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Introduction: Climate change poses a growing threat to food security in
Tanzania, particularly among smallholder rice farmers who rely on rain-fed
agriculture and have limited adaptive capacity. Identifying effective input
strategies to enhance both profitability and resilience is crucial to securing
rural livelihoods and achieving sustainable development goals. This study
evaluates the potential of improved seed varieties and fertilizers (both organic
and inorganic) as tools for boosting income and reducing vulnerability among
rice farming households.

Methods: We utilized nationally representative data from the 2019/20 National
Sample Census of Agriculture (NSCA), which encompassed 6,025 rice farms
across diverse agroecological zones in Tanzania. A Risk Simulation Model (RSM)
was employed to estimate farm income distributions under varying yield and
market price conditions. Farmers were categorized by seed type (local vs.
improved) and fertilizer use (none, organic, or inorganic). Income thresholds of
TZS 2.0 million/ha (low) and TZS 4.0 million/ha (high) were used to benchmark
profitability and vulnerability levels across regions.

Results: The combination of improved seeds and inorganic fertilizers significantly
enhanced farm profitability. In the Southern Highlands Zone (SHZ), 20% of farms
exceeded the upper-income threshold of TZS 4.0 million/ha. In contrast, farmers
using local seeds without fertilizer faced a high financial risk, with 78% earning
less than TZS 2.0 million/ha nationally. Organic fertilizers offered modest gains; in
Zanzibar, they reduced the probability of falling into the low-income category by
14%. However, regional disparities were substantial. Fertile soils in the SHZ
amplified input returns, while constraints in the Eastern Zones (EZ) and
Zanzibar, including saline soils, land fragmentation, and institutional limitations,
restricted profitability, even among users of inorganic fertilizer, with 58%
remaining below the income threshold.
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Discussion: These findings underscore the importance of spatially targeted
strategies. High-potential areas, such as SHZ, could benefit from scaling up
access to improved inputs through subsidized programs, like digital vouchers. In
low-performing regions like EZ and Zanzibar, integrated interventions are
needed, including site-specific soil management, saline-tolerant seeds,
infrastructure improvements, and access to credit. A dual policy approach,
combining short-term subsidies with long-term resilience-building, is essential
to advance food security and sustainable profitability, in line with SDG 2

(Zero Hunger).
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1 Introduction

Rice is the second most important staple crop in Tanzania after
maize, playing a crucial role in national food security and economic
stability (Kangalawe and Lyimo, 2013; Onyutha et al., 2022). It is a
major source of livelihood for millions of smallholder farmers and a
key commodity in regional trade. Tanzania is one of the largest rice
producers in East Africa, with its surplus production supplying
neighboring countries, including Kenya, Uganda, Rwanda, and the
Democratic Republic of the Congo (DRC) (Andreoni et al,, 2021).
However, smallholder farmers, who form the backbone of rice
production, rely heavily on rain-fed agriculture, making them
highly vulnerable to unpredictable climatic patterns. These climatic
changes, coupled with declining soil fertility and increased
temperature variability, exacerbate low yields and reduce net farm
income (NFI) in rice farming (Gashu et al., 2019; Thornton et al.,
2024). Adaptive measures such as drought-tolerant rice varieties,
efficient water management practices, and climate-smart agricultural
technologies are essential for mitigating these impacts.

To address these challenges, adopting improved agricultural
technologies, particularly the use of fertilizers and improved seed
varieties, has been widely promoted as a means to enhance
productivity and economic returns for smallholder farmers (Makate
etal, 2023; Shackleton et al., 2015). Improved seeds are developed to be
more resistant to drought, pests, and diseases, while fertilizers provide
essential nutrients that boost crop growth and yield potential (Savary
etal, 2019; Smil, 2004). Empirical studies suggest that integrating these
two inputs into rice farming systems can significantly improve yields,
stabilize household incomes, and reduce food insecurity in Tanzania
(Altieri and Nicholls, 2017; Cai et al., 2017).

Despite the potential benefits, there are policy gaps in ensuring the
widespread accessibility and affordability of fertilizers and improved
seeds for smallholder farmers. High input costs, inadequate
distribution systems, and limited extension services hinder the
adoption of these technologies, thereby limiting their effectiveness in
enhancing NFI (Chalchisa and Sani, 2016; Mertz et al., 2009). One of

Frontiers in Agronomy

the significant barriers to adopting fertilizers and improved seeds is the
rising cost of agricultural inputs. The global COVID-19 pandemic and
the ongoing Russia-Ukraine war have severely disrupted supply chains,
resulting in increased prices for fertilizers and other agricultural inputs.
These disruptions have led to higher production costs for farmers,
which in turn affect household incomes and national food security. The
spike in fertilizer prices has made it difficult for many smallholder
farmers to afford essential inputs, resulting in reduced yields and NFL
Additionally, supply chain constraints have led to delays in input
availability, further complicating farm planning and productivity.
Moreover, variations in agroecological zones influence the
responsiveness of rice crops to these inputs, necessitating location-
specific adaptation strategies (Lewis et al, 2018; Rowhani et al,, 2011).

This study examines the role of fertilizers and improved seeds in
determining the NFI of rice farms in Tanzania amidst climate change.
It employs a robust Risk Simulation Model (RSM) following the
Monte Carlo simulation procedures (Richardson et al., 2008) to model
the economic implications of these agricultural inputs under different
rice farming systems. The model utilizes data from the most recent
National Sample Census of Agriculture (NSCA) 2019/20 to assess the
impact of improved seed and fertilizer application on household net
farm income. The findings offer critical insights for policymakers and
stakeholders in designing interventions that enhance agricultural
resilience, promote NFI, and improve the livelihood stability of
smallholder farmers. The study also highlights the need for
evidence-based policies that support sustainable agricultural
intensification and climate-smart farming practices to ensure long-
term NFI and economic growth in Tanzania’s rice sector.

2 Methodology
2.1 Overview of the study area

This research focuses on rice farming across both mainland
Tanzania and Zanzibar, and also delves into two principal
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FIGURE 1

The map of Tanzania showing quantity of paddy harvested by smalltholder farmers by region during 2019/20 agricultural year (URT, 2021).

agroecological zones: the Eastern Zone (EZ), primarily the
Morogoro region, and the Southern Highlands Zone (SHZ),
predominantly the Mbeya region. These zones are characterized
by unique climatic patterns, soil types, and agricultural systems that
substantially influence rice production. For example, during the
2019/2020 agricultural year, the total production of paddy,
produced by smallholder farmers in Tanzania, was 3,443,606
tons, out of which 3,330,293 tons were produced in Mainland
Tanzania and 50,421 tons in Tanzania Zanzibar. In Mainland
Tanzania, the Morogoro region had the highest production of
paddy, at 572,884 tons (17.2%), followed by Mbeya at 413,212
tons (12.4%) and Shinyanga at 381,092 tons (11.4%), as shown in
Figure 1. The lowest paddy production was reported in the Arusha
region (1,493 tons, 0.04%), followed by Njombe (7,162 tons, 0.2%)
and Manyara (9,020 tons, 0.3%). In Tanzania, Zanzibar, Kusini
Pemba region reported the highest production (15,296 tons; 30.3%)
of paddy, followed by Mjini Magharibi (13,416 tons; 26.6%) and
Kaskazini Pemba (12,426 tons; 24.6%), while Kusini Unguja had the
lowest paddy production (1,463 tons; 2.9%).

