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Abstract

This study examined the trends in rice (Oryza sativa L.) production and yield stability in Tanzania, with a focus on harvested
area, total production, and yield per unit land area. We utilized data from FAOSTAT (https://www.fao.org/faostat/en/#
home), focusing on the "Production Domains (Crop and Livestock Products)" for the "United Republic of Tanzania."
Filters were applied for "Area harvested," "Yield," and "Production Quantity" under "ltems (Crops, Primary)" for the period
2000-2022. Other data and information were obtained from literature and government official reports. Mixed statistical
analyses (Univariate and Multivariate) were performed. The univariate was performed to assess harvested area, total
production, and grain yield through descriptive statistics, while multivariate analysis examined relationships among these
variables and yield stability using Generalized Linear Models (GLMs) and Principal Component Analysis (PCA). The results
revealed a significant increase in the area harvested, peaking at 481,000 hectares in 2020, compared to 250,000 hectares
in 2000. Yield fluctuations were notable, with a significant decline in 2008 (- 729.29 kg ha™") followed by a recovery in
2018 (791.28 kg ha™"). A strong positive correlation was confirmed between harvested area and production (0.00035791)
and yield (0.0013233). PCA results demonstrated that the first three principal components accounted for 87% of the total
variance. Statistical tests showed substantial yield differences between 2000 and 2010, reaching 720,690.1 kg ha™', with
yield stability between 2021 and 2022 noted, resulting in a minor difference of 18,802.6 kg ha™'. The findings reveal that
harvested area significantly affects rice production, but yield variability remains a challenge. While expanding cultivated
areas has increased output, yield stability is a concern. This emphasizes the need for targeted strategies to optimize
cultivation and enhance food security amid changing agricultural conditions.
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Graphical Abstract

Ianagement Options for Sustainable Rice Production:
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¢ Improved crop management. Utilize site-specific
CE PRODUCTIVITY practices based on yield patterns to enhance crop
) ¥ RETH resiience and optimize planting schedules and
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¢ C(Climate variabilty. Changes in rainfall,
temperature, and extreme weather events.

¢ Soil fertility. Variability in soil nutrients and
health.

e Imigation practices. Effective  water
management, including the timing and *
amount of irrigation.

¢ Crop management techniques. Planting
density. timing of sowing and harvesting. and drivers from principal component analysis.
pest control strategies. Y i =} o Enhanced harvesting techniques. Refine harvesting

¢ Farming inputs. The quality and quantity of methods by aligning efforts with historical high-vield

!Fattors Affecting Rice Productivity: IRI

fesource use.

¢ (Climate-resilient practices. Implement climate-smart
agriculture, integrating forecasting tools to mitigate
climate variability's impact on yield stability.

* Yield optimization strategies. Adjust irigation and
nutrient management based on identified key vield

inputs such as fertilizers, pesticides. and periods derived from Euclidean distance measures.
seeds.

¢ Technological advancements. Adoption of
modern farming tools, improved rice
varieties, and precision  agriculture

Outcomes for sustainable rice production:

technologies. ¢ Increased yield stability: Through the adoption of high-yielding,
o Socioscosomic: Bictors.  Access  fo pest-resistant varieties and improved management practices.
tesources like labor, markets, and capital. ¢ Enhanced resource efficiency: Precision agriculture technologies

help optimize inputs, such as water, fertilizers, and pesticides,
ensuring that resources are used more efficiently. Empowered
farmers: Training and access to modem technologies empower
farmers with knowledge and resources to adopt better practices.

¢ Policy-driven support: Government interventions. such as subsidies
and infrastructure development.

Research Highlights

Rice production in Tanzania showed high variability over 23 years.
Significant external shocks affected yield fluctuations in 2008.
Statistical analysis confirmed year-to-year production differences.
Positive trends in rice yield were noted from 2010 onward.
Sustainable practices could enhance long-term rice productivity.
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1 Introduction

Rice (Oryza sativa L.) is one of the important staple crops, supporting the food security and livelihoods of more than
half of the world’s population [1]. It thrives in diverse agro-ecological conditions, from the fertile plains of Asia to the
expansive floodplains of Africa [2]. In 2022, global rice production reached nearly 520 million metric tons, with Asia being
the dominant producer, particularly in China, India, Indonesia, and Vietnam [3]. The increasing global demand for rice,
driven by rising populations and changing dietary preferences, especially in developing regions, shows the crop’s critical
role as a primary source of daily caloric intake [4, 5].

