farmers, as using a
longer period would have affected the estimation of Ya due
to the inclusion of technological bias (Van Ittersum et al.
2013). Due to the instability and lack of information at the
spatial and temporal level, the annual average yield was used
to calculate Yg at the sowing season and buffer zone level

(Eq. 1).
Yield gap (Yg) = Yp — Ya €8

2.4 Statistical analysis

2.4.1 Yield-based stratification for contrasting group
analysis

To analyze the data from the full set of 401 irrigated rice
fields, we categorized the observations into two contrasting
yield groups: high-yielding (HY) and low-yielding (LY).
This classification was based on the yield distribution within
each sowing season, defining the upper tercile of fields as
HY and the lowest tercile as LY. The intermediate tercile
was excluded from the comparison to enhance the contrast
between groups and better capture the most relevant differ-
ences in agronomic practices and environmental conditions a
procedure commonly adopted in this type of analysis. In
the wet season, from 126 fields, yields above 6.2 Mg ha™!
(HY) and below 4.9 Mg ha™' (LY) were selected, totaling
88 fields. For the dry season, among 275 fields, those with
yields above 8.0 Mg ha~! and below 5.9 Mg ha~! were
selected, resulting in 187 fields. Differences in agronomic
and environmental variables between HY and LY groups
were evaluated using the Student #-test or the Wilcoxon rank-
sum test for non-parametric data, with significance thresh-
olds of 1%, 5%, and 10%, and all analyses were conducted
using InfoStat software (Rizzo et al. 2023).

2.4.2 Identification of yield-limiting factors
through decision tree modeling

We used a conditional inference tree analysis based on the
entire dataset (n = 401 fields) to identify the agronomic
causes of the Yg for rice, considering both cropping sea-
sons in Venezuela, the wet and dry seasons (Tenorio et al.
2021; Rizzo et al. 2023; Merlos et al. 2024). The analysis
was conducted in R using the partykit package (Hothorn &
Zeileis 2015) and tested the independence between yield
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and field and management variables. The algorithm selects
the variable with the highest association to yield (lowest
p-value), generating successive binary splits to form a tree
structure. The terminal nodes represent the final subsets of
fields, while the node sizes are defined by predefined crite-
ria. We used a significance level of 5% for the independence
test and considered all collected agronomic variables as pre-
dictors of farmer yields (Mg ha™').

To complement the identification of limiting factors, we
also analyzed the individual relationships between yield and
key agronomic variables, including total N, P,Os, and K,O
application rates. The boundary function method proposed
by French and Schultz (1984) was used to determine the
point of maximum technical efficiency (PMTE), defined
as the input level beyond which yield increases are less
than 0.05 Mg ha~! (Zanon et al. 2016). Yield responses to
previous crop and crop establishment methods were fur-
ther examined using boxplots, and the differences between
groups were tested using the non-parametric Kruskal-Wallis
test at 5%. The previous crop included rice, maize, fallow,
and notably mung bean (Vigna radiata), which was grown
exclusively during the dry season and followed by rice in
the following wet season, characterizing systems such as
rice-rice, maize-rice, fallow-rice, and mung bean-rice.
The crop establishment methods assessed were tillage (with
plowing and harrowing), pre-germinated seeding (broadcast-
ing soaked seeds into flooded fields), and no-tillage (direct
seeding into moist, undisturbed soil). Each of these systems
involves distinct technical requirements: no-tillage requires
specialized seeders, proper crop residue management, and
improved weed control, while maize-based rotations demand
adapted harvesters, drying facilities, and greater on-farm
storage capacity.

2.4.3 Scenario-based projections to assess rice production
potential and national self-sufficiency in rice

Finally, linear models were fitted to derive the annual rate of
yield improvement and harvested area for rice in Venezuela
until 2040 (Marin et al. 2022). Three scenarios were created
for the analysis: (i) normal production trends (NPT), using
the average production and area trend of the last 15 years
(2009-2023) (Supplementary Fig. 5), (ii) normal yield and
area increase trends (NIA), which follow the average normal
yield trend but use the historical maximum area ever planted
to rice in Venezuela (from 95,000 to 230,000 hectares; see
Supplementary Fig. 1), and (iii) the intensification of the
system through Yg reduction (INT) assumes substantial
investments in agricultural research and development pro-
grams aimed at closing the average annual Yg, including the
technical training of agronomists and extension consultants,
the organization of field days to disseminate best practices to
farmers, and the strategic orientation of scientific research
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toward the key biophysical and management factors that
cause the Yg (Marin et al. 2022). In this scenario, assuming
an exploitable yield equivalent to 80% of the Yp, rice yields
could increase from 4.8 to 7.8 Mg ha™! and the cultivated
area would also be fully utilized, as assumed in the NIA
scenario. Both scenarios were evaluated by comparing their
ability to meet the demand for rice in Venezuela. The aver-
age demand from 2009 to 2023 was estimated at 1.2 million
tons per year, based on the sum of domestic rice production
and annual rice imports (FAOSTAT 2024).

3 Results and discussion

3.1 Yield potential and yield gaps across buffer
zones and crop cycles

The estimated Yp ranged from 8.6 to 9.8 Mg ha™! in the
wet season (WS) and from 10.4 to 10.9 Mg ha™" in the dry
season (DS) across buffers I, II, III, and IV (Fig. 5). The
Yg, expressed as a percentage of Yp, varied from 48% to
56% in the WS and from 58% to 61% in the DS. At the
national level, Yp in the WS was 9.2 Mg ha™!, with a Yg of
53%, while in the DS Yp reached 10.5 Mg ha™!, and Yg was
59%. These results correspond to an average Yp of 9.8 Mg
ha~! across both seasons. An alternative way to estimate
the potential of a crop would be to use a large number of
yield data from commercial fields, evaluating the 95% per-
centile of the data distribution, provided there is no genetic
lag in the country (Van Ittersum et al. 2013). In Supplemen-
tary Fig. 6, it can be seen that the difference between the
potential simulated by the Oryza v3 model (9.2 and 10.5
Mg ha™!) and the potential observed in farmers’ fields (8.7
and 9.9 Mg ha™!) for WS and DS, respectively, is very close,

Fig.5 Yield potential and yield
gap as a percentage of yield
potential relative to average
yield in the four buffer zones of
the main irrigated rice areas in
Venezuela. The red arrows rep-
resent the current yield gap (Yg)
with the percentage indicated in
the arrows, while the values at
the top of each arrow indicate
the yield potential in Mg ha™'.
The bars represent the average
observed yield in farmers’
fields for each buffer zone and
growing season. The Yg was
calculated taking into account
the average yield over 5 years
(2018-2022).
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demonstrating the robustness of the model and its excellent
performance in simulating the Yp of rice in Venezuela.

The higher Yp for buffer zone IV in WS is directly asso-
ciated with higher incident solar radiation, as well as with
a slightly later sowing than in the other buffers, with the
critical period for rice (reproductive phase) coinciding with
the period of greatest availability of solar radiation (Meus
et al. 2020, 2021). The greater Yp in the DS compared to the
WS is related to the greater availability of solar radiation in
January and February and the lower amount of rainfall in all
buffer zones (Fig. 2). Excessive rainfall can reduce the leaf
area index and increase susceptibility to diseases, and low
availability of solar radiation can result in a lower number
of spikelets and thousand-grain weight (Deng et al. 2019;
Yin et al. 2023).

