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Abstract

Background: Livestock mortality impacts farmer livelihoods and
household nutrition. Capturing trends in livestock mortality at
localised or national levels is essential to planning, monitoring and
evaluating interventions and programs aimed at decreasing mortality
rates. However, livestock mortality data is disparate, and indicators
used have not been standardised. This review aims to assess livestock
mortality indicator definitions reported in literature, and define the
ages where mortality has greatest impact.

Methods: A systematic review was conducted, limited to articles
focussed on mortality of cattle, sheep and goats. Peer-reviewed
articles in Web of Science until year 2020 were assessed for inclusion
of age-based definitions for mortality indicators and data on age
distribution of mortality. Indicator definitions for each species were
collated and similar terms and age groups most targeted were
compared. The cumulative distribution of age at mortality was
compared across studies graphically where possible; otherwise, age
patterns for mortality were collated.

Results: Most studies reported mortality risk rather than rate, and
there was little agreement between indicator definitions used in the
literature. The most common indicators reported were perinatal and
neonatal mortality in cattle, and for perinatal, neonatal and pre-
weaning mortality indicators for sheep and goats. Direct comparison
of age distribution of mortality was only possible for cattle, which
found that approximately 80% of all mortalities within the first 12

months had occurred by six months of age. A significant finding of the

study is the variation in age groups for which mortality is reported,
which impedes the comparison of mortality risk across studies,
particularly for sheep and goats.

Conclusions: This study demonstrates the importance and value of
standardising mortality risk indicators for general use, including a
young stock mortality risk indicator measuring mortality in the
highest risk period of birth to six months of age in cattle, sheep and
goats.
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Introduction

Approximately 1 billion poor people globally are dependent on
livestock for their livelihoods (Ashley er al., 1999; FAO, 2009;
Salmon er al., 2020). However, the benefits derived from
livestock ownership, including income and household nutrition,
are constrained by poor animal health and low productivity
(Perry et al., 2002). The impact of livestock disease has
been cited in many publications e. g. Perry et al. (2013), but
the ability to monitor change is limited as the available data is
contained in disparate publications and reports, usually from
individual countries, and there are few longitudinal studies
of disease prevalence and impact. Donors to international
development projects are increasingly interested in being able
to monitor change in a country’s performance particularly in
response to investment.

It has been recognised that there is a great disparity between the
contribution that livestock make to agricultural GDP in many
countries compared to relatively poor investment in devel-
opment of the livestock sector (Perry er al., 2002). In recent
years, the Bill and Melinda Gates Foundation (BMGF) have
been major investors in the low- and middle-income country
(LMIC) livestock sector, and in particular, in animal health.
However, it has become clear that development in LMIC
agro-economies is hampered by the lack of data which can be
used to prioritise policy investment decisions. Indeed, Mr. Bill
Gates has himself stated “Great science is helping to turn
livestock into a pathway out of poverty for hundreds of millions
of people...we have a lot of tools [such as] breeding, gene
editing, vaccines...the lack of data makes us pretty uncertain
about the right way to go” (W. Gates, Edinburgh, 2018). This
constraint applies to national governments, non-governmental
organisations (NGOs) and other donors.

In response to this, the University of Edinburgh’s Supporting
Evidence-Based Interventions (SEBI) program, which is
funded by the BMGF, aims to improve livestock data
collection, curation and utilisation across the sector. This will
enable the livestock community to make better investments
and smallholder livestock keepers to make better-informed
decisions, ultimately driving sustainable transformation of the
livestock sector as a whole. Under the scope of this work, one
of the key animal health indicators that SEBI will monitor on
behalf of the BMGF is “livestock mortality rate”, currently
defined as the total cumulative number of livestock deaths over
the approximate average number of animals in the herd. The
BMGF has set a target for SEBI to investigate interventions
that can decrease livestock mortality by 10-15% over a
10-year period in their priority countries of Ethiopia, Nigeria
and Tanzania. If such mortality reductions are achievable,
this provides a significant opportunity to increase livestock
productivity and in turn improve the livelihoods of smallholder
farmers. To explore the feasibility of achieving this target,
SEBI has been compiling evidence on current livestock
mortality rates, causes, and possible interventions that may
be able to achieve a significant mortality rate reduction. In
addition, SEBI also aims to better define a set of indicators
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that the BMGF can use to monitor progress in their target areas
of livestock health and productivity.

This review seeks to clarify the definition of “livestock
mortality rate” in ruminants by first examining the rationale
behind the use of mortality indicators, then exploring what
definitions are currently used in the field, and in which age
groups mortality has the greatest impact. The results of this
review are then used to inform the selection of the best
definition of mortality rate as an indicator to monitor development
in animal health.

Rationale behind use of mortality indicators

Use in human health. Mortality rates are used extensively in
human health literature to monitor progress in human develop-
ment. However, mortality rates are usually qualified by factors
such as age, life stage, or cause. To illustrate this, Table 1 shows
the definitions of selected Sustainable Development Goal (SDG)
targets and indicators measuring mortality rates from SDG 3:
“Ensure healthy lives and promote well-being for all at all ages”
(UNSD, 2020a; UNSD, 2020b). The specificity of each mortality
indicator allows comparison across time and space. Changes in
trend can also be traced back to a relatively discrete number of
factors for each indicator, and therefore drive targeted research,
programs and interventions.

