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ABSTRACT

Senegal, located in West Africa, is an example of
a low- to middle-income country where the govern-
ment has prioritized improving livestock production
self-sufficiency, with a strong focus on dairy. Among
other initiatives, the use of exotic dairy cattle has been
promoted, despite no evidence for the potential liveli-
hood benefits (or otherwise) to smallholder farmers on
adopting the new genetics. The current work fills this
evidence gap by performing a farm-level economic study
comparing the keeping of different breed and cross-breed
types of dairy cattle under different management levels.
Data for the study were obtained by monitoring 220
smallholder dairy cattle farms, with a combined cattle
population of about 3,000 animals, over an almost 2-yr
period. Findings of the study suggest that the most
net-beneficial and cost-beneficial dairy cattle enterprise
that could be used by the smallholder farmers was to
keep crossbred indigenous zebu by exotic Bos taurus
animals under management standards that are consid-
ered good compared with local standards. This dairy
enterprise type was 7.4-fold more net beneficial and had
a 1.4-fold more favorable cost-benefit ratio than the
traditional system of keeping indigenous zebu animals
under poor (low-input) management. Interestingly, the
keeping of (near) pure B. taurus dairy cattle resulted
in the highest milk yields and thus benefit from milk,
but was not the most net beneficial due to the high
costs of keeping these animals, particularly in terms of
feed. We also found that increasing the management
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level of any of the breed or cross-breed types under
consideration, including the indigenous zebu animals,
resulted in an increased net benefit of 2.2- to 2.9-fold.
Results of this economic analysis are discussed as part
of a broader trade-off analysis, resulting in recommen-
dations to strengthen the Senegal dairy sector. The
combined intervention of improved dairy cattle genetics
and management is considered a promising interven-
tion to improve livelihoods of the rural poor as well as
livestock production self-sufficiency for Senegal; some
other system constraints are addressed.

Key words: smallholder, dairy cattle, Senegal, breed
comparison, net benefit

INTRODUCTION

In low- to middle-income countries (LMIC), the de-
mand for animal-source foods is predicted to continue
to grow for several decades, particularly in countries
of sub-Saharan Africa (Alexandratos and Bruinsma,
2012; Baldi and Gottardo, 2017). This growth is largely
driven by increasingly diverse diets among growing
higher-earning, urban populations (Delgado et al., 2001;
Herrero et al., 2009). Currently, much of this demand is
met by “low-input low-output,” risk averse, smallholder
or pastoral livestock keepers (FAO, 2012; Andrieu et
al., 2015). Looking toward the future, these systems—
transformed into more profitable and sustainable en-
terprises—are considered viable and important options
to help meet the rising demand for animal-source food
(ILRI, 2019).

Senegal is an example of an LMIC where the govern-
ment has prioritized improving livestock production
self-sufficiency, with a strong focus on dairy. Currently,
Senegal imports large amounts of dairy products, as
domestic production is unable to meet demand (Seck
et al., 2016). Local milk is mainly produced by cattle
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kept in smallholder or pastoral systems (Seck et al.,
2016). Milk yields are low, attributed to the low genetic
potential of the indigenous cattle breeds for milk, the
harsh environmental conditions under which the ani-
mals must perform, and the general lack of key inputs,
including feed and veterinary services. As part of larger
initiatives to increase domestic dairy production, the
Senegalese government has promoted the use of exotic
dairy cattle through subsidized AI campaigns (operat-
ing from 1994 to at least 2012), and currently has an
emphasis on “high-genetic-potential livestock” in its
National Program for Livestock Development (Diouf
et al., 2016; Seck et al., 2016). Despite these efforts,
no evidence base on potential livelihood benefits (or
otherwise) was available for farmers to make informed
decisions on whether to engage in the new dairy cattle
genetics. This is important because although food se-
curity is a global challenge and national governments
have their own agendas to improve domestic food
production, it will be up to local stakeholders and in-
dividual livestock keepers to apply interventions at the
farm level which will shape system transformation and
increased production.

This paper contributes to this far-level consideration
of the “most appropriate” actions to take for future
livestock production, specifically considering the choice
of dairy cattle enterprise type (defined as breed type of
cattle kept and level of inputs they receive) in house-
hold dairy systems in Senegal. A net benefit analysis
is presented for several different dairy enterprise types,
from indigenous breeds kept under traditional manage-
ment to improved breeds (crossbreds and exotics) kept
under improved management, that are currently being
practiced. The economic analysis presented here feeds
into a broader trade-off analysis, resulting in recom-
mendations to strengthen the Senegal dairy sector.

MATERIALS AND METHODS
Background to Study

This work is part of the “Senegal Dairy Genetics
Project” (https://senegaldairy.wordpress.com/) which
had a key objective of identifying the most appropriate
dairy breed or cross-breed type and management level
combination, for low- to medium-input household dairy
enterprises in selected production systems in Senegal.
The project was primarily funded by the Finnish Min-
istry of Foreign Affairs, through the FoodAfrica pro-
gram, and the CGIAR Research Program on Livestock
and Fish (International Livestock Research Institute,
Nairobi, Kenya).
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Study Site Description

Senegal, located in West Africa, has a tropical climate
with 2 seasons: dry from November to May and rains
from June to October (Seck et al., 2016). There are 7
distinct agro-ecological zones; of these, the Groundnut
Basin (Bassin arachidier), with a comparatively favor-
able climate, has Senegal’s highest densities of human
and livestock populations and crop production (Beal
et al., 2015). Subsequently, this region’s cattle systems
have experienced varying levels of intensification, with
examples of introduced “exotic” breed types (largely
through the state AI programs) and some improved
feeding regimens (Broutin and Diokhané, 2000; Seck
et al., 2016). Due to the presence of cattle of different
breed and cross-breed types, the regions of Thies and
Diourbel (both in the Groundnut Basin) were chosen
as study sites for the Senegal Dairy Genetics project
(Tebug et al., 2018). Thies has an average annual rain-
fall of 503 mm and an average temperature of 25.7°C
(ranging from an average in January of 23.3°C, to an
average in June of 27.6°C). Diourbel has an average an-
nual rainfall of 539 mm and an average temperature of
27.9°C (ranging from an average in January of 24.3°C,
to an average in June of 30.5°C; Climate-Data.org,
2019). Cattle in these regions are largely reared in low-
to medium-input agro-pastoral systems, relying highly
on natural pastures and crop residues, with additional
supplementation with feed concentrates (Tebug et al.,
2018; Salmon, 2017). See Appendix for further feed ra-
tion information.

Household Selection

Households were purposely selected for inclusion
in the study as follows. A list of dairy cattle—keeping
households (618) were identified within the sites based
on information provided by key informants (such as
service providers, staff of the Senegalese Ministry of
Livestock, as well as dairy cattle keepers themselves).
These were surveyed for basic information about their
household dairy enterprise, including number of cattle
kept and their breed type. From this, 246 households
were selected to participate in the study, based on will-
ingness to participate and maximization of diversity of
the cattle breeds represented. Of these, 220 (111 from
the Thies region and 109 from the Diourbel region)
were included in the final analysis, the others being
excluded for various reasons, such as not completing
all survey rounds. Throughout this process, a dairy
cattle—keeping household was defined as a household
keeping one or more cattle for the purpose of producing
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milk for human consumption, regardless of whether the
milk was consumed by household members or sold and
consumed by others.

Surveys and Data Collection

Data collection from project households and animals
was performed via 14 rounds of surveys, between May
2013 and April 2015. The surveys were implemented in
the local language of Wolof by a team of trained enu-
merators. The survey respondents included the house-
hold head (most commonly male, but female in 7.5% of
households), other household members (both male and
female), and hired herders (male), as appropriate to
particular survey questions.

The first survey round (May to July 2013) was a
baseline survey, collecting general information on the
households (such household membership, livelihood ac-
tivities, and asset base) as well as information relevant
to the household dairy enterprise. The second survey
round (July to September 2013) represented initiation
of the longitudinal monitoring period, which extended
for 22 mo. During the second survey round, a complete
animal census was taken and animals ear-tagged such
that they could be individually monitored (except for
male animals from the indigenous zebu breed, for which
data were collected group-wise for different groups of
animals). For each of survey rounds 3 to 14, imple-
mented at approximately equal time intervals between
September 2013 and April 2015, information was ob-
tained for the period between that survey visit and the
previous one, based on a combination of farmer recall
and farmer recording. This included animal perfor-
mance (e.g., milk yield and reproductive performance),
animal management (e.g., healthcare, feeding and herd-
ing practices), and economics of the dairy enterprise
(including benefits such as income from the sale of milk
or animals, and costs such as labor, animal healthcare,
animal feed, and marketing). All survey materials and
associated training manuals are available at http://
data.ilri.org/portal/.