The largest Yg was observed during the dry season (DS)
across all regions, ranging from 58 to 61% of the Yp. When
considering the entire agricultural year, Venezuela shows
an average Yg of 56%, equivalent to 5.5 Mg ha™' (Supple-
mentary Fig. 7). Compared to other major rice-producing
countries, Yg in Venezuela is considerably larger com-
pared to 27% in the USA, 33% in China, 47% in Brazil,
and 54% in Argentina and is close to the levels reported
for sub-Saharan Africa (60%) (Espe et al. 2016; Deng et al.
2019; GYGA, 2024). Importantly, this large gap is primar-
ily associated with low average on-farm yields (Ya) rather
than exceptionally high Yp, as demonstrated in Supplemen-
tary Fig. 7. While the estimated Yp values (9.2 Mg ha™!
in WS and 10.5 Mg ha~! in DS) are consistent with those
observed in other irrigated rice systems, farmers in Ven-
ezuela currently achieve only 47% and 41% of Yp in WS and
DS, respectively. This indicates significant inefficiencies in
crop management and highlights the potential to close the
gap through improved practices, such as optimizing sowing
dates and introducing crop rotations with rice (Ribas et al.

Average on-farm yield (% of yield potential)
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2021a, b; Theisen et al. 2017) factors that were also identi-
fied in this study.

3.2 Agronomic causes of yield variation
for different seasons

High-yield fields produced 3.0 to 4.0 Mg ha™! more com-
pared to low-yield fields, with a high level of statistical
significance (< 1%) in WS and DS, respectively (Table 1).
In WS, high-yield fields stood out for advancing the sow-
ing date, applying greater rates of nitrogen and K,O, using
more herbicides in pre-sowing and fewer herbicides in post-
emergence, in addition to using a greater number of pesticide
applications. It is noteworthy that the variables related to
sowing season, nitrogen, and fungicide and insecticide appli-
cation presented the highest levels of significance (< 1%) for
this season. On the other hand, in DS, for high-yield fields,
farmers adopted a lower seeding rate and applied higher
doses of nitrogen, P,Os, and KO, in addition to using more
herbicides in pre-emergence. Among these practices, seed-
ing rate and plant nutrition presented the highest levels of
significance (< 1%). In both seasons, high-yield fields stand
out for the greater amount of nitrogen and K,O fertilization,
showing a high level of significance (< 5%).

The conditional inference tree analyses for rice during
the wet season (WS) and dry season (DS) were employed
to illustrate the effects of specific factors and their inter-
actions (Fig. 6). The crop establishment methods and the
preceding crop were identified as the primary management
factors explaining the variation in the Yg in Venezuela dur-
ing the WS and DS, respectively. In the WS, the conditional
inference tree selected crop establishment methods, nitrogen

Table 1 Comparison of management and inputs between the high
yield (HY) fields and the low yield (LY) fields for 274 irrigated rice
fields in Venezuela. The values indicate the mean differences (HY-
LY) between the highest and lowest terciles of yield. Sowing dates
are expressed as day of year (DOY), with values calculated as the

(N) application rate, and pre-sowing herbicide application as
key explanatory variables, where fields implementing direct
seeding and applying > 162 kg ha™! of N exhibited, on aver-
age, a yield increase of 1.2 Mg ha™! compared to those not
adopting this practice. Furthermore, fields under conven-
tional tillage that applied pre-sowing herbicide achieved an
average yield gain of 0.5 Mg ha™! relative to fields that did
not apply it. Similarly, in the DS, fields that underwent fal-
low or maize cultivation prior to rice sowing, adjusted the
seeding rate to < 95 kg ha™!, and applied K,O at rates > 70
kg ha! demonstrated an average yield increase of 2.0 Mg
ha~! compared to those not implementing these practices.
Moreover, monoculture fields applying P,Os at rates > 40
kg ha~! and N at rates > 191 kg ha™! achieved, on average,
1.9 Mg ha™! higher yields than those managed with lower
input levels. These findings highlight the importance of
site-specific management strategies, where optimizing crop
establishment methods, fertilization regimes, and rotational
practices can significantly reduce the Yg and enhance rice
yield under varying seasonal conditions.

The fact that the HY fields in WS anticipate sowing
(-19.5 days) and have a higher intensity of plant protec-
tion management (64%) is related to the accumulated rain-
fall mainly in June—July and the higher disease pressure
(Table 1; Supplementary Fig. 8). Excessive rainfall hinders
sowing and reduces the plant population per unit area. In
addition, high relative humidity, prolonged leaf wetness, and
moderate temperatures create favorable conditions for the
proliferation of pests and diseases (Duarte Junior et al. 2021;
Kirtphaiboon et al. 2021). For DS, the lower seeding rate in
HY fields (-5.3%) could be related to the higher biomass
production, which requires a lower density to avoid shading

number of days after May 1 st for the wet season and after November
1 st for the dry season. N: nitrogen fertilization; P,Os: phosphate ferti-
lization; K,O: potassium fertilization; n: number of applications; HY:
high yield fields; LY: low yield fields; Significance levels: *** = 1%,
#* = 5%; * = 10%; ns not significant.

Variables Wet season Dry season
HY LY HY-LY p-value HY LY HY-LY p-value

Yield (Mg ha™") 7.2 4.2 3.07 <0.0001 9.0 5.0 40" <0.0001
Sowing date (DOY) 16.4 35.9 -19.0"" 0.0075 36.2 35.8 0.5™ 0.8659
Seeding rate (kg ha™!) 102.7 104.6 —1.9m 0.6008 93.5 98.7 —5.2" <0.0001
N fertilizer (kg ha™") 178.0 151.6 264" <0.0001 202.3 180.4 21.9™ 0.0002
P,0; fertilizer (kg ha™!) 31.8 38.4 —6.6"™ 0.6478 59.2 41.6 17.6™ <0.0001
K,O fertilizer (kg ha™!) 81.8 63.2 18.6™ 0.0422 114.6 93.5 21.17° 0.0055
Pre-sowing herbicide (1) 22 1.1 1.1 0.0131 1.6 14 0.2" 0.5973
Pre-emergent herbicide (n) 2.1 1.7 0.4™ 0.4743 1.9 1.2 0.7" 0.0912
Post-emergent herbicide (n) 1.8 2.9 -1.0" 0.0341 1.0 1.6 -0.6™ 0.1085
Fungicide (n) 1.9 0.5 147" <0.0001 1.2 0.8 0.4 0.1520
Insecticide (n) 2.6 1.1 1.5"" <0.0001 1.6 1.8 —0.2m 0.3187
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Fig.6 Conditional inference tree for rice in the wet season (A) and
dry season (B) based on aggregated survey data from Venezuela (n =
126 and 275 for the wet and dry seasons, respectively). In each box-
plot, the box delineates the first and third quartiles of yield, while the
horizontal line represents the median. The upper and lower whisk-
ers correspond to the 90th and 10th percentiles, respectively. Ter-
minal node means are shown below each boxplot and are expressed

in Mg ha™!, and an asterisk marks the mean within the boxplot. The
variables included in the conditional inference trees (along with their
abbreviations and units) were crop establishment methods and previ-
ous summer crops (categorical), pre-sowing herbicide application
(n) (number of applications), N fertilizer rate (kg ha™'), P,0; ferti-
lizeT rate (kg ha™"), K,O fertilizer rate (kg ha™"), and seeding rate (kg
ha™").
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or lodging by excess of plants. In addition, HY fields have a
higher P,O; requirement (36%), which promotes better plant
structure and increases grain fixation and weight (Ye et al.
2019; Jiang et al. 2021; Ribas et al. 2021a, b). In both sea-
sons, pre-emergence herbicide management is intensified in
HY fields. This strategy allows the use of active ingredients
to control grasses such as red rice, as the lack of selective
herbicides to control these weeds in post-emergence makes
management difficult (Fruet et al. 2020; Ribas et al. 2021a,
b). In addition, on average, 12.8% more N and 20.5% more
K,O are applied to HY fields in both seasons. These results
show a possible nutrient limitation of the most important
macronutrients in LY fields, which reduces yield (Ye et al.
2019; Wang et al. 2021).

