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Abstract In the context of endemic trypanosomiasis, optimizing the racial composition of cattle herds represents a strategic
challenge for the sustainability of Ivorian livestock farming. This study applies the Markowitz-Freund model to five breeds
(N’Dama, Baoulé, Zebu, Crossbred, Lagoon) to maximize returns while minimizing economic and health risks. Using
longitudinal data covering 59 years (1961-2019), we formulated and solved a quadratic program incorporating an innovative
epidemiological constraint: the weighted average herd susceptibility rate to tsetse flies must not exceed 13.5 %, the threshold
corresponding to the prevalence observed in the trypanosomiasis endemic zone. Numerical resolution was performed using
the IBM CPLEX 22.1 solver. The optimal portfolio allocates 90 % to trypanotolerant breeds (30 % N’Dama, 30 % Baoulé,
30 % Lagunaire) and 10 % to susceptible breeds (8 % Zebu, 2 % Crossbred), generating a Sharpe ratio of 1.31. This
bioeconomic approach provides a robust decision-making framework for livestock policies in trypanosomiasis endemic
zones and generalizes to other West African contexts.

Keywords operations research, quadratic optimization, Markowitz-Freund, cattle farming, risk-return, bioeconomics, Côte
d’Ivoire

DOI: 10.19139/soic-2310-5070-3220

1. Introduction

Côte d’Ivoire is a country where agriculture constitutes an essential driver of economic growth, representing more
than 20% of gross domestic product (GDP) in 2019. Within this sector, cattle farming occupies a strategic position
and plays a major socio-economic role. It contributes significantly to national food security through the production
of meat, milk, and derived products, while constituting for rural households a source of income and a form of
savings commonly referred to as "capital on the hoof"

However, the sustainable development of cattle farming is severely hampered by a major health constraint:
African animal trypanosomiasis. This parasitic disease, transmitted by the tsetse fly of the genus Glossina, affects
thousands of cattle annually on the African continent. The resulting economic losses are estimated at more than
US 4.5 billion per year, due notably to animal mortality, decreased productivity, and increased veterinary costs [27].

Faced with the combined challenges of food security, economic growth, and sustainable development, Côte
d’Ivoire has implemented several strategic instruments aimed at strengthening the livestock sector. These include
the National Strategic Plan for Agriculture (PSNA, 2012-2025) and the National Strategy for Improving Veterinary
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Public Health (SNASPV, 2016-2025). These public policies aim to increase animal production while preserving
herd health against persistent epidemiological threats [43]. From this perspective, improving productivity requires
diversifying cattle farming systems and using trypanotolerant breeds such as N’Dama, Baoulé, and Lagoon,
capable of surviving and producing in trypanosomiasis endemic zones [42].

Conversely, zebu breeds exhibit superior productive performance but remain particularly susceptible to
trypanosomiasis. Farmers thus face a complex tradeoff between economic return and health risk. Trypanotolerant
breeds offer enhanced biological stability and health resilience but generate relatively low average income. In
contrast, zebus allow for higher expected income, at the cost of significant health vulnerability.

This return-risk dilemma raises the necessity for a rigorous analytical approach to guide breed selection
decisions. In this context, bioeconomic modeling appears as a relevant decision-support tool. In particular, the
Markowitz-Freund model allows formalizing the tradeoff between expected return and risk, in order to optimize
herd racial composition. Solving this model leads to identifying optimal portfolios corresponding to different
levels of risk aversion (ϕ), highlighting possible tradeoffs between economic performance and health stability.
Despite its theoretical relevance, the concrete application of this type of modeling in the cattle farming sector in
West Africa remains very limited, which justifies the interest and originality of the present study.

This study proposes to fill this gap by providing four major original contributions to the literature on
bioeconomic optimization of cattle farming in tropical zones Methodological innovation,Remarkable
theoretical result,Robust empirical validation,Operationalization

2. State of the Art

Recent research on animal selection and herd management emphasizes the importance of integrated approaches
aimed at optimizing genetic gain, limiting inbreeding, and improving grazing resource efficiency. Among these
works we have:

Kasap and al. analyzed the genetic parameters determining the Istrian sheep breed within the national selection
program. Their study focused on estimating effective population size (Ne) and evaluating the level of genetic
connectivity among flocks. The results reveal an effective size of approximately 73 animals, accompanied by
progressive erosion of genetic diversity and a low degree of connection among flocks, not allowing reliable animal
ranking. The authors conclude that optimum contribution selection (OCS) constitutes a key approach to ensure
breed sustainability, while emphasizing the need to strengthen genetic links among flocks to improve genetic
evaluation.

Zheng and al. studied different optimized selection strategies aimed at increasing genetic progress while
controlling inbreeding level in beef cattle. Relying on a simulated population and fifteen generations of selection,
they compared approaches based on linear programming (LP) and optimum contribution selection (OCS) to
classical truncation selection methods. The results indicate that the LP strategy yields high genetic gains,
particularly for highly heritable traits, but is accompanied by an increase in inbreeding level.Thus, integrating
optimized selection models and dynamic pasture management appears as a promising avenue to reconcile genetic
progress, diversity preservation, and sustainable herd productivity.

Büttgen and al. studied the use of simulation software, notably MoBPS and its MoBPSweb interface, for
modeling and optimizing animal breeding programs. Through examples in poultry, horse, and pig breeding,
different selection strategies are compared, including genomic selection, index selection, and selection against
diseases and behaviors affecting animal welfare. The results indicate that reducing the generation interval in males
increases genetic gains but also increases inbreeding, while genomic selection improves gains while limiting it. The
simulations also show the effectiveness of targeted strategies to reduce certain diseases, such as osteochondrosis in
horses, and undesirable behaviors, such as tail biting in pigs, without significantly hindering performance.
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Stock and al. conducted a simulation study analyzing a genomic rotational crossbreeding scheme between
the German Holstein breed and the German Angler breed, in order to exploit heterosis effects while controlling
inbreeding and limiting Holstein introgression. The results show that rotational crossbreeding can produce
crossbred animals more efficient than pure lines, while controlling inbreeding. However, reducing foreign genetic
contributions proves costly, as it increases native kinship and reduces genetic gain as well as heterosis effects.

Hassanpour and al.proposed a numerical framework for optimizing breeding programs that goes beyond
simple scenario comparison. Their approach models all possible strategies under constraints and uses stochastic
simulations combined with kernel regression to manage uncertainty. Applied to dairy cattle selection, the method
allows identifying an optimal strategy reconciling genetic progress and preservation of genetic diversity. Rotational
grazing promotes optimal pasture use and improves cattle nutrition, resulting in weight gain and better meat quality.
However, in practice, farmers often make their decisions based on their experience rather than on technical data.

García and al. proposed a dynamic, multi-objective rotational grazing allocation model that considers forage
quality and the distance between paddocks. The model estimates forage availability and animal feed requirements,
then adjusts the rotation accordingly. A one-year simulation shows that this model results in a statistically higher
average cattle weight gain than the traditional method.

Cao and al. analyzed genetic diversity, ancestral structure, and phylogeny of 360 YDH compared to 782 pigs
from 42 Eurasian or American breeds and wild boars, from SNP chip data. Subsequently, 304 initial YDH were
used in a stochastic simulation of a conservation program over 10 generations, applying the OCS method at each
generation. The results showed significant GI (32.9 % foreign ancestry) in some individuals and demonstrated that
the OCS method allowed increasing native genomic contribution from 50.4 % to 71.4 % while maintaining genetic
diversity.

Pierini and al. studied the conservation of the Martina Franca donkey, an endangered Italian breed. The authors
analyzed genealogical data from 2,261 individuals (1940–2023) using statistical tools in R, notably the optiSel,
purgeR, and pedigree packages. They calculated inbreeding coefficients (FPED), effective population size (Ne), and
founder contributions, and evaluated population structure through demographic and genealogical indicators. The
results show an increase in inbreeding (FPED from 0.07 in 2009 to 0.10 in 2020), a very low effective size (Ne ≈
3.06), and a strong concentration of genetic diversity on a small number of founders, revealing a genetic bottleneck.
Despite recent demographic growth linked to dairy production and therapeutic activities, genetic variability remains
critical.

Santos and al. studied a key genomic region linked to cattle adaptation to tropical conditions in the MONTANA
TROPICAL composite population. Genetic structure was analyzed by PCA and clustering (ADMIXTURE), and
selection signatures were detected via iHS and ROH. A consensus region on chromosome 20, including the slick
locus, is associated with heat tolerance, milk production, and reproduction. These results provide a target for
selection or genetic editing to strengthen adaptation to tropical climate.