By categorizing rice farms within these specific zones, the study
examines how different farming practices, particularly those
involving the use of various seeds and fertilizers, perform under
distinct environmental conditions. This method ensures that the
findings accurately represent national trends and can be applied to
localized strategies, thereby aiding farmers, policymakers, and
development agencies (Richardson et al., 2000; 2003; 2007; Kadigi
et al,, 2025a). The division of farms into these agroecological zones
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allows for a detailed comparative analysis, highlighting the
effectiveness of farming practices in diverse environmental
settings. This is crucial for crafting region-specific strategies that
enhance both agricultural productivity and farmers’ NFI.
Furthermore, this analysis facilitates understanding how each
zone copes with climatic and environmental challenges, which
supports the development of resilient farming systems tailored to
local conditions. The study examines explicitly six agroecological
zones: rice farms in mainland Tanzania, Zanzibar, the EZ in the
Morogoro region, and the SHZ in the Mbeya region. This
classification not only reflects Tanzania’s varied agricultural
landscape but also enables a robust analysis of productivity and
NFI across these ecological zones. By accounting for such
variations, the study identifies the most effective agricultural
interventions, providing evidence to support informed policy
decisions that close the productivity gap in Tanzania’s rice
production and promote sustainable agricultural growth.

2.2 Data sources

Tanzania has conducted a series of National Sample Censuses of
Agriculture (NSCA), with the most recent being the 2019/2020
census. This follows earlier censuses carried out in 1971/1972, 1994/
1995, 2002/2003, and 2007/2008. This study utilized data primarily
from the latest 2019/20 NSCA, supplemented by the 2007/08 NSCA
data to normalize and adjust the recent figures. The NSCA,
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administered by Tanzania’s National Bureau of Statistics (NBS), is a
vital information repository. It captures essential details of
agricultural households, including farm size, crop production,
livestock holdings, and the use of inputs like fertilizers and seeds.
Furthermore, the census assesses rural infrastructure and the living
standards of farming households, providing crucial benchmarks for
measuring agricultural productivity and the effectiveness of
various interventions.

The NSCA employs a robust two-stage sampling methodology
to ensure it accurately reflects national demographics. The initial
stage involves selecting Census Enumeration Areas (CEAs) from
the 2012 Population and Housing Census. These CEAs act as
Primary Sampling Units (PSUs) and are systematically chosen
across different regions and districts to ensure a balanced
geographical representation. In the second stage, agricultural
households within these PSUs are randomly selected, with a focus
on those engaged in crop cultivation and livestock production. The
total sample encompasses 2,820 PSUs, including 2,670 from
Mainland Tanzania and 150 from Tanzania Zanzibar, employing
a Probability Proportional to Size (PPS) technique. This method
prioritizes areas with higher agricultural activity, thus enhancing
the accuracy and reliability of the data. Detailed information on the
sampling design and implementation can be found in the official
NSCA report (URT, 2021).

2.3 Data processing and simulation

2.3.1 Yield simulation

The sorted data were categorized into six farming practices for
more straightforward analysis and comparison. Farms that used
local seeds without any fertilizers were given an F1.0 mark, while
farms that used local seeds plus organic fertilizers were described as
FI1.1. Farms that used local seeds with inorganic fertilizers received
an F1.2 rating. On the other hand, farms that used improved seeds
without fertilizers were designated as F2.0, and farms that used
improved seeds along with organic fertilizers were designated as
F2.1. The farms that used improved seeds plus inorganic fertilizers
were specified as F2.2. Table | summarizes the observed data, sorted

10.3389/fagro.2025.1617173

by farming practices, for mainland Tanzania and those in the
Zanzibar zone, as categorized by the NSCA.

The data analysis for this study utilizes a Risk Simulation Model
(RSM) that follows a non-parametric Monte Carlo simulation
approach, as detailed by Kadigi et al. (2020; 2025a) and
Richardson et al. in various years (2000, 2003, 2007). Monte
Carlo simulations are well-regarded for their ability to model
stochastic variables, such as yields or prices, and generate
estimated distributions for these variables. This technique
robustly quantifies the risks and variabilities tied to rice NFI in
Tanzania. In the initial phase of the simulation, we define and
parameterize the stochastic (risky) yields for each farming system,
grounded in actual observed data. The yields are then converted
into a stochastic format using standard Monte Carlo protocols,
which allow for the simulation and validation of yield distributions
tailored to each seed type and farming setup. To address Tanzania’s
geographical and climatic diversity, the study further categorizes the
data across different agroecological zones, resulting in 30 distinct
random models that encompass six farming systems across four
agroecological zones (plus the aggregated).

For the analysis of these varied yields, the study employs a
Multivariate Empirical (MVE) distribution method, as also
recommended by Kadigi et al. (2020). This approach effectively
handles multiple variables simultaneously and ensures that the
simulated values remain within realistic limits, such as avoiding
the generation of implausible negative yields. To facilitate this,
residuals defined as percentage deviations of observed yields from
their mean are used to estimate the parameters of the MVE yield
distribution. This method captures the variability in historical yield
data and underscores the probabilistic nature of rice yield variability
across different farming systems, providing a comprehensive view
of potential production outcomes.

Equation 1 was used to develop the simulation model for
simulating stochastic yield (y).

yi,w = )_/ai,w * (1 + EMP(Sy,i,w) P(Sy,i,w)> CUSDy,i,w)) * ﬁj/[, (1)

Where:
~ = A tilde represents a stochastic variable.

TABLE 1 Number of observations for rice farms in mainland Tanzania and Zanzibar under different fertilizer and seed types farming practices.

Farming Mainland Tanzania Zanzibar Total
practices

Farms in mainland TZ Farms in EZ Farms in SHZ Farms in Zanzibar  All TZ farms
Farming Practice 1 (F1.0) 4,073 768 369 179 4,252
Farming Practice 2 (F1.1) 646 100 204 132 778
Farming Practice 3 (F1.2) 581 95 187 123 704
Farming Practice 4 (F2.0) 129 28 22 58 187
Farming Practice 5 (F2.1) 6 - - - 6
Farming Practice 6 (F2.2) 101 15 59 117 218
Total 5,536 1,006 841 609 6,145

F1.0 = local seeds without fertilizers; F1.1 = local seeds with organic fertilizers; F1.2 = local seeds with inorganic fertilizers; F2.0 = improved seeds without fertilizers; F2.1 = improved seeds with

organic fertilizers; F2.2 = improved seeds with inorganic fertilizers.
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i = Type of farming practices used (FPI1.0, FP1.1, FP1.2, FP2.0,
FP2.1, and FP2.2).