Following each survey round, the collected data were
entered into a CSPro database (https://www.census
.gov/data/software/cspro.html) by the enumerators.
Basic checks on the data were performed (with any
resultant data queries checked with the enumerator or
survey respondent). The data were then collated across
enumerators and survey rounds in a MySQL database.

Approval to undertake this work in Senegal was
granted by the Direction de la Planification, de la
Recherche et des Statistiques, Division de la Recher-
che, based on the recommendation of the Comité Na-
tional d’Ethique pour la Recherche en Santé (permit
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409/MSAS/DPRS/DR), Ministére de la Santé et de
I’Action Sociale, Fann Résidence, Rue Aimé Césaire,
Dakar-Sénégal. Approvals were also obtained from the
Institutional Research Ethics Committee (IREC; refer-
ence number IREC2013-02) and Animal Care and Use
Committee (IACUC; reference number IACUC2013-06)
of the International Livestock Research Institute (ILRI;
Nairobi, Kenya). The ILRI TREC is registered by the
National Commission for Science, Technology and In-
novation (NACOSTI) in Kenya (registration number
NACOSTI/NBC/AC/01813) and is accredited to grant
ethical approval to research projects involving human
subjects: this approval is therefore recognized by the
government of Kenya (where ILRI is headquartered).
The TACUC is a self-regulating entity that was estab-
lished by ILRI for purposes of overseeing and evaluat-
ing all aspects of ILRI’s animal care and use program.

Cattle Breed Groups

All cattle in the study were assigned to a breed group,
which represented the main breed or cross-breed types
of cattle present. These were indigenous zebu (IZ);
indigenous zebu crossbred with Guzerat (IZXGZ);
indigenous zebu crossbred with recently introduced ex-
otic B. taurus (IZxBT); indigenous zebu crossed with
a higher proportion of B. taurus or any pure B. taurus
animals (BT), and other (subsequently excluded from
the analysis). The predominant indigenous zebu breeds
were Zebu Gobra and Zebu Maure. The Guzerat is
generally considered a tropical dairy or dual-purpose
breed of zebu type developed in Brazil from Indian
cattle (Peixoto et al., 2010). The main exotic B. taurus
breeds were Montbéliarde and Holstein Friesian, both
strongly bred for high milk yield.

Animals were assigned to a breed group, based on ei-
ther genomic information or using ancestry information
from farmer recall, as follows. For the genomic assign-
ment, 624 female animals (selected based on having the
most informative lactation records) were genotyped us-
ing the Bovine 50K SNP chip (Illumina Inc., San Diego,
CA). Admixture analysis was performed on this and
reference data, using Bayesian Analysis of Population
Structure software (version 6; Corander et al., 2008)
with predefined clustering. Based on the admixture re-
sult, the proportions of ancient (indigenous) zebu (AZ),
recent zebu (RZ), ancient taurine (AT), and recent
taurine (RT) were derived for each animal. Animals
were subsequently assigned to a breed group as given
in Table 1. For assignment based on farmer recall, the
farmers were asked to name the breeds of each of their
animal’s grandparents (i.e., sire of sire, dam of sire, sire
of dam, and dam of dam). Based on this information,
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Table 1. Criteria for assignment of animals to breed groups, using either genomic information or ancestry

information provided by farmer recall

sl
Based on proportions

Breed group Genotyped Recall
Indigenous zebu (IZ) 0.88-0.99 AZ 1.00 AZ
17 crossbred with Guzerat 0.39-0.86 AZ 0.50-0.75 AZ
0.13-0.61 RZ 0.25-0.50 RZ
1Z crossbred with Bos taurus 0.38-0.84 AZ 0.50-0.75 AZ
0.13-0.61 RT 0.25-0.50 RT
17 crossbred with a higher proportion of 0.00-0.36 AZ 0.00-0.25 AZ
B. taurus or pure-bred B. taurus 0.63-0.98 RT 0.75-1.00 RT

"Where AZ refers to ancient (indigenous) zebu; RZ refers to recently introduced zebu; and RT refers to recently
introduced B. taurus. AZ breeds are mainly Zebu Gobra and Zebu Maure; RZ breeds are mainly Guzerat; and
RT breeds are mainly Holstein Friesian and Montbéliarde.

the proportions of AZ, RZ, AT, and RT were derived,
and animals similarly assigned to breed groups as per
Table 1.

Household Management Levels and Dairy
Enterprise Types

All households were classified into 2 management
levels using milk yield as a proxy. Test-day milk yields
(excluding milk suckled by calves), expressed in stan-
dard deviation units from the breed group mean, were
averaged across all animals in a household. Households
were ranked based on this average, and the top 50% of
households classified as “better management” and the
bottom 50% as “poorer management.” Note that this
meant that poorer or better management for one breed
group was not necessarily the same level of management
as poorer or better for another breed group. For ex-
ample, when considering annual cost of purchased feed
(the main input cost to dairy production, see Results
and Discussion), households with poorer management
that kept IZ animals had a considerably lower cost than
households with poorer management that kept IZxBT
animals. Thus, to use more informative labeling for the

Table 2. Dairy enterprise types

different dairy enterprise types, defined in this work as
a combination of breed type and management level, we
coded management as 4+, ++, ++-4, and ++4+-+4++,
each representing a higher feed cost. For example, the
dairy enterprise type with 1Z animals and the lowest
feed cost was denoted 1Z+, whereas the dairy enterprise
type with BT animals and the highest feed cost was
denoted BT++++4. See Table 2 for further details: it
is recognized that feed cost is a proxy for management
level. Note that only 3 households kept BT animals
under poor management, and thus these were excluded
from further analysis.

Data Overview

Throughout this paper, the following terminology is
used in relation to animal age classes: calves are <12
mo of age; young animals are >12 but <36 mo of age;
and mature (or adult) animals are >36 mo of age. Ma-
ture females are also referred to as cows.

At the time of census, the number of cattle owned by
the 220 study households was 3,202. Household herd
size, for all animals including young and calves, ranged
from 1 to 74, with the majority (79%) of households

Household
Breed group management level Feed cost,' $ Dairy enterprise type”
Indigenous zebu (1Z) Poorer 132 17+
1Z crossbred with Guzerat Poorer 184 1ZxGZ+
17 Better 365 1Z++
1Z crossbred with Guzerat Better 371 1ZxGZ++
17 crossbred with Bos taurus Poorer 349 1ZxBT++
1Z crossbred with B. taurus Better 688 1ZxBT+++
17 crossbred with a higher proportion of Better 1,230 BT++++

B. taurus or pure-bred B. taurus

"Feed cost is the annual cost of feed at the herd level, according to the scenario of “current production system.”

*Using terminology from this paper, where IZ = indigenous zebu; I1ZxGZ is IZ crossbred with Guzerat; IZxBT is IZ crossbred with B. taurus;
and BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B. taurus. The number of + denotes annual feed cost, with + low

and ++-++ high.

Journal of Dairy Science Vol. 103 No. 9, 2020
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Table 3. Number of households and animals for the dairy enterprise types'

Dairy enterprise type®

Item? 17+ 174+ 1ZxGZ+ 1ZxGZ++ 1ZxBT++ 1ZxBTH+4+ BT++++
Households [no. (%)] 62 (30.7) 44 (21.8) 23 (11.4) 16 (7.9) 14 (6.9) 33 (16.3) 10 (5.0)
Total animals [no. (%)] 1,093 (38.1) 486 (17.0) 403 (14.1) 182 (6.4) 170 (5.9) 363 (12.7) 169 (5.9)
Mature females [no. (%)] 537 (40.0) 237 (17.7) 171 (12.7) 96 (7.2) 71 (5.3) 187 (13.9) 44 (3.3)

At the time of census. Note that at any particular time during the survey period, the numbers of animals would vary from that given here due
to entries and exits of animals from household herds throughout the survey period.