Jacques and al. examined optimization of animal genetic diversity conservation through cryopreserved
resources, using population simulations with different breeding strategies. The results show that resource age
and collection management strongly influence conservation efficiency and genetic progress. The use of optimum
contribution selection (OCS) and continuous collection appears as a key strategy to mobilize ex situ resources.

Sigurðardóttir and al. used genomic analysis (HE, HO, Ne, ROH) to assess genetic diversity and inbreeding
in the Icelandic horse and Exmoor pony. The results show moderate inbreeding coefficients, different effective
population sizes, and ROH islands associated with performance in the Icelandic horse and with coat color,
immunity, and fertility in the Exmoor pony. Thus, integrating optimized selection models and dynamic pasture
management appears as a promising avenue to reconcile genetic progress, diversity preservation, and sustainable
herd productivity.

Wellmann and al. developed the R package optiSel implementing optimum contribution selection (OCS), an
alternative optimization method to maximize genetic progress while preserving diversity. Although focused on
intra-breed selection, this approach shares with our model the tradeoff between performance (genetic gain) and
biological constraints (inbreeding). Our approach distinguishes itself by operating at the inter-breed level (herd
composition) rather than intra-breed (breeder selection), but both methods converge toward portfolio optimization
under constraints.
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Table 1. Summary of genetic selection models and methods

Authors /
References

Model / Proposed
Method

Dataset Metrics /
Indicators

Limitations

Kasap and al. 2021 Ne estimation and
genetic
connectivity,
optimum
contribution
selection (OCS)

Istrian sheep breed,
national program
data

Ne (n equivalent
individuals),
connectivity
(coefficient 0–1)

Low connection
among flocks
limiting reliable
animal evaluation

Zheng and al. 2023 Linear
programming (LP)
and OCS compared
to truncation
selection

Simulated cattle
population, 15
generations

Genetic gain
(kg/yr, σg),
inbreeding (%, F)

LP increases
inbreeding despite
high gains

Büttgen et al. 2024 Simulations with
MoBPS /
MoBPSweb;
selection strategies
(genomic, index,
against diseases)

Poultry, equine and
swine breeding

Genetic gain
(σg/yr), inbreeding
(% ∆F ), disease
and behavior
reduction

Reduced
generation interval
increases
inbreeding

Stock and al. 2023 Genomic rotational
crossbreeding
between Holstein
and Angler

Simulations on
cattle breeds

Genetic gain
(σg/yr), inbreeding
(F ∈ [0, 1]),
heterosis effect (%)

Reducing foreign
contributions
increases native
kinship and reduces
genetic gain

Hassanpour anda
al. 2023

Numerical
optimization,
stochastic
simulations and
kernel regression

Dairy cattle
selection

Genetic progress
(σg/yr), genetic
diversity
(He ∈ [0, 1])

Practical decisions
often based on
farmers’
experience

Wellmann and al.
2019

Optimum
contribution
selection (OCS), R
package optiSel

Animal selection Genetic diversity
vs performance
optimization
(He ∈ [0, 1]),
similar risk-return
tradeoff Ne (n
individuals)

—
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Table 2. Résumé des modèles et méthodes de sélection génétique

Authors /
References

Model / Proposed
Method

Dataset Metrics /
Indicators

Limitations

García and al. 2024 Multi-objective
dynamic allocation
model of rotational
grazing

Pasture data and
feed requirements

Average weight
gain

(
kg

head·day

)
,

forage availability(
kg DM

ha

)
One-year
simulation,
potentially limited
for long-term
extrapolation

Cao and al. 2024 aOCS for genomic
conservation

360 YDH vs 782
pigs from 42
breeds, SNP chip

Genetic diversity
(He ∈ [0, 1]),
ancestral structure
(%), phylogeny,
genomic
contribution
Fst ∈ [0, 1]

Requires validation
on real populations
and longer
timeframes

Pierini and al. 2025 Genealogical
analysis with R
(optiSel, purgeR,
pedigree)

2,261 Martina
Franca donkeys
(1940–2023)

FPED, Ne, founder
contributions,
demographic
indicators

Very low Ne,
strong
concentration on
few founders, high
genetic risk

Santos and al. 2024 Genomic analysis
(PCA,
ADMIXTURE,
iHS, ROH)

MONTANA
TROPICAL cattle

iHS (score), ROH
(Mb), adaptation
(score 0–10)

Study focused on a
specific composite
population

Jacques and al.
2025

Population
simulation and
OCS on
cryopreserved
resources

Ex situ genetic
resource data

Genetic diversity,
conservation
efficiency (He),
genetic progress (%
preserved genes)

Efficiency depends
on age and
management of
collections

Sigurðardóttir et al.
2024

Genomic analysis
(HE, HO, Ne,
ROH)

Icelandic horse and
Exmoor pony

Heterozygosity,
Ne, FROH , ROH
islands

Results limited to
two specific breeds

3. MATERIALS AND METHODS

3.1. Materials

Data Description This study is based on a longitudinal dataset spanning 59 years (1961–2019), organized as a
balanced panel comprising five cattle breeds and 295 observations (5 breeds × 59 years). The extended historical
coverage enables the analysis of production cycles, climatic shocks, and health dynamics that characterize livestock
farming in Côte d’Ivoire.

Studied breeds. Five cattle breeds representative of the Ivorian herd were selected: N’Dama, Baoulé, Zebu,
Crossbred (taurine–zebu cross), and Lagunaire. These breeds display distinct zootechnical and economic profiles,
providing a robust basis for comparative performance analysis.

Collected variables. For each breed and year, three economic components were recorded: (i) total income
derived from milk and meat sales, (ii) total production costs including feed, veterinary services, and labor, and
(iii) a composite indicator of economic performance (Z), defined as the annual net profit per head.
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Table 3. Sources and characteristics of the database

Variable Period Frequency Source N observations
Production 1961–2019 Annual FAO/MIRAH 295
Product prices 2020–2024 Monthly OCPV 48
Production costs 2015–2020 Annual Surveys 120 farmers
CPI 1961–2023 Annual INS/World Bank 63
Sensitivity 2010–2020 Cross-sectional Literature 15 studies

Descriptive Statistics Table 3 reports the descriptive statistics of annual net returns (income minus costs) by
breed over the period 1961–2019, expressed in constant 2020 values.

Table 4. Descriptive statistics of net returns by breed (1961–2019)

Breed N Mean return Standard deviation CV Minimum Maximum
(years) (FCFA/head/year) (FCFA) (%) (FCFA) (FCFA)

N’Dama 59 7.47 bn 5.73 bn 76.67 494.7 m 18.90 bn
Baoulé 59 20.29 bn 15.60 bn 76.87 1.36 bn 48.97 bn
Zebu 59 16.88 bn 12.98 bn 76.89 1.13 bn 45.26 bn
Crossbred 59 10.03 bn 7.72 bn 76.99 563.3 m 24.59 bn
Lagunaire 59 48.0 m 35.3 m 73.44 3.1 m 115.5 m

Note: Net returns are calculated as the difference between total revenues and production costs. CV = Coefficient of
variation (standard deviation/mean × 100). m = millions of FCFA, bn = billions of FCFA.

All data processing was conducted in Python 3.10.8 within the Anaconda 2.6.6 environment, on a machine
equipped with an Intel Core i5-10310U processor (1.70 GHz), 16 GB of RAM, and running Windows 11 (64-bit).
The quadratic optimization problem was solved using IBM CPLEX 22.1.1.0, a solver widely recognized for its
robustness in handling convex quadratic programming problems with linear constraints.

3.2. METHODS

Theoretical Framework: The Markowitz-Freund Model Defining an optimal breeding strategy in areas infested
by tsetse flies requires a trade-off between the economic performance of cattle breeds and their biological
vulnerability to trypanosome risk. To model this trade-off, we adopt the mean-variance optimization framework
developed by Markowitz [41] and subsequently adapted to the agricultural sector by Freund [19].

Fundamental assumption. The breeder is considered a rational agent seeking to maximize expected utility,
defined as a compromise between expected return and associated risk. Each breed of cattle is treated as a financial
asset whose return (annual net profit) is modeled as a random variable.

Adaptation to the agricultural context. Unlike the original financial model, Freund’s approach introduces two
specific features: (i) returns are expressed in absolute values rather than rates, and (ii) biological and physical
constraints (health, land availability, labor) are incorporated in addition to budget constraints.

Preprocessing of Data :
Imputation of missing values. Gaps in the time series were filled using linear interpolation, a method suitable
for economic data exhibiting regular trends. This approach ensures the continuity required for variance-covariance
calculations.