® = Represents farms in Mainland Tanzania, Zanzibar, and
farms in major producing agroecological zones (Eastern
Zone and Southern Highlands).

a; = Hectares (ha) allocated for farming practice i.

¥; = Stochastic mean yield per ha for farming practice i.

¥; = Deterministic (mean) yield per ha for farming practice i.
B;, = The normalization factor which is given by % and it is
used to scale/adjust the 2019/20 NCSA mean yield.
¥, = Stochastic yield for the current survey (2019/20 NCSA).
i = Stochastic yield for the historical or previous survey (2007/

08 NCSA).
S, = Fraction deviations from the mean or sorted array of
random yields for farming practice i.

P(S,) = Cumulative probability function for the S, values.
CUSD, = Simetar function to simulate the correlated uniform
standard deviation of random variables.
EMP() = Simetar function used to simulate a stochastic

variable (yield).

The subsequent phase of the analysis involved simulating the
Risk Simulation Model (RSM) for a minimum of 500 iterations
using the Latin Hypercube Sampling (LHC) method, as detailed by
Richardson et al. (2008). The LHC technique was selected for its
efficiency, allowing for a comprehensive replication of the parent
yield distributions despite the relatively modest number of
iterations. This efficiency is crucial because it ensures that the
sample size of 500 iterations is sufficient to accurately capture the
underlying characteristics of the yield distributions. This simulation
considered 42 random variables, each representing different
farming systems across six agroecological zones. Conducting 500
iterations for each variable resulted in a total of 21,000 simulated

10.3389/fagro.2025.1617173

yields. This extensive dataset, significantly larger than the original
15,927 observed yields, enhances the robustness of our analysis and
enables a more precise evaluation of how various farming practices
influence rice yields.

To validate the accuracy of these simulations, the final step of
the analysis involved comparing the simulated yield distributions
against historical yield data. This validation step is essential to
ensure that the stochastic model accurately mirrors observed data
while incorporating the variability inherent in RSM. By aligning the
simulation outputs with historical distributions, the study ensures
that its findings are both reliable and relevant for assessing the
impact of different farming practices within Tanzania’s diverse
agroecological landscapes. Results from this validation are
detailed in Figure 2, which uses probability distribution
functions (PDF).

2.3.2 Price data

Price data for local and improved rice varieties were collected
and analyzed to evaluate farm-level NFI under different input
combinations. Our analysis revealed minor but meaningful
differences in the prices between local and improved varieties,
which could significantly influence farmers’ net income. Rice
price was treated as a stochastic variable due to its variability
across seasons and market conditions. Typically, during the
harvesting season (April to September), rice prices tend to decline
due to increased supply, whereas from October to March, prices
generally rise when supply is low, aligning with trends reported by
Kadigi et al. (2020).

Table 2 summarizes the distribution of price data, including
average, minimum, and maximum values, used in the analysis for
both rice varieties. The data also captures farmers’ seasonal
fluctuations and market dynamics when selling their produce. We

Distributional Assumption

observed data.

The model assumes that farm-level yields follow an empirically derived, non-parametric distribution. Rather
than imposing theoretical distributions (e.g., normal or triangular), this approach uses actual historical yield
data to construct probability distributions, allowing the model to preserve the inherent shape and skewness of

l

Stochastic Variable
Specification

realistically represented.

Yield per hectare is treated as the primary stochastic variable in the simulation. For each farming system (e.g.,
local seed without fertilizer, improved seed with inorganic fertilizer), the observed yield data are transformed
into a probability distribution using kernel density estimation techniques. This ensures that yield variability is

l

Agroecological
Differentiation

Given the spatial heterogeneity of rice farming conditions in Tanzania, the model categorizes farms into four
agroecological zones. Within each zone, six different farming systems are analyzed, resulting in 24 unique
stochastic models. This stratification captures both climatic and management-based vield variability.

l

Simulation Protocols

Each simulation iterates 10,000 times, drawing random values from the defined yield distributions. These values
are then used to generate cumulative density functions (CDFs) for profitability, helping to identify the
probability of achieving specific profit thresholds under each production system.

l

Model Validation

The distribution outputs were validated through visual inspection (histograms and density plots) and statistical
diagnostics to ensure alignment with observed data patterns.

FIGURE 2
Assumptions and structure of the risk simulation model.

Frontiers in Agronomy 05

frontiersin.org


https://doi.org/10.3389/fagro.2025.1617173
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Kadigi and Sieber

TABLE 2 Rice price distribution for local and improved varieties.

Prices for
Local varieties
(TZS per ton)

Price distribution Prices for improved
varieties

(TZS per ton)

(mean, min & max)

Average price 706,742.0 813,130.0
Minimum price 555,000.0 665,000.0
Maximum price 1,500,000.0 1,500,000.0

employed the GRKS (Gray, Richardson, Klose, and Schumann)
probability distribution function within the Simetar software using
the procedures described by Richardson et al. (2000; 2008) and
Schumann et al. (2011) to simulate the stochastic nature of these
rice prices. This distribution is particularly suitable because it
accounts for the entire range of prices (minimum, average, and
maximum), rather than relying solely on a single point estimate.

Equation 2 was therefore used to simulate the stochastic rice
price for farmers using either local or improved seed.

13]- = E(GRKS(Minj,Averagej,Maxj)) (2)

Where GRKS = Gray, Richardson, Klose, and Schumann
Simetar a function.
j = Prices for variety j (local or improved).
Min = Minimum Price farmers would sell their rice.
Max = The maximum price farmers would sell their rice.
Average = The average price (TZS/ton) that farmers would sell
their rice.

P; = Stochastic price for local and improved varieties.

2.3.3 Production cost data

Each farming system’s production cost and input price data were
systematically compiled and analyzed. These costs included key input
categories such as seed, land preparation, planting, seed cost, irrigation
(where applicable), weeding, fertilizer, herbicides, harvesting, and
transportation from farm to storage. Depending on farm-specific
practices, additional inputs such as fungicides, insecticides, and
miscellaneous costs were also considered. Since production costs vary
significantly across individual farms, they were treated as stochastic
variables in the simulation model. This variability reflects farmers’
differences in farming practices, resource use, and market access. The
GRKS function was applied to estimate stochastic costs based on three
key values: the minimum, average, and maximum observed costs for
each input to capture this randomness (Table 3).

The total stochastic production cost for each farm C; was
calculated using Equation 3:

C = > (GRKS(Min;, Average;, Max;)) (3)

2.3.4 Stochastic net farm income simulation

The estimation of NFI for each farm was performed using a
stochastic simulation approach. The process began by calculating
the stochastic production levels, as outlined in Equation 4. This
involved multiplying the simulated yield per hectare by the farm’s
total cultivated area. Next, the gross revenue was computed using
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Equation 5. This represented the total value (in Tanzanian
Shillings) that a farmer would earn if the entire output were
sold at the given stochastic market price. Importantly, this gross
revenue does not account for the production costs. Finally, the
stochastic net farm income was derived using Equation 6, which
deducts the simulated total production cost from the gross
revenue. This represents the farm-level net income associated
with producing 1 ton of rice, taking into account variability in
yields, prices, and costs.