Our conditional inference tree analysis identified that,
during the wet season (WS), the crop establishment meth-
ods were the primary factor explaining yield variation, with
farmers who adopted no-tillage (NT) achieving, on average,
22.6% higher yields than those using tilled (Ti) or pre-germi-
nated (PG) sowing. This finding aligns with previous studies
indicating that no-tillage reduces weed density and diversity
while preserving soil structure, thereby protecting it from the

Fig. 7 Boxplots comparing crop
establishment methods (A, B)

Yield (Mg ha-')

impact of heavy rainfall and promoting plant establishment
(Kumar & Ladha 2011; Bhat and Kukal 2015). During the
dry season (DS), the conditional inference tree identified
the preceding crop as the main factor influencing yield vari-
ation. Fields previously cultivated with maize or left fallow
produced, on average, 7.7% higher yields than those under
continuous rice monoculture (MO). This result can be attrib-
uted to the long-term negative effects of monoculture, such
as increased pest, disease, and weed pressure, soil degrada-
tion, and reduced system-level nutrient use efficiency (Liu
et al. 2016; Ribas et al. 2021a, b; Meus et al. 2024).

To further explore the relationship between these key fac-
tors and yield, we analyzed them individually. In the WS,
NT increased yield by 1.8 Mg ha™' compared to Ti and PG
(Fig. 7A). In the DS, Ti led to an average yield increase
of 1.4 Mg ha~! compared to PG and NT, while NT yielded
0.6 Mg ha™! more than PG (Fig. 7B). During the wet sea-
son, no significant differences were observed among fields
previously planted with rice, beans, or left fallow before
rice sowing (Fig. 7C). However, an analysis of 88 fields
revealed that introducing maize into the system (maize-rice,
M/R) resulted in a 1.8 Mg ha™! yield increase compared

and the previous crop (C, D) 12 5 A B
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to fallow-rice (F/R) and rice monoculture (R/R) (Fig. 7D).
Furthermore, R/R was the least productive system, reduc-
ing yield by 1.9 and 2.8 Mg ha™! relative to F/R and M/R,
respectively.

The crop establishment methods exhibited an inverse pat-
tern in both seasons, with no-tillage (NT) increasing yield by
27% and conventional tillage (Ti) by 19% in the wet season
(WS) and dry season (DS), respectively. The hypothesis is
that adopting no-tillage at the beginning of the dry season
is challenging due to rainfall during the preceding harvest
period (September—October), when heavy machinery oper-
ating on wet soil often disrupts the soil structure, damages
field bunds, and creates compaction, thus requiring tillage
before the next sowing a pattern corroborated by the high
yield variability observed in the boxplot analysis (Fig. 7B;
see Supplementary Fig. 8). Similar challenges have been
reported in rice-based systems, where soil puddling and
machinery traffic under wet conditions lead to subsurface
compaction and deterioration of soil physical structure,
limiting root development and reducing crop performance
(Bhatt & Kukal 2015). The higher yields observed under
no-tillage and transplanting, compared to conventional pre-
germinated seeding (PG), may be attributed to better plant
establishment, since PG systems pose greater challenges for
achieving uniform plant distribution and typically require
advanced technologies for water management, seed han-
dling, and land leveling (Bouman et al. 2007). Crop distribu-
tion is the main management practice affecting grain yield in
the dry season, where, on average, continuous irrigated rice
cultivation reduces yield by 29.7% (Fig. 7D). In Venezuela,
continuous rice cultivation without crop rotation, commonly
referred to as rice monoculture, can lead to significant yield
reductions due to the higher pressure from weeds (including
weedy red rice and Echinochloa spp.), pests, and diseases.
Similar trends have been observed in Argentina and Bra-
zil, where rice monoculture reduced yields by 5% and 24%,
respectively, while rotations with maize or well-managed
fallow periods helped disrupt these biological cycles and
improve weed control (Liu et al. 2016; Ribas et al. 2021a,
b; Meus et al. 2024).

In addition to the key factors identified through the deci-
sion tree analysis, other agronomic practices, particularly
nutrient management, seeding rate, and pre-sowing herbi-
cide, also play a critical role in determining yield outcomes
and offer further opportunities for improvement. To support
producer decision-making and inform future research, we
examined the relationship between grain yield and the appli-
cation levels of nitrogen (N), phosphorus (P,0s), and potas-
sium (K,O) across monitored fields (Supplementary Fig. 9).
Quadratic regressions were used to estimate the point of
maximum technical efficiency (PMTE) for each variable,
with optimal values of 192 kg ha™! for N, 67 kg ha™! for
P,0s, and 123 kg ha™! for K,0, each associated with yields

close to 10 Mg ha~!. While nitrogen application exceeded
plant theoretical demand by 30%, this excess, combined
with the typically low nitrogen use efficiency in irrigated
rice systems, highlights an opportunity to optimize its man-
agement through practices such as split application, use of
enhanced-efficiency fertilizers, or refined dose adjustments,
thereby increasing efficiency and reducing production costs
(Xu et al. 2015; Silva et al. 2022; Rizzo et al. 2023). On the
other hand, the application rates of phosphorus and potas-
sium were 23% and 32% below crop demand, emphasizing
the need for management strategies grounded in site-specific
diagnostics such as soil testing and nutrient export balance
assessments to prevent long-term nutrient depletion and
maintain soil fertility (Romheld & Kirkby 2010; Xu et al.
2015; Zhao et al. 2021; Rizzo et al. 2024).

Moreover, additional agronomic practices, particularly
pre-sowing herbicide application and seeding rate, also
exert a substantial influence on rice productivity and merit
closer attention. Pre-sowing herbicide use is a fundamental
practice in irrigated rice systems, as it enables early control
of weeds such as weedy red rice (Oryza sativa f. spontanea)
and barnyardgrass (Echinochloa crus-galli) during the crop
establishment period, thereby reducing competition for key
resources such as light, nutrients, and water (Chauhan &
Johnson 2011; Zimdahl 2018). These species, especially
weedy red rice, are characterized by their high competitive
aggressiveness and rapid spread in South American rice-
growing systems, and due to their morphological and genetic
similarity to cultivated rice, they exhibit significant tolerance
to selective herbicides, rendering post-emergence control
ineffective or even unfeasible (Pantone & Baker 1991; Fer-
rero & Vidotto 1999; Chauhan & Johnson 2011; Zimdahl
2018). Our findings also indicate that seeding rates above 95
kg ha™! are associated with yield reductions, possibly due to
increased intraspecific competition, higher lodging risk, and
lower canopy light interception efficiency (Feng et al. 2024).
These results are consistent with studies conducted in Brazil,
also based on data collected from commercial rice fields,
which identified optimal seeding rates close to those found
in our study, such as 93 kg ha™! (Meus et al. 2020, 2021),
and recommended densities between 70 and 90 kg ha™! to
achieve high yields (Ribas et al. 2021a, b).