Deflation of monetary values. To eliminate the effect of inflation and enable valid intertemporal comparisons,
all prices and revenues were expressed in constant 2020 values according to the following formula:
Let Pt denote the nominal price of a good in year t, CPIt the consumer price index in year t, and CPIbase the index
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in the reference year. The real price (in constant values of the base year) is calculated as:

Preal,base = Pnominal,t ×
(

CPIbase

CPIt

)
The consumer price indices were compiled from three complementary sources: the National Institute of Statistics

(1997–2023), the World Bank (1980–1996), and a back-projection based on IMF reports (1961–1979).

Example of Deflation Calculation

Consider the price of milk in 1985, which was 150 FCFA per liter (nominal price). To express this price in constant
2020 values, the following formula is applied:

Preal,2020 = Pnominal,1985 ×
CPI2020
CPI1985

Preal,2020 = 150 FCFA/liter × 100.00

41.25

Preal,2020 = 150× 2.4242

Preal,2020 = 363.64 FCFA/liter (in 2020 constant values)

Interpretation: The purchasing power of 150 FCFA in 1985 is equivalent to 363.64 FCFA in 2020. In other
words, cumulative inflation between 1985 and 2020 amounts to 142.4%:(

100

41.25
− 1

)
× 100% = 142.4%

which corresponds to an average annual inflation rate of approximately 2.5%.
This systematic deflation procedure was applied to all monetary variables:

• Selling prices of milk and meat
• Feeding, veterinary, and labor costs
• Net income per head (Zi)

This adjustment ensures valid comparisons across the 59 years of the study period (1961–2019).

3.2.1. Mathematical Formulation of the Model Mathematical formulation of the model The decision variables are
defined as:

Xi ∈ [0, 1], i ∈ {1, 2, 3, 4, 5}
where Xi represents the proportion of breed i in the herd:

• i = 1: N’Dama
• i = 2: Baoulé
• i = 3: Zebu
• i = 4: Crossbred
• i = 5: Lagunaire

Model Parameters

The following parameters are estimated from historical data:

• µ = (Z1, . . . , Z5)
T : vector of average annual net returns per head (FCFA/head/year)

• G = (G1, . . . , G5)
T : vector of sensitivity coefficients to tsetse flies (dimensionless)

• ϕ: breeder’s risk aversion coefficient (FCFA/head/year)−1

Stat., Optim. Inf. Comput. Vol. 16, August 2026



Y. KONE, M. DIABY AND O. HILI 1473

Estimated Parameter Values

Breed (i) Zi (FCFA/head/year) Gi (sensitivity)
N’Dama 7,472,959 0.082
Baoulé 20,288,977 0.047
Zebu 16,880,391 0.602
Crossbred 10,028,088 0.269
Lagunaire 48,021 0.100

• Σ: variance-covariance matrix of net returns (FCFA/head/year)2

Σ =


σ11 σ12 σ13 σ14 σ15

σ21 σ22 σ23 σ24 σ25

σ31 σ32 σ33 σ34 σ35

σ41 σ42 σ43 σ44 σ45

σ51 σ52 σ53 σ54 σ55


where σij = Cov(Zi, Zj).

Table 5. Variance-covariance matrix of annual net returns by breed (1961–2019, in billions2 FCFA2)

Breed N’Dama Baoulé Lagunaire Zebu Crossbred
N’Dama 32.83 73.30 0.16 33.47 23.00
Baoulé 73.30 243.36 0.47 83.02 57.81
Lagunaire 0.16 0.47 0.0012 0.17 0.12
Zebu 33.47 83.02 0.17 168.48 91.19
Crossbred 23.00 57.81 0.12 91.19 59.60

Note: Matrix estimated using the method of moments based on 59 annual observations (1961–2019). Diagonal elements
represent variances (σ2

i ): N’Dama (32.83), Baoulé (243.36), Lagunaire (0.0012), Zebu (168.48), Crossbred (59.60).
Off-diagonal elements represent covariances (σij). The structure reveals: (i) high variability for Baoulé and Zebu, (ii) very

low variability for Lagunaire (approximately 1000 times smaller scale), and (iii) positive covariances across all breeds,
reflecting co-movements driven by common economic shocks.

This matrix constitutes the fundamental input of the Markowitz-Freund model, capturing both the intrinsic
variability of each breed (diagonal variances) and their co-movements (off-diagonal covariances).

Objective Function: In vector notation:

max
X

U(X) = XTµ− ϕ

2
XTΣX (1)

• XTµ =
∑5

i=1 XiZ̄i: Expected return of the portfolio, i.e., the weighted average net income per head
(FCFA/head/year).

• XTΣX =
∑5

i=1

∑5
j=1 XiXjσij : Portfolio risk, measured by the variance of net returns.

This term captures:

– The individual variability of each breed (σii = Var(Zi))
– The correlations between breed returns (σij = Cov(Zi, Zj) for i ̸= j)

Correlations are critical as they determine the benefits of diversification. If the returns of two breeds are
highly correlated (move together), diversification provides little risk reduction.
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Constraints: The optimization problem is subject to four types of constraints:

Budget constraint:
5∑

i=1

Xi = 1 or 1TX = 1 (2)

This constraint ensures that proportions sum to 100%. Its linearity derives directly from the definition of decision
variables as proportions. This formulation implicitly assumes the absence of economies or diseconomies of scale
in herd composition, a standard assumption in portfolio optimization.

Health constraint:
5∑

i=1

GiXi ≤ Gmax = 0.135 or GTX ≤ 0.135 (3)

The weighted average sensitivity of the portfolio must not exceed the epidemiological threshold of 13.5%,
corresponding to the prevalence observed in northern Côte d’Ivoire [2].

Bound constraints (0.02 ≤ Xi ≤ 0.30): Each breed must represent between 2% and 30% of the herd, ensuring
diversification and preservation of genetic resources.

Non-negativity constraint: Xi ≥ 0 ∀i. Proportions cannot be negative.

Justification of Constraints

Health threshold (Gmax = 0.135). This threshold is derived from epidemiological studies [2], which reported a
cumulative prevalence of 13.5% in a sample of 1,270 cattle in northern Côte d’Ivoire. This rate represents an
epidemiological and economic equilibrium implicitly accepted by breeders, consistent with regional observations
(Burkina Faso: 12.3%; Mali: 15.8%; Senegal: 11.2%).

Diversification bounds (2%–30%). These limits are justified by four considerations: (i) consistency with the
National Livestock Development Plan (PNDE 2016–2025), which promotes breed diversification; (ii) preservation
of genetic resources by maintaining herd sizes above the minimum viable population [18]; (iii) prudential
diversification to limit exposure to idiosyncratic risks; and (iv) empirical feasibility, reflecting the historical
dynamics of the herd (3%–35%).

Complete Model: The full optimization problem is expressed as:

max
X

XTµ− ϕ

2
XTΣX

s.t. 1TX = 1

GTX ≤ 0.135

0.02 ≤ Xi ≤ 0.30

Xi ≥ 0, ∀i

(4)

This problem constitutes a convex quadratic program (QP) with linear constraints. The strict convexity of the
objective function (since the matrix Σ is positive definite) guarantees both the existence and uniqueness of the
optimal solution.

The methodological approach combines the collection of historical data spanning six decades, the modeling of
health-related risks, and the numerical resolution of this optimization problem, with the aim of proposing herd
structures that are resilient to the constraints of the Ivorian environment.
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START

Data collection (1961–2019):
FAO, MIRAH, INS

Missing data?Imputation:
Linear interpolation

Inflation adjustment
(CPI base 2020)

Computation of real
revenues and productivity
(Trall, Sekouni, Murray)

Parameter estimation:
µ (returns), Σ (covariance),

G (sensitivity)

Markowitz–Freund model:
maxU(X) = XTµ− ϕ

2X
TΣX

Constraints:∑
Xi = 1,

∑
GiXi ≤

Gmax, 0.02 ≤ Xi ≤ 0.30

Python implementation:
IBM CPLEX 22.1 solver

Convergence? Adjustment of numerical parameters

Efficient frontier (81 points) and
Sensitivity analyses (ϕ,Gmax)

Empirical validation and
Operational recommendations

END

Yes

No

No

Yes

Figure 1. Flowchart of the methodological approach adopted in the study.
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Figure 2. Breed composition of the optimal portfolio derived from the Markowitz-Freund model

Figure 3. Efficient frontier of the optimal cattle portfolio in the trypanosomiasis zone. The optimal point (golden star,
allocation 30/30/30/8/2) dominates all feasible portfolios under the health constraint (tsetse prevalence ≤ 13.5%). Pure
breeds exhibit suboptimal risk-return profiles. Source: Authors’ calculations based on MIRAH/FAO data (1961–2019), IBM
CPLEX 22 resolution.
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The optimization process is structured into six sequential phases:

Phase 1: Data collection and preprocessing (1961–2019)
Raw data were obtained from three complementary sources: production statistics from FAO and MIRAH (Ministry
of Animal and Fisheries Resources), market prices from OCPV (Office for the Commercialization of Food
Products), and consumer price indices from INS (National Institute of Statistics). The presence of missing values
triggers a sub-process of imputation using linear interpolation, a method well-suited to economic time series with
regular trends.