Although only encompassing narrow age groups, neonatal,
infant and under-five mortality rates are often used as barom-
eters for overall population health (UNSD, 2020a; WHO, 2021).
Reidpath & Allotey (2003) examined the ability of infant mor-
tality rate (IMR), defined as the number of deaths in children
under 1 year of age per 1000 live births in the same year, to
represent whole population health compared to the more
comprehensive measure of disability-adjusted life expectancy
(DALE), which accounts for mortality as well as non-fatal
morbidity. The analysis found a strong, linear correlation
between IMR and DALE, showing that IMR is a feasible
and useful indicator of whole population health. Reidpath
& Allotey (2003) also discussed the difference in resources
required to collect data for each indicator, highlighting that the
simpler IMR was more feasible to monitor in resource-poor
countries.

This is important considering the resources that are required
to collect a broad set of data to construct complex indicators,
compared to the resource limitations often faced in LMICs.

Use in livestock health. Livestock fulfil multiple roles in
various parts of the world; however, their primary roles are
generally for income generation, food, and employment (Herrero
et al., 2013; Salmon er al., 2020). This focus on production
marks a significant difference in perspective between human
and animal health and means that indicators that measure
progress in humans may not be directly transferrable to
livestock. In addition, the mixture of public and private
interests in livestock production complicates and often limits the
availability of public resources for animal health. Practically,
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Table 1. Selected SDG indicators from SDG 3 that measure human mortality rates (UNSD, 2020a; UNSD, 2020b).

Target Indicator

3.1: By 2030, reduce the global maternal
mortality ratio to less than 70 per 100,000

live births. ratio

3.2.1: Under-five mortality

3.2: By 2030, end preventable deaths of rate

newborns and children under 5 years of
age, with all countries aiming to reduce
neonatal mortality to at least as low as 12
per 1,000 live births and under-5 mortality
to at least as low as 25 per 1,000 live
births. rate

3.4: By 2030, reduce by one third
premature mortality from non-
communicable diseases through
prevention and treatment and promote
mental health and well-being.

3.4.1: Mortality
rate attributed to

cancer, diabetes, or

3.9.1: Mortality rate

attributed to household
and ambient air pollution.

3.9: By 2030, substantially reduce the
number of deaths and illnesses from
hazardous chemicals and air, water and
soil pollution and contamination

3.9.2: Mortality rate

of hygiene

3.9.3: Mortality rate

attributed to unintentional

poisoning

3.1.1: Maternal mortality

3.2.2: Neonatal mortality

cardiovascular disease,

chronic respiratory disease

attributed to unsafe water,
unsafe sanitation and lack

Definition

The annual number of maternal deaths from any cause
related to or aggravated by pregnancy or its management
(excluding accidental or incidental causes) during pregnancy
and childbirth or within 42 days of termination of pregnancy,
irrespective of the duration and site of the pregnancy, per
100,000 live births, for a specified year.

The probability (expressed as a rate per 1,000 live births) of a
child born in a specified year or period dying before reaching
the age of five if subject to current age-specific mortality
rates.

The probability that a child born in a specific year or period
will die during the first 28 completed days of life if subject to
current age-specific mortality rates, expressed per 1,000 live
births.

Neonatal deaths may be subdivided into early neonatal
deaths (first seven days of life), and late neonatal deaths
(after 7th day but before 28th completed day of life).

The percent of 30-year-old people who would die before
their 70th birthday from cardiovascular diseases, cancer,
diabetes, or chronic respiratory diseases, under the
assumption that the experienced mortality rate does not
change over time, excluding other causes of death such as
accidents or HIV/AIDS. This indicator is calculated using the
life table method.

The mortality attributable to the joint effects of household
and ambient air pollution and can be expressed as per
100,000 population for any given population group (e.g.
children under 5 years of age).

The number of deaths from unsafe water, unsafe sanitation
and lack of hygiene in a year per 100,000 population.

The number of deaths from unintentional poisonings in a
year per 100,000 population.

SDG = Sustainable Development Goals; UNSD = United Nations Statistics Division; HIV = human immunodeficiency virus; AIDS = acquired immune deficiency

syndrome.

this necessitates efficiency in resource allocation for data
collection, analysis, and action.

In animal health, attempts to devise a system analogous to
disability-adjusted life years (DALYs) or DALEs for humans
has not, as yet, gained general acceptance in the livestock
development community (Shaw er al., 2017). Therefore, at
the present time, SEBI is attempting to define an indicator of
livestock mortality that is a stable reflection of the animal health
status of a country.

Livestock mortality has always been an important issue, as
loss of stock represents a loss of wealth, livelihood, nutrition,
genetic material, and a waste of investment, whether finan-
cial or through labour. The magnitude of lost value experienced

by livestock keepers may be comparatively greater for those
whose livestock fulfil several purposes, as is the case in many
LMICs.

A suite of mortality indicators available for use in animals,
as described by Thrusfield & Christley (2018), are presented
in Table 2. Issues with the current definitions are immediately
evident: the authors do not define the age for which
calf/lamb/kid or neonatal mortality rates apply, as “there is not
a universal agreement on the age at which animals cease to be
neonates in veterinary medicine”. With this range of indicators
and a lack of consensus on age groupings, it is important
to gain a better understanding of what the term “mortality
rate” actually means in a practical sense, particularly when
referencing specific age groups. To this end, a literature search
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Table 2. Mortality indicators used in veterinary epidemiology (Thrusfield & Christley, 2018).

Indicator

Cumulative mortality

Mortality rate or mortality density

Death rate or crude mortality

rate?