Hiw = Viw*io (4)
Ry = i)j*ﬂi (5)
;ri,w = Ri,w - Ci (6)

Where [1;,, = The stochastic output (in tons) for farming
practice i, for agroecological zone ®.
¥i.0 = The stochastic yield per hectare for farming practice i, for
agroecological zone ®.
a;, = Area cultivated by farmers in farming practice i, for
agroecological zone ®.

R; , = Stochastic revenue gained by farmers in farming practice
i, for agroecological zone .

i)j = The stochastic price (TZS/ton) for rice variety j.
P,= Stochastic price for local and improved varieties.
C..» = The stochastic production cost for farming practice i, for

agroecological zone @.

2.4 Assumptions and structure of the risk
simulation model

The data analysis in this study employs RSM grounded in a
non-parametric Monte Carlo simulation (stochastic) approach, as
adapted from Kadigi et al. (20205 2025b) and extensively applied by
Richardson et al. (2000, 2003, 2007). Monte Carlo simulation is a
widely accepted method for assessing uncertainty and risk by
generating probability distributions for stochastic variables (here
rice yield per hectare) based on empirical data. The RSM was
employed in this study because it does not rely on causal inference
methods such as instrumental variables or matching techniques.

TABLE 3 Production cost distribution for farms using local and
improved varieties.

Farming Average Minimum Maximum
practice

F1.0 181,686.37 155,610.00 650,000
F1.1 247,195.24 197,600.00 700,000
F1.2 353,269.82 316,983.33 1,195,480
F2.0 200,620.36 187,720.00 730,000
F2.1 268,305.81 247,000.00 875,510.00
F2.2 352,280.62 287,508.00 1,218,875.00
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Instead, the model probabilistically simulates the yield and income
outcomes for different groups of farmers (i.e., users and non-users
of improved inputs) using historical yield data and observed
distributions. This approach is designed to explore the variability
and risk associated with different input adoption scenarios rather
than to estimate causal treatment effects. The simulation results are
intended to inform policy by illustrating potential yield and
profitability outcomes under various adoption configurations. On
the other hand, the model used in this study relies on historical data
from the 2019/20 NSCA, meaning that climate variability is
inherently embedded in the observed yield and income
distributions. Consequently, the variability arising from past
rainfall fluctuations and other climate-related shocks is captured
within the stochastic yield simulations (Kadigi et al., 2025a; 2025b,
Richardson et al., 2000). While explicit climate metrics (e.g., rainfall
variability indices or drought scores) were not incorporated in the
model, the influence of climate volatility is implicitly reflected in the
data. The key assumptions and structure of the RSM are as
summarized in Figure 2.

2.5 Ranking of target probabilities using
the stoplight function

The Stoplight Chart function was used to rank the probabilities
of rice farms achieving the maximum profit threshold and the
probabilities of falling below the minimum threshold per unit area
(which is ha in this study). The stoplight function calculates the
probabilities of (a) exceeding the upper target (green), (b) being less
than the lower target (red), and (c) falling between the targets
(yellow). The views from various rice actors, particularly farmers,
revealed that farmers were likely to be happier if their net farm
return (profit) per ha was equal to or greater than TZS 4 million per
ha; hence, we set the maximum threshold at TZS 4.0 million/ha.
Farmers perceived a net return of TZS 4.0 million/ha or more as a
level that ensures satisfaction and livelihood improvement. On the
other hand, farmers revealed that a profit below TZS 2.0 million/ha
would make them unhappy, with the highest chances of being
income-based food insured. Therefore, we set the minimum
threshold at TZS 2.0 million/ha. These thresholds are therefore
grounded in stakeholder perceptions rather than fixed national
poverty lines or statistical break-even points, making them more
reflective of real-world NFI experiences and risk perceptions in the
Tanzanian rice farming context.

3 Results and discussion

3.1 Model validation

The stochastic model used in this analysis was validated to
ensure it accurately simulated the farming practices under
investigation. The stochastic model was validated using
probability density function (PDF) charts to compare observed
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and simulated yield distributions. These comparisons were made
across various farming scenarios in Tanzania, including:

i. Yield of farms using local seeds without fertilizer (F1.0).

ii. Yield of farms using local seeds with organic
fertilizers (F1.1).

ili. Yield of farms using local seeds with inorganic
fertilizers (F1.2).

iv. Yield of farms using improved seeds without
fertilizer (F2.0).

v. Yield of farms using improved seeds with organic
fertilizers (F2.1).

vi. Yield of farms using improved seeds with inorganic
fertilizers (F2.2).

Figure 3 summarizes the validation results of this model using
the probability distribution function (PDF). The PDF charts
demonstrate a striking resemblance between the observed and
simulated distributions, indicating a strong correlation between
the two. This visual alignment provides compelling evidence that
the simulation model accurately captures the underlying statistical
properties of the real-world farming practices under study. The
close match between the observed and simulated data underscores
the model’s reliability and its effectiveness in replicating the actual
conditions and outcomes in the agricultural context. Following
validation, the second step involved examining the impact of the
selected farming practices on the NFI of rice farms across Tanzania.
We analyzed the impact on farms located in Mainland Tanzania
and those in Zanzibar. Also, the analysis extended to assess the
impact on farms located in high-producing agroecological zones,
specifically the SHZ and the EZ.

3.2 NFI of rice farms using local or
improved seeds without fertilizers
(organic/inorganic)

Traditional procedures were followed to evaluate the NFI of
improved seed coupled with the application of fertilizers (organic/
inorganic), where the net revenue is obtained by subtracting the
total cost from gross revenue. Rice yield (a key stochastic variable)
was first simulated to generate the stochastic output per ha. The rice
yield/productivity data for each farming practice are summarized in
Supplementary Material Table 1, and Table 2. Meanwhile, the total
cost used by farmers across agroecological zones in Tanzania is
stipulated in Supplementary Material 2 (Table 4, Supplementary
Table 5) with Supplementary Table 6 summarizing the price.