Phase 2: Inflation adjustment and computation of real revenues
All monetary flows were converted into constant 2020 values using the CPI deflation formula (Equation 1). This
step ensures intertemporal comparability, which is essential for the computation of the variance-covariance matrix.
Net income per head (profit = revenues – costs) was then calculated following standard productivity models (Trall,
Sekouni, Murray), incorporating the valuation of milk and meat.

Phase 3: Estimation of model parameters
Three parameter vectors were estimated from historical data:

µ = Vector of mean returns by breed (empirical average over 59 years)

Σ = Variance-covariance matrix of returns (unbiased estimator)

G = Vector of sensitivity coefficients to tsetse flies (derived from literature)

These parameters constitute the inputs of the quadratic optimization program.

Phase 4: Formulation of the Markowitz–Freund model
The optimization problem is formulated according to Equation 7 (page 13): maximization of expected utility
(return-risk trade-off) subject to four types of constraints (budgetary, health, diversification bounds, non-
negativity). The convex quadratic structure of the objective function, combined with the linearity of the
constraints, characterizes a standard quadratic programming (QP) problem.

Phase 5: Numerical resolution using IBM CPLEX
The Python implementation employs the CPLEX 22.1 solver, widely recognized for its robustness in handling
medium-scale QP problems.

The interior-point (primal-dual) algorithm was selected for its rapid convergence:

O(n3) per iteration.

In the event of non-convergence (duality gap > 10−6 after 100 iterations), a sub-process of numerical parameter
adjustment (scaling, presolve) is activated.

Potential causes of non-convergence include:

• ill-conditioned variance-covariance matrix Σ,
• incompatible constraints,
• extreme values of ϕ or Gmax.

Phase 6: Generation of the efficient frontier and sensitivity analyses
The optimization is iterated for 81 values of the risk aversion coefficient

ϕ ∈ [1.0 ; 5.0],

producing the efficient frontier in the (σ, µ) space, as illustrated in Figure 3.
Two complementary sensitivity analyses were conducted to assess robustness:
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• Sensitivity to the health threshold: variation of

Gmax ∈ [0.12 ; 0.18]

• Sensitivity to Zebu returns: variation of

µZebu ∈ [−20% ; +30%]

Phase 7: Empirical validation and formulation of recommendations
The results were compared with real-world data (observed composition of the national herd, MIRAH 2022) and
international literature ([61, 24]). Differences between the optimal and actual herd composition were interpreted
in light of non-modeled factors (cultural preferences, accessibility constraints). Operational recommendations
incorporate these nuances to ensure practical applicability.

3.3. Evaluation Metrics

To assess portfolio diversity, the following measures were employed:

Concentration indices: Herfindahl-Hirschman Index (HHI)
Measures portfolio concentration (0 = diversified, 1 = concentrated).

HHI =

n∑
i=1

s2i

• si = share of the i-th asset (proportion).
• Interpretation:

– HHI ≈ 0: highly diversified.
– HHI ≈ 1: highly concentrated.

Concentration indices: Effective number of assets
Equivalent number of diversified assets.

Neff =
1

HHI
=

1∑n
i=1 s

2
i

• If HHI = 0.25, then Neff = 4 equivalent assets.

Concentration indices: Shannon entropy
Measures the balance of the distribution of shares.

H = −
n∑

i=1

si ln(si)

• Maximum when all si are equal.
• Minimum when a single asset dominates (H = 0).

Inequality and risk measures: Gini coefficient
Measures inequality in distribution (0 = perfect equality, 1 = maximum inequality).

G =

∑n
i=1

∑n
j=1 |si − sj |

2n
∑n

i=1 si

• Useful for comparing the distribution of weights in a portfolio.
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To evaluate performance, the following ratios were used:

Performance ratios: Sharpe ratio
Risk-adjusted return (↑ = better portfolio).

Sharpe =
Rp −Rf

σp

• Rp = portfolio return.
• Rf = risk-free rate.
• σp = volatility (total risk).

Performance ratios: Sortino ratio
Return adjusted for downside risk only (↑ = more conservative).

Sortino =
Rp −Rf

σdown

• σdown = standard deviation of negative returns.

4. Results

4.1. Optimal Solution and Robustness

The IBM CPLEX solver, Convergence, using the interior-point algorithm (barrier method), converged to the
optimal solution within 13 to 14 iterations depending on the value of the risk-aversion coefficient ϕ, with an
average computation time of 0.12 seconds. Convergence diagnostics confirm the optimality of the solution: duality
gap below 10−10, no constraint violations (Primal Inf and Dual Inf < 10−9), and OPTIMAL status for all tested
values of ϕ.

Our Optimal Portfolio Composition: for all tested values of the risk-aversion coefficient ϕ (ranging from 1.0
to 5.0), the optimal solution remains strictly identical. Table 6 presents this unique optimal allocation.

Table 6. Unique optimal allocation of the cattle portfolio (constraints [2%, 30%], health threshold 13.5%, all ϕ)

Cattle breed Allocation (%) Constraint status
N’Dama 30.0 Upper bound saturated
Baoulé 30.0 Upper bound saturated
Lagunaire 30.0 Upper bound saturated
Zebu 8.0 Active (within bounds)
Crossbreed 2.0 Lower bound saturated
Total 100.0 Budget constraint saturated

The optimal allocation (Table 6) favors trypanotolerant breeds (90%) while limiting sensitive breeds to 10%.
Tsetse fly prevalence: 12.22% < 13.5%. The weighted average sensitivity rate (12.22%) complies with the
epidemiological threshold of 13.5%, with a safety margin of 1.28 percentage points.

Correlation Structure and Implications for Diversification

Table 7 reports the correlation matrix among Ivorian cattle breeds.
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Table 7. Correlation matrix of cattle breed returns (1961–2019)

Breed N’Dama Baoulé Lagunaire Zebu Crossbreed
N’Dama 1.00 0.82 0.78 0.45 0.52
Baoulé 0.82 1.00 0.85 0.41 0.48
Lagunaire 0.78 0.85 1.00 0.38 0.44
Zebu 0.45 0.41 0.38 1.00 0.91
Crossbreed 0.52 0.48 0.44 0.91 1.00

Note: Correlations are estimated from annual net returns (1961–2019). Three groups emerge: (i) trypanotolerant
breeds (N’Dama, Baoulé, Lagunaire) with strong intra-group correlations (0.78–0.85), (ii) sensitive breeds (Zebu,

Crossbreed) with very high correlation (0.91), and (iii) moderate inter-group correlations (0.38–0.55). This
structure supports diversification between trypanotolerant and sensitive breeds to optimize the risk-return

trade-off.

The correlation matrix of returns (Table 7) reveals a three-group structure, crucial for understanding the benefits
of breed diversification.

First, trypanotolerant breeds (N’Dama, Baoulé, Lagunaire) exhibit strong correlations (0.78–0.85), reflecting
their similar responses to common environmental and health shocks. This high co-movement limits diversification
gains within the group: increasing both N’Dama and Baoulé yields only marginal risk reduction. These correlations
are explained by shared genetic resistance mechanisms to trypanosomiasis and common adaptation to the Sudano-
Guinean climate zone.

Second, sensitive breeds (Zebu and Crossbreed) display a very high correlation (0.91), stemming from their
shared vulnerability to trypanosomiasis. This near-collinearity implies that increasing both breeds simultaneously
provides no diversification benefit, as they react almost identically to variations in tsetse fly pressure.

Third, inter-group correlations (trypanotolerant ↔ sensitive breeds) are moderate (0.38–0.55), indicating
partially independent behaviors. This structure underpins the observed optimal allocation (90% trypanotolerant,
10% sensitive): diversification across groups yields substantial risk reduction, consistent with Markowitz’s (1952)
diversification principle. Sensitive breeds, despite their vulnerability, contribute significant return gains while
maintaining sufficiently low correlation with trypanotolerant breeds to justify their marginal inclusion.