In Africa, rice production has experienced substantial growth in recent decades, largely as a response to food security
initiatives and a push to decrease reliance on imports. The continent produced approximately 37.3 million metric tons of
paddy rice in 2022, with high contributions from countries like Nigeria, Egypt, and Madagascar [6]. However, productivity
of rice in Africa lags behind global averages, primarily due to challenges such as limited access to improved varieties,
inadequate irrigation infrastructure, and vulnerability to climatic variability [7, 8]. These challenges are exacerbated
by climate change, which introduces more frequent and intense weather events, impacting agricultural systems and
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increasing the risks associated with rice cultivation [9, 10]. However, the rapid growth in rice consumption across the
continent necessitates a concerted effort to boost both production and yield stability.

Tanzania, recognized as one of the largest rice producers in Africa, plays a critical role in meeting the continent’s
escalating demand for rice [11]. The agricultural sector is a cornerstone of the Tanzanian economy, with rice being a key
crop for food security and a vital source of income for smallholder farmers [12, 13]. Over the last two decades, the country
has made significant advancements in rice cultivation, particularly in regions such as Mbeya particularly in the Usangu
Plains [14], Tabora particularly in low-lying areas suitable for irrigation [15], Morogoro especially within the Kilombero
Valley [16], Ruvuma particularly in districts like Songea [17], Mwanza around Lake Victoria [18], Kigoma leverages its
proximity to Lake Tanganyika [19], and Shinyanga known for both rain-fed and irrigated rice farming [20]. Rice production
in Tanzania has increased from approximately 1.3 million metric tons in 2000 to over 2.2 million metric tons in 2022,
facilitated by the adoption of improved varieties and enhanced agronomic practices. Despite these advancements,
Tanzania faces considerable challenges in achieving consistent yield stability. Erratic rainfall patterns, pest infestations,
and soil fertility concerns contribute to fluctuations in rice yields across different regions and seasons.

Rice production in Tanzania plays a critical role in the nation’s economy and food security, contributing directly to
several Sustainable Development Goals (SDGs). As a staple food, it addresses SDG 2 (Zero Hunger) by ensuring a reliable
food supply for the population and helping to alleviate hunger and malnutrition [21]. It is also a significant source
of income for millions of smallholder farmers, thus contributing to SDG 1 (No Poverty) by improving livelihoods and
reducing rural poverty [22]. The sector fosters rural employment and agricultural development, supporting SDG 8 (Decent
Work and Economic Growth) by creating jobs and enhancing value chains, particularly through agro-processing and
local markets [23]. Moreover, increasing rice production through sustainable practices can promote SDG 12 (Responsible
Consumption and Production) by optimizing resource use and minimizing environmental impacts [24]. Lastly, innovations
in rice farming can boost productivity and resilience, aligning with SDG 13 (Climate Action) by helping farmers adapt to
climate change and ensuring long-term agricultural sustainability [25].

In light of the challenges posed by climate change, such as altered precipitation patterns and rising temperatures,
Tanzania faces an increasing need to adopt resilient agricultural practices to mitigate risks and enhance adaptability.
This includes focusing on climate-smart techniques, improving irrigation infrastructure, and promoting the cultivation
of rice varieties better suited to changing conditions [26]. This study analyses the stability and variability of rice yields in
Tanzania from 2000 to 2022 using meta-analysis techniques. Synthesizing data from various sources, it aims to provide
insights into yield trends, the factors influencing performance, and their implications for future rice production in the
country. Understanding yield stability is essential for developing improved strategies that boost rice production, ensure
food security, and strengthen resilience against climatic variability and population growth. Therefore, the objective of
this study is to improve food security and livelihoods of farmers through an enhanced understanding of rice production
trends and yield stability. This can be achieved by assessing variability across years and identifying factors influencing
these trends, including the evaluation of harvested area, yield, and production quantities, as well as synthesizing
agricultural practices, environmental conditions, and policy interventions impacting rice yield fluctuations over time.

2 Materials and methods
2.1 Physiography and climate of Tanzania

Geographically, the country lies between 1°S and 12°S and 29°E and 41°E, encompassing a range of environmental zones
ideal for rice cultivation [27]. The topography varies from low-lying coastal plains to the elevated regions of the Southern
Highlands and the slopes of Mount Kilimanjaro, which rise over 2,000 m above sea level [28].

Rice is predominantly cultivated in lowland areas such as the coastal regions and river valleys, including the Rufiji,
Kilombero, and Wami basins. These areas benefit from fertile soils and relatively favorable rainfall patterns, which support
stable rice production. The northern and eastern regions of the country experience bimodal rainfall with long rains from
March to May and short rains from October to December, providing two cropping seasons [29]. This rainfall pattern is
beneficial for rice farmers in regions such as Kilimanjaro, Arusha, and Tanga, allowing for increased yield potential and
production stability. Conversely, the southern and central regions, particularly the Southern highlands and the central
plateau, experience unimodal rainfall, limiting rice cultivation to one season [30]. The central plateau, with its drier
conditions and annual rainfall often below 400 mm, presents significant challenges for rain-fed rice farming [31]. Soil
types vary widely across Tanzania, from the fertile volcanic soils in the highlands around Kilimanjaro and Arusha, ideal
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for rice farming, to the sandy and acidic soils in the central and western regions, where lower fertility and acidity can
affect yield stability [32].