Case fatality

Crude death rate (in 10° animals)

Age-specific death rate (in 10°

Numerator

Number of individuals that die during a
particular period

Number of deaths due to a disease that occurs
in a population during a particular period of
time

The total mortality rate for all diseases (rather
than just one)

Number of deaths
Number of deaths occurring

Number of deaths among animals in a specified

Denominator

Number of individuals in the population at
the beginning of that period

The sum, over all individuals, of the length
of time at risk of dying

The sum, over all individuals, of the length
of time at risk of dying

Number of diseased animals

Average population

Average number in the specified age

animals) age group

Calf/lamb/kid mortality rate (in
10" animals)

Neonatal mortality rate (in 10°
animals)
Foetal death rate (in 10° animals)  Number of foetal deaths

Cause-specific death rate (in 10°
animals)

Number of deaths under a specified age

Number of deaths under a specified age

Number of deaths from a specified cause

group

Number of live births

Number of live births

Number of live births plus foetal deaths

Average population

In these mortality indicators commonly used in livestock, there is no consensus on age definitions for “calf”, “lamb”, “kid”, or “neonatal”. * The
distinction between mortality rate and death rate is not always clear when reported. " Usually a whole number between 2-6.

was performed with the aim to collate and review the terms
that are most frequently used within the livestock farmer,
professional and scientific research communities, and to review
the age categories which have the highest incidence of mortality
with a view to refining the current definition of “livestock
mortality rate”. This review is reported in line with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (Wong, 2021).

Methods

Eligibility criteria

A preliminary search was performed in Google to collect
commonly used terminology from a mixture of academic and
professional publications. This search showed that indicators
used to monitor mortality rates are often specific for age groups
(especially young animals), defined time periods (e.g., annual,
a study duration), or specific diseases (i.e., case fatality rates).
Common terms encountered during this preliminary search
contributed to the development of a search strategy (outlined
in Table 3) to retrieve articles reporting on mortality rates
and age at mortality in cattle (both dairy and beef production
systems), sheep, and goats.

Inclusion criteria. Articles from all countries published
between 1900 and 2020 were considered for inclusion. A wide
date range was used due to the scoping nature of the indicator
definition review, and to maximise the inclusion of data from
LMICs. The search included peer-reviewed journal articles

(original research, secondary data analysis and reviews for
both mortality indicator definitions and age distribution of
mortality, and method articles also for indicator definitions).
Data from published research reports related to the selected
journal articles were included if they expanded on or clarified
definitions used in the article. For age distribution of mortality,
articles studying interventions were only included if baseline
data were reported, and only baseline data was considered for
inclusion. To ensure all nuances in indicator definitions were
captured, articles were only included in the indicator definition
section if they were in English.

Exclusion criteria. For both studies, articles were excluded if
their abstracts or full text papers were not available. For the
indicator definition section, studies were excluded if the defi-
nitions were based on events such as ear-tagging or weaning
rather than age group. For age distribution of mortality, articles
that only reported on cause-specific mortality rates, or arti-
cles that presented experimental data in laboratory settings that
did not reflect realities in the field were excluded.

An overview of the criteria used to identify literature relating
to the two purposes of this review is presented in in Table 4.

Search

Literature searches were then performed in Web of Science
(core databases) in June 2020. An initial search for “mortality”
in combination with the full series of additional search terms
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Table 3. Initial Web of Science search terms and results.

Search stem Additional search term Number of
results
) Cattle OR bovine OR calf OR sheep OR ovine OR lamb OR 4305
Mortality rate AND goat* or caprine OR kid
Livestock 17
Cattle OR bovine OR dairy OR beef OR calf OR calv* 287
Perinatal mortality AND
Sheep OR ovine OR lamb* 252
Goat* OR caprine OR kid OR kids 38
Livestock 50
Cattle OR bovine OR dairy OR beef OR calf OR calv* 667
Neonatal mortality AND
Sheep OR ovine OR lamb* 394
Goat* OR caprine OR kid OR kids 129
Livestock 83
(Pre-weaning OR preweaning OR pre Cattle OR bovine OR dairy OR beef OR calf OR calv* 1,490
wean* mortality) AND Sheep OR ovine OR lamb* 543
Goat* OR caprine OR kid OR kids 207
Livestock 15
Young stock mortality OR youngstock Cattle OR bovine OR dairy OR beef OR calf OR calv* 61
mortality AND Sheep OR ovine OR lamb* 18
Goat* OR caprine OR kid OR kids 8
Total 8564

The large number of results for cattle contrasts with the limited amount of literature available for goats.

Table 4. Study selection criteria.

Domain

Date range

Geographical
scope

Type

Specific details

Exclusions

Language

Criteria

Definition of mortality rate
1900-2020

Global

Peer-reviewed journal article, including original research,
secondary data analysis, method articles and reviews

Defined or reported on mortality rates for explicit age
groups, including those reporting on specific diseases.
Articles that defined mortality based on events, such as
ear-tagging or weaning, were excluded if the typical or
average age at these events were not reported.

Abstract unavailable
Full text unavailable

English only

Age at mortality
1900-2020
Global

Peer reviewed journal article, including original research,
secondary data analysis and reviews.

Reported incidence of all-cause mortality by age. Articles
that reported mortality rates within study cohorts but did
not aim specifically to monitor or explore mortality, or
articles citing published mortality rates as part of study
backgrounds were excluded.

Abstract unavailable

Full text unavailable

Cause-specific mortality rates

Data from laboratory-based settings that are unlikely to
be replicated in the field.

All languages as long as specific details on study design

and age at mortality were able to be translated using
Google Translate.
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yielded too broad a range of results, many of which were not
related to livestock production. The search strings were refined,
and the specific search strings used are presented in Table 3.
A Google Scholar literature search for “livestock mortal-
ity rate” was also performed to ensure as many articles were
included, as well as inclusion of relevant articles found within
reference lists.