*Households and total animals presented in this table do not sum to the reported 220 households and 3,202 animals identified for the project.
Households defined to an “other” majority breed type or to the minority BT+++ category have been removed from analysis.

Dairy enterprise types are defined as a combination of breed type kept and level of management the animals are raised under, using annual
cost of feed as a proxy. For breed type: IZ = indigenous zebu; 1ZxGZ is 1Z crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus;
and BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B. taurus. The number of + denotes annual feed cost, with + low

and +-+++4 high.

having 20 or fewer animals. Considering mature females
only, the range was from 1 to 45, with the majority
(83%) of households having 10 or fewer. Within the
combined herd (i.e., over all households), the main ani-
mal types present were mature females (49% of all ani-
mals), followed by young females (15%), female calves,
young males, and male calves (11, 10, and 9%, respec-
tively), and mature males (7%). The most represented
breed group was 1Z (49% of all animals), followed by
1ZxBT (22%) and 1ZxGZ (21%); the least represented
breed group was BT (9%).

The number of households and animals for each of
the different dairy enterprise types are given in Table
3. Here, households keeping more than one breed group
of animals were classified by the main breed group they
kept. For households, the most represented was IZ-+
(31%) and the least represented BT++++ (5%). This
is reflective of exotic dairy cattle being relatively newly
introduced to Senegal and only used by a small propor-
tion of dairy cattle keepers (likely lower than the pro-
portions indicated here, due to the purposeful sampling
used in this study). The most represented animal breed
type was 1Z, with a total of 1,579 animals; the least was
BT with only 169 animals.

Economic Model

The model used to determine net benefit and cost-
benefit ratio of the different household dairy enterprises
is given in Marshall (2018). Briefly, this model pro-
vides a financial appraisal of smallholder dairy cattle
enterprises. Benefits are generated from milk sale or
household consumption (the latter valued at milk
sale price) and animal sales. Costs are incurred due
to animal healthcare, feed, water, and housing; labor,
with household labor valued as per hired labor; those
associated with reproduction, such as AI or purchase
of a breeding animal; and those incurred in the sale of
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animals, such as brokerage or transport. Benefits and
costs are calculated on a “per cow per annum” (pcpa)
basis, where a cow is considered a breeding female at-
tached to followers (i.e., her progeny). A herd model is
used, where all animals are born into the herd (except
for AT sires and purchased breeding bulls), and the fate
of animals born into the herd is death or sale or being
retained in the herd for use as a breeder with later sale
as a cull for age cow or bull (see Figure 1). Age classes
of animals used in the model were calf, young, and ma-
ture (see definitions above), with the maximum age of
mature male and female animals being allowed to differ.
Labor, water, and animal housing costs were considered
herd-level invariant given the relatively small herd sizes
under consideration: in the model, these costs were at-
tributed equally to each breeding cow. Net benefit
was calculated as the difference between the benefit .,
and cost ., Whereas the cost-benefit ratio was calcu-
lated as 1:(benefit,.,./cost,epa)-

bepa

Model Scenarios

Model scenarios, unless otherwise stated, were pa-
rameterized as follows. They assumed a herd size of 8
adult (breeding) cows, reflecting a typical herd size of
the study herds. Animal and economic level parameters
were as given in Table 4 (see also below and in the
Appendix). The reproductive scenarios used were bull
born in own herd for 1Z and 1ZxGZ dairy enterprise
types, and Al for IZxBT and BT dairy enterprise
types, reflecting the most common reproductive prac-
tices used by the different dairy enterprise types.

Note that the model estimated net benefit and cost-
benefit ratio for each of the different dairy enterprise
types; however, a variance around these estimates was
not obtained. This was because many of the input pa-
rameters were single estimates for each dairy enterprise
type (e.g., milk yield because it was calculated as a
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best-fit lactation curve across all animals within a breed
type and management level, or because the parameter
was estimated as a mode). Thus, formal statistical com-
parison between the net benefit and cost-benefit ratio
between the different scenarios was not performed.

Estimation of Parameters

The parameters presented in Table 4, 35 in total,
were estimated from survey data. Parameters esti-
mated at the animal level (e.g., mortality rates, milk
yields, animal sale price, feeding costs) were calculated
for each animal group (combinations of breed, manage-
ment level, sex, and age) using individual animal data.

Breeding male
(purchased bull)

1
1
1
~ 1 !
1
1
1
1

= 1
A A 4

Female calves

Dead

Young females

Dead

““(bulborninown herd) " i

Breeding females

Dead

Sold Dead

Dead

8202

Parameters estimated at the household level (e.g., the
cost of labor, animal housing) were calculated for each
dairy enterprise type from household data. Further
details for individual parameters are given in the Ap-
pendix.

Any data collected while animals were transhumant
(i.e., moving with herders away from the home base
in search of pasture and water, which occurred during
part of the survey period for 35 of the 220 households),
was not used, as the quality of these data could not
be verified. Thus, the estimated parameters apply to
non-transhumant herds.

It was not possible to determine the accuracy of
parameter estimates in all cases because of the ap-

Artificial insemination

Breeding male

—— > Sold (as cull
for age)

Male calves

Young males

Mature males

Sold

Figure 1. Illustration of the herd model utilized (adapted from Marshall, 2018). The 3 alternate reproductive scenarios on the male side are
shown (dotted lines). Calf, young, or mature animals are sold, or die, uniformly over the time they are in that category, except in relation to

female sale, which occurs at the end of the young period.
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Table 4. Parameters used in the model, as estimated from animal and household data, for the dairy enterprise types1

Dairy enterprise type

Parameter 12+ 1Z++ 1ZxGZ+ 1ZxGZ++  1ZxBT++ 1ZxBTH+++ BTH++++
Milk yield per lactation (L)? 307 899 408 907 931 1,863 2,251
Annual milk yield (L) 175 568 223 640 508 1,315 1,422
Milk suckled by male calves (L/d)* 2.09 2.10 2.10 2.10 2.10 2.10 2.11
Milk suckled by female calves (L/d)* 1.82 1.82 1.81 1.81 1.81 1.81 1.81
Time birth to weaning (mo) 9 9 9 9 9 9 9
Age at first calving (yr) 4.25 3.75 3.67 3.67 3.50 3.50 3.33
Calving interval (yr) 1.79 1.50 1.79 1.50 1.79 1.50 1.50
Calving rate (calves/birth)? 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Stillbirth rate (dead calves/birth) 0.04 0.04 0.14 0.14 0.04 0.04 0.08
Age at cow culling (yr) 9 9 9 9 9 9 9
Annual mortality rates males® 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Annual mortality rates females” 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Male animal sold as calves (%) 10 10 10 10 10 10 10
Male animals sold as young (%) 40 40 40 40 40 40 40
Male animals sold as adults to 5 yr (%) 50 50 50 50 50 50 50
Milk sale price ($/L)" 0.85 0.85 0.85 0.85 0.85 0.85 0.85
Sale price ($/animal)
Male calf® 273 273 273 273 360 360 1,066
Young male® 299 299 349 349 911 911 1,586
Mature male® 445 445 655 655 738 738 1,360
Young female 427 427 446 446 938 938 1,870
Cull female 368 368 427 427 1,063 1,063 1,063
Health cost ($/animal per year)
Male calf 0.10 0.19 0.16 0.23 0.35 0.36 0.81
Young male 0.09 0.18 0.15 0.21 0.33 0.34 0.76
Mature male 0.05 0.10 0.08 0.11 0.17 0.18 0.40
Female calf 0.20 0.41 0.34 0.49 0.76 0.78 1.75
Young female 0.18 0.37 0.30 0.43 0.67 0.69 1.54
Mature female 0.36 0.72 0.59 0.85 1.32 1.36 3.04
Feed cost éﬁi g animal per year)
Male calf”' 21 56 33 60 61 111 210
Young male”'’ 59 153 91 168 168 298 562
Mature male’ 94 235 138 253 247 440 805
Female calf > 15 42 25 45 46 83 156
Young breeding female™!’ 43 111 66 122 122 217 409
Young nonbreeding female®" 43 111 66 122 122 216 407
Mature female’ 123 328 179 366 337 671 1,251
Watering cost ($/herd per year) 37 37 37 37 37 37 37
Labor cost ($/herd per year)"! 714 714 714 714 714 714 714
Animal housing cost ($/herd per year)' 3.40 3.40 3.40 3.40 104 191 191
AT cost ($/AI) 68 68 68
Breeding bull purchase cost ($/bull)" 445 445 656 656 1,361 1,361 1,786

'Dairy enterprise types are defined as a combination of breed type kept and level of management the animals are raised under, using annual
cost of feed as a proxy. For breed type: 1Z = indigenous zebu; 1ZxGZ is 1Z crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus;
and BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B. taurus. The number of + denotes annual feed cost, with + low
and ++-++ high.