Our findings for both seasons show that adopting more
efficient agricultural practices, such as no-tillage and crop
rotation with maize before rice, is crucial for increasing
yield in Venezuela. However, implementing these strategies
requires greater management and significant investments in
infrastructure and technology, which are enablers for crop
intensification and yield growth, but currently present a
major challenge for farmers in the country (Hajjapoor et al.
2022; Beres et al. 2023; Moss et al. 2025). No-tillage, for
example, requires specialized seeders, careful residue man-
agement, and more efficient weed control, while including
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maize in the system demands adapted harvesters, dryers, and
increased storage capacity. In addition to the high cost of
this equipment, limited access to agricultural credit hinders
the modernization of activities, preventing many farmers
from adopting these beneficial practices (USDA 2016). This
situation is further aggravated by logistical challenges and
economic instability, which restrict the import of essential
inputs, such as fertilizers and pesticides. Due to tight pro-
duction margins, many farmers have abandoned rice pro-
duction or sold their land. Therefore, although the adoption
of more sustainable and technologically advanced produc-
tion systems is essential for reducing the Yg, overcoming
these limitations requires expanding access to rural credit,
strengthening technical assistance, and implementing public
policies that promote sector modernization.

3.3 Self-sufficiency scenario

Following the historical trend in yields and the area under
rice production (NPT) (Fig. 8), a decline in rice cultivation is
predicted for Venezuela, so that production would be zero in
2033. With the potential area for rice sowing and maintain-
ing the current yield level, an increase of production of 133%
would be possible (NIA), but this would not be sufficient to
meet the country’s demand. Finally, the intensification sce-
nario (INT), in which the Yg are reduced and the potential
area under cultivation is utilized, predicts that Venezuela
would achieve self-sufficiency in rice by 2034 and double
rice production by 2040.

Annual rice production (million tons)

2.0 -

2034 project producti =
project production \

1.5 4 \

7 Baseline
2023

0.5 4 l

. NPT
\
0

2022 2025 2028 2031 2034 2037 2040

NIA

Years

Fig.8 Changes in rice production under different yield scenarios.
Normal production trends (NPT), normal yield and area increase
trends (NIA), and intensification of the production system through
reduction of the yield gap (INT). The pink dot represents the pro-
jected production for 2034 under the INT scenario, which matches
the historical average rice demand (1.2 million tons per year) calcu-
lated as the sum of domestic production and imports between 2009
and 2023 (FAOSTAT 2024).
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These findings reinforce the potential to enhance both
productivity and resource-use efficiency through the adop-
tion of more sustainable and tailored agronomic practices,
including appropriate crop establishment methods, crop rota-
tion, nutrient management, pre-sowing herbicide applica-
tion, and optimal seeding rates. Furthermore, in light of the
projected scenarios for rice production in Venezuela (Fig. 8),
our results underscore that achieving food self-sufficiency
will require a strategic shift toward vertical intensification,
namely, increasing yield per unit area by narrowing the Yg.
Although horizontal expansion remains technically feasible
since vast areas suitable for rice cultivation are currently idle
due to high production costs and low profitability, simula-
tions under the normal input area scenario (NIA; see Supple-
mentary Fig 1) indicate that increasing cultivated area alone
would be insufficient to meet national demand. However, it
is observed that in the NIA scenario, even with the full uti-
lization of the potential rice area referring to lands that were
previously cultivated but are currently idle, national produc-
tion would still not be sufficient to meet the national demand
for rice. In contrast, the intensification scenario (INT), which
combines Yg reduction with full utilization of the potential
rice area, projects that Venezuela could achieve rice self-
sufficiency by 2034 and double current production levels by
2040. Meeting this goal would require an estimated annual
yield gain of 175 kg ha™! yr=2, a realistic and strategic tar-
get. In a context of climate change and global geopolitical
instability, strengthening domestic food production capacity
is essential to ensuring rice self-sufficiency (Brankov et al.
2021; Clapp 2017; Kriewald et al. 2019). Additionally,
Venezuela holds significant potential to become a relevant
player in the international rice market, exporting to coun-
tries lacking suitable production environments. Ultimately,
the findings from this study provide practical guidance for
researchers, extension agents, and policymakers on where to
focus efforts to sustainably improve yield and profitability
in the coming decades.

4 Conclusions

This study aimed (i) to quantify the yield potential and yield
gaps of irrigated rice in both growing seasons in Venezuela,
(ii) to identify the main biophysical and management fac-
tors contributing to these gaps, and (iii) to evaluate the
country’s potential to meet future domestic rice demand.
By addressing these objectives, our analysis demonstrates
that Venezuela holds significant potential to intensify rice
production, particularly by reducing yield gaps, which reach
53% in the wet season and 59% in the dry season. Our find-
ings reinforce the need for concrete and coordinated strate-
gies to overcome these limitations. The adoption of more
efficient management practices, especially related to crop
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establishment methods and preceding crops, combined with
investments in infrastructure, is essential to improve yields
and enhance the stability of the production system. Under
the intensification scenario, national demand of 1.2 million
tons would be met by 2034, and by 2040, production could
reach 1.8 million tons, generating a surplus of nearly 600
thousand tons available for potential export. The novelty of
this study lies in providing the first comprehensive and data-
based assessment of rice yield gaps in Venezuela, integrating
crop modeling, extensive farm surveys, and future demand
scenarios. By offering a broad and strategic perspective on
the challenges and opportunities of rice production, this
study provides valuable insights to guide the development
of public policies, technical assistance actions, and invest-
ments in innovation, thereby contributing to national rice
self-sufficiency, improved food security, and the sustainable
livelihood of rice farmers.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13593-025-01068-5.

Authors' contributions All the authors contributed to the study concep-
tion and design. Material preparation, data collection, and analysis were
performed by Jodo Vitor Santos de Souza, Cintia Piovesan Pegoraro,
Camille Flores Soares, Isabela Bulegon Pilecco, Vitéria Signor,
Lauren Machado Lago, Bruna Pinto Ramos, Marcel Angel Guevara
Ordofiez, Maria Carolina Bitencourt, Wilmer Ivian Chacon Martinez,
Daniel Alejandro Brito Herrera, Tarmar Lopez, Mauricio Fornalski
Soares, Eduardo Lago Tagliapietra,Gonzalo Rizzo, Giovana Ghisleni
Ribas, and Nereu Augusto Streck; Alencar Junior Zanon spearheaded
the writing of the manuscript, actively contributing to its creation and
development. All the authors commented on previous versions of the
manuscript. All the authors read and approved the final manuscript.

Funding The first author received financial support from the Coordi-
nation for the Improvement of Higher Education Personnel (CAPES).

Data Availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author upon

reasonable request.

Code Availability Not applicable.

Declarations
Ethics approval Not applicable.

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Consent for publication The authors affirm that the human research
participants provided informed consent for publication of the images.

Competing interests The authors declare no competing interests.