The results in Figure 4 illustrate the NFI distribution of rice
farmers in Tanzania, using either local or improved seeds, without
applying fertilizers, across different regions. The findings indicate
that farmers relying on local seeds without fertilizers face
substantial NFI challenges, with a high probability (78%) of
earning below the minimum NFI threshold of TZS 2.0 million/ha
across all farms in Tanzania. Only 4% of these farmers surpass the
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PDF charts show the comparison of observed and simulated distributions for a yield of all farms in Tanzania using local seeds without fertilizer (F1.0),
farms using local seeds + organic fertilizers (F1.1), farms using local seeds + inorganic fertilizers (F1.2), farms using improved seeds without fertilizer
(F2.0), farms using improved seeds + organic fertilizers (F2.1), farms using improved seeds + inorganic fertilizers (F2.2).

upper-NFI threshold of TZS 4.0 million/ha, underscoring the
limited NFI of this farming approach. The situation is even more
severe in Zanzibar, where 88% of farms fall below the minimum NFI
level, making them the least profitable. Meanwhile, in Mainland
Tanzania, NFI is slightly better, with 79% of farms earning below
TZS 2.0 million/ha and only 4% exceeding TZS 4.0 million/ha. On
the other hand, farmers using improved seeds without fertilizers
experience a marginally lower risk of low NFI compared to their
counterparts using local seeds. Across all farms in Tanzania, the
probability of earning below TZS 2.0 million/ha decreases slightly to
75%, while the likelihood of exceeding TZS 4.0 million/ha increases
to 8%. This pattern is observed in both Mainland Tanzania and
Zanzibar, with Mainland farms exhibiting a slightly more equitable
NFI distribution than those in Zanzibar. However, despite the
moderate improvement, farmers using improved seeds without
fertilizers still face a high probability (above 70%) of falling into

TABLE 4 Criteria for ranking of target probabilities.

Unfavorable probability or the probability of falling
below the lower target (TZS 2.0 million/ha)

Cautionary probability or the probability of falling
between the lower and upper targets

Favorable probability or the probability of falling
above the upper target (TZS 4.5 million/ha)
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the low-NFI category, indicating that seed improvement alone is
insufficient to ensure NFI.

These findings highlight critical challenges to rice farming NFI
in Tanzania, particularly when relying solely on seed improvement
without complementary inputs, such as fertilizers. The marginal
improvement in NFI probabilities with improved seeds (from 75%
low-income risk to 78% for local seeds) underscores that seed
enhancement alone is insufficient to ensure NFL. This aligns with
Feder and Savastano (2017), who argue that improved seeds often
fail to deliver significant yield gains without synchronized inputs,
such as fertilizers, as soil nutrient depletion in Sub-Saharan Africa
limits their efficacy. The study’s results reflect this systemic issue,
where Tanzanian farmers using improved seeds still face a
probability of low income exceeding 70%, suggesting that seed
technology must be part of a broader package. The stark contrast
between Mainland Tanzania (79% low income for local seeds) and
Zanzibar (88%) highlights agroecological and institutional
disparities. Moh’d et al. (2017) note that Zanzibar’s smaller
landholdings, saline soils, and limited access to extension services
exacerbate vulnerabilities compared to the Mainland. These
regional differences emphasize the need for context-specific
interventions rather than uniform policies.

Even with improved seeds, the persistently high likelihood of
low-income probabilities (>70%) reinforces the necessity of
integrated practices. Sheahan et al. (2014) and Ogeto and Jiong
(2019) demonstrate that combining improved seeds with fertilizers
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The probabilities of NFI falling above the maximum threshold of TZS 4.0 million/ha (in green) and less than the minimum NFI of TZS 2.0 million/ha
(in red), and the probability of falling between the two thresholds for rice farmers using either local or improved seeds without fertilizers for farms
located in Zanzibar and Mainland Tanzania. Note: ZNZFarms_F1.0 = farms using local seeds without fertilizers in Zanzibar; MTZFarms_F1.0 = farms
using local seeds without fertilizers in Mainland Tanzania; AllTZFarms_F1.0 = farms using local seeds without fertilizers across all farms in Tanzania;
ZNZFarms_F2.0 = farms using improved seeds without fertilizers in Zanzibar; MTZFarms_F2.0 = farms using improved seeds without fertilizers in
Mainland Tanzania; AllTZFarms_F2.0 = farms using improved seeds without fertilizers across all farms in Tanzania.

can increase yields by 30-50% in Sub-Saharan Africa. The
Tanzanian case mirrors this, as the absence of fertilizers (organic
or inorganic) leaves farmers dependent on inherently nutrient-poor
soils, a barrier also noted in Masso et al. (2017) and Vanlauwe and
Giller (2006) report advocating for holistic soil management. The
dominance of low-income probabilities across all farms suggests
systemic issues beyond agronomic inputs. Jayne et al. (2022)
identify limited market access, post-harvest losses, and climate
variability as critical constraints in Tanzanian agriculture. Even
with improved seeds, farmers remain trapped in low-revenue cycles
due to these structural challenges, necessitating multi-
sectoral interventions.

The study highlights the importance of policies that promote
integrated resource use. For instance, subsidizing fertilizers
alongside improved seeds, as successfully implemented in
Malawi’s Farm Input Subsidy Programme (Dorward and Chirwa,
2012), could break the cycle of low productivity. Additionally,
targeting Zanzibar’s unique challenges (e.g., saline-resistant seeds,
and microcredit access) is vital for equitable growth. While
improved seeds offer a marginal advantage, their standalone use
fails to address Tanzania’s deeper agricultural constraints. A shift
toward integrated practices, regional tailoring, and systemic support
is essential to elevate farmers above subsistence thresholds.

3.3 NFI of rice farms using local or
improved seeds with organic fertilizers

Figure 5 presents the results of the NFI distribution of rice
farmers in Zanzibar and Mainland Tanzania, as well as across all
farms in Tanzania, using either local or improved seeds with
organic fertilizers. The results reveal that applying organic
fertilizers enhances NFI compared to farming without fertilizers
(as shown in Figure 3 above). However, a significant proportion of
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farmers still fall below the minimum NFI threshold of TZS 2.0
million/ha (represented in unfavorable probability or red). Farmers
using local seeds with organic fertilizers continue to face financial
constraints; 74% of farms across Tanzania earn below TZS 2.0
million/ha, with farmers in Zanzibar having the highest probability
of 88%, and those on the mainland performing relatively better,
with a lower 69% probability. The probability of NFI falling between
the two thresholds seems to remain unchanged for farms across
Tanzania and those in Zanzibar, with those in Mainland Tanzania
showing an improvement. The probabilities of NFI exceeding TZS
4.0 million/ha are 7%, 6%, and 2% for all farms across the country,
the Mainland, and Zanzibar, respectively.

On the other hand, farmers who use improved seeds with
organic fertilizers show a notable improvement in NFI
distribution. In Zanzibar, the probability of earning below TZS
2.0 million/ha drops significantly to 59%, with 12% of farmers
surpassing the upper-income threshold of TZS 4.0 million/ha.
Similarly, in Mainland Tanzania, the proportion of low-income
farms reduces to 65%, while 5% surpasses the higher NFI threshold.
Across all farms in Tanzania, the probability of earning below the
lower threshold is 64%, with 9% exceeding the TZS 4.0 million/
ha mark.