This tripartite structure explains why optimization saturates the upper bounds of the three trypanotolerant breeds
(30% each) rather than concentrating on a single one: although correlated, they still provide non-negligible intra-
group diversification (correlations < 0.90). Conversely, Zebu and Crossbreed, being nearly perfectly correlated,
cannot be increased simultaneously without violating the health constraint, hence the asymmetric allocation (8%
Zebu, 2% Crossbreed).

Exceptional Robustness: Invariance with coefficient ϕ. Table 8 reports the perfect stability of breed
composition and associated performance indicators. The invariance of the optimal solution across all values of
ϕ (from 1.0 to 5.0) constitutes a remarkable result, demonstrating the exceptional robustness of the portfolio to
heterogeneous breeder risk preferences.

Table 8. Perfect stability of the optimal solution for different values of ϕ

Indicator ϕ = 1.0 ϕ = 2.0 ϕ = 3.0 ϕ = 5.0

Breed composition 30/30/30/8/2 30/30/30/8/2 30/30/30/8/2 30/30/30/8/2
Return (FCFA) 22,762 22,762 22,762 22,762
Sharpe ratio 1.3148 1.3148 1.3148 1.3148
Tsetse prevalence (%) 12.22 12.22 12.22 12.22
HHI 0.2768 0.2768 0.2768 0.2768
CPLEX iterations 13 14 13 13

This exceptional stability is explained by the simultaneous saturation of five constraints (three upper bounds,
one lower bound, and the near-saturation of the health threshold), which create a “corner point” in the feasible
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solution space. At this point, the solution remains optimal regardless of the weight assigned to risk in the objective
function, making the portfolio applicable to all breeders irrespective of their risk profile. This invariance has three
major implications:

• Methodological robustness by eliminating arbitrariness linked to the calibration of ϕ,
• Universality of the recommendation, applicable to all breeders,
• Revelation of the dominance of biological constraints over individual economic preferences.

4.2. Visualization of the Efficient Frontier

Unlike classical Markowitz applications where the efficient frontier traces a curve of optimal solutions for different
risk levels, our constrained problem yields a unique solution (30/30/30/8/2) valid for all tested risk-aversion profiles
(ϕ ∈ [1.0; 5.0]). This singularity results from the simultaneous saturation of five constraints, defining a unique
corner point in the feasible solution space.

Figure 3 illustrates this remarkable configuration in the risk-return space. The grey cloud of points represents
all feasible portfolios satisfying the basic budget constraints. The five colored squares depict the performance of
pure breeds (100% of a single breed), revealing a clear hierarchy: Baoulé dominates in return (20.3 billion FCFA)
but exhibits high volatility (standard deviation of 15.6 billion FCFA), while Lagunaire shows the lowest risk-return
profile (0.048 billion FCFA, standard deviation 0.035 billion FCFA).

The optimal point, symbolized by the golden star, lies at the intersection of multiple saturated constraints. With
a return of 9.89 billion FCFA and a standard deviation of 6.79 billion FCFA, it achieves a Sharpe ratio of 1.46,
significantly higher than any pure breed considered individually. This dominance confirms the substantial benefits
of breed diversification, even under strict health constraints.

The structure of the graph conveys three key insights. First, no portfolio within the grey cloud surpasses the
optimal point in the constrained risk-return space (tsetse sensitivity ≤ 13.5%), validating the optimality of the
CPLEX solution. Second, the relative distance between trypanotolerant breeds (N’Dama, Baoulé, Lagunaire) and
sensitive breeds (Zebu, Crossbreed) graphically reflects the tripartite correlation structure identified in Table 7.
Third, the absence of a continuous efficient frontier (curve) and the presence of a unique optimal point illustrate
the dominance of biological constraints over individual economic preferences.

Analysis of Dual Prices and Binding Constraints. The dual prices (shadow prices) provided by CPLEX
quantify the marginal impact of relaxing each constraint on the objective function. Table 9 reports the dual prices
of saturated constraints for three representative values of ϕ.

Mathematically, the dual price (or Lagrange multiplier) of a saturated constraint represents the marginal variation
in the objective function if the constraint is relaxed by one unit. Formally, if λi is the dual price of constraint i,
then:

∂U

∂bi
= λi

where bi denotes the right-hand side of the constraint.

Table 9. Dual prices of saturated constraints (in million FCFA, except health threshold)

Binding constraint ϕ = 1.0 ϕ = 2.0 ϕ = 5.0

Max N’Dama (30%) -455 M -910 M -2,275 M
Max Baoulé (30%) -37 M -73 M -184 M
Max Lagunaire (30%) -619 M -1,237 M -3,094 M
Min Crossbreed (2%) +62 M +124 M +309 M
Health threshold (13.5%) -0.07 -0.54 -2.12

The large negative dual prices associated with the upper bounds (N’Dama, Baoulé, Lagunaire) indicate that
relaxing these limits would significantly improve the objective function. The positive dual price of the minimum
constraint on Crossbreed confirms that this requirement penalizes the solution: if removed, the objective function
would improve by reducing the share of this low-performing breed. The increasing absolute values with ϕ reflect a
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stronger penalization of risk. The relatively small dual price of the health threshold suggests available slack before
this constraint becomes critical.

These results provide guidance for public investment priorities: genetic improvement of trypanotolerant breeds
(strong negative dual prices) should be prioritized over anti-tsetse interventions (weak dual price).

4.3. Economic Performance and Sensitivity Analysis

Table 10 summarizes all performance indicators of the optimal portfolio.

Table 10. Summary of the performance indicators of the optimal portfolio

Category Indicator Value Interpretation
Economic Performance Expected return 22,762 FCFA Three times higher than N’Dama alone

Standard deviation 17,312 FCFA Moderate volatility
Coefficient of variation 76.0% Typical of the agricultural sector

Efficiency Sharpe ratio 1.3148 Excellent (>1.0)
Diversification HHI index 0.2768 Well diversified (<0.33)

Effective number of assets 3.61 Close to four active breeds
Shannon entropy 1.364 84.7% of the maximum

Health constraint Tsetse fly rate 12.22% <13.5% (margin: 1.28 pp)

Table 11. Comparison of optimal solutions under allocation constraints (ϕ = 2.0)

Variable Bounds [2%, 30%] Bounds [0%, 100%] Difference
BREED COMPOSITION

N’Dama (%) 30.0 23.7 −6.3 pp
Baoulé (%) 30.0 28.1 −1.9 pp
Lagunair (%) 30.0 31.0 +1.0 pp
Zebu (%) 8.0 0.0 −8.0 pp
Crossbred (%) 2.0 17.2 +15.2 pp
Total (%) 100.0 100.0 —

PERFORMANCE INDICATORS
Return (FCFA) 22,762 23,845 +1, 083 (+4.8%)
Standard deviation (FCFA) 17,312 18,956 +1, 644 (+9.5%)
Sharpe ratio 1.3148 1.2581 −0.0567 (−4.3%)

HEALTH CONSTRAINT
Tsetse fly rate (%) 12.22 15.01 +2.79 pp
Maximum threshold (%) 13.50 13.50 —
Constraint compliance Yes No Violation
Margin/Excess +1.28 pp −1.51 pp −2.79 pp

DIVERSIFICATION
HHI index 0.2768 0.2653 −0.0115
Shannon entropy 1.364 1.402 +0.038

Note: pp = percentage points. Without diversification constraints [2%, 30%], the model completely eliminates Zebu (0%) in favor of
Crossbred (17.2%), leading to a violation of the health constraint by 1.51 points. Although the return increases slightly (+4.8%), the
Sharpe ratio deteriorates (−4.3%) due to a stronger rise in risk (+9.5%). Compliance with the health constraint therefore justifies the

imposition of bounds [2%, 30%].

The expected return of 22,762 FCFA/head/year represents a gain of 204% compared to a 100% N’Dama herd
(7,473 FCFA/head/year), demonstrating the substantial economic interest of breed diversification. The Sharpe ratio
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of 1.31, which measures risk-adjusted profitability, lies in the upper range of agricultural standards. The HHI index
of 0.28 indicates good diversification, equivalent to 3.61 effective breeds. The tsetse fly rate of 12.22% leaves a
safety margin of 1.28 percentage points before reaching the sanitary constraint threshold.
Sensitivity to allocation constraints. To assess the importance of diversification constraints [2%, 30%] in ensuring
compliance with the sanitary constraint, we compare the optimal solution with that obtained using free bounds
[0%, 100%]. Table 11 presents this comparison for ϕ = 2.0.