References

Agustiani N, Deng N, Edreira JIR, Girsang SS, Sitaresmi T, Pasuquin
JMC, Agus F, Grassini P (2018) Simulating rice and maize yield

potential in the humid tropical environment of Indonesia. Eur
J Agron 101:10-19. https://doi.org/10.1016/j.eja.2018.08.002

Andrade JF, Mourtzinis S, Edreira JIR, Conley SP, Gaska J, Kan-
del HJ, Lindsey LE, Naeve S, Nelson S, Singh MP, Thompson
L, Specht JE, Grassini P (2022) Field validation of a farmer
supplied data approach to close soybean yield gaps in the US
North Central region. Agric Syst 200:103434. https://doi.org/
10.1016/j.agsy.2022.103434

Barrios-Perez C, Okada K, Varén GG, Ramirez-Villegas J, Rebolledo
MC, Prager SD (2021) How does El Nifio Southern Oscillation
affect rice-producing environments in central Colombia? Agric
for Meteorol 306:108443. https://doi.org/10.1016/j.agrformet.
2021.108443

Beres BL, Harker KN, Yang RC (2023) Sustainable crop production
systems and agronomic intensification. Agron J 115:1347-1362.
https://doi.org/10.1002/agj2.21111

Bhatt R, Kukal SS (2015) Direct seeded rice for improving water
productivity and livelihood in South Asia. Sustain Agric Rev
18:217-252. https://doi.org/10.1007/978-3-319-21629-4_7

Bouman BAM, Humphreys E, Tuong TP, Barker R (2007) Rice and
Water. Adv Agron 92:187-237. https://doi.org/10.1016/S0065-
2113(04)92004-4

Brankov T, Matkovski B, Jeremi¢ M, Puri¢ 1 (2021) Food self-
sufficiency of the SEE countries: is the region prepared for a
future crisis? Sustainability 13:8747. https://doi.org/10.3390/
sul3168747

Cassman KG (1999) Ecological intensification of cereal production
systems: yield potential, soil quality, and precision agriculture.
PNAS 96:5952-5959. https://doi.org/10.1073/pnas.96.11.5952

Cassman KG, Grassini P (2020) A global perspective on sustainable
intensification research. Nat Sustain 3:262-268. https://doi.org/
10.1038/541893-020-0507-8

Cassman KG, Dobermann A, Walters DT, Yang H (2003) Meeting
cereal demand while protecting natural resources and improving
environmental quality. Annu Rev Environ Resour 28:315-358.
https://doi.org/10.1146/annurev.energy.28.040202.122858

Chauhan BS, Johnson DE (2011) Row spacing and weed control timing
affect yield of aerobic rice. Field Crops Res 121:226-231. https://
doi.org/10.1016/j.fcr.2010.12.004

Clapp J (2017) Food self-sufficiency: making sense of it, and when
it makes sense. Food Policy 66:88-96. https://doi.org/10.1016/].
foodpol.2016.12.001

Counce PA, Keisling TC, Mitchell AJ (2000) A uniform, objective,
and adaptive system for expressing rice development. Crop Sci
40:436—443. https://doi.org/10.2135/cropsci2000.402436x

Deng N, Grassini P, Yang H, Huang J, Cassman KG, Peng S (2019)
Closing yield gaps for rice self-sufciency in China. Nat Commun
10:1-9. https://doi.org/10.1038/s41467-019-09447-9

Van Dijk M, Morley T, Rau ML et al (2021) A meta-analysis of pro-
jected global food demand and population at risk of hunger for the
period 2010-2050. Nat Food 2:494-501. https://doi.org/10.1038/
s43016-021-00322-9

Duarte Junior A, Streck N, Zanon A, Ribas GG, Silva M, Cera J, Nas-
cimento M, Pilecco I, Puntel S (2021) Rice yield potential as a
function of sowing date in southern Brazil. Agron J 113:1-12.
https://doi.org/10.1002/agj2.20610

Edreira JIR, Mourtzinis S, Conley SP, Roth AC, Ciampitti IA, Licht
MA, Kandel H, Kyveryga P, Licht M, Specht JE, Grassini P
(2017) Assessing causes of yield gaps in agricultural areas with
diversity in climate and soils. Agric for Meteorol 247:170-180.
https://doi.org/10.1016/j.agrformet.2017.07.010

Edreira JIR, Mourtzinis S, Azzari G, Andrade JF, Conley SP, Specht
JE, Grassini P (2020) Combining field-level data and remote sens-
ing to understand impact of management practices on producer
yields. Field Crops Res 257:107932. https://doi.org/10.1016/j.fcr.
2020.107932

INRAQ/ & spinse


https://doi.org/10.1007/s13593-025-01068-5
https://doi.org/10.1016/j.eja.2018.08.002
https://doi.org/10.1016/j.agsy.2022.103434
https://doi.org/10.1016/j.agsy.2022.103434
https://doi.org/10.1016/j.agrformet.2021.108443
https://doi.org/10.1016/j.agrformet.2021.108443
https://doi.org/10.1002/agj2.21111
https://doi.org/10.1007/978-3-319-21629-4_7
https://doi.org/10.1016/S0065-2113(04)92004-4
https://doi.org/10.1016/S0065-2113(04)92004-4
https://doi.org/10.3390/su13168747
https://doi.org/10.3390/su13168747
https://doi.org/10.1073/pnas.96.11.5952
https://doi.org/10.1038/s41893-020-0507-8
https://doi.org/10.1038/s41893-020-0507-8
https://doi.org/10.1146/annurev.energy.28.040202.122858
https://doi.org/10.1016/j.fcr.2010.12.004
https://doi.org/10.1016/j.fcr.2010.12.004
https://doi.org/10.1016/j.foodpol.2016.12.001
https://doi.org/10.1016/j.foodpol.2016.12.001
https://doi.org/10.2135/cropsci2000.402436x
https://doi.org/10.1038/s41467-019-09447-9
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1002/agj2.20610
https://doi.org/10.1016/j.agrformet.2017.07.010
https://doi.org/10.1016/j.fcr.2020.107932
https://doi.org/10.1016/j.fcr.2020.107932

68 Page140f 15

J.V.S.de Souza et al.

Espe MB, Cassman KG, Yang H, Guilpart N, Grassini P, Van Wart J,
Andres M, Beighley D, Harell D, Liscombe S, Mckenze K, Mut-
ters R, Wilson LT, Linquist BA (2016) Yield gap analysis of US
rice production systems shows opportunities for improvement.
Field Crops Res 196:276-283. https://doi.org/10.1016/j.fcr.2016.
07.011

Evans LT, Fisher RA (1999) Yield potential: its definition, measure-
ment, and significance. Crop Sci 39:1544-1551. https://doi.org/
10.2135/cropscil999.3961544x

Fanzo J, Garnett T, Benton T, Herforth A, Willett W (2024) Global
and local perspectives on food security and food systems. Nat
Commun 15:1398. https://doi.org/10.1038/s43247-024-01398-4

Feng X, Yang J, Wang F, Liu Q, Li Y (2024) Optimal seeding rate
enhances seedling quality, mechanical transplanting quality, and
yield in hybrid rice. Front Plant Sci 15:1427972. https://doi.org/
10.3389/1pls.2024.1427972

Ferrero A, Vidotto F (1999) Herbicide control of red rice (Oryza
sativa L. var. silvatica) in Italian rice-growing systems. Weed Res
39:411-418. https://doi.org/10.1046/j.1365-3180.1999.00164.x

French RJ, Schultz JE (1984) Water use efficiency of wheat in a Medi-
terranean type environment. I. The relation between yield, water
use and climate. Aust J Agric Res 35:743-764. https://doi.org/
10.1071/AR9840743

Fruet BL, Merotto Junior A, Ulguim AR (2020) Survey on rice weed
management and public and private consultant characteristics in
Southern Brazil. Weed Technol 34:351-356. https://doi.org/10.
1017/wet.2019.115

Gaffney J, Bing J, Byrne PF, Cassman KG, Ciampitti I, Delmer D, Hab-
ben J, Lafitte HR, Lidstrom UE, Porter DO, Sawyer JE, Schussler
J, Setter J, Sharp RS, Vyn TJ, Warner D (2019) Science-based
intensive agriculture: sustainability, food security, and the role of
technology. Glob Food Secur 23:236. https://doi.org/10.1016/j.
2fs.2019.08.003

Grassini P, Van Bussel LGJ, Van Wart J, Wolf J, Claessens L, Yang
H, Boogaard H, De Groot H, Van Ittersum MK, Cassman KG
(2015) How good is good enough? Data requirements for reliable
crop yield simulations and yield-gap analysis. Field Crops Res
177:49-63. https://doi.org/10.1016/j.fcr.2015.03.004