?Averaged over 3 lactations, from lactation yields calculated separately for first and later parities, not including milk suckled by the calves.
Averaged across dry and lactating cows, not including milk suckled by the calves.

*Averaged over the suckling period.

*Includes those born both dead or alive.

Mortality rates did not differ for calf, young or mature cohorts.

"Applied to both milk sold and milk consumed by the household.

®The proportion of males sold as calf, young, and mature, of the total sold, was 0.10, 0.40, and 0.50, respectively.

9 Assumes no cost associated with pasture grazing.

"Calculated daily when animals are growing (i.e., until they reach mature age) and shown here as an average across the calf or young period.
"Household labor was valued at the same cost as hired labor.

2Considers building and maintenance costs, and the proportion of the building used for dairy animals, assuming 15-yr building life span.
Breeding bulls were used for 2 yr before being sold.
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proach by which some parameters were estimated (see
Appendix). However, it should be borne in mind that
this accuracy will vary according to parameter type
and the number of animals or households on which
the parameter is being estimated. In particular, care
should be taken in interpreting results for BT++++
enterprises, as relatively few animals and households
were categorized into this group.

Although economic data were collected in the local
currency of Senegal (the West African CFA franc), eco-
nomic parameters are reported here in United States
dollars using a conversion ratio of $1 = 588.24 CFA.

Parameter Overview

An overview of some of the key parameters, and how
they vary between the different dairy enterprise types,
follows. Milk yield per lactation (excluding that suckled
by the calves) notably varied between the different dairy
enterprise types, ranging from 307 L for 1Z+ to 2,251 L
for BT++++ (a 7.3-fold difference). These milk yields
are similar to that found for other studies in Africa
(Das et al., 1999; Tadesse and Dessie, 2003; Millogo et
al., 2008; Fayeye et al., 2013; Galukande et al., 2013).
Age at first calving was between 3.3 and 4.3 yr, whereas
calving intervals were 1.5 to 1.8 yr, again aligning with
that previously reported for Africa (Marshall et al.,
2011, 2013; Ejlertsen et al., 2012a,b; Galukande et al.,
2013). Mortality rates were reasonably low across all
dairy enterprise types and age classes of animals (0.02
to 0.04).

The sale price of milk was the same for all dairy
enterprise types (there was no milk quality-based pay-
ment scheme operating in the study sites) at $0.85/L.
The sale price of male animals as young or mature
(when they were most commonly sold) was highest for
BT animals (by a considerable margin), followed by
1ZxBT, 1ZxGZ, and finally 1Z (which had the lowest
sale price). The sale price of young female and cull
for age cows followed a similar pattern. Surprisingly,
no difference in sale price was observed for animals of
the same breed type raised under different manage-
ment levels. For males, the highest and lowest sale
prices were for BT++++ young males at $1,586 per
animal and IZ+ calves at $273 per animal, respectively.
For females, these were BT++++ young females at
$1,700 per animal and 1Z+ cull for age cows at $368
per animal, respectively. The very high sale price of BT
animals compared with other breed types likely reflects
their current rarity and may change in the future.

Purchased feed was a major expense, for example,
at between $123 to $1,251 per year for mature females

Journal of Dairy Science Vol. 103 No. 9, 2020

8204

(cows). Purchased feed costs were (by definition) high-
est for ++++, followed by +++, ++, and finally +.
For the mature females, the feed costs for ++4-+, +++,
and ++ were, on average, 8.3-, 4.2-, and 2.3-fold higher
than that of +. Note that purchased feeds could be a
supplement to pasture grazing. No cost was assigned to
pasture grazing, as this was commonly on communal
grazing lands that the farmers could access for free.
Labor costs were estimated at $714 per herd per year
for all dairy enterprise types. Housing costs, which were
substantive only for the IZxBT and BT dairy enter-
prise types, where walled structures were built, were
$104 and $191 per herd per year, respectively. The cost
of healthcare was limited for all dairy enterprise types
(generally less than $2 per animal per year). This is
likely reflective of health conditions commonly going
unnoticed, untreated, and unreported (Tebug et al.,
2015; Salmon, 2017), challenges in accessing veterinar-
ian services (Salmon, 2017), or both.

RESULTS AND DISCUSSION
Current Production Systems

We found a 7.4-fold difference in net benefit between
the most and least beneficial dairy enterprise type,
meaning significant livelihood gains could be made by
many smallholder dairy keepers by optimizing both
dairy breed type and management system (Figure 2
and Table 5). The most net-beneficial and cost-benefi-
cial dairy enterprise type was IZxBT+++, with a net
benefit of $758 pcpa and cost-benefit ratio of 1:1.66.
This dairy enterprise type, based on improved dairy
cattle genetics and management, is still not commonly
adopted in Senegal, despite various initiatives to this
end (Seck et al., 2016). The least net beneficial and
cost-beneficial dairy enterprise type was IZ+, where net
benefit was $102 pcpa and the cost-benefit ratio 1:1.22.
This is the traditional, and likely most commonly
practiced, cattle-keeping system in Senegal (Seck et
al., 2016). Interestingly, the keeping of pure, or near
pure, exotic dairy animals under good management
(BT++++) did not result in the highest net benefit,
despite these animals having the highest milk yields.
This was due to the high costs, particularly for feed, as-
sociated with keeping these animals (e.g., in comparing
BT++++ with IZxBT+++, the former had 1.1-fold-
higher benefits but 1.5-fold-higher costs).

Benefit in this system was due to milk and animal
sale (in some smallholder dairy systems, the sale of
manure is important; however, this was not the case
for these study sites). Milk accounted for most of the
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Table 5. Net benefit ($/cow per year) for the dairy enterprise types' under different scenarios”

Dairy enterprise type

Scenario 172+ 1Z++ 1ZxGZ+ 1ZxGZ++ 1ZxBT++ 1ZxBT+++ BT++++
Current production systems
Net benefit ($/cow per year) 102 241 111 317 351 57 492
Fold difference in benefit compared with 1Z+ 2.4 1.1 3.1 3.4 7.4 4.8
Varying reproductive scenarios
Bull born in own herd 102 241 111 317 401 815 549
Purchased bull 91 212 94 286 331 721 422
Al 50 183 60 259 351 57 492
Varying reproductive scenarios®
Purchased bull — — — — 390 792 545
Al — — — — 387 797 551
Varying sale age of male progeny
All sold as calves —21 15 —44 73 66 309 —291
Sold equally as calves and young 120 322 121 373 419 919 825
All sold as young 113 297 116 354 456 941 792

'Dairy enterprise types are defined as a combination of breed type kept and level of management the animals are raised under, using annual
cost of feed as a proxy. For breed type: IZ = indigenous zebu; 1ZxGZ is 1Z crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus;
and BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B. taurus. The number of + denotes annual feed cost, with + low
and ++++ high.
?All values are net benefit ($ /cow per year) under different enterprise types apart from the fold difference in benefit of current enterprise types
to the IZ+ type.

*With herd size increased to 12 cows for IZxBT and 16 cows for BT.