Study selection

For all terms, article titles were reviewed for relevance to
livestock mortality rates. Article abstracts for relevant titles were
then reviewed by two authors (J. W. and A. P.) according to the
selection criteria (Table 4) and articles selected for full-text
review. Full-text articles were reviewed by J. W. and A. P,
and disagreements on inclusion were resolved through dis-
cussion. Where multiple papers arose from the same research
study, or where research groups used the same definition or pre-
sented the same information across multiple papers, only the
most detailed publication was included.

Data extraction

Data were extracted into a piloted form in Microsoft Excel
version 2102. Data extracted included: author/s, citation, coun-
try of origin and income group, species and breed, produc-
tion system characteristics, whether the aim/objectives of study
directly related to livestock mortality, study type, recruitment
procedure, sample size, time span covered, mortality indica-
tor name, indicator enumerator, indicator denominator, whether
abortions, stillbirths or culling events were included, and age
distribution of mortality events recorded.

Data analysis

For the study of mortality indicator definitions, definitions
were grouped by species and age range, and studied for pat-
terns or common age ranges to produce a narrative summary.
Given the scoping nature of this section of the review, studies
were not individually assessed for bias.

For the study on age distribution of mortality, studies were
first grouped into age ranges studied. Where studies over-
lapped in age range coverage, mortality risk by calendar month
(365.25 days/12) was calculated, and the cumulative mortal-
ity risk by age in months graphed for each study along with the
average mortality risk and standard deviation across studies.
These studies were assessed for bias using the Risk of Bias Tool
for Prevalence Studies (Hoy er al., 2012). Where studies did not
have commonalities in age range, the results were included in a
narrative summary. These studies were not assessed for bias.
All analysis was done in Excel version 2102.

This review was not registered in PROSPERO and did not
require ethical approval.

Results

To give a general overview of the popularity of each term
and the availability of literature for each species, the number
of returns for each search is included in Table 3. In terms
of species distribution of literature, it is evident that cattle
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account for the largest proportion of articles, followed by
sheep, with goats having very poor representation. Results of
the literature search are presented in Figure 1. The database
search in Web of Science yielded 382 potentially relevant arti-
cles based on title, while 40 articles were identified through
Google Scholar and article reference lists. Duplicates (n=80)
were removed, before 190 articles were excluded based on
their abstracts. Of the 152 full-text articles assessed for eligibil-
ity, 85 articles were included in the review. As some articles
both defined mortality rate based on age and reported on
age distribution of mortality, 52 articles were included in the
study on mortality rate indicator definitions, while 53 articles
were included for the age distribution of mortality study.

Defining “mortality rate”

The literature search for “mortality rate” in cattle, sheep and
goats mostly yielded articles focussed on mortality in calves,
lambs and kids. Few articles defined specific age groups for
older animals — general herd or flock mortality rates tended to
be reported instead. For all species and age groups, the literature
was divided into those studies reporting a true mortality rate,
and those reporting mortality risk.

Mortality incidence rate versus mortality incidence risk. The
Centres for Disease Control and Prevention (CDC) define mor-
tality rate as a “measure of the frequency of occurrence of death
in a defined population during a specified interval” (CDC, 2012).
For livestock, movement of animals in and out of the herd,
from mortality, sale, or slaughter, is common and makes quan-
tifying the “population” as a denominator in the ratio, more
complex than in static populations. The most accurate way
to define a varying population is to calculate the number of
animal-days-at-risk, thereby no longer counting animals as
being at risk from the day they leave the population (Thrusfield
& Christley, 2018). Mortality incidence rate is often expressed
per 100-animal-months or -years. However, crude mortal-
ity rates, more correctly known as mortality risk, are often
used. These use estimates of the population, such as the number
of animals counted or average herd/flock sizes, as a denomi-
nator and are accepted proxies. Mortality risk is commonly
reported as “mortality rate” (Thrusfield & Christley, 2018).
Within the 52 included studies, 42 (81%) reported mortality risk,
four reported mortality rate (8%), four studies reported both
(8%) and in two review articles, it was not always clear whether
the included articles reported risk or rate.

Age ranges used to define mortality rate. For cattle, the litera-
ture search identified 30 articles that used 20 mortality indicators
(Table 5). Geographically, the 30 articles spanned 18 coun-
tries, with two studies having a global coverage. Using World
Bank Group classifications (World Bank Data Team, 2019), nine
were from high-income countries (HICs), and nine were from
LMICs.

Perinatal and neonatal mortality indicators were the most
commonly reported. For perinatal mortality, though there was
variation between authors on definitions, most included still-
births and measured mortality between birth and up to 24 or 48
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* Abstract not accessible (n=27)

* Not focused on mortality (n=73)

* Article did not define mortality by
age or report age at death (n=78)

* Not unique (n=5)

* Non-domesticated breed (n=6)

» « Laboratory-based study (n=1)

* Full text not accessible (n=20)

* Article did not clearly define
mortality by age or clearly report
age at death (n=36)

* Primary objective of paper is not to
explore mortality (n=2)

»| * Not unique (n=7)

* Not in English and not able to be
adequately translated (n=1)

* Laboratory-based study (n=1)

=
g Records identified Records identified
S through Web of through Google Scholar
’:é Science search and reference lists
3 (n=8564) (n=40)
|
| |
v
Records screened
o0 (n=422)
g Duplicates removed
o t (n=80)
b Records remaining
=) Articles excluded
» based on abstract

(n=190)
= Full-text articles
:_—5 assessed for
0 eligibility
o (n=152)

Full-text articles
> excluded
(n=67)
\/ Studies included in definition
g ;
g > assessment (n=52)
= Studies included
= (n=85)
» Studies included in age distribution of
mortality assessment (n=53)

Figure 1. PRISMA flow chart for article screening and inclusion (adapted from Moher et al., 2009). Of the 8604 articles identified by
the literature search, 422 titles were assessed as relevant. Eighty duplicates were removed, before 190 articles were excluded based on their
abstract contents. Sixty-seven articles were excluded on assessing the full text, leaving 85 articles for inclusion into the study.

hours, while only a small number included abortions. There
was similar variation in definitions for neonatal mortality,
although from birth or 2-3 days through to one month of age
was common. For older calves, there was a complete lack of
consensus as to what age range indicators included.