Hajjapoor R, Esfahani M, Karimi M (2022) Adoption of advanced
crop management practices for climate resilience in rice. Field
Crops Res 287:108703. https://doi.org/10.1016/j.fcr.2022.108703

Hochman Z, Gobbett D, Horan H, Garcia JN (2016) Data rich yield
gap analysis of wheat in Australia. Field Crops Res 197:97-106.
https://doi.org/10.1016/j.fcr.2016.08.017

Hothorn T, Zeileis A (2015) Partykit: a modular toolkit for recursive
partitioning in R. J Mach Learn Res 16:3905-3909

Janssen PHM, Heuberger PSC (1995) Calibration of process-oriented
models. Ecol Model 83:55-66. https://doi.org/10.1016/0304-
3800(95)00084-9

Jiang B, Shen J, Sun M, Hu Y, Jiang W, Wang J, Li Y, Wu J (2021)
Soil phosphorus availability and rice phosphorus uptake in paddy
fields under various agronomic practices. Pedosphere 31:103—115.
https://doi.org/10.1016/S1002-0160(20)60053-4

Kirtphaiboon S, Humphries U, Khan V, Yusuf A (2021) Model of rice
blast disease under tropical climate conditions. Chaos Solitons
Fractals 143:110530. https://doi.org/10.1016/j.chaos.2020.110530

Kriewald S, Pradhan P, Costa L, Ros AGC, Kropp JP (2019) Hungry
cities: how local food self-sufficiency relates to climate change,
diets, and urbanisation. Environ Res Lett 14:094007. https://doi.
org/10.1088/1748-9326/ab2d56

Kumar V, Ladha JK (2011) Direct seeding of rice: recent developments
and future research needs. Adv Agron 111:297-413. https://doi.
org/10.1016/B978-0-12-387689-8.00001-1

Li T, Angeles O, Marcaida M, Manalo E, Manalili MP, Radan-
ielson A, Mohanty S (2017) From ORYZA2000 to ORYZA
(v3) an improved simulation model for rice in drought and

& springer INRAQ)

nitrogen-defcient environments. Agr Forest Meteorol 237:246—
256. https://doi.org/10.1016/j.agrformet.2017.02.025

Liu W, Hussain S, Wu LS, Qin Z, Li X, Lu J, Khan F, Cao W, Geng M
(2016) Greenhouse gas emissions, soil quality, and crop produc-
tivity from a mono-rice cultivation system as influenced by fallow
season straw management. Environ Sci Pollut Res 23:315-328.
https://doi.org/10.1007/s11356-015-5227-7

Lobell DB, Cassman KG, Field CB (2009) Crop yield gaps: their
importance, magnitudes, and causes. Annu Rev Environ Resour
34:179-204. https://doi.org/10.1146/annurev.environ.041008.
093740

Marin FR, Zanon AJ, Monzon JP, Andrade JF, Silva EHFM, Richter
GL et al (2022) Protecting the Amazon forest and reducing global
warming via agricultural intensification. Nat Sustain 5:1018—
1026. https://doi.org/10.1038/s41893-022-00968-8

Martinez WIC, Brito DA, Lopez T, Betancourt MC, Perez AJ, Silva
F, Cordero PL, Acosta JA, Ramirez R, Graterol E, Carmona LC,
Figueroa JB, Perez AA, Souza JVS, Pegoraro CP, Ramos BP,
Soares CF, Pilecco IB, Signor V, Lago LM, Tagliapietra EL, Dalla
Nora M, Guevara MA, Uliana GF, Ribas GG, Streck NA, Armoa
MS, Zanon AJ (2024) Digital agronomy: intensification of the
rice and soybean production system in Venezuela. GR Publisher,
Santa Maria

Merlos F, Silva M, Santos A, Oliveira R (2024) Managing nitrogen use
efficiency in rice: a meta-analysis. Field Crops Res 305:108819.
https://doi.org/10.1016/j.fcr.2024.108819

Meus J, Lopes MLT, Marchesan E, Trevizan DM, Camargo ER (2020)
Direct seeding in irrigated rice: effects of sowing density and tim-
ing. Pesqui Agropecu Bras 55:¢01098. https://doi.org/10.1590/
S1678-3921.pab2020.v55.01098

Meus LD, Silva MR, Ribas GG, Zanon AJ, Rossato IG, Fogliato V,
Pilecco IB, Ribeiro BSMR, Souza PM, Nascimento MF, Poersch
AH, Duarte Junior AJ, Quintero CE, Garrido GC, Carmona LC,
Streck NA (2021) Ecophysiology of rice for reaching high yields.
GR Publisher, Santa Maria

Meus LD, Quintero CE, Silva MR, Streck NA, Carvalho IR, Soares MF,
Zarmero MLA, Ribas GG, Zanon AJ (2024) Irrigated rice yield
plateaus are caused by management factors in Argentina. Agron
Sustain Dev 44:56. https://doi.org/10.1007/s13593-024-00989-x

Mongiano G, Titone P, Tamborini L, Pilu R, Bregaglio S (2019)
Advancing crop modelling capabilities through cultivar-specific
parameters sets for the Italian rice germplasm. Field Crops Res
240:44-54. https://doi.org/10.1016/j.fcr.2019.05.012

Moss R, Peterson C, Lee M (2025) Sustainable rice systems under cli-
mate change: challenges and perspectives. Agric Syst 234:103862.
https://doi.org/10.1016/j.agsy.2025.103862

Pantone DJ, Baker JB (1991) Comparison of red rice and cultivated
rice (Oryza sativa) by isozyme and RAPD analysis. Weed Sci
39:243-247. https://doi.org/10.1017/S0043174500056272

Ribas GG, Streck NA, Duarte Junior AJ, Ribeiro BSMR, Pilecco IB,
Rossato IG, Richter GL, Bexaira KP, Pereira VF, Zanon AJ (2020)
An update of new flood-irrigated rice cultivars in the SimulArroz
model. Pesqui Agropecu Bras 55:1-10. https://doi.org/10.1590/
$1678-3921.pab2020.v55.00865

Ribas GG, Streck NA, Ulguim AR, Carlos FS, Alberto CM, Souza
PM, Barcellos T, Puntel S, Zanon AJ (2021) Assessing factors
related to yield gaps in flooded rice in southern Brazil. Agron J
113:3341-3350. https://doi.org/10.1002/agj2.20754

Ribas GG, Zanon AlJ, Streck NA, Pilecco IB, De SPM, Heinemann
AB, Grassini P (2021) Assessing yield and economic impact of
introducing soybean to the lowland rice system in southern Bra-
zil. Agric Syst 188:103036. https://doi.org/10.1016/j.agsy.2020.
103036