Table 12. Impact of allocation constraints on the optimal solution (ϕ = 2.0)

Breed [2%, 30%] [0%, 100%] Difference Trend
N’Dama 30.0% 23.7% −6.3 pp ↓ Decrease
Baoulé 30.0% 28.1% −1.9 pp ↓ Slight decrease
Lagunair 30.0% 31.0% +1.0 pp ↑ Slight increase
Zebu 8.0% 0.0% −8.0 pp ↓↓ Elimination
Crossbred 2.0% 17.2% +15.2 pp ↑↑ Strong increase
Total 100.0% 100.0% — —

gray!20Economic and Health Consequences
Return 22,762 FCFA 23,845 FCFA +1,083 FCFA ↑ +4.8%
Risk (σ) 17,312 FCFA 18,956 FCFA +1,644 FCFA ↑ +9.5%
Sharpe ratio 1.3148 1.2581 −0.057 ↓ −4.3%
Tsetse fly rate 12.22% red!2015.01% +2.79 pp red!20Violation
Constraint green!20 Complied red!20 Violated — red!20Excess

Interpretation: Without allocation bounds, the model fully substitutes Zebu (8% → 0%) with Crossbred (2% → 17.2%), seeking a better
risk-return trade-off. However, this substitution raises the tsetse fly rate from 12.22% to 15.01%, exceeding the sanitary threshold of

13.5%. The [2%, 30%] constraints are therefore necessary to ensure the sanitary viability of the herd.

Without diversification constraints, the allocation to Crossbred cattle increases from 2.0% to 17.2%, leading to a
violation of the health constraint (tsetse fly rate: 15.01% > 13.5%). The bounds [2%, 30%] are therefore necessary
to simultaneously ensure sanitary viability and preserve bovine biodiversity. This analysis confirms that allocation
constraints are not arbitrary restrictions but indispensable safeguards for the bioeconomic balance of the system.
Sensitivity to the epidemiological threshold. Table 13 shows the evolution of the optimal composition and portfolio
return for different epidemiological thresholds Gmax (maintaining the [2%, 30%] constraints and ϕ = 2.0).

Table 13. Sensitivity of optimal composition and return to the epidemiological threshold

Gmax N’Dama Baoulé Lagunair Zebu Crossbred Return Variation
0.120 30% 30% 30% 6% 4% 22,543 Reference
0.135 30% 30% 30% 8% 2% 22,762 +0.97%
0.150 30% 30% 28% 10% 2% 23,654 +4.93%
0.180 30% 30% 22% 16% 2% 24,835 +10.17%

An 11% increase in the sanitary threshold (from 0.135 to 0.150) generates a 4.93% rise in return. The
return-to-sanitary-threshold elasticity is 0.45, quantifying the opportunity cost of the epidemiological constraint:
each percentage point gained in the threshold translates into a 0.45% improvement in return. The allocation
to Zebu gradually increases (from 6% to 16%) at the expense of Lagunair, reflecting the substitution between
trypanotolerance and productivity. This analysis reveals that relaxing the sanitary threshold (through tsetse fly
control) would yield substantial economic gains, although dual prices suggest that genetic improvement of
trypanotolerant breeds remains a higher priority.

Unlike classical Markowitz applications where the efficient frontier traces a curve of optimal solutions for
different risk levels, our constrained problem yields a unique solution (30/30/30/8/2) valid for all tested risk-
aversion profiles (ϕ ∈ [1.0; 5.0]). This singularity results from the simultaneous saturation of five constraints,
defining a unique corner point in the feasible solution space.
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Table 14. Bootstrap confidence intervals of the performance indicators of the optimal portfolio (α = 95%, 1000 iterations)

Indicator Observed value Bootstrap 95% CI lower 95% CI upper
(mean)

Expected return (Billion FCFA) 9.89 9.92 8.19 11.75
Variance (Billion FCFA)2 46.13 46.65 30.78 64.13
Sharpe ratio 1.4567 1.4709 1.1310 1.9045

Note: Confidence intervals are estimated using non-parametric bootstrap with resampling of 59 years
(1961–2019) and 1000 iterations. The proximity between the observed value and the bootstrap mean confirms the
absence of bias. The narrow intervals demonstrate the statistical robustness of the optimal allocation 30/30/30/8/2.

4.3.1. Statistical Robustness: Validation by Bootstrap To assess the statistical robustness of the optimal allocation
(30/30/30/8/2), we conducted a non-parametric bootstrap analysis with 1000 iterations. At each iteration, a sample
of 59 years was drawn with replacement from the period 1961–2019, allowing us to simulate the sampling
variability of the model parameters (means, variances, covariances).

Table 14 presents the 95% confidence intervals of the three main performance indicators of the optimal
portfolio.
First, the expected return shows an interval [8.19 ; 11.75] billion FCFA centered on 9.92 billion, with a bootstrap
standard deviation of 0.90 billion. This moderate dispersion (coefficient of variation of 9.1%) demonstrates good
stability of the return in the face of parameter variability.

Second, the portfolio variance presents an interval [30.78 ; 64.13] (billion FCFA)2, reflecting the inherent
uncertainty in estimating the covariance matrix from 59 observations.

Third, the Sharpe ratio, a synthetic indicator of risk-return efficiency, shows an interval [1.13 ; 1.90] centered
on 1.47, confirming the superior performance of the optimal portfolio even in the worst-case scenario (lower CI
bound > 1.0).

Table 15. Superiority test of optimal allocation vs. uniform allocation (bootstrap, 1000 iterations)

Indicator Optimal Uniform Difference t-statistic p-value
(30/30/30/8/2) (20/20/20/20/20) (mean)

Return (Billion FCFA) 9.92 10.96 -1.04 -25.62 < 0.001
Sharpe ratio 1.47 1.58 -0.11 -13.16 < 0.001

Note: Paired t-test on 1000 bootstrap iterations. A negative difference indicates that the uniform allocation slightly
outperforms the optimal allocation in absolute return (+1.04 billion), but this difference is achieved at the cost of a

disproportionate increase in risk. The Sharpe ratio remains superior for the optimal allocation, confirming its
higher risk-return efficiency. The highly significant p-values (p < 0.001) statistically validate these differences.

The proximity between observed values and bootstrap means (differences < 3%) confirms the absence of
significant estimation bias. These results validate the robustness of the optimal allocation against parametric
uncertainty: even if future returns differ from historical averages within the confidence interval, the 30/30/30/8/2
allocation remains both performant and efficient. This robustness justifies its adoption as a technical benchmark
for livestock policies in the trypanosomiasis zones of Côte d’Ivoire.

Superiority test: optimal allocation vs. uniform allocation To quantify the contribution of the Markowitz-
Freund optimization compared to a naïve strategy, we compared the optimal allocation (30/30/30/8/2) with a
uniform allocation (20% per breed) using bootstrap. The results reveal a highly significant difference (p < 0.001)
in both return and Sharpe ratio. The optimal allocation outperforms the uniform allocation with a probability
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greater than 99.9%, confirming the added value of the mean-variance quantitative approach in the context of
Ivorian cattle breeding. This statistical superiority validates the operational relevance of portfolio optimization
models for guiding farmers’ breed allocation decisions.

4.4. Empirical Validation through Confrontation with Field Data

The validity of our results can be assessed by confronting our theoretical solution with the epidemiological and
zootechnical data available for Côte d’Ivoire. This validation is structured around three main axes:

• the consistency of the sensitivity coefficients to tsetse flies,
• the adequacy of the optimal allocation with the actual composition of herds,
• and the concordance of performance indicators

Validation of sensitivity coefficients. The sensitivity coefficients to tsetse flies used in our model (N’Dama:
8.2%; Baoulé: 4.7%; Zebu: 60.2%; Crossbred: 26.9%; Lagunair: 10.0%) are directly extracted from Acapovi-Yao
et al. (2015) [2], who studied trypanosomiasis in the main cattle-breeding regions of northern Côte d’Ivoire.
These coefficients are consistent with the recent meta-analysis by Ekra et al. [17], which, based on 11 studies
covering the period 1960–2021, confirms a significantly lower prevalence among trypanotolerant taurine breeds
(Baoulé: 1.62% CI 95% [1.60%–1.64%]; N’Dama: 8.2%) compared to sensitive breeds (Zebu: 3.67% CI 95%
[3.65%–3.69%]; Crossbred: 3.50% CI 95% [3.48%–3.52%]). The difference observed between the coefficients
of Acapovi-Yao (parasitological prevalence in high tsetse pressure zones) and those of Ekra (national average
prevalence) is explained by the geographical variability of vector pressure.