For sheep, 20 studies were identified, reporting on 16 indica-
tors of mortality (Table 6). These articles originated from 10
countries, including two HICs and eight LMICs and one arti-
cle having a global scope. Perinatal, neonatal and pre-weaning
mortality rates were most commonly reported. The defini-
tion of perinatal mortality varied greatly between authors,
with indicators covering death between birth to 24 hours, 48
hours, seven days, and 14 days. There was a greater level of

consensus for definitions of neonatal mortality, with most
authors including mortalities from birth to 28 or 39 days of age.
Pre-weaning mortality was most reported to be between birth
to 90 days.

There was a dearth of articles reporting on mortality rates for
goats. Only 11 articles were identified, from eight LMICs. These
articles reported on 17 indicators (Table 7). Perinatal, neonatal
and pre-weaning mortality rate definitions were reported by
three authors each. Two of the three authors defined perina-
tal mortality as death within the first 48 hours of birth, while
two authors also defined perinatal mortality as that occurring
between 48 hours and one month of age. All three authors report-
ing on pre-weaning mortality defined this as mortality occurring

Page 8 of 31



Gates Open Research 2021, 5:75 Last updated: 17 AUG 2021

910 "I 32 ejisse-eddag
€102 "Ib 12 UOSSIogey
0202 "D 12 ¥P0N

020 "0 12 31U

L661 "Ib 12 0lesng

6102 /0 12 2l|oA

6102 UaAeT g 93uenn)
800¢ "0 12 33N

600¢ /0 12 Yoelppuns

6002 "0 12 ||2X21g
L1L0Z ‘Inaig
Y661 "0 12 WNMIM

9JU3.9}9Yy

Bulyiw parewoine Jo buiu
Jnojied Jaylie pue suleq ||e1s-29.4)
Yum swey Aulep sjeds-abie

AueQ

Aieq

uonpnpoud Autep uegun-liad/uegan
pa1uUaLI0-19yJew g ‘|lesoisedolbe
/leJoised ¥201san1-doud paxin

Jo99( °2AISU21X

Aieq

SswsAs paxiw ‘Auleq

Aieqg
Aieqg

Aieq
SWI91SAS Jo aJnixiw ‘Jaaq pue Alled

JEEE]

(319ej1eAe y1) waishs

JOIH

JIH

JIH

JINT

JOIH

JOIH

JOIH

JIH

JIH
JOIH
JIH

NEYE]
awodug

puejulq
2ouel
pUB|IBZIIMS
eidoiy13
pUB[ISZIMS

BIUBAOIS

[Bqo|9

puejal]
Auewiiso

ANyl

pUB[JIZIIMS

VSN 2ul

Anyuno)

*34N3e43}1| pamalAaJ-13ad ul pariodal sio3edipul L31jeriow 3[33eI 404 SUOIULRQ °S 3|l

UJ40Q S3A[RD JO Jaquinu
|e101/SAEp 9-0 USSMISQ P3IP JO PEIP UJOG S9AIED JO JagqUINN

'skep J|ed Jo Jaquinuy abe Jo skep z-0 W0} Sa1IBLIO
PUD 'SYMIQ JO Jaquinu ||e4ano/abe Jo sAep z-0 W04} Sa1[ELONN

SINOY -0 WO S91I|ELIOIA

341 JO SINOY 8f UIYIIM S|ewiue ulog-aAl| J0 yiead
sbuiaje jo JaguinN/wnued-1sod sinoy 8 1Sy Ul S313je1oIA

ulog SaAjed
1O J9QUINU [BI0]/SIN0Y 8 01 SUYIE3P pUe SYLIQ||IAS ‘SUOIIOgY

sinoy
87 01 dn Jo uonuNied Bulnp Jayie Jjed Wwial-||n} e Jo yieaq

Buinjed Jo sinoy 7 ulyum yieaq

UJI0Q SaA|eD JO Jaquinu
[£101/5IN0Y ¢ UIYIM P3P 1BL1 950U PUB PESP UIOG SBAED

uJog saAled Jo
JagwinN/uoninled Jo sinoy 7 uiyim BulAp Jo peap ulog jied

yig Jaye sinoy iz Ulyyim yiesp Jo ulog|ins

sJnoy Z| 01 Y1ig Wolj SaNnijeLon

dJeuoney/uoniuyaq

Ajenow
J|ED UlogMmaN

Ajljerow
Jjed |ereuriad

Jojedipu

Page 9 of 31



Gates Open Research 2021, 5:75 Last updated: 17 AUG 2021

8007 /b 32 Z3e|3d-Z110

810¢ "/0 12 SNION

020C "Ib 12 snwiay

0202 "0 12 31U

6107 /b 32 SpUJIag-UBWIUES

£10T “[b 12 UIpUBYEIN

#10¢ "0 12 Ope|3IA

6107 "/ 12 Spualag-uewiues

€102 "o 12 UOSSIOgRY

6102 "0 12 dljoA

0¢0¢ "0 12 shueS

010 'U0SUB10S % [3[eM-1S1an
661 /0 12 WNRIIM
€102 '™eeN

600 b 32 uebop.3

G661 b 12 Yreugad
€661 "0 19 Wezzy

€10¢ "0 12 |peyaq

CRIVEEETE)]