Rizzo G, Agus F, Batubara SF, Andrade JF, Edreira JIR et al (2023)
A farmer data-driven approach for prioritization of agricultural
research and development: a case study for intensive crop systems


https://doi.org/10.1016/j.fcr.2016.07.011
https://doi.org/10.1016/j.fcr.2016.07.011
https://doi.org/10.2135/cropsci1999.3961544x
https://doi.org/10.2135/cropsci1999.3961544x
https://doi.org/10.1038/s43247-024-01398-4
https://doi.org/10.3389/fpls.2024.1427972
https://doi.org/10.3389/fpls.2024.1427972
https://doi.org/10.1046/j.1365-3180.1999.00164.x
https://doi.org/10.1071/AR9840743
https://doi.org/10.1071/AR9840743
https://doi.org/10.1017/wet.2019.115
https://doi.org/10.1017/wet.2019.115
https://doi.org/10.1016/j.gfs.2019.08.003
https://doi.org/10.1016/j.gfs.2019.08.003
https://doi.org/10.1016/j.fcr.2015.03.004
https://doi.org/10.1016/j.fcr.2022.108703
https://doi.org/10.1016/j.fcr.2016.08.017
https://doi.org/10.1016/0304-3800(95)00084-9
https://doi.org/10.1016/0304-3800(95)00084-9
https://doi.org/10.1016/S1002-0160(20)60053-4
https://doi.org/10.1016/j.chaos.2020.110530
https://doi.org/10.1088/1748-9326/ab2d56
https://doi.org/10.1088/1748-9326/ab2d56
https://doi.org/10.1016/B978-0-12-387689-8.00001-1
https://doi.org/10.1016/B978-0-12-387689-8.00001-1
https://doi.org/10.1016/j.agrformet.2017.02.025
https://doi.org/10.1007/s11356-015-5227-7
https://doi.org/10.1146/annurev.environ.041008.093740
https://doi.org/10.1146/annurev.environ.041008.093740
https://doi.org/10.1038/s41893-022-00968-8
https://doi.org/10.1016/j.fcr.2024.108819
https://doi.org/10.1590/S1678-3921.pab2020.v55.01098
https://doi.org/10.1590/S1678-3921.pab2020.v55.01098
https://doi.org/10.1007/s13593-024-00989-x
https://doi.org/10.1016/j.fcr.2019.05.012
https://doi.org/10.1016/j.agsy.2025.103862
https://doi.org/10.1017/S0043174500056272
https://doi.org/10.1590/s1678-3921.pab2020.v55.00865
https://doi.org/10.1590/s1678-3921.pab2020.v55.00865
https://doi.org/10.1002/agj2.20754
https://doi.org/10.1016/j.agsy.2020.103036
https://doi.org/10.1016/j.agsy.2020.103036

Assessing management factors limiting rice production in Venezuela

Page150f 15 68

in the humid tropics. Field Crops Res 297:108942. https://doi.org/
10.1016/j.fcr.2023.108942

Rizzo G, Agus F, Susanti Z, Buresh R, Cassman KG, Dobermann
A, Agustiani N, Aristya VE, Batubara SF, Istiqgomah N, Ober-
thur T, Pasuquin J, Samijan WC, Grassini P (2024) Potassium
limits productivity in intensive cereal cropping systems in
Southeast Asia. Nat Food 5(929):938. https://doi.org/10.1038/
$43016-024-01065-z

Romheld V, Kirkby EA (2010) Research on potassium in agriculture:
needs and prospects. Plant Soil 335:155-180. https://doi.org/10.
1007/s11104-010-0520-1

Silva JV, Pede VO, Radanielson AM, Kodama W, Duarte A, de Guia
AH, Malabayabas AJ, Pustika AB, Argosubekti N, Vithoonjit D,
Hieu PT (2022) Revisiting yield gaps and the scope for sustainable
intensification for irrigated lowland rice in Southeast Asia. Agric
Syst 198:103383. https://doi.org/10.1016/j.agsy.2022.103383

Stuart AM, Pame ARP, Silva JV, Dikitanan RC, Rutsaert P, Mala-
bayabas AJB, Lampayan RM, Radanielson AM, Singleton GR
(2016) Yield gaps in rice-based farming systems: insights from
local studies and prospects for future analysis. Field Crops Res
194:43-56. https://doi.org/10.1016/j.fcr.2016.04.039

Tagliapietra EL, Zanon AJ, Streck NA, Balest DS, Rosa SL, Bexaira
KP, Richter GL, Ribas GG, Silva MR (2021) Biophysical and
management factors causing yield gap in soybean in the subtropi-
cal of Brazil. Agron J 113:1882-1894. https://doi.org/10.1002/
agj2.20586

Tenorio FA, McLellan EL, Eagle AJ, Cassman KG, Torrion JA,
Grassini P (2021) Disentangling management factors influencing
nitrogen balance in producer fields in the western Corn Belt. Agric
Syst 193:103245. https://doi.org/10.1016/j.agsy.2021.103245

Theisen G, Silva JJC, Silva JS, Andres A, Anten NP, Bastiaans L
(2017) The birth of a new cropping system: towards sustain-
ability in the sub-tropical lowland agriculture. Field Crops Res
212:82-94. https://doi.org/10.1016/j.fcr.2017.07.001

Van Ittersum MK, Cassman KG, Grassini P, Wolf J, Tittonell P, Hoch-
man Z (2013) Yield gap analysis with local to global relevance
- a review. Field Crops Res 143:4—17. https://doi.org/10.1016/j.
fcr.2012.09.009

Van Ittersum MK, Rabbinge R (1997) Concepts in production ecology
for analysis and quantification of agricultural input—output com-
binations. Field Crops Res 52:197-208. https://doi.org/10.1016/
S0378-4290(97)00037-3

Van Oort PAJ, Zhang T, de Vries ME, Heinemann AB, Meinke H
(2011) Correlation between temperature and phenology prediction
error in rice (Oryza sativa L.). Agric for Meteorol 151(12):1545-
1555. https://doi.org/10.1016/j.agrformet.2011.06.012

Wang Y, Chen YF, Wu WH (2021) Potassium and phosphorus trans-
port and signaling in plants. J Integr Plant Biol 63:34-52. https://
doi.org/10.1111/jipb.13053

Van Wart J, Van Bussel LGJ, Wolf J, Licker R, Grassini P, Nelson A,
Boogaard H, Gerber J, Mueller ND, Claessens L, Van Ittersum
MK, Cassman KG (2013) Use of agro-climatic zones to upscale
simulated crop yield potential. Field Crops Res 143:4—17. https://
doi.org/10.1016/j.fcr.2012.11.023

Winck JEM, Tagliapietra EL, Schneider RA, Inklman VB, Nora MD,
Savegnago C, Paula LS, Silva MR, Zanon AJ, Streck NA (2023)
Decomposition of yield gap of soybean in environmentXx genet-
icsx management in southern Brazil. Eur J Agron 145:126795.
https://doi.org/10.1016/j.eja.2023.126795

Xu X, Xie J, Hou Y (2015) Estimating nutrient uptake requirements
for rice in China. Field Crops Res 180:37-45. https://doi.org/10.
1016/j.£cr.2015.05.008

Ye T, Li Y, Zhang J, Hou W, Zhou W, Lu J, Xing Y, Li X (2019) Nitro-
gen, phosphorus, and potassium fertilization affects the flowering
time of rice (Oryza sativa L.). Glob Ecol Conserv 20:e00753.
https://doi.org/10.1016/j.gecco.2019.e00753

Yin J, Guo S, Wang J, Chen J, Zhang Q, Gu L, Yang Y, Tian J, Xiong
L, Zhang Y (2023) Thermodynamic driving mechanisms for the
formation of global precipitation extremes and ecohydrological
effects. Sci China Earth Sci 66(1):92-110. https://doi.org/10.1007/
$11430-022-9987-0

Yu Q, You L, Wood-Sichra U, Ru Y, Joglekar AKB, Fritz S, Xiong W,
Lu M, Wu W, Yang P (2020) A cultivated planet in 2010 — part II:
the global gridded agricultural-production maps. Earth Syst Sci
Data 12:3545-3572. https://doi.org/10.5194/essd-12-3545-2020