2.2 Data collection

The data for this study was obtained from FAOSTAT (2024) via https://www.fao.org/faostat/en/#home. The retrieval
process began with the "Production Domains (Crop and Livestock Products)" section, where the focus was set on the
"United Republic of Tanzania." Filters were applied for "Area harvested," "Yield," and "Production Quantity," while select-
ing "lItems (Crops, Primary)" and establishing the time range from 2000 to 2022. Additionally, information was collected
from various prior studies and reports, which provided extensive details on rice production in Tanzania. The dataset
encompassed variables, including harvested areas, production quantities, and grain yields, thereby offering an overview
of rice cultivation dynamics for the period spanning 23 years.

Data on improved trends in rice production were collected using a variety of methods, including literature reviews
and government reports. Academic articles were reviewed to gather information on agricultural practices, yield improve-
ments, and socio-economic factors affecting rice farming. Details on advancements in cultivated areas and the effects
of improved seed varieties and pest management strategies were sourced to complement these findings. Government
reports, such as the National Agricultural Sample Surveys and agricultural censuses, provided essential quantitative data
on household involvement in rice farming and land use. Additionally, reports from the Ministry of Agriculture offered
information on relevant policies, fertilizer subsidies, and production statistics. To further enhance the data collection
process, internet surveys and phone calls with local farmers and agricultural extension officers were conducted, gather-
ing qualitative data on current farming practices, market dynamics, and environmental challenges.

2.3 Statistical data analysis

Statistical analyses were performed using the Past4.03.exe software, designed for paleontological statistics and data
mining. The analysis employed mixed analyses methods to examine factors such as harvested area, total production,
and grain yield. The univariate analysis was employed in calculating descriptive statistics, including the mean, median,
variance, standard deviation, and minimum and maximum values. Kurtosis and skewness were calculated to describe
the distribution shape, showcasing any extremity or asymmetry in the analysed variables. Kurtosis shows the shape of
the distribution beyond its central tendency (mean) and variability (variance), as shown (Eq. 1).

n(n + DXL, (x; — Mean)* 3(n— 1)
(n=1)(n=2)(n=3)(X",(x; — Meany)”  (1=2)(n=3)

Kurtosis =

where n is number of observations in the dataset, x;is each individual data point.

Skewness measures the third standardized moment after kurtosis, reflecting the asymmetry of the data distribution.
A positive skewness suggests a longer tail on the right side of the distribution, while a negative value indicates a longer
tail on the left side (Eq. 2).

n n X = 3
Skewness = ————f(x) = a, + x(u)
(n—"1({n-2) 00 =dy Z,-=1 S )
where n is number of observations, x;is each individual data point, x is sample mean, S is sample standard deviation.
Furthermore, inferential statistical tests were conducted, including analysis of variance (ANOVA) to compare means

for area harvested, production quantities, and yields across years. The Kruskal-Wallis H test was applied as an alternative
to meet the situations when the assumptions of normality required for ANOVA were violated (Eq. 3).

12 K (R
H= s 1)2,21(,7—[) —3(N+1) 3)

where H is the test statistical, R; is the sum of ranks for group i, n;is the number of observations in group i, and N is the
total number of observations.
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Multivariate analysis was employed to examine the yield stability, uncovering the relationships and patterns within
the rice production data. Linear regression analysis was carried out using Scikit-learn in Python to evaluate trends in
area harvested, quantity and yield stability over the study period. Generalized Linear Models (GLMs) were employed
to analyse the stability of yield and to account for variability. Additionally, the Shapiro-Wilk test for normality was con-
ducted, yielding p-values of 0.14, 0.11 and 0.08 for area harvested, quantity and yield, respectively, all of which are
above the standard significance threshold of 0.05. These results confirmed that there were no significant departures
from normality. Principal Component Analysis (PCA) was used to decompose the stochastic processes and identify the
principal components driving the variance in data. Additionally, Euclidean similarity and distance indices were used to
assess yield stability across different years, with data normalization performed to ensure that scale differences did not
disproportionately influence distance calculations (Eq. 4).

d(A B) =

206 =)’
i=1

where x; and y; are the individual data points for years A and B in the it" dimension, n is the number of dimensions (fre-
quency of annual rice yields).