2500 18
2000 Benefit (8 per cow per year)
m Milk sales
1500 Animal sales
1000 » ‘ Milk suckled
§ 2 Costs (S per cow per year)
E 500 T IN\\—a A\ g Milk suckled
2 5 Feed
g 0 1 L&X\\\\\&I&\\\\&Ii\\\\\\\%l&\\\&.t\\\\\\&l&\\\\&.&\\\\& ;é Labour
-500 1 N Reproduction
Housing
e Watering
Health

@  Net benefit (S per cow per year)

A\ Cost-benefit ratio
1Z+ 1Z + x6Z+ EZXG6Z++ 1ZxBT++1ZxBT+EF BTt

Dairy enterprise type

Figure 2. Benefit components, cost components (shown as the negative of the actual cost), and net benefit ($ per cow per year; left axis); and
the benefit component of the cost-benefit ratios (right axis) for the dairy enterprise types. Dairy enterprise types are defined as a combination
of breed type kept and level of management the animals are raised under, using annual cost of feed as a proxy. For breed type: I1Z = indigenous
zebu; 1Zx GZ is 1Z crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus; and BT is IZ crossbred with a higher proportion of B. taurus
or pure-bred B. taurus. The number of + denotes annual feed cost, with + low and ++++ high.
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benefit (61 to 78%, depending on the enterprise type),
inclusive of milk sold or consumed in the households,
as well as that suckled by the calf (which typically oc-
curred until calves were about 9 mo of age). Herd types
with lower milk yield (where milk yield refers to that
actually milked, rather than calf suckled) had a greater
proportion of their milk value allocated to calf suckling
compared with herds with higher milk yield. For exam-
ple, almost two-thirds of the milk value for IZ+ herds
went to maintaining calves, whereas for I[ZxBT+++, it
was one-fifth of the milk value. If considering only milk
and animal sales (i.e., those generating cash revenue
for the household), milk sale accounted for 45 to 69%
of the total benefit. In breaking down the benefit from
animal sales, the proportions were 2 to 3% (depending
on the enterprise type) for calves, 14 to 20% for young
males, 20 to 34% for mature males, 9 to 22% for young
female, and 32 to 45% for mature females. For males,
this reflects the observed practice of male animals being
sold up to 5 yr of age, with few (10%) sold as calves.
For females, this reflects that most females born into
the herd are retained for use as breeders and later sold
as a cull for age cows.

The greatest cost to the household dairy enterprise
was the provision of nutrition to the animals (either
milk for calves or actual feed), which accounted for 79
to 89% of total costs (depending on the enterprise type).
Within each breed group, households with a higher level
of management had a 2- to 3-times-higher purchased
feed cost compared with households with lower levels
of management, the latter being more likely to rely on
free grazed pastures to maintain their animals (Salmon,
2017). Likewise, herds with exotic BT genetics had a
greater feed cost than herds with IZ or IZx GZ genetics,
due to higher use of more costly supplementary feeds in
the BT herds (Salmon, 2017). For example, the annual
feed cost for IZxBT+4+ was about 2-fold higher than
that for IZxBT ++ and 5-fold higher than that for
1Z+. The next major costs were labor (which accounted
for 5 to 19% of the total costs), female reproductive
costs for herds using AT; that is, IZxBT or BT (3 to 7%
of the total costs), and animal housing for herds where
shaded structures were built, again IZxBT or BT (1.5
to 2.0% of the total cost). Other minor costs were for
watering (0.3 to 1% of the total costs), healthcare (0.1
to 0.3% of the total costs), and animal housing for 1Z
and 1ZxGZ (0.1 to 0.3% of total costs; this may be, for
example, to buy rope for fencing).

Notably, the model suggested that all breed types
provided a higher net benefit when a higher level of
management input was used (Figure 2). For IZ, this
was 2.4-fold higher, for IZxGZ 2.9-fold higher, and for
1ZxBT 2.2-fold higher. This indicates that it is cost
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effective for livestock keepers to invest in higher levels
of input management to improve the production and
net benefit of their herds. A comparison of the animal-
level parameters for these different dairy enterprise
types, where milk yields, for example, increased 2- to
3-fold with improved management alone, reinforces the
recognition that livestock in sub-Saharan Africa do not
regularly meet their genetic potential for production
due to the harsh environmental conditions under which
they must perform, including from low-input manage-
ment practices (Chagunda et al., 2004; Ayenew et al.,
2009; Garg et al., 2013).

In this study, we cannot partition the value of im-
proved genetics from the effects of better management
input, as management levels were not consistent across
breed groups (a result of the study using field data).
However, 3 scenarios had roughly similar feed costs
(and thus presumably feed levels), which can be thus be
used to make some comparisons to this end. These were
1Z++, 1ZxGZ++, and 1ZxBT++, where feed costs
were $365, $371, and $349 pcpa, respectively (Table
2). Here, lactation milk yields differed only slightly, at
899, 907, and 931 L, respectively, suggesting that ge-
netics is not a large contributing factor to milk yields at
this level of management. Unfortunately, there were no
study households keeping 1Z or 1Zx GZ genetics under
++4+ or higher management, where a differentiation in
milk yields could be expected (given that GZ and, in
particular, BT breeds, have been heavily selected for
this trait). Such a study (perhaps additionally consider-
ing not managing versus managing the environment for
heat stress) is warranted.

Changing Herd Size

In considering a range of herd sizes (1 to 16 breeding
females, plus their followers) an increased net benefit
per cow was observed with increasing herd size, al-
though with diminishing returns (Figure 3). This was
due to the costs of labor, housing, and water, being
considered constant irrespective of the herd size, as ex-
plained above. The model suggests that small herd sizes
(with 3 or fewer breeding females) can have a negative
net benefit. Minimum herd sizes that were (just) net
beneficial ranged from 2 to 4, depending on the dairy
enterprise type. Whatever the herd size, IZxBT herds
with a higher level of management (+++) gave the
highest net benefit.

In extrapolating these results to larger herd sizes (be-
yond 16 breeding females), it should be borne in mind
that a herd size will be reached where additional invest-
ments in labor, housing, and water would be required.
This would result in a decrease in net benefits (due to
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Figure 3. Net benefit ($ per cow per year) with varying herd size, as the number of breeding females kept, for the dairy enterprise types.
Dairy enterprise types are defined as a combination of breed type kept and level of management the animals are raised under, using annual cost
of feed as a proxy. For breed type: IZ = indigenous zebu; 1ZxGZ is 1Z crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus; and
BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B. taurus. The number of + denotes annual feed cost, with + low and

++-++ high.

the additional costs), following which net benefit would
increase (with diminishing returns) as herd size further
increases.

Alternative Reproductive Scenarios

Reproductive options available to farmers within the
study sites included use of a bull that was born into
their own herd, AI, or purchase of a breeding bull. For
all dairy enterprise types, the most net beneficial of
these was using a bull for free (Table 5; however, unless
farmers were to swap bulls, this practice will lead to
unacceptably high levels of inbreeding over time (the
effects of which were not included in the model). For
dairy enterprises keeping IZ and IZxGZ animals, the
next most net-beneficial reproductive strategy was bull
purchase (with profit 0.85 to 0.90 of that of bull born
into own herd, and assuming the bull was used for 2 yr
before sale); for IZxBT and BT herds, the next most
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net-beneficial reproductive strategy was use of AT (with
net benefit 0.87 to 0.93 of that of a bull born into own
herd). The latter can be attributed to the high pur-
chase price of breeding bulls with exotic genetics and
the relatively small herd size of 8 breeding cows. Net
benefit from purchased bulls or AI was about equal for
the IZx BT scenario with 12 cows and the BT scenario
with 16 cows, and then was increasingly more favor-
able for purchased bulls as the herd size increased. This
being the case, use of Al has numerous advantages, in-
cluding typically larger sire selection choice (compared
with buying breeding animals) and less risk of sexually
transmitted reproductive disease, and thus may remain
preferred.

Male Calves Sold Earlier

Male animals born into the herds were observed to
be kept up to 5 yr of age before sale. To test the net
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Table 6. Percentage change in net benefit ($ per cow per year) when each economic parameter is increased in isolation by 10% for the dairy

enterprise types'”

Dairy enterprise type

Economic parameter 17+ 1Z++ 1ZxGZ+ 1ZxGZ++ 1ZxBT++ 1ZxBT+++ BT++++
Milk price 14.55 19.98 17.03 17.14 12.30 14.76 24.56
Feed cost —12.96 —15.13 —16.52 —11.70 —-9.94 -9.10 —25.00
Animal sale price 17.69 9.11 18.06 7.58 12.19 6.69 14.10
Labor costs —8.72 —3.70 —8.03 —2.81 —2.54 —1.18 —1.81
AT costs -3 — — — —1.43 —0.76 -1.17
Water costs —0.46 —0.19 —0.42 —0.15 —0.13 —0.06 —0.10
Housing costs —0.04 —0.02 —0.04 —0.01 —-0.37 —0.32 —-0.49
Healthcare costs —0.06 —0.06 —0.09 —0.05 —0.06 —0.03 —0.11

'Dairy enterprise types are defined as a combination of breed type kept and level of management the animals are raised under, using annual
cost of feed as a proxy. For breed type: IZ = indigenous zebu; 1ZxGZ is 1Z crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus;
and BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B. taurus. The number of + denotes annual feed cost, with + low

and +-+++ high.

