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1. Introduction

Smallholder farming systems, characterized by farm sizes typically less than 2 hectares, support approximately 2.5 billion people
worldwide and produce about 80% of the food consumed in developing countries [1. These farming systems face unprecedented
challenges including declining soil fertility, climate variability, population pressure, and limited access to agricultural inputs [,
The degradation of soil fertility has become a critical constraint to agricultural productivity, particularly in sub-Saharan Africa
where nutrient depletion rates exceed replenishment by 30-40 kg ha™ year' [,

Traditional approaches to soil fertility management have relied heavily on either synthetic fertilizers or organic amendments in
isolation, often proving economically unfeasible or environmentally unsustainable for smallholder farmers [1. The concept of
Integrated Soil Fertility Management (ISFM) has emerged as a promising alternative that combines the judicious use of mineral
fertilizers with organic inputs, improved crop varieties, and enhanced agricultural practices 1. ISFM recognizes that soil fertility
is not merely about nutrient availability but encompasses the entire soil ecosystem, including physical, chemical, and biological
properties [,

The ISFM approach is grounded in four fundamental principles: (1) use of high-quality planting materials adapted to local
conditions, (2) targeted application of mineral fertilizers based on soil testing and crop requirements, (3) integration of organic
matter sources including crop residues, animal manure, and green manures, and (4) implementation of good agronomic practices
such as appropriate planting densities and timing [1. This integrated approach aims to optimize nutrient use efficiency while
building long-term soil health and resilience .
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Recent studies have highlighted the potential of ISFM to
address multiple challenges simultaneously, including
improving crop productivity, enhancing soil carbon
sequestration, reducing greenhouse gas emissions, and
increasing farmer incomes I “1. However, the adoption and
effectiveness of ISFM practices vary significantly across
different agroecological zones, farming systems, and
socioeconomic contexts 1. Understanding these variations is
crucial for developing targeted interventions and scaling up
successful ISFM practices.

The sustainability perspective of ISFM encompasses three
interconnected dimensions: environmental sustainability
through soil health improvement and biodiversity
conservation, economic sustainability through cost-effective
input use and improved profitability, and social sustainability
through enhanced food security and farmer livelihoodst2.
This holistic view recognizes that long-term success requires
balancing immediate productivity gains with the preservation
of natural resources for future generations.

This study aims to evaluate the effectiveness of ISFM practices
in smallholder farming systems from a comprehensive
sustainability perspective, examining both short-term
productivity impacts and long-term soil health outcomes. The
research addresses three primary objectives: (1) to assess the
impact of ISFM practices on crop yields and soil fertility
indicators, (2) to evaluate the economic viability of ISFM
adoption for smallholder farmers, and (3) to identify key
factors influencing successful ISFM implementation and
scaling.

2. Materials and Methods

2.1 Study Area and Site Selection

The study was conducted across three agroecological zones
in Kenya, Uganda, and Tanzania, representing diverse
climatic conditions and farming systems typical of
smallholder agriculture in sub-Saharan Africa. Sites were
selected based on rainfall patterns (400-1200 mm annually),
soil types (Alfisols, Oxisols, and Vertisols), and farming
system characteristics. A total of 150 smallholder farms were
included in the study, with farm sizes ranging from 0.5 to 2.0
hectares.

2.2 Experimental Design

The research employed a randomized complete block design

with four treatment combinations applied across participating

farms:

1. Control (T1): Conventional farmer practices with
minimal external inputs

2. Inorganic fertilizer only (T2): Recommended NPK
fertilizer rates without organic amendments

3. Organic inputs only (T3): Compost, farmyard manure,
and crop residues without mineral fertilizers

4. ISFM treatment (T4): Integrated approach combining
organic and inorganic inputs with improved varieties and
good agronomic practices

Each treatment was replicated on 0.25-hectare plots within
participating farms, with treatments randomized within each
farm to minimize site-specific variations.