3 Results
3.1 Rice production trends

The summary statistics in Table 1 for rice productivity show the area under rice cultivation has a broad range, with a mini-
mum of 405,860 ha and a maximum of 1,370,000 ha, showing moderate variability (standard deviation of 285,657.9 ha).
Production quantity, ranging from 78.15 to 452.75 t, demonstrates a higher relative variability, indicated by a coefficient of
variation of 51%. In comparison, yield fluctuates less, with a minimum of 1,600.4 kg ha~" and a maximum of 3,306 kg ha™,
resulting in a coefficient of variation of 24.23%, suggesting more consistency in yield compared to production and area.

The negative skewness in area (— 0.08) and positive skewness in production (0.52) and yield (0.45) indicate that area
distribution is fairly symmetrical, while production and yield are skewed toward higher values. The kurtosis values, all
negative, suggest a flatter distribution than normal, particularly for area and yield. The geometric means for area, pro-
duction, and yield are slightly lower than the arithmetic means, further reflecting the skewed distributions. The mean
yield of 2,327.4 kg ha™" aligns with the median yield (2,252.5 kg ha™"), supporting the notion of consistency in yield
performance over time.

Table 1 Summary statistics of Area (ha) Production () Yield (kg ha™")

rice production trends over

23 years from 2000-2022 in Years (N) 23 23 23

Tanzania Min 405860 78.15 1600.4
Max 1370000 452.75 3306
Sum 2.04%107 4995.46 53530.2
Mean 888821.1 217.19 2327.4
Std. error 59563.79 23.10 117.5998
Variance 8.16x10'° 12268.31 318083.7
Stand. dev 285657.9 110.76 563.9891
Median 928273 219.48 22525
25 prentil 620800 116.7692 1767
75 prentil 1119324 297.99 2769.8
Skewness —0.08 0.52 0.45
Kurtosis -1.01 -0.83 —0.99
Geom. mean 840426.70 190.28 2264.05
Coeff. var 32.14 51.00 24.23
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Table 2 Statistical tests for
area, production and yield for

rice (A) Univariate One-Way (A) Test for equal means
ANOVA for equal means and

Sum ofsqrs  df Mean square F p (same)

(B) Kruskal-Wallis test for Between groups (years): 1.21x10"% 2 6.04x10'? 222 493%x107%°
equal medians from 2000— Within groups (area, produc-  1.80x10'2 66 2.72x10'° Permutation p
2022 in Tanzania tion and yields): (n=99,999)

Total: 139x10"® 68 1.00%107°

Components of variance (only for random effects):

Var(group): 261x10""  Var(error):  2.72x10'° ICC: 0.905751

omegaz2: 0.865

Levene’s test for homogene- p (same): 418x107"0

ity of variance, from means
Levene’s test, from medians  p (same): 6.14x 107"

Welch F test in the case of unequal variances: F=260.6, df=30.42, p=7.225x 1029
(B) Kruskal-Wallis test for equal medians

H (chi2): 60.46
Hc (tie corrected): 60.46
p (same): 745%x107"4

There is a significant difference between sample medians

The results from statistical analysis show significant differences for area, production and yield of rice across years
(Table 2). In the test for equal means, the within-group (across years) sum of squares is 1.80 x 10'? with 66 degree
of freedom and the mean square is 2.72x 10'°. The permutation p-value with 99,999 iterations further supports this
significance. Levene's test for homogeneity of variance results in p-values of 4.18 x 10 (from means) and 6.14 x 101
(from medians), indicating unequal variances. The Welch F-test for unequal variances gives F=260.6, with 30.42 degrees
of freedom, and a p-value of 7.225 x 10729, further confirming significant variation across the years.

The results for equal medians also show a significant difference, with a chi-square (H) value of 60.46 and a tie-corrected
Hc value of 60.46. The p-value of 7.45 x 10" confirms that the medians are significantly different across years.

3.2 Yield stability of rice
3.2.1 Principal component analysis

The PCA results for rice area harvested, production quantities and yields over time are presented in Table 3. The first
principal component (PC 1) factor scores show a distinct pattern of negative values during the early years. From 2000
to 2007, there is a clear decline in rice production-related factors, with the lowest score occurring in 2001 (— 483,000),
highlighting a significant dip during that period. As the years progress, a notable shift occurs in 2010, where the fac-
tor scores become positive (247,000). This positive trend continues, with PC 1 peaking in 2020 at 481,000, suggesting
a recovery or growth in rice production factors. The steady rise during these later years reflects an improvement in the
conditions influencing rice production, which are primarily explained by this PC 1.