2Chamges to net benefit of the same magnitude, but in the opposite direction, were observed when reducing economic parameters by 10%.
*No values for Al for I1Z and 1ZxGZ enterprise types, as these did not use AL

benefit of selling males at earlier ages (compared with
the standard scenario where 10, 40, and 50% of male
progeny were sold as calves, young, and mature animals
to 5 yr, respectively), scenarios were run with male
progeny either all sold as calves, equally sold as calf or
young, or all sold as young (Table 5). For 1Z, 1ZxGZ,
and BT dairy enterprise types, where the young male
scale price was moderately increased over the calf sale
price (by 10, 28, and 49%, respectively), it was most
net beneficial to sell males equally as calf and young,
with net benefit increasing by 9 to 68%. For the IZxBT
dairy enterprise types, where young male sale price
was noticeably higher than the calf sale price (153%),
the most net beneficial option was to sell all males as
young, with net benefit increasing by 24 to 30%. Thus,
dairy enterprises can increase net benefit by optimizing
when they sell their male animals. In practice, however,
this may be difficult for households to achieve, due to
the selling of animals for a variety of reasons, including
emergency sales (as was reported for nearly one-third
of the study animals sold).

Sensitivity Analysis of Net Benefits

A sensitivity analysis was performed to determine the
change in net benefit if economic parameters changed
by 10% of their current value (Table 6). As expected,
with benefits based on milk and animal sales value, both
these parameters have a notable effect on net benefits.
Likewise, as feed costs constitute a large proportion of
total herd costs, changes to feed costs have a notable
effect on net benefits, followed by labor costs.

Further analysis of the influence of milk price on net
benefit indicated that if milk price were to increase
above the current price, IZxBT+++ dairy enterprise
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types would still have the highest profit, even though
the increase in profit would be highest for BT++4+
households as they produce the most milk (Figure 4).
Should milk prices drop, BT++++ would be the most
likely to experience loss-making, at around a 40% drop
in milk prices from the baseline. Other herd types
would become loss-making if milk prices were to drop
by between 60 and 90%.

The IZxBT+++ dairy enterprise type remained with
the highest net benefit with increased cost of purchased
feed (Figure 5), suggesting that this dairy enterprise
type is the most resilient to increases in feed price. The
BT++++ herd appeared to be the most vulnerable
to feed price increases, with households becoming loss-
making with a 40% increase in feed cost: this stems
from the higher proportion of total costs attributable
to purchased feed (at 73%, vs. 29 to 60% for the other
scenarios). If feed costs were to decrease by more than
half, the BT++++ “exotic” herds would become the
most net beneficial because their high milk benefits
would no longer be outweighed by the high feed costs.

In considering changes to animal productivity pa-
rameters, net benefit was most sensitive to total milk
produced (both that milked and suckled by the calves;
Table 7), as expected, given that this is where the larg-
est proportion of herd benefits is derived. The next
most sensitive parameters were age at first calving and
calving interval, which affect the number of lactations
per lifetime of animal, and thus also milk production, as
well as the number of animals born and thus sold. Re-
gardless of which parameter was changed, IZxBT+++
gave the highest net benefit. These results highlight
milk production and reproduction as being the target
production parameters to improve among these herds.
It also indicates that efforts should be taken to ensure
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that reported milk and reproductive parameters are
accurate, as these have the greatest effect on model
results.

Synthesis of Results

The keeping of IZxBT breed type under good man-
agement (+-++) gave the highest net benefit and cost-
benefit ratio, by a considerable margin, under a range
of scenarios. Although attribution could not be shown
here, this result was most likely due to the improved
genetics, a combination of the well-adapted local breeds
with the highly productive exotic breeds, and ability
for this to be expressed by good management. It is
unfortunate that not all combinations of breed type
and management level were included in the study: in
particular, IZxGZ cross-breed under good management
(+++) should not be ruled out as promising because it
was not tested.

8209

Methodological Considerations

A major strength of the methodology used in this
study was its in situ nature, with data obtained from
farms undertaking their normal practices. This reduces
concerns about genotype by environment interactions,
which are often raised in relation to research station
trials where management practices can differ from
that of the farmers. One limitation of in situ studies,
however, is that options to be compared are limited to
what farmers currently practice, and thus some poten-
tially interesting options can be missed. In this study,
this was the case for dairy enterprises keeping IZ and
1ZxGZ animals under high management levels (+++
and ++++) and, of course, for any breed or cross-
breed types not present that may be more beneficial.

A key factor in this study was the availability of
genomic approaches to assign breed composition to
individual animals. Previously, this would have been
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Figure 4. Change in net benefit ($ per cow per year), when milk price is altered by varying proportions (%) from the current milk cost
(shown by the vertical dashed line) for the dairy enterprise types. Dairy enterprise types are defined as a combination of breed type kept and
level of management the animals are raised under, using annual cost of feed as a proxy. For breed type: 1Z = indigenous zebu; 1ZxGZ is 1Z
crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus; and BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B.
taurus. The number of + denotes annual feed cost, with + low and ++++ high.

Journal of Dairy Science Vol. 103 No. 9, 2020



Marshall et al.: INCREASING BENEFIT OF SMALLHOLDER DAIRY FARMS

8210

Table 7. Percentage change in net benefit ($/cow per year) when each animal parameter was made more favorable,! in isolation, by 10% for

the dairy enterprise types®

Dairy enterprise type

Animal parameter 17+ 1Z++ 1ZxGZ+ 1Zx GZ++ 1ZxBT++ 1ZxBT+++ BT++++
Total milk produced® 14.5 20.0 17.0 17.1 12.3 14.8 24.6
Productive life 2.9 1.8 2.0 1.2 0.6 0.6 4.6
Mortality rate 0.5 1.2 0.9 0.9 0.3 0.6 0.8
Stillbirth rate 0.5 0.0 1.5 0.2 0.3 0.0 0.2
Age at first calving 7.2 5.1 6.1 3.8 2.8 24 8.4
Calving interval 10.9 0.5 8.8 0.9 4.5 0.3 1.2

"More favorable refers to an increase in milk yield and productive life and a decrease in all other parameters. Changes to net benefit of the same
magnitude, but in the opposite direction, were observed when animal parameters were made less favorable 10%.

Dairy enterprise types are defined as a combination of breed type kept and level of management the animals are raised under, using annual
cost of feed as a proxy. For breed type: 1Z = indigenous zebu; [ZxGZ is 1Z crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus;
and BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B. taurus. The number of + denotes annual feed cost, with + low

and ++-++ high.
*Inclusive of both that milked and milk suckled by the calves.

difficult, if not impossible, due to the lack of pedigree
recording by the participating farmers and the indis-
criminate nature of the cross-breeding practiced in
the study studies. Here, we assigned animals to breed
groups based on their estimated proportions of zebu
and B. taurus. If the study had significantly more ani-
mals within the IZxBT and BT breed groups, it would
make sense to extend this to the exact breed or cross-
breed types.

The economic model used in this study was devel-
oped to capture the specificities of the study system,
such as the sale of male animals at relatively late ages
compared with systems in developed countries. The
model has some limitations, including not capturing all
functions that cattle play in these systems, such as the
provision of manure for crop fertilizer or the keeping
of cattle for savings or insurance purposes (Marshall,
2014). Some opportunity costs were not considered in
this model, particularly costs of feed from grazing lands,
which were most commonly communal (public) grazing
areas. Such costs are difficult to capture (because the
area used and time spent vary over time); in addition,
they are likely to be small because the alternative use
of grazing lands is limited (poor soil conditions, com-
mon property making private investments difficult if
not impossible). Additionally, variance in net benefit
was not calculated (see explanation in the Methods sec-
tion). This is important when considering risk, because
risk-adverse livestock keepers may not wish to adopt
a technology that, although beneficial on average, is
expected to have adverse outcomes for some (Salmon et
al., 2018a). Another consideration is that the model as-
sumed that farmers already had an established herd of
the breed group under consideration: the costs of mov-
ing from one breed type to another were not accounted
for. Finally, it should be recognized that, due to the
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indiscriminate crossing within the study sites, each
crossbred group (IZxGZ, IZxBT, BT) would be a mix
of F, and F, animals, backcrosses, and various other
crossing types. This means that any effects of heterosis
would be averaged over these (unknown) crossing types
and that these effects may differ from that where the
crosses represented, for example, only F,; animals.