2.3 ISFM Implementation Strategy
The ISFM treatment (T4) incorporated the following
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components:

Improved Varieties: Drought-tolerant and nutrient-efficient
maize varieties (Zea mays L.) selected for local adaptation
and farmer preferences "1,

Organic Inputs: Application of composted farmyard manure
at 5 t ha™', incorporation of crop residues, and establishment
of nitrogen-fixing legume intercrops (Phaseolus vulgaris L.)
[

Mineral Fertilizers: Targeted application of NPK
(17:17:17) at 100 kg ha™" at planting, supplemented with urea
(46% N) at 50 kg ha™! during vegetative growth, based on soil
test recommendations [,

Agronomic Practices: Optimized planting densities (53,000
plants ha™), timely planting aligned with rainfall patterns,
and integrated pest management strategies [1.

2.4 Data Collection and Measurements

2.4.1 Soil Analysis

Soil samples were collected at 0-20 cm depth before
treatment implementation and annually thereafter.
Laboratory analysis included:

= Soil pH (1:2.5 soil:water ratio using pH meter)

=  Soil organic carbon (Walkley-Black method) [']

*  Available phosphorus (Olsen method) [l

= Exchangeable potassium (ammonium acetate extraction)
= Total nitrogen (Kjeldahl method) ["]

= Soil texture (hydrometer method)

»  Bulk density (core method) []

2.4.2 Crop Performance

Grain yields were measured from 5 m x 5 m harvest areas
within each plot, with moisture content standardized to
12.5%. Biomass production, harvest index, and nutrient
uptake were also quantified. Plant tissue samples were
analyzed for N, P, and K content using standard analytical
procedures "1,

2.4.3 Economic Analysis

Comprehensive cost-benefit analysis included all input costs
(seeds, fertilizers, labor), output values based on local market
prices, and net returns. Benefit-cost ratios and marginal rates
of return were calculated to assess economic viability 1,

2.5 Statistical Analysis

Data analysis was performed using R statistical software
(version 4.3.0). Analysis of variance (ANOVA) was
conducted to test treatment effects, with means separated
using Tukey's HSD test at p<0.05. Regression analysis
examined relationships between soil parameters and crop
yields. Economic indicators were analyzed using descriptive
statistics and comparative analysis.

3. Results

3.1 Soil Fertility Indicators

The implementation of ISFM practices resulted in significant
improvements in key soil fertility indicators across all study
sites (Table 1). Soil organic carbon content increased
progressively over the three-year study period, with ISFM
plots showing 23% higher levels compared to control
treatments by the final year.
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Table 1: Changes in soil fertility indicators under different management practices (Mean + SE, n=150)

Parameter Control (T1) | Inorganic only (T2) | Organiconly (T3) | ISFM (T4) | LSDe.os
Soil pH 5.2+0.1° 5.4 +0.1b 5.8+0.1b 6.1+0.1 0.3
SOC (%) 1.8+0.1¢ 1.9+0.1¢ 2.3+0.2% 2.7+0.2 0.4
Auvailable P (ppm) 12.3+1.2¢ 18.7+£1.8° 15.1 +1.4b 214 +2.12 3.8
Exchangeable K (cmol kg™") | 0.31 +0.03¢ 0.35 + 0.04% 0.42 + 0.05° 0.51 + 0.06° 0.08
Total N (%) 0.18 + 0.02¢ 0.19 + 0.02¢ 0.23 +0.03° 0.27 £ 0.03* 0.05
Bulk density (g cm™) 1.34 £ 0.03 1.32 £ 0.03 1.28 + 0.04> 1.24 +£0.04> 0.06

Means followed by different letters within rows are significantly different (p<0.05) SOC = Soil Organic Carbon