On the other hand, PC 2 presents a more irregular trend across the years. The early 2000s display moderate positive
scores, such as in 2000 (181.41), followed by sharp fluctuations. Notably, 2008 exhibits a significant decline in PC 2, with
a score of -729.29, indicating a marked drop in production factors associated with this component. Despite this, PC 2
shows a notable rebound in 2018, reaching 791.28, suggesting a recovery or an anomaly in the influencing factors dur-
ing that period. The scores continue to fluctuate, showing some degree of variability in production factors tied to PC 2
throughout the analysis period.

The factor loadings provide further clarity on the variables driving each principal component. PC 1 is dominated by
the area under cultivation, with a loading of 1, indicating that this variable is the primary contributor to the variability
captured by PC 1. Meanwhile, PC 2 is heavily influenced by rice yield, with a loading of 0.99521. This suggests that, while
area is the major factor influencing production trends overall, yield variations play a significant role in shaping the
patterns observed in PC 2. Rice production, although contributing to both components, has a relatively minor impact
compared to area and yield.
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Table3 The Principal . PC 1 PC2

Component Analysis for yield

stability in rice over 23 years Factor scores
2000 —-4.73x10° 181.41
2001 -4.83x10° 451,59
2002 -3.23x10° —158.43
2003 -2.68x10° —205.88
2004 —-2.76x10° -236.39
2005 -1.87x10° - 418.05
2006 -2.55%10° - 86.898
2007 -331x10° 516.19
2008 -1162.1 —-729.29
2009 -83192 -563.1
2010 2.47x10° —325.01
2011 231x10° -628.15
2012 — 89,460 42.772
2013 39,452 -16.39
2014 68,397 320.65
2015 2.66x10° —-98.651
2016 3.49x10° —-19.495
2017 2.08x10° -371.74
2018 1.44%10° 791.28
2019 1.64x10° 760.62
2020 481x10° 345.13
2021 462x10° 56.518
2022 1.09%10° 391.33

Factor loadings

Area (ha) 1 —0.00135
Production (t) 0.00035791 0.097736
Yield (kg ha™) 0.0013233 0.99521
Eigenvalue 8.16x10'° 176885
% variance 100 0.000217

In terms of eigenvalues, PC 1 holds an overwhelming majority, with a value of 8.16 x 10'°, explaining nearly
100% of the total variance. In contrast, PC 2 has a much smaller eigenvalue (176,885), contributing only 0.000217%
of the variance. This indicates that the trends in rice production over the years are primarily driven by the area
under cultivation, while yield and other factors, though relevant, play a much smaller role in explaining the overall
variation in rice production.

3.2.2 Production/yield and area relationships

The GLM results for rice production and yield indicate significant relationships with the area harvested. For production, the
positive slope coefficient of 0.00035791 suggests that increasing the area cultivated is associated with a corresponding
increase in production quantity (Fig. 1). Conversely, the negative intercept of -100.93 indicates that if no area were
harvested, the expected production quantity would be negative, serving as a statistical construct rather than a meaningful
physical interpretation. The estimated dispersion parameter of 1901.5 reveals considerable variation in production data
not accounted for by the model, and the log likelihood value of -10.5 reflects the model’s fit to the data. The G statistic of
120.94, along with a p-value of 3.93 x 1072, provides strong evidence against the null hypothesis, indicating a significant
relationship between area harvested and production.

Similarly, the yield model shows a positive slope coefficient of 0.0013233, suggesting that as the area cultivated
increases, so does the yield per unit area (Fig. 2). The positive intercept of 1151.2 implies an expected yield baseline,
although abstract, if no area were harvested. The standard errors for both the slope (0.0003198) and intercept (297.91)
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Fig. 1 Generalized linear model of rice based on area harvested and production quantity in Tanzania through 2000 to 2022
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Fig.2 Generalized linear model of rice based on area harvested and yield in Tanzania through 2000 to 2022
indicate the precision of these estimates, with a smaller standard error for the slope reflecting greater confidence in the

yield estimate. The estimated dispersion parameter of 1.8354 x 10°, points to substantial variability in the yield data,
consistent with the production model. The log likelihood value of -10.5 indicates similar model fit for yield, and the G
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statistic of 17.127, paired with a p-value of 3.50x 1079, provides strong evidence against the null hypothesis, confirming
the statistical significance of the relationship between area harvested and yield.

3.2.3 Yield similarity and distance indices across years

The Euclidean similarity and distance index for rice yield across years (2000-2022) shows distinct variations in yield per-
formance (Table 4). The diagonal values are all zero, indicating that the distance of each year from itself is always zero.
Off-diagonal values reflect the Euclidean distance between yields of different years, with larger values signifying greater
differences. For example, the distance between 2000 and 2001 is 9743.4 kg ha™', indicating a relatively small difference
in yield. In contrast, the distance between 2002 and 2003 is 205200.0 kg ha™, highlighting a much larger discrepancy in
yield. The highest distance value is between 2010 and 2000, amounting to 720690.1 kg ha™', which reflects a substantial
increase in yield over that decade.