Many economic and animal-level parameters were
estimated as part of this study, which in itself is a valu-
able outcome, given the paucity of such data. That some
parameters may not have been accurately estimated is
recognized (see Materials and Methods section); how-
ever, these were used due to lack of alternatives, with
sensitivity analysis performed.

Other Studies

No similar study could be found in Senegal or West
Africa with which to compare these results. In East
Africa, an Ethiopian study on smallholder dairy (Day-
anandan, 2011) reported a 4.4-fold-higher net return
(3403 vs. $92 pcpa) and higher cost-benefit ratio (1:3
vs. 1:2.2) for the keeping of crossbred (local x exotic)
cattle under better management compared with local
cattle under traditional management. This was largely
driven by the increased milk yield of crossbred cattle,
which was 4-fold higher than that of local cattle. Anoth-
er study on Ethiopia smallholder dairy systems (Tekeba
et al., 2012) found 4.0- to 4.8-fold-higher net returns for
crossbreds compared with local breeds. Other similar
studies have been performed in South Asia (Bangla-
desh, India, and Pakistan) and found crossbreed cattle
to be more profitable or net beneficial by 2.9- to 9.7-
fold as well as more cost-beneficial by 1.1- to 1.8-fold
(Sayeed et al., 1994; Ali et al., 2000; Islam et al., 2008,
2010; Mondal et al., 2010). Although these results still
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represent very few studies applied to a limited number
of systems, that the crossbreeds were more profitable
or beneficial in all cases suggests the promising nature
of improved (productive and adapted) dairy cattle
in smallholder production systems. That many other
smallholder dairy cattle systems in LMICs are increas-
ingly using crossbred animals also attests to this.

Trade-Off Analysis and Recommendations
to Strengthen the Senegal Dairy Sector

The economic analysis presented here forms part of a
broader trade-off analysis designed to assist stakehold-
ers in Senegal dairy to make evidence-based decisions
on which dairy cattle breeds and management systems
to promote or adopt. Other aspects considered in the
trade-off analysis include milk yield (which links to
food and nutritional security), the breed preferences
of female and male livestock keepers, environmental
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sustainability focusing on greenhouse gas emissions
intensity, food safety focusing on aflatoxins, and intra-
household dynamics in terms of labor provision, pay-
ment of costs, and control of benefits (Marshall et al.,
2016a,b, 2017; Walugembe et al., 2016; Salmon, 2017;
Salmon et al., 2018a,b). Although we recognize that
this does not capture all potential trade-offs, it is a
significant extension to simply considering yields or net
benefit alone. We also recognize that the applicability
of these recommendations to other locations (beyond
the study sites) depends on how closely they share eco-
nomic, geographic, and other factors.

While the cross of indigenous zebu and B. taurus was
the most net beneficial and cost beneficial, had close
to the highest milk yields, and was the preferred breed
type of both female and male cattle keepers (this paper
and Marshall et al., 2016b), there were some interesting
trade-offs. The first was that milk from the crossbred
cattle was likely contaminated with aflatoxin, due to cow
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consumption of aflatoxin-contaminated supplementary
feeds (Marshall et al., 2016a), resulting in milk poten-
tially unsafe for human consumption. Human consump-
tion of aflatoxins can lead to hepatocellular carcinoma
and may be an underlying determinant of stunted child
growth (Gong et al., 2016). The second was that the
keeping of crossbred cattle was associated with a higher
level of market orientation of the household dairy en-
terprise (more milk produced and sold), and that fewer
women controlled the income from the sale of milk in
higher compared with lower market-orientation house-
holds (Walugembe et al., 2016). This result aligns with
other studies that show a shift in the control of benefits
from women to men because household enterprises
that benefit women become increasingly commercially
oriented. This is a concern because, for example, rural
women tend to invest more in child nutrition than men
do (Njuki et al., 2011a,b; Galie, 2019).

Several key recommendations to dairy stakeholders
in Senegal can be suggested based on this trade-off
analysis, including establishing a national dairy cattle
breeding scheme to ensure the availability of high
genetic quality cross-breed dairy cows and bulls; as-
sisting farmers to access and optimally manage these
animals by facilitating access to services including,
where required, on credit; removing the key constraint
to dairy posed by insufficient, poor quality, or unsafe
dairy cattle feed; and building the capacity of female
and male livestock keepers to both optimally manage
genetically improved animals and ensure equitable ben-
efit (Marshall et al., 2016b, 2017).

CONCLUSIONS

In this study, we demonstrated that the combined
intervention of improved dairy cattle genetics and man-
agement and increased milk production and cow repro-
ductive performance can improve the livelihoods of the
rural poor in Senegal as well as livestock production
self-sufficiency for Senegal. The evidence base gener-
ated in this study is being shared with stakeholders in
Senegal dairy, including policy makers, extension work-
ers, livestock keepers, and development organizations,
for more informed decision-making. Given the paucity
of studies of this nature in LMIC and their usefulness
to stakeholders, similar studies in other LMIC livestock
systems, particularly those where livestock keepers are
interested in intensifying, are strongly recommended.
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APPENDIX

Additional details on how the parameters used in the
model were estimated from the survey data are given
below.

Milk Yield Per Lactation

Milk yields per lactation, excluding milk suckled by
the calves, were calculated separately for first and later
parities, using only data from cows whose breed group
had been confirmed by genomic information, and that
had a known last calving date, age, and parity number.
For the 1Z+, 1Z++, 1ZxGZ+, IZxGZ++, IZxBT ++,
1ZxBT ++4+, and BT++4-+ dairy enterprise types,
the number of animals included in the analysis for first
parity was 20, 20, 13, 9, 6, 20, and 7, respectively, while
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that for later parities was 53, 38, 17, 21, 12, 37, and
9, respectively. Cumulative yield over 365 d (approxi-
mately the average lactation length) were calculated
using the test interval method as given in ICAR (2017).
Test-day milk yields were calculated by summing milk
yields from morning and evening milking: if one of these
was missing it was predicted using a modified method
of Liu et al. (2000), as explained in ICAR (2017). Some
additional analysis on milk (including milk quality,
although at breed-group level only) is given in Ema et
al. (2018).

Annual Milk Yield

Annual milk yield was calculated as milk yield per
lactation/calving interval in years. Here, milk yield per
lactation was calculated as the average yield over the
first and 2 later lactations, given the data indicated an
average of 3 lactations per cow lifetime.

Suckled Milk

Milk suckled by calves per day until weaning was
estimated separately for male and female calves. Milk
suckling volume quantities were taken from Ezanno et
al. (2005). The difference in milk suckled by sex, was
estimated based on the different energy requirements
(for growth and maintenance) of the different sex BW,
according to the methodology applied in Salmon (2017).

Age

Age of animals at the time of an event (e.g., wean-
ing, calving, sale) was determined based on the time
period between that event and the animal’s birthdate.
Birthdates were recorded (to the day) for animals born
during the survey period. For animals already in the
herd at the start of the survey period or that entered
the herd other than by birth (such as purchase), a best
estimate of age was agreed between the farmer and enu-
merator (in years for animals >12 mo old; in months
for animals <12 mo old) from which a birth year (and
month for younger animals) was derived.

Birth to Weaning Interval

The time intervals from birth to weaning were cal-
culated as the mode of the number of months from an
animal being born to when it was weaned, from longitu-
dinal survey data (where, across all groups, there were
276 records). As these modes were close for each of the
groups and the range within each group was large, this
parameter was set to the same value for each group
(average of the group modes).
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Age at First Calving

Ages at first calving were calculated as average age
of cows when their first calf was born from longitudinal
survey data (where, across all groups, 166 first calving
events were recorded).