Yuan S, Linquist BA, Wilson LT, Cassman KG, Stuart AM, Pede V,
Miro B, Saito K, Agustiani N, Aristya VE, Krisnadi LY, Zanon
Al, Heinemann AB, Carracelas G, Subash N, Brahmanand PS, Li
T, Peng S, Grassini P (2021) Sustainable intensication for a larger
global rice bowl. Nat Commun 12:7163. https://doi.org/10.21203/
1s.3.1s-401904/v1

Yuan S, Stuart AM, Laborte AG, Edreira JIR, Dobermann A, Kien
LVN, Thuy LT, Paothong K, Traesang P, Tint KM, San SS, Vil-
lafuerte MQ, Quicho ED, Pame ARP, Then R, Flor RJ, Thon N,
Agus F, Agustiani N, Deng N, Li T, Grassini P (2022) South-
east Asia must narrow down the yield gap to continue to be a
major rice bowl. Nat Food 3:217-226. https://doi.org/10.1038/
$43016-022-00477-z

Zanon Al, Streck NA, Grassini P (2016) Climate and management
factors influence soybean yield potential in a subtropical envi-
ronment. Agron J 108:1447-1454. https://doi.org/10.2134/agron
j2015.0535

Zhao B, Xie Z, Gao S, Zhang W (2021) Phosphorus and potassium
management for sustainable intensification of rice production: a
global meta-analysis. Sci Total Environ 791:148221. https://doi.
org/10.1016/j.scitotenv.2021.148221

FAO (2018) Overview of food and nutrition security in Latin America
and the Caribbean. https://openknowledge.fao.org. Accessed Feb
2024

FAOSTAT (2024) Crops and livestock products. https://www.fao.org/
faostat/pt/#data. Accessed Feb 2024

Global Yield Gap Atlas (GYGA) (2024) Yield gaps for major crops
worldwide. www.yieldgap.org. Accessed Jan 2023

IMF (2018) World economic outlook — April 2018: cyclical upswing,
structural change. https://www.imf.org/en/Publications/WEO/
Issues/2019/08/31/World-Economic-Outlook-April-2018-Cycli
cal-Upswing-Structural-Change-45570?utm. Accessed Jun 2025

UNIDO (2019) Industrial upgrading and modernization programme
for the Bolivarian Republic of Venezuela. https://www.unido.
org/sites/default/files/unido-publications/2024-02/Unido--Fact-
Sheet--IUMP-Venezuela--Digital.pdf. Accessed Jun 2024

USDA (2016) Grain and feed annual: Venezuela. https://apps.fas.usda.
gov/newgainapi/api/report/downloadreportbyfilename?filename=
Grain+and+Feed+Annual_Caracas_Venezuela_3-3-2016.pdf.
Accessed Jun 2024

WEFP (2025) Bolivarian Republic of Venezuela. https://www.wfp.org/
countries/venezuela-bolivarian-republic. Accessed June 2025

Zerpa F, Soto N (2017) Venezuela’s food crisis worsens. https://www.
bloomberg.com/features/2017-venezuela-hunger. Accessed Jun
2025

Zimdahl RL (2018) Fundamentals of weed science. Academic Press,
Cambridge

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

INRAQ/ & spinse


https://doi.org/10.1016/j.fcr.2023.108942
https://doi.org/10.1016/j.fcr.2023.108942
https://doi.org/10.1038/s43016-024-01065-z
https://doi.org/10.1038/s43016-024-01065-z
https://doi.org/10.1007/s11104-010-0520-1
https://doi.org/10.1007/s11104-010-0520-1
https://doi.org/10.1016/j.agsy.2022.103383
https://doi.org/10.1016/j.fcr.2016.04.039
https://doi.org/10.1002/agj2.20586
https://doi.org/10.1002/agj2.20586
https://doi.org/10.1016/j.agsy.2021.103245
https://doi.org/10.1016/j.fcr.2017.07.001
https://doi.org/10.1016/j.fcr.2012.09.009
https://doi.org/10.1016/j.fcr.2012.09.009
https://doi.org/10.1016/S0378-4290(97)00037-3
https://doi.org/10.1016/S0378-4290(97)00037-3
https://doi.org/10.1016/j.agrformet.2011.06.012
https://doi.org/10.1111/jipb.13053
https://doi.org/10.1111/jipb.13053
https://doi.org/10.1016/j.fcr.2012.11.023
https://doi.org/10.1016/j.fcr.2012.11.023
https://doi.org/10.1016/j.eja.2023.126795
https://doi.org/10.1016/j.fcr.2015.05.008
https://doi.org/10.1016/j.fcr.2015.05.008
https://doi.org/10.1016/j.gecco.2019.e00753
https://doi.org/10.1007/s11430-022-9987-0
https://doi.org/10.1007/s11430-022-9987-0
https://doi.org/10.5194/essd-12-3545-2020
https://doi.org/10.21203/rs.3.rs-401904/v1
https://doi.org/10.21203/rs.3.rs-401904/v1
https://doi.org/10.1038/s43016-022-00477-z
https://doi.org/10.1038/s43016-022-00477-z
https://doi.org/10.2134/agronj2015.0535
https://doi.org/10.2134/agronj2015.0535
https://doi.org/10.1016/j.scitotenv.2021.148221
https://doi.org/10.1016/j.scitotenv.2021.148221
https://openknowledge.fao.org
https://www.fao.org/faostat/pt/#data
https://www.fao.org/faostat/pt/#data
http://www.yieldgap.org
https://www.imf.org/en/Publications/WEO/Issues/2019/08/31/World-Economic-Outlook-April-2018-Cyclical-Upswing-Structural-Change-45570?utm
https://www.imf.org/en/Publications/WEO/Issues/2019/08/31/World-Economic-Outlook-April-2018-Cyclical-Upswing-Structural-Change-45570?utm
https://www.imf.org/en/Publications/WEO/Issues/2019/08/31/World-Economic-Outlook-April-2018-Cyclical-Upswing-Structural-Change-45570?utm
https://www.unido.org/sites/default/files/unido-publications/2024-02/Unido--Fact-Sheet--IUMP-Venezuela--Digital.pdf
https://www.unido.org/sites/default/files/unido-publications/2024-02/Unido--Fact-Sheet--IUMP-Venezuela--Digital.pdf
https://www.unido.org/sites/default/files/unido-publications/2024-02/Unido--Fact-Sheet--IUMP-Venezuela--Digital.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Grain+and+Feed+Annual_Caracas_Venezuela_3-3-2016.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Grain+and+Feed+Annual_Caracas_Venezuela_3-3-2016.pdf
https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Grain+and+Feed+Annual_Caracas_Venezuela_3-3-2016.pdf
https://www.wfp.org/countries/venezuela-bolivarian-republic
https://www.wfp.org/countries/venezuela-bolivarian-republic
https://www.bloomberg.com/features/2017-venezuela-hunger
https://www.bloomberg.com/features/2017-venezuela-hunger

	Assessing management factors limiting rice production in Venezuela
	Abstract
	1 Introduction
	2 Material and methods
	2.1 Study sites and meteorological data
	2.2 Estimation of yield potential: validating the Oryza v3 simulation model
	2.3 Yield potential simulation and yield gap determination
	2.4 Statistical analysis
	2.4.1 Yield-based stratification for contrasting group analysis
	2.4.2 Identification of yield-limiting factors through decision tree modeling
	2.4.3 Scenario-based projections to assess rice production potential and national self-sufficiency in rice


	3 Results and discussion
	3.1 Yield potential and yield gaps across buffer zones and crop cycles
	3.2 Agronomic causes of yield variation for different seasons
	3.3 Self-sufficiency scenario

	4 Conclusions
	References