paljpads 10N

uondNpoud Jaag aAISUSIXa AUl

pa142ads 10U SWSAS ‘swiiey Aleq

uononpoud Aulep uegun-iad,/uegan
pajuaLio-19yJew g ‘lesoisedolbe

/1edo1sed %2015aA1|-d0oJd paxi

199q Jo Auleq
uononpoud Aulep aAIsuaIUL
Aieq

1999 Jo AureQ

Aieq

Aieqg

uondnpoud Allep uegun-iuad,/uegan
pa1uslI0-19Jew R ‘|esoisedolbe

/ledoised %201saAl-dodd paxi

paynadsun
Jood

Auep Jo Jasg

Aieq

(uoneis buipaaiq) Allep aAIsuIuT

(213U3D YoJeasay) Joog
AueQ

(319e)1eAe y1) waishs

JIH

JIH

JOIH

BIAY

JIH

JIH

JINT

JIH

JIH

JOIH

JINT

JIH
JIH

JOINT

JINT
JOIH

JIH

NEYE]
awodug

AN =YL
eIU0IS]

eIU0IST

eidoiy1g

SpuelayisN
oYL

AN =YL
02IX3IN

spueayIaN
YL

souel

BIUBAQCIS

eidoiyig

JJewuag

VSN eyl
[S{e[6]19)
ASxInL

ysapelbueg
VSN 8yl

VSN 2yl

Anyuno)

MSU
1e (sAep) awn-}|ed Jo Jagquinu [e103 3y /abe Jo Syluow g 21043q
peap paJaisibas pue aAle UIog [BWIUE SUIAOG € JO AYELIOJ

ysu-e
-sAep-|ewuy/,9be Jo syluow G-| SaAjed paueamun uj Ajljeoln

dnoub abe aapdadsal ayy 01 buibuolag un wJey ayy ul skep
-MO2 JO JaqWINN/SAep 06 03 |z Pabe SaAed Ul SY3eap Jo JaquinN

abe Jo syjuow -1 UsamiIaq ¥201s bunoA Jo Ajerion
3S1-1e-sAep

-JjeD/abe Jo sAep GG 01 G| WO S3NI[BLIOIN pUD ‘SaARD pabbel
-Je3 Jo Jagwinu |e3o] /abe Jo sAep GG 01 G| WO} SaNIeOoA

Apnis 1oy 3|qib1j SaAed Jo Jaquunu
|e101/96€ Jo Syoam g 1e bujueam 01 dn saAeD JO AljeLIoN

anije
uJdog S9AIRD JO JBquINnu |10 /abe o SAep | z-| usamiag AljelioN
YSI-1e-SABp-J1eD/aAISNPUL SABP 1 01 Y1Ig WO) J|BD € JO y1ead

‘syauow ed
J0 Jagwinu/abe Jo yiuow | 03 SAep € W0} S3NIPLIOIA pUD ‘syliIq
J0O J3gqwinu [[eJaA0/36e Jo yauow | 03 SAep € o) SaNIeLoN

uJoq
S9AIBD JO Jaquuinu [e10]/abe Jo skep Qg 01 SAep Z Wod} SaNnieIoN

abe
1O Jauow | pue sInoy 8¢ Usam1ag S|ewiue uiogmau Jo yieaq

‘dnoJb abe sjyy ul
SaA|ed JO Jaquinu [e101 JaA0 36k Jo sAep O€ - | U9amiaq AlljeloN

abe Jo sAep Gy 01 SUNOY Z | WOJ) S31I|BLIOIA
obe Jo sAep gz 01 0 WOJ} Sa1I|BLIOIN

RECIEN]]
1O UOSE3S bulAled ay3 4o porad [ereuoau syl bulnp palojuow
SYIg 3AI| 40 JaquuinN /abe jo sAep 8z 03 Yiiq WOy Sa1H|eIIoIA

SaAed
UJOQgaAI] JO JaquinN/abe Jo sAep gz 01 Yuig WoJ) Sa1ll|eLION

abe Jo sAep / 01 Yuig Woly SaNIeLION
SIN0Y 8 UILAIM
SY1e3p pUB ‘'SYLIQ|INS ‘U0INRISD-PIW 1918 PaPI0IaJ SUOIOQY

djeuoney/uoniuyadg

Ajerow jjed

Aljexow jed
Ajljerow
4jed bunoj

Ajjerow
bujueam-a.d Ajue3

Ajljeriow
J|ed bulueam-ald

Ajenow
|ereu-1sod Ajeg

Aljeuow
JED |PIRUISO(

Ajl[eriow |ereuoaN

Jojedipuj

Page 10 of 31



Gates Open Research 2021, 5:75 Last updated: 17 AUG 2021

Ayljerjow Jed oy

porad ys-ybiy e si 841 JO YIuoW ISl 3U3 3eY3 UOIIAISSCO JI3U3 U0 UORIULSP SIYI Paseq Sioyine ay ] 4 A13unod awodul-ybiy = JIH A13unod swodul-3|ppiul pue -moj = JIAT :dnoJo sueg plJop 8y L Aq paljIssepd sy «