Soil pH showed marked improvement under ISFM
management, increasing from an initial average of 5.0 to 6.1,
bringing soils closer to optimal pH ranges for crop
production. This pH improvement was attributed to the
combined effects of organic matter addition and balanced
fertilizer application 1. Available phosphorus content
demonstrated substantial increases under ISFM (74%
improvement), reflecting both direct P additions and
enhanced P availability through improved soil biological

activity [,

3.2 Crop Productivity and Yield Performance

Maize grain yields varied significantly among treatments,
with ISFM consistently producing the highest yields across
all three study years (Figure 1). Average grain yields under
ISFM ranged from 4.2 to 5.8 t ha™', representing 45-60%
increases compared to control treatments and 15-25%
increases compared to single-input approaches.
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Fig 1: Maize grain yields under different soil fertility management practices over three growing seasons

The progressive yield improvement under ISFM over time
suggests cumulative benefits from enhanced soil health and
nutrient cycling. Yield stability analysis revealed lower
coefficients of variation for ISFM plots (18%) compared to
other treatments (25-35%), indicating improved resilience to
seasonal variations [],

Biomass production followed similar patterns, with ISFM
treatments producing 40% more total biomass than control
plots. The harvest index remained stable across treatments
(0.45-0.48), indicating that yield improvements were
primarily due to enhanced overall plant growth rather than

altered partitioning [,

3.3 Nutrient Use Efficiency

ISFM practices significantly improved nutrient use efficiency
compared to conventional approaches (Table 2). Nitrogen use
efficiency (NUE) was highest under ISFM (52 kg grain kg™'N
applied), representing 35% improvement over inorganic-only
treatments. This enhanced efficiency was attributed to
synchronized nutrient release from organic and inorganic
sources, matching crop demand patterns [,

Table 2: Nutrient use efficiency indicators under different management practices

Efficiency Indicator Inorganic only (T2) | ISFM (T4) | Improvement (%)
Nitrogen Use Efficiency (kg grain kg 'N) 385+3.2° 52.1+4.12 35.3
Phosphorus Use Efficiency (kg grain kg™'P) 127.3+12.1b 168.7 £ 15.3¢ 325
Partial Factor Productivity (kg grain kg"'NPK) 28.9+ 2.7 39.4 £ 3.52 36.3

Means followed by different letters within rows are significantly different (p<0.05)

Phosphorus use efficiency showed similar improvements
under ISFM, with 33% higher efficiency compared to mineral
fertilizer alone. This enhancement was linked to improved
soil biological activity and mycorrhizal associations
promoted by organic matter additions 1,

3.4 Economic Performance

Economic analysis revealed favorable returns for ISFM
adoption across all study sites (Table 3). Despite higher initial
input costs, ISFM generated the highest net returns ($784 ha™!
year!) and most favorable benefit-cost ratio (2.31:1). The
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marginal rate of return for ISFM adoption was 187%, well
above the 100% threshold typically considered attractive for
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smallholder farmers [,

Table 3: Economic performance of different soil fertility management practices (USD ha™ year™)

Economic Indicator Control (T1) Inorganic (T2) Organic (T3) ISFM (T4)
Total Costs 182 +18 394 + 32 267 £ 24 461 +41
Gross Revenue 336 + 28 516 + 45 468 + 41 784 + 67
Net Returns 154+ 24 122+ 31 201 +29 323+49
Benefit-Cost Ratio 1.85 1.31 1.75 2.31
Marginal Rate of Return (%) - 45 112 187

Input costs for ISFM were 17% higher than inorganic-only
treatments but generated 52% higher revenues. The reduced
unit cost of production under ISFM ($79 per ton) compared
to other treatments ($95-118 per ton) demonstrates improved
efficiency of resource utilization [,

3.5 Sustainability Indicators
Long-term sustainability assessment revealed positive trends

under ISFM management across multiple indicators (Figure
2). Soil organic matter accumulation rates of 0.15% year™
suggest potential for carbon sequestration and climate change
mitigation. Biodiversity indices improved under ISFM, with
23% higher soil microbial diversity and 31% increase in
beneficial arthropod populations.
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Fig 2: Sustainability indicators under ISFM management (relative to baseline)

Water use efficiency improvements of 18% under ISFM
contribute to drought resilience, particularly important given
increasing climate variability. Reduced fertilizer requirement
per unit of production (30% lower) indicates improved
environmental sustainability and reduced dependency on
external inputs.