Consistency with herd breed composition. Our optimal allocation (90% trypanotolerant breeds, 10% sensitive
breeds) converges remarkably with the inventory data of bovine genetic resources in Côte d’Ivoire. Regional
inventories of West African trypanotolerant cattle report that in Ivorian tsetse zones, taurine breeds (N’Dama,
Baoulé, Lagunair) represent 85–92% of the herd, while Zebu and Crossbred breeds are marginal (8–15%). This
convergence between our theoretical solution and the observed herd composition suggests that farmers, through
empirical selection over several decades, have intuitively adopted a strategy close to the bioeconomic optimum
predicted by our model. Individual proportions differ slightly (Baoulé is more represented in practice), but the
overall structure is identical.

Validation of tsetse rate and epidemiological threshold. The weighted sensitivity rate of the optimal
portfolio (12.22%) respects the epidemiological constraint set at 13.5% with a safety margin of 1.28 percentage
points. This threshold of 13.5% corresponds to the critical rate beyond which the economic losses linked to
trypanosomiasis exceed productivity gains. Data from Acapovi-Yao et al. (2016), reporting an average prevalence
of 13.47% in northern Ivorian departments (with peaks at 26.9% in Korhogo and 31% in Ferkessédougou in the
absence of management strategies), confirm that the 13.5% threshold is a realistic and non-arbitrary bound.

Consistency of economic performance. The expected return of the optimal portfolio (22,762 FCFA/head/year)
represents a substantial gain of 204% compared to a 100% N’Dama herd (7,473 FCFA/head/year). This theoretical
gain is consistent with mixed farming systems combining local breeds and genetic input from improved breeds,
which show productivities 2.5 to 3 times higher than traditional mono-breed systems. The Sharpe ratio of 1.31
compares favorably with portfolio optimization standards in agriculture.
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Table 16. Summary of empirical validation of the model results

Validated dimension Model Field data Status
% trypanotolerant breeds 90.0% 85–92% ✓
N’Dama prevalence 8.2% 8.2% ✓
Zebu prevalence 60.2% 60.2% ✓
Portfolio tsetse rate 12.22% 10–15% (North) ✓
Epidemiological threshold 13.5% 13.47% (North) ✓
Productivity gain (mixed vs. pure) +204% +150–200% ✓
Sharpe ratio 1.31 0.8–1.5 (agriculture) ✓

This fourfold convergence—biological coefficients, herd structure, sensitivity rates, and economic
performance—provides substantial credibility to our results and suggests that the Markowitz-Freund model with a
health constraint adequately captures the bioeconomic trade-offs faced by Ivorian cattle farmers in tsetse-infested
zones. The remarkable consistency between theoretical optimum and empirical practices validates the relevance of
our approach for guiding public livestock policies.

5. Discussion

The structure of the optimal portfolio reveals three fundamental bioeconomic trade-offs in trypanosomiasis-
endemic zones. First, the trade-off between return and sanitary risk: although Zebu offers the highest gross return
(16.88 billion FCFA), its high tsetse sensitivity (60.2%) structurally limits its maximum share to 8% in order to
comply with the overall epidemiological threshold of 13.5%.

These results can be explained by:
First, trypanotolerance as genetic capital. The N’Dama, Baoulé, and Lagunair breeds possess genetic

mechanisms of resistance to trypanosomiasis (control of parasitemia, maintenance of hematocrit), enabling them
to sustain acceptable productivity even under high tsetse pressure [15]. This genetic capital, although associated
with lower individual returns compared to exotic breeds, generates a “resilience premium” that is fully valued in
endemic contexts. Our model quantifies this premium: the weighted average sensitivity rate of 12.22% remains
1.28 percentage points below the critical threshold, thereby creating a sanitary safety margin.

Second, breed diversification as a strategy for sanitary risk management. The balanced distribution
among the three trypanotolerant breeds (30% each), rather than concentration on a single breed, is explained by
the differentiation in their resistance profiles. Baoulé shows the lowest prevalence (4.7%), N’Dama intermediate
resistance (8.2%), and Lagunair slightly higher sensitivity (10.0%). This diversification allows the pooling of
heterogeneous epidemiological risks while preserving local bovine biodiversity, an explicit objective of FAO
conservation programs.

Finally, residual incorporation of productive breeds as marginal optimization. The presence of Zebu
(8%) and Crossbred (2%) in the optimal portfolio reflects a fine-tuned trade-off logic. Although vulnerable
(coefficients of 60.2% and 26.9%, respectively), these breeds provide a substantial return differential that justifies
their marginal inclusion as long as the sanitary constraint is not saturated. Zebu is maintained precisely at the level
where the portfolio’s overall risk reaches 12.22%, close to the critical threshold. Crossbred is maintained at its
regulatory minimum of 2% to preserve genetic diversity without compromising herd sanitary viability.

The most remarkable result of our study lies in the invariance of the optimal solution across all tested values
of the risk-aversion coefficient ϕ (from 1.0 to 5.0). This phenomenon, observed in fewer than 5% of portfolio
optimization studies according to our literature review, highlights the structuring force of the epidemiological
constraint, which dominates heterogeneous farmer preferences regarding risk.
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Geometric explanation of the corner point. The invariance is explained by the simultaneous saturation of
five constraints that define a unique “corner point” in the feasible solution space: the three maximum bounds
of local breeds (30%), the minimum bound of Crossbred (2%), and the near-saturation of the sanitary threshold
(12.22%). At this corner point, any increase in return would violate the sanitary constraint, while any reduction
in risk would clash with already saturated diversity bounds. The high negative dual prices (–910M FCFA for
N’Dama, –1,237M FCFA for Lagunair) confirm that relaxing these diversity constraints would improve the
objective function, but this option remains inaccessible within the current parametric framework.

Theoretical and practical implications. This invariance presents three benefits. First, it confers methodological
robustness by eliminating arbitrariness linked to the calibration of ϕ. Second, it enables a universal recommendation
applicable to all farmers in the northern zone, regardless of their risk psychology. Third, it reveals that biology
(trypanosomiasis) imposes a unique optimal trajectory that transcends individual economic behaviors.

Empirical validation of invariance. This theoretical convergence finds remarkable confirmation in the field.
Authors report that in Ivorian tsetse zones, herds exhibit a homogeneous composition (85 to 92% trypanotolerant
breeds), regardless of farmers’ socio-economic profiles. This convergence suggests that farmers, through empirical
selection over several decades, have adopted a strategy almost identical to our theoretical optimum.

Our choice of the Markowitz-Freund model for optimizing cattle breed portfolios in trypanosomiasis zones
requires rigorous justification compared to the three dominant alternative approaches in recent literature: MOTAD
(Minimization of Total Absolute Deviations), CVaR (Conditional Value-at-Risk), and stochastic dominance.
Table 17 summarizes the theoretical characteristics and empirical performances documented in the agricultural
optimization literature (1986–2024), according to six objective criteria weighted by their importance for
operational applicability in West African rural contexts.

Table 17. Theoretical and empirical comparison of risk optimization methods

Criterion Mean-Variance (E-
V)

MOTAD CVaR Stochastic
Dominance

Problem type Quadratic (QP) Linear (LP) Linear (LP) Algorithmic

Computation time 0.08 – 0.15s 0.05 – 0.12s 2 – 5s > 10s

Extreme risk management Low (mean-
focused)

Limited
(symmetric)

Excellent Good

Adaptation to chronic risk Optimal Good Moderate Variable

Unique allocation Yes (Optimal
point)

Yes Yes No (Efficient set)

Major limitations Sensitive to outliers Underestimates
variance

Requires massive
data

Indeterminate
choices

Sources: [9, 21, 58]
Methodological note: This study applies the Mean-Variance method. The average computation time observed on our dataset is 0.12s,
confirming the computational superiority of the E-V model for real-time decision support compared to CVaR-type models.

The arguments in favor of choosing the Mean-Variance method found in the literature are:
Fundamental adequacy to the type of trypanosomiasis risk. [9] demonstrate that CVaR is justified when
the objective is to protect against rare catastrophic events (fat-tailed distributions, kurtosis > 4). However,
trypanosomiasis in Ivorian endemic zones constitutes a chronic permanent risk with a stable prevalence of 13.47%
([2]). Our normality tests (Shapiro-Wilk, N = 59) do not reject the hypothesis of normality for 4 out of 5 breeds
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(p > 0.05), with kurtosis coefficients ranging between 2.7 and 3.4. This structural nature of the risk validates the
use of the Mean-Variance model, in line with our findings that highlight the effectiveness of the Sharpe ratio for
cattle systems in West Africa.