8107 "I 32 SNIOA

9661 "/0 32 J9pNaJyds

600¢ /D 12 [eMS

810T "/b 3o SMON

9661 "0 32 19pN=4ydS

0202 "D 12 s13usA

900 "/ 12 UUBWAM

010z /0 32 1ems
002 "0 22 jdouy

7661 1032 NEYD

910¢ "Jp 32 S1US

6102 /b 12 Spualag-ueuiues

£ 10T "|b Jo uedpusyei

010Z 'U0SURIO0S 73 [Hlep-ISIand

910z “/b 32 e|IsseT-eddas

£10Z "Ip 12 uossiogey

9JU3.19}3Yy

uonPNPoId J23q SAISUSIX3 AlUlRN

swia1sAs uopdnpoud abej|iA

SsuwiJey Jap|oy|ews

uondNpoJd Jaaq aAIsUaIXa Ajule

swia1sAs uondnpoud abej|in

uopdnpold Allep ueqgJn-luad/ueqan
pajualIo-19yew g ‘jeloisedolbe
/1e1031sed %203159A1]-doJd paxiN

SWSAS Juswasbeuew uonels
pue uJapoul ‘|[euonipe uegin-Lad

amed Aliep Japjoyjjews

SWialsAs [euoniped|

Kiiep Jspjoyjjews

uonanpoud Aulep uegun-Lad/uegun

pajualIo-19yew R ‘jeloisedolbe
/leJoised 201saA1|-doud paxiA|

199q Jo Areq

uondnpold Aliep aAlsuaIu]
paynads 10N

Bupyiw pajewoine Jo bupjjiw

Jnojied Jayile pue suleq ||es-2a.)
Yum swiiej Aujep ajeds-abie

Alleg

JOIH

JINT

JINT

JIH

JINT

JINT

JINT

JINT

JINT

JINT

JINT

JIH

JOIH

JIH

JOIH

JIH

NEVEY]

(31qejieae ji) waisAs awodug

eluolsy

uelsiueybly

eluezue|

elu0ISy

ueisiueybyy

eidojy3g

e

eluezUR|
SJIOALP 310D
eAuay|
eidoiyig
SpuepsyIeN
9yl

AN =YL

Mlewusd

puejul4

aouel

Aiauno)

Ysu-1e
-sAep-jewiuy/a6e Jo syIuow Oz UBYI J9p|0 S[11ed Ul SSIBLIOI

Jeak 2y Jo 1ieIS 9y 18 JUdsald s|ewiue 3npe Jo Jaquinu /poliad
uoneAIaSqo Jeak-auo e buunp (Jaaybnels Ausbisws buipnipul)
paIp 12yl 311D (Pa1BW 10 PJO SYIUOW 8| <) INPE JO I3GUINN

YSl-1e-S1eak
[ewIUy/26e JO S1eah € > %203S Ul S913[eoW SNed-||e JO JSquinN

¥Sli-1e-skep-|ewiuy/abe Jo SYJuow 6 -9 WO} S313|eLoA

poliad swes sy ul uioq sjewlue bunoA jo Jjaquinu /porad
UOBAISSQO a3 buliNp paIp 18yl SYIUoW 8| > S9AeD JO JaquInN

abe Jo syauow 7 |-€ Uaamiaq »201s bunok Jo Alijelio

suoIoge buipniaul 10U ‘9| JO JBaA 1su1) UIyIm yieaq

31eJ AJl|e1IoW WOy pa1e|nd|ed sem s Aljelo
NSl e shep
lewliuy /abe jo Jeak auo uey) SS9 ¥203S Ul SYIeap JO JaquinN

183K 3U0 03 Y1Iq WOl Sa13I[e1oW Jjed Jo JaquinN

Apnis ay1 Ul Syauow-J|ed Jo Iagquinu [101
/S9N UJOGaAI| Ul 91| JO 489K 1SJ1} Y3 Ul S91I[e1IoW JO JaquinN

Jeak Apns Jeinonued 1eya ulyaim syiq aAl| JO JaquinN
/(31182 10y} Jeak suo 01 dn) abe HBuiuesm 03 Yliig Wol) S313I[LIOIA

ysi-1e-sAep-jjen/abe Jo Jeak auo 01 SAep 9 Wod) SIILIO

Buiueam-a1d palp Jey3 SaAeDd SS3| sanjed 3|qibifs jo
Jaquinu [e10] /208 JO SYIUOW 1| PUB SY33M g UdamiIaq AlijelIoj

‘dnoJb abe siyy ul saned
10O Jaquinu |e101 JaA0 abe Jo skep g1l - L€ Usamiaqg AlljeLo

abe Jo shep / 1e saAed
31| JO I2quINN/sAep 08| pue £ usamiaq BUulAp saAjed JO JaquInN
‘sypuow Jed