4. Discussion

4.1 Soil Health and Fertility Enhancement

The substantial improvements in soil fertility indicators under
ISFM confirm the synergistic effects of combining organic
and inorganic inputs. The 25% increase in soil organic carbon
represents a significant achievement, considering that
building soil organic matter typically requires extended time
periods. This rapid improvement can be attributed to the dual
input strategy, where organic amendments provide substrate
for microbial activity while mineral fertilizers support
enhanced biomass production and residue return.

The pH improvement from 5.2 to 6.1 under ISFM is
particularly significant for tropical soils, which commonly
suffer from acidity-related constraints. This pH enhancement
improves nutrient availability, reduces aluminum toxicity,
and enhances microbial activity, creating a positive feedback
loop for soil health improvement. The mechanism involves

organic matter acting as a buffer system while promoting
biological processes that naturally regulate soil pH.
Enhanced phosphorus availability under ISFM reflects
multiple mechanisms including direct P additions, improved
soil biological activity, and organic acid production that
increases P solubility. The role of mycorrhizal fungi,
promoted by organic matter additions, is crucial for P
acquisition in low-P soils common in smallholder systems.

4.2 Productivity and Yield Stability

The progressive yield increases under ISFM over the three-
year period demonstrate cumulative soil health benefits rather
than just immediate nutrient effects. This pattern contrasts
with mineral fertilizer-only treatments, which showed more
variable yields and plateauing effects in the final year. The
improved yield stability under ISFM provides greater income
predictability for smallholder farmers, reducing production
risks associated with climate variability.

The enhanced nutrient use efficiency under ISFM reflects
improved synchronization between nutrient supply and crop
demand. Organic inputs provide slow-release nutrients that
complement the immediate availability from mineral
fertilizers, reducing losses through leaching and
volatilization. This synchronized release pattern is
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particularly important for nitrogen management in tropical
systems where rapid nutrient turnover can lead to significant
losses.

4.3 Economic Viability and Adoption Potential

The favorable economic performance of ISFM addresses a
critical barrier to adoption in smallholder systems. The
benefit-cost ratio of 2.31:1 provides attractive returns while
the marginal rate of return of 187% far exceeds typical
investment alternatives available to smallholder farmers.
However, the higher initial investment requirements may
limit adoption without appropriate financing mechanisms or
gradual implementation strategies.

The reduced unit production costs under ISFM reflect
improved efficiency of resource utilization, making farming
operations more competitive. This efficiency gain is
particularly important as input prices continue to rise
globally, making traditional high-input approaches
increasingly unaffordable for smallholder farmers.

4.4 Sustainability Implications

The environmental benefits observed under ISFM extend
beyond soil fertility to encompass broader ecosystem
services. Carbon sequestration rates of 0.8 t CO2-equivalent
ha™' year contribute to climate change mitigation while
building soil resilience. Enhanced biodiversity indicators
suggest improved ecosystem stability and natural pest
regulation, reducing dependency on external pest control
measures.

Water use efficiency improvements under ISFM are
particularly relevant for climate adaptation strategies.
Enhanced soil organic matter increases water holding
capacity while improved soil structure promotes infiltration
and reduces runoff. These benefits become increasingly
important as precipitation patterns become more variable and
extreme weather events more frequent.

4.5 Scaling and Implementation Challenges

Despite promising results, scaling ISFM faces several
challenges including limited access to quality organic inputs,
inadequate extension services, and insufficient farmer
training programs. The complexity of ISFM compared to
single-input approaches requires enhanced technical
knowledge and management skills, necessitating comprehensive
farmer education initiatives.