The distances between other year pairs also illustrate yield fluctuations over time. The yield distance between 2021
and 2022 is 18802.6 kg ha™', suggesting a moderate difference, while the distance between 2020 and 2021 is similar,
indicating a relatively minor change in yield. Overall, the index provides insights into the temporal variability of rice yield,
emphasizing periods of significant change and stability in yield performance throughout the analyzed years.

4 Discussion
4.1 Rice production trends in Tanzania 2000-2022

The study highlights variability in cultivated area, ranging from 405,860 ha to 1,370,000 ha, with a mean of 888,821.1 ha,
and indicating significant engagement in rice farming but also reflecting the influence of factors such as climate, soil
quality, and farming practices [33, 34]. The high standard deviation suggests notable fluctuations in land allocation, which
Panneerselvam et al. [35] attribute to farming practices like residue management and microbial interventions that can
enhance soil quality and stabilize yields. The findings on statistically significant differences in rice area, production, and
yield across years emphasize the importance of aligning resource allocation and management strategies with temporal
variations [36, 37]. These results point to the need for stakeholders, including policymakers and farmers, to implement
targeted interventions that address these variations, such as improving access to agricultural inputs, adopting adaptive
farming practices, and enhancing productivity measures [7, 38]. Such actions can help mitigate production inconsist-
encies and promote sustainable rice cultivation in Tanzania. Additionally, Anagha et al. [33] emphasize the impact of
external factors like ozone pollution, which has doubled crop production loss in recent years, further contributing to
yield variability. These show the importance of both improved agricultural practices and environmental management
to reduce instability in rice production.

The average rice production of 217.19 tons per year, with a maximum of 452.75 tons, shows significant variability
across regions, highlighted by a high standard deviation of 110.76 tons. This disparity can be linked to differences in
resource availability, agricultural techniques, and pest management strategies, as also highlighted in previous stud-
ies, by Saberali and Darzi-Naftchali [39], who identified key factors such as fertilizer rates and transplanting dates that
significantly influence yield gaps. Also, Maung and Charoenratana [40] emphasized the role of adaptive capacity (AC)
among farmers, noting that those with higher AC, marked by better access to education, credit, and irrigation, achieved
greater yields through practices like crop diversification and the use of climate-resistant varieties. The observed moderate
positive skewness in production data suggests that many smaller-scale farmers face challenges that limit their access
to advanced farming technologies, leading to lower yields. Collectively, these studies highlight the need for improved
resource access and agricultural practices to optimize productivity and enhance food security.

Yield statistics emphasize the disparities in rice production efficiency, with an average yield of 2327.4 kg ha™' and a
range from 1600.4 kg ha™' to 3306 kg ha™". This variability suggests that some farmers achieve significantly higher pro-
ductivity due to better management practices, effective pest control, and access to quality seeds. Also, Rouf Sarkar et al.
[41] demonstrated that using good-quality seeds from formal sources correlates with yield increases from 0.03t0 0.15 t
ha™" compared to informal sources, highlighting a 48% gap in access to quality seeds. The positive skewness indicates
that many farmers may be producing below optimal levels, highlighting the need for targeted agricultural extension
services to improve seed access and promote good practices, thereby enhancing overall agricultural efficiency.
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The results indicates outliers and a flatter distribution, suggesting that while most farmers achieve average production
and yields, a few outliers attain exceptionally high results due to innovative practices or better resource allocation. This
aligns with Li et al. [42], which highlights significant variability in rice yields, especially with Japonica rice facing severe
declines under climate change. The high coefficient of variation for production (51.00%) compared to area (32.14%)
and yield (24.23%) emphasizes that production is the important variable factor. Additionally, Wen et al. [43] shows
that returning wheat straw and applying microbial agents like Bacillus subtilis and Trichoderma harzianum can enhance
rice yield by 3.81-26.63% through improved root development and soil health. Together, these findings highlight the
importance of targeted adaptation strategies and innovative practices to stabilize production and optimize rice yields
in the face of external challenges.

The results show significant variation in rice area, production, and yield across years, with very low p-values indicat-
ing that these differences are unlikely due to chance. The high F-value (222) and extremely low p-value (4.93 x 1030)
suggest that changes in agricultural practices, environmental conditions, or policy interventions likely inifluenced rice
production over time. This aligns with Chang et al. [24], who highlight the limited adoption of sustainable agricultural
practices (SAPs) in Southeast Asia, contributing to variability in production. Also, Nguyen et al. [44] emphasize that factors
such as government support, social influence, and the role of agricultural cooperatives significantly impact the adoption
of precision agriculture technology, further affecting rice production outcomes.