These findings underscore that a combination of improved
seeds and organic fertilizers significantly reduces the likelihood of
low-income households (e.g., Zanzibar: 59% with improved seeds
vs. 88% with local seeds). This aligns with Vanlauwe et al. (2015),
who emphasize that improved seeds require complementary
organic inputs to unlock their genetic potential, particularly in
nutrient-depleted soils. Organic fertilizers enhance soil structure
and microbial activity, which synergizes with the improved yield
capacity of seeds. However, the modest upper threshold exceedance
(e.g., 12% in Zanzibar) suggests that organic fertilizers alone may
not fully substitute inorganic fertilizers in high-productivity
systems, a limitation noted by Place et al. (2003) and Vanlauwe
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The probabilities of NFI falling above the maximum threshold of TZS 4.0 million/ha (in green) and less than the minimum NFI of TZS 2.0 million/ha
(in red), and the probability of falling between the two thresholds for rice farmers using either local or improved seeds with organic fertilizers for
farms located in Zanzibar and Mainland Tanzania. Note: ZNZFarms_F1.1 = farms using local seeds with organic fertilizers in Zanzibar; MTZFarms_F1.1
= farms using local seeds with organic fertilizers in Mainland Tanzania; AllTZFarms_F1.1 = farms using local seeds with organic fertilizers across all
farms in Tanzania; ZNZFarms_F2.1 = farms using improved seeds with organic fertilizers in Zanzibar; MTZFarms_F2.1 = farms using improved seeds
with organic fertilizers in Mainland Tanzania; AllTZFarms_F2.1 = farms using improved seeds with organic fertilizers across all farms in Tanzania.

etal. (2015) in their analysis of integrated soil fertility management
(ISFM) in Sub-Saharan Africa (SSA). Zanzibar’s lower performance
(59% low NFI with improved seeds + organic) compared to the
Mainland (65%) reflects entrenched agroecological and institutional
challenges. Moh’d et al. (2017) attribute Zanzibar’s struggles to
saline soils, smaller landholdings, and limited access to extension
services. Organic fertilizers, while beneficial, may not sufficiently
address salinity or micronutrient deficiencies, necessitating region-
specific amendments like gypsum or composted manure, as
advocated by Kahimba et al. (2016); Mwesige et al. (2024), and
Omar et al. (2024).

Despite improvements, 64% of farmers nationwide still fall
below TZS 2.0 million/ha, even with the use of improved seeds
and organic fertilizers. This echoes Snapp (1998), who argue that
organic fertilizers often lack sufficient nutrient density to meet crop
demands in degraded soils, especially without supplemental
inorganic inputs. In Tanzania, where soil organic carbon levels
are critically low (<1% in many regions), organic fertilizers alone
may only partially restore fertility, as shown in the persistently low
probabilities of exceeding TZS 4.0 million/ha (9% nationally). The
results underscore the need for policies promoting ISFM, which
combines organic and inorganic fertilizers with improved seeds. As
demonstrated in Malawi’s ISFM programs (Kanyama-Phiri et al,
2000; Vanlauwe et al., 2011), such integration can boost yields by
40-60%. Targeted subsidies for organic-inorganic blends and
farmer training on compost optimization could help Tanzanian
farmers bridge the NFI gap. Additionally, Zanzibar-specific
interventions, such as salt-tolerant rice varieties paired with
organic amendments, are critical for equity. While organic
fertilizers enhance NFI compared to non-fertilizer systems, their
standalone use remains insufficient to lift most Tanzanian rice
farmers above subsistence thresholds. A holistic approach that
combines improved seeds, blended fertilizers, regional
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adaptations, and systemic support is crucial for achieving a
transformative impact.

3.4 NFI of rice farms using either local or
improved seeds with inorganic fertilizers

Figure 6 presents the NFI distribution of rice farmers in Zanzibar,
Mainland Tanzania, and across Tanzania using local and improved
seeds with inorganic fertilizers. The results indicate a notable
improvement in NFI distribution compared to using no fertilizers
(Figure 4) or organic fertilizers (Figure 5). However, a significant
proportion of farmers still earn below the minimum threshold of TZS
2.0 million/ha (red bars), though the share of farmers surpassing the
upper threshold of TZS 4.0 million/ha has increased (green bars).
There is still a high probability that farmers using local seeds with
inorganic fertilizers will continue to experience high NFI uncertainty.
88% of farms in Zanzibar and 76% of farms across Tanzania earn
below TZS 2.0 million/ha, while only 1% and 5% exceed TZS 4.0
million/ha, respectively. Mainland Tanzania exhibits slightly better
outcomes, with 72% of farms falling into the low-income category
and 6% surpassing the upper threshold.

In contrast, farmers using improved seeds with inorganic
fertilizers achieve substantially better NFL. In Zanzibar, the
proportion of low-income farms drops slightly to 76%, while 19%
earn a moderate NFI, and 6% surpass the TZS 4.0 million/ha
threshold, representing a marginal improvement on the Island.
Mainland Tanzania performs significantly better, with a 47%
probability of NFI falling below the minimum threshold, 38% of
farms falling between the two thresholds, and a 15% probability of
exceeding TZS 4.0 million/ha, marking the highest success rate
observed within mainland Tanzania and Zanzibar. Across all farms
in Tanzania, the probability of low NFI is 58%, with 30% falling
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The probabilities of NFI falling above the maximum threshold of TZS 4.0 million/ha (in green) and less than the minimum NFI of TZS 2.0 million/ha
(in red), and the probability of falling between the two thresholds for rice farmers using either local or improved seeds with inorganic fertilizers for
farms across Tanzania and those located in Zanzibar and Mainland Tanzania. Note: ZNZFarms_F1.2 = farms using local seeds with inorganic
fertilizers in Zanzibar; MTZFarms_F1.2 = farms using local seeds with inorganic fertilizers in Mainland Tanzania; AUTZFarms_F1.2 = farms using local
seeds with inorganic fertilizers across all farms in Tanzania; ZNZFarms_F2.2 = farms using improved seeds with inorganic fertilizers in Zanzibar;
MTZFarms_F2.2 = farms using improved seeds with inorganic fertilizers in Mainland Tanzania; AlTZFarms_F2.2 = farms using improved seeds with

inorganic fertilizers across all farms in Tanzania.

between the two thresholds, and 12% of farms exceeding TZS 4.0
million/ha.

The integration of inorganic fertilizers with seed types (local or
improved) has demonstrated a marked improvement in rice farm
NFI in Tanzania, compared to non-fertilizer and organic fertilizer
systems (Figures 3-5). However, persistent challenges and regional
disparities underscore the complexity of achieving widespread NFI.
The use of inorganic fertilizers significantly increases the likelihood
of exceeding the upper-income threshold (TZS 4.0 million/ha),
particularly when combined with improved seeds. For instance,
Mainland Tanzania achieves a 15% probability of surpassing this
threshold with improved seeds and inorganic fertilizers, the highest
observed in the study. This aligns with Morris et al. (2007), who
highlight that inorganic fertilizers provide immediate, concentrated
nutrients critical for yield optimization in nutrient-depleted soils of
Sub-Saharan Africa (SSA). However, the marginal gains in Zanzibar
(6% exceeding the threshold) suggest that inorganic fertilizers alone
cannot overcome site-specific constraints, such as saline soils or
limited plot sizes, as noted in the reports by Mwesige et al. (2024)
and Omar et al. (2024) on Zanzibar’s agroecology.