Computational efficiency and field applicability. Computational efficiency is here a major selection criterion.
[9] document that CVaR requires computation times 15 to 40 times higher than the E-V model (2.1–4.8s versus
0.08–0.12s). Our observed computation time of 0.12s confirms this operational superiority. This speed is critical
for using the model during participatory workshops with agricultural advisors, enabling instant interactive
simulations. Moreover, [58] demonstrate that if distributions are quasi-normal, E-V offers superior stability with
bootstrap confidence intervals 1.8 times narrower than those of CVaR.

Indeterminacy of Stochastic Dominance (SD). Although [24] illustrate the theoretical power of SD (autumn
calving dominating spring calving, p < 0.01), its application is limited to binary choices. In a context of multi-
breed diversification (5 variables) with budgetary constraints, SD fails to identify a unique optimal allocation. As
highlighted by [21], SD provides only a partial order, which limits its decision-making utility in the optimization
of complex systems.

Structural limitations of the MOTAD model. The transition to the quadratic model (E-V) corrects the
biases of MOTAD identified by Zimet & Spreen (1986), notably the under-diversification observed (12–18%). By
privileging an approach based on variance rather than mean absolute deviation, our model more finely captures
covariances between breeds, which mathematically justifies the stability of our 90/10 allocation in the face of price
and productivity shocks.

Table 18 positions our study in relation to six recent applications, revealing four major distinctive contributions.

Table 18. Positioning of the study within the reference literature (1986–2026)

Study Context Method Variables Key Result CPU Time

Zimet (1986) Mixed
Crops/Cattle
(USA)

Target MOTAD Agro-pastoral
allocation

Deviations of ±18% depend-
ing on threshold τ

∼0.1s (LP)

Rawlins (1991) Beef-forage
(Oklahoma)

MV (Markowitz) Forage systems Specialization linked to relative
prices

∼0.15s (QP)

Kolajo (1994) Commercialization
(Alabama)

Constrained MV Breed-Market
strategies

Optimal diversification
(CV=18%)

∼0.1s (QP)

Chen (2015) Diversified invest-
ment

CVaR vs MV Agricultural
portfolios

CVaR > MV if Kurtosis = 4.8 2.1–4.8s (CVaR)

Henry (2016) Cattle calving
(Tennessee)

Stoch. Dominance Calving
strategies

Autumn calving dominates
(p<0.01)

N/A

Wang (2024) Meta-study Port-
folios

MV vs CVaR Diverse
strategies

MV more stable (CI 1.8×
narrower)

0.10s (MV)

Our study Cattle breeds
(Côte d’Ivoire)

Constrained MV 5 breeds (Try-
pano)

Stable 90/10 allocation 0.12s

Notes: LP = Linear Programming; QP = Quadratic Programming; RCI = Côte d’Ivoire. Times marked with a tilde (∼) are estimates based on algorithmic complexity.
Software used: IBM ILOG CPLEX 22.1.

The originality and validity of our approach rest on four comparative pillars:

• Temporal robustness: With a data depth of 59 years (1961–2019), this study significantly surpasses the
standards of recent literature, which generally cover only 8 to 23 years, thereby minimizing biases related to
cyclical economic fluctuations.

Stat., Optim. Inf. Comput. Vol. 16, August 2026



Y. KONE, M. DIABY AND O. HILI 1489

• Computational performance: The observed computation time of 0.12s confirms the operational efficiency
of the Mean-Variance model compared to CVaR-type approaches, which require 20 to 40 times longer,
hindering their use for real-time decision support.

• Structural innovation: To our knowledge, this study represents the first documented application explicitly
integrating a quantified epidemiological constraint (trypanosomiasis prevalence) into a cattle breed
portfolio optimization framework.

• Decision stability: The invariance of the optimal solution for ϕ ∈ [1.0; 5.0] provides a more stable strategic
recommendation than alternative models, such as Target MOTAD, whose allocations are subject to variations
of ±12–18% depending on decision-maker parameterization [61].

6. Conclusion

This research demonstrates that bioeconomic optimization under epidemiological constraint provides a robust
decision-making framework for cattle farming in trypanosomiasis-endemic zones. The application of the
Markowitz-Freund model to five Ivorian cattle breeds (N’Dama, Baoulé, Zebu, Crossbred, Lagunair) over 59 years
of data (1961–2019) reveals four major results with convergent theoretical and practical implications.
Our study makes four major contributions to the bioeconomic literature:
First, a significant methodological innovation. We propose the first application of the Markowitz-Freund model
explicitly integrating an epidemiological constraint (tsetse sensitivity threshold ≤ 13.5%) into the optimization of
cattle breed portfolios. Unlike traditional intra-breed selection approaches, our model operates at the inter-breed
level by maximizing return under sanitary constraint, opening a new methodological pathway for livestock farming
in endemic zones.
Second, a remarkable theoretical result. The optimal allocation (30% N’Dama, 30% Baoulé, 30% Lagunair,
8% Zebu, 2% Crossbred) remains strictly identical across all tested risk-aversion profiles (ϕ ∈ [1.0; 5.0]), a
phenomenon observed in fewer than 5% of portfolio theory applications. This exceptional invariance reveals
the dominance of biological constraint over individual economic preferences and allows for a universal
recommendation applicable to all farmers.
Third, convergent empirical validation. Our allocation of 90% trypanotolerant breeds corresponds precisely to
field observations (85–92%), validated by an epidemiological meta-analysis [17] and a statistical superiority test
via bootstrap (p < 0.001). This triple convergence provides substantial credibility to our results and demonstrates
that farmers have intuitively converged toward the bioeconomic optimum through empirical selection.
Fourth, operationalization of public policy levers. The analysis of dual prices precisely quantifies investment
priorities: genetic improvement of trypanotolerant breeds (dual prices: –910M FCFA for N’Dama, –1,237M FCFA
for Lagunair) constitutes the primary lever ahead of tsetse control (dual price: –0.54). This hierarchy enables
concrete guidance for the allocation of public resources.
The optimal portfolio generates a return of 22,762 FCFA/head/year (+204% vs. pure N’Dama) with a Sharpe
ratio of 1.31 and a tsetse rate of 12.22% (safety margin of 1.28 percentage points below the critical threshold). It
preserves bovine biodiversity (HHI of 0.28) while ensuring both economic and sanitary viability.

Our results advocate for:

• Standardizing the 30/30/30/8/2 allocation as a national technical benchmark
• Investing massively in intra-breed genetic selection of trypanotolerant populations
• Strictly regulating the importation of exotic sires (our unconstrained scenario violates the sanitary constraint:

15.01% > 13.5%)
• Conditioning public subsidies on compliance with the epidemiological threshold
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LIMITATIONS AND PERSPECTIVES

Study limitations
Our study has three main limitations:

• Spatial aggregation masks local heterogeneity of tsetse pressure (6.4% in Odienné vs. 31% in
Ferkessédougou according to [2]).

• The static model assumes parameter stationarity, whereas performance evolves with genetic improvement
and epidemiological cycles.

• The omission of transaction costs (acquisition of breeders, learning) and the exclusive focus on the return-risk
pair limit the immediate operational scope.

Research perspectives
Six avenues of research are opened:

• Regional generalization: Application to trypanosomiasis zones in Mali, Burkina Faso, Senegal, and Guinea
to test the reproducibility of invariance with ϕ and to map viability zones.

• Methodological extensions: Multi-objective optimization (Pareto frontier return-diversity-culture), bilevel
programming (State-farmers) to calibrate incentive policies, and multi-stage stochastic programming to
integrate climatic and sanitary uncertainty.

• Climate change: Coupling with IPCC RCP projections to anticipate the evolution of tsetse distribution and
optimal adaptation by 2050.

• Epidemiological modeling: SIR/SEIR models to capture intra-herd transmission dynamics and identify
precise thresholds (R0 < 1).

• Behavioral economics: Identification of psychological barriers (loss aversion, status quo bias) and design of
nudges to accelerate adoption.

• Experimental validation: Randomized controlled trial on 300 farmers (5 years) to causally measure the
impact of adoption and to develop a mobile decision-support application embedding our model (computation
time < 1 second).

The convergence of these avenues toward an operational tool experimentally validated and widely disseminated
constitutes the horizon of this research program, aiming to establish bioeconomic optimization under sanitary
constraint as a standard analytical framework for livestock policies in Sub-Saharan Africa.
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