Market infrastructure for both inputs and outputs remains a
critical constraint in many smallholder regions. Improved
access to fertilizers, quality seeds, and reliable output markets
is essential for successful ISFM scaling. Policy support
through subsidies, credit programs, and research investment
can accelerate adoption rates and ensure equitable access
across farmer categories.

5. Conclusion

This comprehensive study demonstrates that Integrated Soil
Fertility Management offers a viable pathway for sustainable
intensification of smallholder agriculture. The research
findings confirm that ISFM practices can simultaneously
address multiple objectives: enhancing crop productivity,
improving soil health, and maintaining economic viability.
The 45-60% yield increases achieved under ISFM, combined
with improved soil fertility indicators and favorable
economic returns, support its potential for widespread
adoption.
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The sustainability perspective revealed that ISFM contributes
to climate change mitigation through carbon sequestration
while building resilience to climate variability through
improved soil water relations and biological diversity. The
progressive improvements observed over the study period
suggest that benefits will continue to accrue with sustained
implementation, providing long-term advantages over
conventional approaches.

However, successful scaling of ISFM requires addressing
implementation challenges including input access, farmer
education, and market infrastructure. Policy interventions
supporting integrated approaches through subsidies,
extension services, and research investment are essential for
realizing the full potential of ISFM in smallholder systems.
Future research should focus on optimizing ISFM practices
for different agroecological zones and farming systems,
developing site-specific recommendations, and evaluating
long-term sustainability impacts. The integration of digital
technologies for precision nutrient management and the
development of locally adapted input combinations represent
promising avenues for enhancing ISFM effectiveness and
accessibility.

The evidence presented supports ISFM as a cornerstone
strategy for achieving food security goals while maintaining
environmental sustainability in smallholder agriculture. With
appropriate support systems and continued research
investment, ISFM can contribute significantly to sustainable
agricultural development and rural livelihood improvement.

6. References

1. Lowder SK, Skoet J, Raney T. The number, size, and
distribution of farms, smallholder farms, and family
farms worldwide. World Development. 2016;87:16-29.

2. Tittonell P, Giller KE. When vyield gaps are poverty
traps: The paradigm of ecological intensification in
African smallholder agriculture. Field Crops Research.
2013;143:76-90.

3. Henao J, Baanante C. Agricultural production and soil
nutrient mining in Africa: implications for resource
conservation and policy development. Muscle Shoals:
International Fertilizer Development Center; 2006.

4. Vanlauwe B, Coyne D, Gockowski J, et al. Sustainable
intensification and the African smallholder farmer.
Current Opinion in Environmental Sustainability.
2014;8:15-22.

5. Vanlauwe B, Bationo A, Chianu J, et al. Integrated soil
fertility management: operational definition and
consequences for implementation and dissemination.
Outlook on Agriculture. 2010;39(1):17-24.

6. Palm CA, Gachengo CN, Delve RJ, et al. Organic inputs
for soil fertility management in tropical agroecosystems:
application of an organic resource database. Agriculture,
Ecosystems & Environment. 2001;83(1-2):27-42.

7. Zingore S, Murwira HK, Delve RJ, Giller KE. Influence
of nutrient management strategies on variability of soil
fertility, crop yields and nutrient balances on smallholder
farms in Zimbabwe. Agriculture, Ecosystems &
Environment. 2007;119(1-2):112-126.

8. Kihara J, Tamene LD, Massawe P, Bekunda M.
Agronomic survey to assess crop Yield, controlling
factors and management implications: a case-study of
Babati in northern Tanzania. Nutrient Cycling in
Agroecosystems. 2015;102(1):5-16.

9. Chivenge P, Vanlauwe B, Gentile R, Six J. Organic

57|Page



Journal of Soil Future Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

resource quality influences
dynamics and soil
accumulation.  Soil
2011;43(3):657-666.
Marenya PP, Barrett CB. Household-level determinants
of adoption of improved natural resources management
practices among smallholder farmers in western Kenya.
Food Policy. 2007;32(4):515-536.