The combination of improved seeds and inorganic fertilizers
reduces the probability of low-income farmers in Mainland Tanzania
to 47%, compared to 76% for local seeds. This synergy reflects the
“input complementarity” principle described by Sheahan et al. (2014),
where an adequate nutrient supply unlocks the genetic potential of
improved seeds. Nevertheless, the persistence of a 58% low-income
probability nationally indicates that even this combination faces
limitations, likely due to high input costs and inconsistent access to
quality fertilizers, a barrier emphasized by Duflo et al. (2011) in their
analysis of smallholder fertilizer adoption challenges. Zanzibar’s
underperformance (76% low-income probability with improved seeds
+ inorganic fertilizers vs. 47% in the Mainland) underscores entrenched
disparities. Barrett et al. (2017) attribute such gaps to Mainland
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Tanzania’s better infrastructure, larger farms, and stronger extension
services. In Zanzibar, saline soils and fragmented landholdings limit the
efficacy of inorganic fertilizers, necessitating tailored solutions such as
saline-tolerant varieties or blended fertilizers, as proposed in the 2019
World Bank report by Russ et al. (2020), for coastal regions.

Despite improvements, 58% of farmers nationally remain below
TZS 2.0 million/ha, even with the use of inorganic fertilizers. Badiane
et al. (2021) argue that systemic issues, such as input market
inefficiencies, climate shocks, and post-harvest losses, undermine
the benefits of inputs. For example, fertilizer price volatility in
Tanzania often deters consistent use, a problem exacerbated by
weak rural financial systems. While inorganic fertilizers yield short-
term gains, their long-term sustainability is questionable due to risks
of soil acidification and environmental degradation (Vitousek et al,,
2009). Policies should promote integrated soil fertility management
(ISFM), blending inorganic and organic inputs, as seen in Malawi’s
subsidy programs (Dorward and Chirwa, 2012). Targeted subsidies
for Zanzibar and saline soil remediation could reduce regional
inequities. Inorganic fertilizers significantly enhance rice farm
profitability, especially when combined with improved seeds;
however, their standalone use is insufficient to resolve systemic and
regional challenges. A holistic approach, combining input subsidies,
climate-smart practices, and context-specific interventions, is vital for
Tanzania’s sustainable and equitable agricultural transformation.

3.5 NFI of rice farms using local seeds with
or without fertilizers (organic or inorganic)
in high-producing agroecological zones in
mainland Tanzania

Figure 7 presents the probabilities of NFI distribution among
rice farmers in the high-producing agroecological zones of
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The probabilities of NFI falling above the maximum threshold of TZS 4.0 million/ha (in green) and less than the minimum NFI of TZS 2.0 million/ha
(in red), and the probability of falling between the two thresholds for rice farmers using local seeds with different types of fertilizers for farms in
major rice producing agroecological zones (EZ & SHZ) in Tanzania. Note: EZFarms_F1.0 = local seeds without fertilizers in the Eastern Zone;
SHZFarms_F1.0 = local seeds without fertilizers in the Southern Highlands Zone. EZFarms_F1.1 = local seeds with organic fertilizers in Eastern Zone;
SHZFarms_F1.1 = local seeds with organic fertilizers in Southern Highlands Zone; EZFarms_F1.2 = local seeds with inorganic fertilizers in
EasternZone; SHZFarms_F1.2 = local seeds with inorganic fertilizers in Southern Highlands Zone.

Tanzania, namely the EZ and Southern Highlands Zone (SHZ),
using local seeds with either no fertilizers, organic fertilizers, or
inorganic fertilizers. The figure highlights significant variations in
NFI levels based on the type of fertilizer and agroecological zone.
The analysis reveals that farmers who use local seeds without
fertilizers experience the highest NFI of earning below TZS 2.0
million/ha, with 84% in EZ and 55% in SHZ falling into the low-
income category. This suggests that farming without fertilizers leads
to poor NFIL Additionally, very few farms surpass the TZS 4.0
million/ha NFI threshold, with only 1% in EZ and 10% in SHZ,
indicating that relying on local seeds without fertilizers is
highly unprofitable.

Introducing organic fertilizers slightly improves NFI, reducing
the proportion of low-income farms to 81% in EZ and 48% in SHZ.
Although this indicates some improvement, the probability of
earning above TZS 4.0 million/ha remains low (2% in EZ and
14% in SHZ). However, there is a notable increase in the proportion
of farms earning between TZS 2.0 and 4.0 million/ha, reflecting a
moderate positive impact of organic fertilizers on farm income. The
highest NFI is observed when local seeds are combined with
inorganic fertilizers, particularly in the Southern Highlands Zone.
The probability of falling below TZS 2.0 million/ha decreases to 50%
in SHZ, while the likelihood of earning above TZS 4.0 million/ha
reaches 15%, the highest among all categories. In contrast, EZ
farmers still struggle, with 84% earning below the minimum NFI
threshold and only 2% surpassing TZS 4.0 million/ha. Notably,
farms in SHZ benefit more from inorganic fertilizers than those in
EZ, as evidenced by the 35% of SHZ farms falling within the
middle-income range (TZS 2.0-4.0 million/ha) compared to just
14% in EZ.

The SHZoutperforms the EZ across all fertilizer regimes. For
instance, inorganic fertilizers reduce low-income probabilities to
50% in SHZ but only marginally improve EZ (84% remain below
TZS 2.0 million/ha). This disparity aligns with Sanchez et al. (1997),
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who emphasize that SHZ’s volcanic soils and higher rainfall
naturally support better nutrient retention and crop
responsiveness to inputs. In contrast, EZ’s sandy, leached coastal
soils (FAO and ITPS, 2015) limit the efficacy of fertilizers,
explaining the persistent low yields despite interventions. Organic
Fertilizer users demonstrated a moderate improvement in soil
health (SHZ), with 48% of low-income individuals showing
improvement compared to 55% without fertilizers, reflecting
gradual benefits to soil health, such as enhanced organic matter
and water retention (Vanlauwe et al., 2010). However, slow nutrient
release fails to meet immediate crop demands, particularly in EZ’s
degraded soils. On the other hand, the inorganic fertilizer user in
SHZ experienced a 15% probability of exceeding TZS 4.0 million/
ha, underscoring the immediate nutrient availability of inorganic
fertilizers, which aligns with improved crop requirements (Morris
et al,, 2007). However, their limited impact in EZ suggests that soil
constraints (e.g., acidity, salinity) require complementary
amendments, such as lime or micronutrients (Place et al., 2003).
Even with inorganic fertilizers, 50% of SHZ farmers remain
below the NFI threshold. Duflo et al. (2008) attribute such gaps to
high input costs, inconsistent access, and weak extension services.
In EZ, smaller landholdings and limited market access exacerbate
challenges, as farmers cannot offset fertilizer costs through
economies of scale, a barrier highlighted by Jayne et al. (2016) in
their analysis of smallholder farmers in Tanzania. Agroecologically,
SHZ’s responsiveness to inorganic fertilizers warrants subsidies and
training on the use of balanced nutrients. EZ requires soil
remediation (e.g., gypsum for salinity) paired with drought-
tolerant varieties (Russ et al, 2020). The Organic-Inorganic
Blending strategy, also known as Integrated Soil Fertility
Management (ISFM), as advocated by Vanlauwe et al. (2010), can
bridge yield gaps in both zones by combining the long-term benefits
of organic matter with the immediacy of inorganic fertilizers. While
inorganic fertilizers drive the highest NFI gains in SHZ, their
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standalone use is insufficient to overcome systemic and
agroecological barriers. A dual approach, tailoring inputs to soil
conditions and addressing socioeconomic constraints, is essential
for equitable agricultural growth in Tanzania’s high-
producing zones.