Also results with highly significant means (p =4.18 x 10°'%) and medians (p=6.14 x 107"), suggest inconsistent vari-
ance in rice production across years, likely due to external shocks such as droughts, floods, or pest outbreaks. The Welch
F-test for unequal variances supports this, indicating that certain years were disproportionately affected. Sivakumar [45]
highlights the increasing frequency of extreme weather events and their direct and indirect impacts on rice production,
reinforcing the idea that these shocks contributed to the variance. This points the importance of agro-meteorological
strategies to mitigate these impacts and build resilience in rice farming.

4.2 Yield stability in rice

The PC 1 explains 100% of the variance, primarily influenced by the area of rice cultivation, showcasing its critical role in
production trends. Negative factor scores in the early 2000s suggest a decline in land dedicated to rice farming, coinciding
with the pressures outlined by Taer [46], who noted both natural and anthropogenic factors affecting rice lands in the
Philippines. Conversely, the positive scores from 2010 onward, peaking in 2020, likely reflect policy changes, technologi-
cal advancements, and favourable environmental conditions that expanded cultivated areas or improved productivity.
This aligns with findings from Amnuaylojaroen and Chanvichit [47], which highlight the importance of understanding
climate patterns in enhancing crop productivity. Therefore, interventions aimed at boosting rice output should focus
on optimizing land use, expanding cultivation areas, and enhancing productivity through sustainable practices and
informed decision-making.

4.3 Agro-environmental, socio-economic, and policy impacts on rice production in Tanzania

Rice production in Tanzania has shown an increasing trend over the past two decades, marked by significant growth in
both the number of households engaged in farming and improvements in yield. The national agricultural sample survey
conducted in 2007/08 revealed a 20% increase in the number of households involved in rice farming compared to the
2002/03 season (The United Republic of Tanzania—URT [48].

During the 2007/08 cropping season, the Shinyanga region emerged as the top producer in rice, with 19% of its land
dedicated to rice farming, accounting for about 180,000 hectares. Other regions with notable proportions of land used for
rice included Morogoro (18.7%), Mwanza (13.7%), and Tabora (11%). On a more localized scale, Morogoro had the high-
est percentage of land planted with rice at 31%, followed by Mwanza at 14.8% and Dar es Salaam at 11.8%. Conversely,
several regions had less than 10% of their land planted with rice, with Arusha showing the lowest figures—only 2,300
households and ~900 hectares (or 0.1%) of land devoted to rice cultivation. The Rukwa region demonstrated the highest
average area of rice planted per household, at 1.34 hectares, indicating limited land availability despite the importance
of rice production in the region. From the 2002/03 Agricultural Census, which recorded average yields of 1.0t ha™, there
has been a remarkable increase in rice yields, with some surpassing 100%. The yield range varied significantly, with the
lowest yield recorded in Dodoma at 0.7 t ha™' and the highest in Manyara at 3.4 t ha™'. Rukwa, notable for its average
area planted per household, also recorded the second-highest average yield of 2.74 t ha™' [48].
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The upward trend in rice production continued in subsequent years. A report of URT [49] indicates that during the
2022/23 agricultural year, approximately 1.8 million households were involved in rice cultivation across Tanzania. The
total area planted with rice reached 1.7 million hectares, comprised of 1,683,000 hectares by agricultural households and
17,000 hectares by large-scale farms. Notably, agricultural households harvested 1,076,100 hectares, representing 64%
of the planted area, with all regions achieving harvest rates exceeding 70%. The total rice production for the 2022/23
season was 2.4 million tons, with agricultural households contributing 2,369,000 million tons and large-scale farms
reaching 31,000 tons. Regionally, Morogoro led in production with 430,000 tons, followed by Mbeya with 350,000 tons
and Tabora with 208,300 tons. The Njombe region reported the lowest production at 1,800 tons. The average national
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Fig.3 Map illustrating rice production trends in Tanzania for the 2022/2023 cropping season. Created by the authors; data obtained from
URT [49]
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yield of rice was 2.2 t ha™ , while Mtwara recorded the lowest at
0.7 tha™' (See Fig. 3).

Our study also highlights the significant improvements in rice production in Tanzania from 2000 to 2022, character-
ized by an increase in cultivated area from 405,860 ha to 1,370,000 ha. This growth reflects enhanced engagement in
rice farming, driven by improved agricultural practices and adaptive capacity among farmers [50]. Average yields rose
from approximately 1600.4 kg ha™' to 2327.4 kg ha™', demonstrating the impact of factors such as access to quality seeds
and effective pest management [41, 51]. Despite fluctuations due to environmental challenges, overall trends indicate
that targeted interventions and innovative practices have been important in stabilizing and optimizing rice production,
thereby contributing to improved food security in the rice industry.