Calving Interval

Calving interval was difficult to estimate because few
animals calved twice during the longitudinal monitoring
period (due to the long length of the calving interval).
Given this, 2 approaches to estimating calving period
were utilized. The first approach used 12-mo recall data
(which was collected at the time of census) as described
in Lesnoff et al. (2010). Here, a parturition rate was
calculated based on number of calving events (which,
across all groups, was 594) and time at risk (which,
across all groups, was 968 years), and this rate inverted
to give calving interval. This approach assumed calving
events were equally distributed across the year, which
is probably a fair assumption (given that seasonality of
mating is rarely intentionally practiced). The second ap-
proach used a calving date from the longitudinal survey
and a previous calving date as recalled by the farmer (n
= 156, across all dairy enterprise types, with additional
calving intervals discarded due to being shorter than
biologically possible, a result of farmer recall error), or
2 calving dates from the longitudinal survey (n = 18).
These 2 methods generally gave similar results and so
were averaged. As noted, the estimated calving inter-
vals were similar for 1Z+, IZxGZ+ and [ZxBT 4+, an
average of these was used in the model, and likewise for
the remaining dairy enterprise types.

Calving Rate

Calving rates were calculated as number offspring
born per parturition (birthing event) from longitudi-
nal survey data (where, across all groups, 493 calving
events were recorded).

Stillbirth Rate

Stillbirth rates were calculated as the total number of
calves born dead over the total number of calves born
(whether dead or alive) from longitudinal survey data
(where, across all groups, 29 stillbirths were recorded
over 493 calving events).

Age of Cow Culling

Ages of cow culling were determined by examining
the distribution of age of females at the time of census
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(where, across all groups, 2,061 females had age re-
cords). It was defined as the earliest age where less than
10% of females remained.

Mortality Rate

Annual mortality rates were calculated as the annual
hazard rate of natural death (i.e., excluding slaughter-
ing) as annual mortality rate = (number of natural
deaths/total herd days) x 365, from longitudinal sur-
vey data (where, across all groups, females had 81 natu-
ral deaths and 1,234,881 total herd days, and males
had 60 natural deaths and 564,741 total herd days).
Here, total herd days refers to the sum of days that
individual animals were present over the longitudinal
monitoring period. As values were similar (and low) for
young, female, and mature animals within a sex (male
or female), the average over young, female, and mature
was used.

Milk Sale

Milk sale prices were calculated as the mode of milk
sale price from longitudinal survey data (where, across
all groups, 1,195 milk sale prices were recorded). Note
the associated transport costs had a mode of zero; thus,
milk sale prices were not adjusted for this.

Animal Sale

Animal sale prices were calculated as the average sale
price of animals from longitudinal survey data (where,
across all groups, 130 female and 182 males were sold
with sale prices recorded). Note the associated trans-
port and brokerage costs had a mode of zero; thus,
animal sale prices were not adjusted for this.

Proportion of Male Animals Sold
at Different Age Classes

The proportion of male animals sold for the different
age classes were set as 10% for calves, 40% for young
and 50% for mature (sold up to 5 yr), based on examin-
ing the distributing of age of sale of males using recall
(over the last year and taken at the time of census)
and longitudinal monitoring data (where, across both
surveys and for all groups, there were 298 animals sold
with age records). These values were rounded from cal-
culated values of 8.3, 39.4, and 52.3% for calves, young,
and mature, respectively. The decision to set maximum
sale age at 5 yr was determined by examining the dis-
tribution of age of males at the time of census (where,
across all groups, 443 females had age records). It was
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defined as the earliest age at which less than 10% of
males remained.

Health

Annual health costs were calculated as the total
health costs divided by total herd days (see definition
above) X 365, from longitudinal survey data (where,
across all groups, females had 199 health events re-
corded for a total cost of $1,963 and 1,239,989 total
herd days and males had 54 health events recorded for
a total cost of $26 and 633,457 total herd days).

Feed

Annual feed costs were calculated based on the most
common diets (feed baskets) for each of the dairy en-
terprise types, considering diet variation in wet (July—
October) and dry (November—June) seasons, from the
longitudinal survey data (Table 8). The energy content
of each feed basket was calculated using Feedipedia
(2019) and Jarrige (1989). The daily DMI was then
calculated based on the daily energy requirements of
animals of different sexes, breed types, and manage-
ment levels (using energy requirement calculations from
TPCC, 2006). Between calving and weaning (at 9 mo),
suckled milk was assumed to decrease linearly, with
the energy requirement for growth, maintenance, and
activity made up with calves starting to consume DM
feed rations. Once animals were at mature weight, en-
ergy requirements for maintenance, activity, lactation,
and reproduction were calculated on a per day basis.
The energy requirement for lactation is dependent on
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milk production quantity and quality (fat content of
the milk was considered by Ema et al., 2018). All other
energy requirements are dependent on BW, which were
determined from growth curves derived from project
weight data (Tebug et al., 2018). The daily feed intake
per animal to maintain calculated energy requirements
was costed using feed prices calculated from project
(longitudinal survey) data, accounting for the seasonal
(wet and dry) variation in these prices. Grazed feed,
commonly pasture on communal grazing lands, was not
costed, as access to this was free to the farmers. Further
detail regarding the derivation of feed rations is given
by Salmon (2017).

Water

Annual water cost was calculated as the average an-
nual water costs across households (from baseline and
longitudinal survey data). This included the cost of wa-
ter access fees and water purchases, and equipment to
provide water (predominantly water pumps, for which
a 10-yr life span was assumed).

Labor

Annual labor cost to dairy was calculated for the most
common labor type across all households (from longi-
tudinal survey data), given that no major difference in
labor for the different household dairy enterprise types
was observed. This was adult men providing labor for
11.4 h/d and adult women for 1.9 h/d, inclusive of both
household and hired labor (where adult was defined
as more than 15 yr of age). For hired men, the mode

Table 8. Feed ration components (%) for the dairy enterprise types' in wet and dry seasons®

Dairy enterprise type

Season and feed type 17+ 17++ 1ZxGZ+ 1ZxGZ++ 1ZxBT++ 1ZxBT+++ BTH4+4+
Wet (July—October)
Natural pasture
Grazed 84.6 64.8 69.3 76.1 57.4 474 14.4
Cut and carry 1.5 4.7 2.4 3.8 6.1 13 4.8
Hay 2.3 7.1 6.6 5.8 8.1 12.5 11.6
Concentrate feed, grains, and brans 10.1 19.8 14.1 10.9 25.5 26.3 58
Millet stover 1.5 3.6 7.6 3.4 29 0.8 11.2
Dry (November—June)
Natural pasture
Grazed 68.8 51.1 58.8 57.2 48.6 27.6 4.5
Cut and carry 0.8 3 0.5 0.4 1.6 2.1 1.5
Hay 4.5 10.3 9.2 9.5 17.9 30.5 18.7
Concentrate feed, grains, and brans 11.6 22.6 18.2 18.6 22.5 35.7 58.7
Millet stover 14.3 13 13.3 14.3 9.4 4.1 16.6

'Dairy enterprise types are defined as a combination of breed type kept and level of management the animals are raised under, using annual
cost of feed as a proxy. For breed type: IZ = indigenous zebu; 1ZxGZ is 1Z crossbred with Guzerat; IZxBT is IZ crossbred with Bos taurus;
and BT is IZ crossbred with a higher proportion of B. taurus or pure-bred B. taurus. The number of + denotes annual feed cost, with + low

and +-+++ high.
*Adapted from Salmon (2017).
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of salary and benefits was used to cost both hired and
household male labor. As few women were hired, the
previous value for men was pro-rated, based on hours,
to cost women’s labor (whether hired or household).

Animal Housing

Annual animal housing cost was calculated for the
main animal housing types used by the different groups
of households. These were “no housing” (i.e., animals
kept outside) for 1Z and IZxGZ animals, and “walled
space partially covered by a roof” for IZxBT and BT
animals. For “no housing,” the average of annual costs
associated with keeping the animals outside (such as
fencing or tethering costs) was used. For housing, the
annual costs were calculated as the average (over house-
holds) of the construction cost for the animal house
divided by 15 (for an assumed 15-yr life span), plus
annual maintenance cost, and further considering the
proportion of the structure used for dairy animals. As
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no trend between herd size and the animal housing cost
was observed in the data, the animal housing costs used
in the model were for a per-herd basis (thus, keeping a
larger herd would result in a lower animal housing cost
per animal).

Al

Artificial insemination costs were calculated as the
mode of the Al costs, which included both the semen
and AT service, from longitudinal survey data (where,
across all groups, 291 AT costs had been recorded).

Breeding Bull

The breeding bull purchase price was calculated as
the average purchase price of male animals of 3 and 4
yr of age from longitudinal survey data (where, across
all groups, 23 males were purchased and had a purchase
price).
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