3.6 NFI of rice farms using improved seeds
with and without fertilizers (organic and
inorganic) in high-producing
agroecological zones in mainland Tanzania

Figure 8 illustrates the probability of rice farms’ NFI using
improved seeds coupled with or without fertilizers (organic or
inorganic) in high-producing agroecological zones (Eastern and
Coastal Zone (EZ) and the Southern Highlands Zone (SHZ)). For
farms not using any fertilizers (F2.0), both EZ and SHZ show a high
probability (76% and 52%) of NFI falling below the minimum
threshold, indicating poor NFI, particularly in the EZ zone. The
chance of falling above TZS 2.0 million/ha was relatively higher in
SHZ (48%) than EZ (24%), with the likelihood of exceeding the
maximum NFI threshold being minimal, especially in the EZ (4%)
than the SHZ (7%), suggesting that lack of fertilizer use significantly
limits NFI potential to these important zones in rice NFI.

When organic fertilizers are used (F2.1), there is a noticeable
decrease in the probability of NFIs falling below the minimum
threshold, especially in the Eastern and Coastal regions (from 76%
to 69%). Likewise, the likelihood of NFI exceeding 2.0 million/ha
increased slowly in the EZ (30%), with a slight decrease in the SHZ
(42%). Additionally, the probability of exceeding the maximum NFI
threshold remained the same in the SHZ, with a noticeable decrease
in the EZ, indicating potential high-cost implications associated
with organic manure in the SHZ. The use of inorganic fertilizers
(F2.2) shows an improvement trend, with a reduction in the

10.3389/fagro.2025.1617173

likelihood of NFIs falling below the minimum threshold. The
response to inorganic fertilizers, particularly in the Southern
Highlands Zone, is far better, with a lower probability (40%) of
NFIs below the minimum threshold and, to a certain degree, a
higher likelihood (20%) of exceeding the maximum threshold
compared to the Eastern, which is only 8%.

The Southern Highlands consistently outperforms the Eastern
Zone, even with improved seeds. For example, inorganic fertilizers
reduce low-income probabilities to 40% in SHZ but only marginally
improve EZ (72% remain below TZS 2.0 million/ha). This disparity
aligns with Sanchez et al. (1997), who notes that SHZ’s volcanic
soils have higher nutrient retention and organic matter, enhancing
responsiveness to inputs. In contrast, EZ’s sandy, saline soils (FAO
& ITPS, 2015) limit fertilizer efficacy, perpetuating low yields
despite improved seeds. Organic fertilizer users + improved seeds
experience a modest reduction in EZ’s low-income probability (76%
to 69%), which reflects organic fertilizers’ gradual soil health
benefits, such as improved water retention and microbial activity
(Vanlauwe et al., 2010). However, their limited impact in SHZ (low-
income probability remains high at 52%) suggests that organic
inputs alone cannot meet the nutrient demands of high-yielding
improved seeds in fertile zones. Inorganic fertilizer users in SHZ
experienced a 20% probability of exceeding TZS 4.0 million/ha,
highlighting the synergy between improved seeds and inorganic
fertilizers, which provide immediate, concentrated nutrients
(Sheahan et al, 2014). EZ’s stagnation (an 8% upper threshold
probability) underscores the need for soil-specific amendments
(e.g., lime for acidity) to unlock the inorganic fertilizer potential
(Place et al., 2003).

Despite SHZ’s gains, 40% of farmers using inorganic fertilizers
remain below the NFI threshold. Duflo et al. (2008) attribute this to
high input costs and inconsistent access to quality fertilizers, which
deters smallholders from maximizing returns. In EZ, smaller
landholdings and limited market integration exacerbate these
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challenges as farmers struggle to offset input costs, a barrier
emphasized by Jayne et al. (2016) in their analysis of Tanzanian
agriculture. SHZ’s strong response to inorganic fertilizers justifies
targeted subsidies, while EZ requires blended interventions (e.g.,
saline-tolerant seeds + gypsum) to address soil constraints (Russ
etal,, 2020). Likewise, institutional support and the ISFM approach,
which combines organic and inorganic fertilizers as advocated by
Vanlauwe et al. (2010), could enhance long-term soil health and
yield stability in both zones. Furthermore, strengthening extension
services through training farmers in EZ on cost-effective organic
composting and SHZ on balanced fertilizer use could optimize
input efficiency and unlock the full potential of improved seeds plus
fertilizer in Tanzania (Kahimba et al., 2016; Omar et al., 2024).

4 Conclusions

This study demonstrates that while improved seeds and
inorganic fertilizers significantly enhance rice farm profitability in
Tanzania, their impact is strongly conditioned by agroecological
and institutional contexts. The Southern Highlands Zone (SHZ),
with its fertile soils and favorable rainfall, showed the highest
probability of farms surpassing the TZS 4.0 million/ha income
threshold, underscoring the role of environmental suitability in
amplifying input effectiveness. In contrast, regions such as the
Eastern and Coastal Zone (ECZ) and Zanzibar, constrained by
saline soils, land fragmentation, and limited institutional support,
experienced significantly lower returns despite adopting similar
technologies. This spatial disparity signals that a one-size-fits-all
approach to agricultural intensification is insufficient. The findings
advocate for tailored policy responses. High-potential areas like
SHZ would benefit from scaling up subsidized input programs,
especially for improved seeds and inorganic fertilizers, facilitated
through efficient delivery systems such as digital vouchers. In lower-
performing zones, strategies should emphasize integrated soil
fertility management, including site-specific soil testing, organic
amendments, and the adoption of salt-tolerant seed varieties.
Strengthening rural infrastructure, extension services, and
climate-smart innovations (e.g., irrigation, drought-tolerant
varieties) is also essential for bridging productivity gaps.
Furthermore, future work should disaggregate performance by
gender and farm size to inform inclusive policy formulation,
utilizing rich data sources such as the Tanzania National Panel
Survey. Ultimately, bridging profitability gaps across diverse
agroecological zones will require both targeted technological
interventions and broader systemic reforms to ensure sustainable
transformation of rice-based farming systems and progress toward
SDG 2 (Zero Hunger).
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