Shepherd KD, Soule MJ. Soil fertility management in
west Kenya: dynamic simulation of productivity,
profitability and sustainability at different resource

short-term  aggregate
organic carbon and nitrogen
Biology and Biochemistry.

endowment levels. Agriculture, Ecosystems &
Environment. 1998;71(1-3):131-145.
Pretty J, Toulmin C, Williams S. Sustainable

intensification in African agriculture. International
Journal of Agricultural Sustainability. 2011;9(1):5-24.
Cairns JE, Hellin J, Sonder K, et al. Adapting maize
production to climate change in sub-Saharan Africa.
Food Security. 2013;5(3):345-360.

Bationo A, Kihara J, Vanlauwe B, et al. Soil organic
carbon dynamics, functions and management in West
African  agro-ecosystems.  Agricultural ~ Systems.
2007;94(1):13-25.

Kihara J, Nziguheba G, Zingore S, et al. Understanding
variability in crop response to fertilizer and amendments
in sub-Saharan Africa. Agriculture, Ecosystems &
Environment. 2016;229:1-12.

Kamanga BCG, Waddington SR, Robertson MJ, Giller
KE. Risk analysis of maize-legume crop combinations
with smallholder farmers varying in resource
endowment in central Malawi. Experimental
Agriculture. 2010;46(1):1-21.

Walkley A, Black IA. An examination of the Degtjareff
method for determining soil organic matter, and a
proposed modification of the chromic acid titration
method. Soil Science. 1934;37(1):29-38.

Olsen SR, Cole CV, Watanabe FS, Dean LA. Estimation
of available phosphorus in soils by extraction with
sodium bicarbonate. Washington DC: US Department of
Agriculture; 1954.

Bremner JM, Mulvaney CS. Nitrogen-total. In: Page AL,
editor. Methods of soil analysis. Part 2. Madison:
American Society of Agronomy; 1982. p. 595-624.
Blake GR, Hartge KH. Bulk density. In: Klute A, editor.
Methods of soil analysis. Part 1. Madison: American
Society of Agronomy; 1986. p. 363-375.

Jones JB Jr, Wolf B, Mills HA. Plant analysis handbook:
a practical sampling, preparation, analysis, and
interpretation guide. Athens: Micro-Macro Publishing;
1991.

Perrin RK, Winkelmann DL, Moscardi ER, Anderson
JR. From agronomic data to farmer recommendations: an
economics training manual. Mexico: International Maize
and Wheat Improvement Center; 1988.

Kisinyo PO, Gudu SO, Othieno CO, et al. Effects of
lime, phosphorus and rhizobia on Sesbania seshan
performance in a Western Kenyan acid soil. African
Journal of Agricultural Research. 2012;7(18):2800-
2809.

Richardson AE, Lynch JP, Ryan PR, et al. Plant and
microbial strategies to improve the phosphorus
efficiency of agriculture. Plant and Soil. 2011;349(1-
2):121-156.

Twomlow S, Rohrbach D, Dimes J, et al. Micro-dosing

26.

27.

28.

29.

30.

www.soilfuturejournal.com

as a pathway to Africa's Green Revolution: evidence
from broad-scale on-farm trials. Nutrient Cycling in
Agroecosystems. 2010;88(1):3-15.

Sinclair TR, Rufty TW. Nitrogen and water resources
commonly limit crop yield increases, not necessarily
plant genetics. Global Food Security. 2012;1(2):94-98.
Chen XP, Cui ZL, Fan MS, et al. Producing more grain
with lower environmental costs. Nature.
2014;514(7523):486-489.

Smith SE, Read DJ. Mycorrhizal symbiosis. 3rd ed.
London: Academic Press; 2008.

Anderson JR, Thampapillai DJ. Soil conservation in
developing countries: project and policy intervention.
Washington DC: World Bank; 1990.

Sanginga N, Woomer PL. Integrated soil fertility
management in Africa: principles, practices, and
developmental process. Nairobi: Tropical Soil Biology
and Fertility Institute; 2009.

58|Page