The substantial increase in rice production between 2018 and 2022 could be attributed to several interrelated fac-
tors, including technological advancements in agronomic practices, societal preferences, awareness of environmental
impacts, and supportive government policies [41, 52]. Significant strides in research and breeding have led to the devel-
opment of improved rice varieties, such as 'TXD 306 - SARO 5/, and 'SUPER BC', which are suited to local conditions [40].
Enhanced irrigation systems and the adoption of cover crops like lablab (Lablab purpureus), mucuna (Mucuna pruriens),
and sunhemp (Crotalaria juncea) have significantly improved soil fertility [35]. The increased application of synthetic and
bio-fertilizers, supported by government subsidies on various types, including NPS, NPK, UREA, CAN, TSP, and muriate
of potash (MOP), has further contributed to productivity gains [34].

Societal consumption patterns have also played a critical role in rice production [53]. There has been a marked increase
in rice consumption during social occasions, as well as dietary diversification tailored to specific groups, such as pregnant
women, children under five years, and the elderly [54, 55]. The higher market value of rice relative to other cereal grains
has incentivized farmers to allocate more resources toward rice cultivation, driving overall yield improvements [56, 571.

Farmers have also become more aware of environmental factors affecting rice production, leading to improved prac-
tices such as timing planting with the onset of the rainy season, utilizing supplemental irrigation, and implementing soil
and moisture conservation techniques like mulching [58]. Crop rotation with drought-tolerant legumes during short
rainy seasons has further enhanced resilience against climate variability [59].

The Tanzanian government’s supportive policies have had a profound impact on rice production. The fertilizer subsidy
program, which allows farmers to access three bags of fertilizers per acre (approximately 150 kg, with one bag applied
during planting and two as topdressing), has significantly improved input accessibility [60]. Initiatives like the "guaranteed
price" or "fixed price" (stakabadhi ghalani) program ensure that farmers have a guaranteed market for their produce,
while the establishment of seed multiplication farms has bolstered production capabilities [60, 61]. The government has
also prioritized the construction of irrigation dams for strategic crops, including rice, maize (Zea mays), and sunflower
(Helianthus annuus), as part of its “Building Better Tomorrow - BBT” program. Additionally, crop protection initiatives
targeting pests and diseases, such as the management of destructive birds and pests like Sudan doves (Eudocimus albus),
rats (Rattus spp.), and fall armyworms (Spodoptera frugiperda), have helped mitigate yield losses, ensuring that farmers
can achieve better outcomes [62, 63]. The crop protection program under the Tanzania Plant Health and Pesticides
Authority (TPHPA) has been essential in addressing these challenges.

The study’s reliance on secondary data sources, such as FAOSTAT and government reports, introduces limitations
regarding the reliability and accuracy of the dataset. Potential biases may arise from uneven regional representation of
data, as not all rice-growing areas in Tanzania may be equally documented. Additionally, variability in reporting methods
and data collection techniques over the years could affect the consistency and comparability of the dataset. These fac-
tors may influence the interpretation of trends and highlight the need for caution when generalizing findings. Future
research should consider integrating primary data collection and more regionally disaggregated analyses to address
these limitations.

, with Manyara achieving the highest yield at 4.5 t ha

5 Practical implications of the study and future directions

The study highlights the fluctuations in rice yield performance, revealing both periods of stability and substantial change.
This information is valuable for stakeholders in rice production, as it emphasizes the importance of understanding yield
trends over time, which can guide decision-making in cultivation practices and resource allocation [64].

Practically, the study suggests farmers and agricultural planners should consider historical yield data when develop-
ing strategies for crop management and improvement. This data-driven approach can facilitate targeted interventions
to enhance yield stability, such as adopting improved varieties, optimizing cultivation practices, or implementing soil
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and water management techniques [65]. Furthermore, extension services can leverage these insights to educate farm-
ers about yield variability and promote adaptive practices to mitigate risks associated with fluctuating yields [66, 671.

Looking ahead, future research should focus on exploring the underlying factors contributing to yield variability in rice
production. This could involve examining environmental conditions, such as climate variability and soil health, as well as
agricultural practices that influence yield outcomes [42]. Additionally, integrating molecular techniques and advanced
analytics can enhance understanding of the complex interactions between agronomic practices and yield performance
[68, 69]. Ultimately, expanding this research can lead to the development of strategies that improve rice yield stability
and sustainability in the face of changing environmental conditions.
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