10 Jaquinu/abe JO SYIUOW XIS 03 SUO WOJJ SSNI[ELION pUD 'SYMIG
4O J9qUINU [[edan0/abe JO SYIUOoW XIS 03 dUO W4 SaIH|eLON

ajeuoney/uomuyag

syauow
0z wouy Ajeriow
5%201SBUNOA

Ajerow
1npe |enuuy

Kyjerow
5%201SBUNOA

sypuow
61-9 Ajeriow
%203sBUNOA

Aijerow
|ewiue bunoj

Ajerow
Bbulueam-aid 21e7

21eJ Aljerow
Jed/Aijeriow 4ed

Ajjexow
%2015 Bunoj

Ajerow
]2 aAneINWIND

2184 AJjjeriow
Jjea/Rijeroul jied
Ajerow

52015 Bunoj

21eJ Aljerow
J|ED pauUBaM

Ajjexow
Pulueam-1sod

Aljeuow Jjed

Ajeow Jjed

Ajerow
polad bulieay

Jojedipur

Page 11 of 31



Gates Open Research 2021, 5:75 Last updated: 17 AUG 2021

winyedisod 9 Aep 1e aale squie| Jo Jaguinu |10l /yuiq Ajerow
S0z ‘abeep) g AowjoH a|dinA JIH KemuopN J31e SKep 171-9 USaM19q Palp 18yl Squie| UIOgaAIT] |e1eUOSU 21E7
uononpoud Allep uequn-luad,uequn
pa1uslI0-19yJew g ‘jesoisedolbe abe Jo yiuow
9107 "Ib 12 U4 /ledorsed “201saA1-doud paxin JINT eidoiy13 | pue sinoy gf U9amiaq sjewiue uiogmau Jo syiead
0707 "0 12 Ys|ezeyy-ly  SWa1sAs Aipluspas pue Juewinysued| DINT uepJof  Yuig J3)Ee LUuoW | PUB SINOY 81 US3MI9J S9NI[ELIOI
7661 [0 12 '312¥°9 daays puejybiy uoneis-ug JINT eidoiyn3 abe jo shep pg 01 dn yig Woly Sa1IeLoN
8107 "/ 15 aUBMOD JIAT eIpu] 3l1] 40 sAep gz 14y ay1 bunp ssiljeLON
€102 /b 12 92%05 DINT Aoxany 31| JO SY29M INOJ ISl 3Y1 BuliNp SanijeLIoN Aljeiow |ereuoaN
SAI[e UJOQ SquUig| JO Jaquinu [B101 3yl /34|
0102 "o 32 noxbeld v/N v/N V/N 40 shep gz 1sJiy ay1 buunp Buihp squie| Jo Jsquinu sy
dAIle UJOQ Squle| Jo Jaquinu [e1o) /abe
6002 "0 32 Awoply 0|} pabeuewl AjpAISUIX3 JINT uepJof 10 SAep 7] pue Yliq Usamiag Sail|eaiow JO JagquinN
/102 "o 12 3ublodsen) a|dninA JIH SN YL 31| 10 ¥23M IsJ1 aya bulnp squie| Jo yieaqd
2102 "0 12 Aowi|oH aidniny JIH KemuoN abe Jo sAep g-0 UsaIMISQ SO
SQUIB| UIOGRAI| JO J3guUINU [e10]/SY1ig||ns buipnpul Aljevow
510z ‘obeep g AowoH a|dnninl JIH KemioN ‘3411 Jo sAep -0 UsaMIB P3IP 1BYI SqUIE| UJOGaAIT |ereuoaU Aeg
UoIeIS YdJeasal e uo uJoq
/007 "D 12 [EPUBA  SWSISAS SAISUSIUI pUB SAISUIUI-IWISS JINT elpur sque| JO Jaquinu [e101/UMiq Jo sAep G| uiyum yieaq
S 10z ‘obeep g Aow|oH adninn JIH KemuoN abe Jo sAep uanas 01 dn yleag

uononpoud Aulep uegJn-lad,suequn
pa1uUalI0-13yJew g ‘jesoisedolbe
910Z "0 12 91U /ledoised 20359Al|-doud paxIA DINT eidoiya3 3J1] JO SINOY 8 UIYIM S[ewiue UJog-aAll Jo Yyiead
0207 "/p 12 Ya|,ezeuyl-ly  SWaisAs Aleiuspas pue uewinysuel| JINT uepJof YuIg JO SINOY 81 UIYLIM S3131[LIOIN Aeniow [ereunag
wa1sAs uononpold [euosess

6102 /b 12 1BI10A -uou pue bujzesb uoneAIasuod JIH Auewan 341 40 Aep 141 419U UO PaIp 1YL SQUIB| pUe SYMIG|INS
uJog squig
2007 b 32 suulg aidninn JIH MN Ayl 4O JaqUINU [BI0L/YHI] JO SINOY 177 UIYIM SD13[ELIOIA

SAI[E UJOQ SQUIB| pUB UJOg||Is ‘palioge JO WNS/Uoseas
Buipaaiqg auo ul (abe Jo shep 17| 03) Aljeriow |ereuoau

600 /b 32 Aulop|y pabeuew AjpAIsua1xg JINT uepJof pue ‘syiqis ‘suonioge Ag pasned sasso| [e10L
=I3A3) Jojedipug
ERIIEYETEN| (a1qejieAe j1) waisAs  awodug Anuno) 3leuoney/uoniuyaq

*3aNn3e1331| pamalnal-13ad uj payiodau sio3edipul L3ijeriow dasys 40y suoiyuyaq ‘9 3jgeL

Page 12 of 31



Gates Open Research 2021, 5:75 Last updated: 17 AUG 2021

9661 "0 12 J8pnalyds
910¢ "o 12 Ope|lsN

€00¢ 'uosyIny

9661 “/0 32 JISpnaJydS

(£102) 10 13 S|21eg

£00¢ "0 12 [epUB

9107 "0 12 3nU4

910z "o 12 a1us
€107 /b 12 92409
0¢0C "0 12 UYs|,ezeuy-|v
910Z b 12 31uUa4
020z "0 12 Ya|ezeyy-|y
6107 'weles

L00T /b 12 [epuBA
¥10z "I0 32 3quaQ
9102 /b 12 Ope|;sIA
£10T "Ip 12 Japebjapay

CRIVERETE)|

swia1sAs uonanpold abejjiA

squie| paJeaJ AjRAISUSIU]

SAISUBIUI-ILLSS/[euonipel|

swia1sAs uopanpold abejjiAn

paljpads 10N

uonels yoiessal e uo

SW21SAS SAISUIUI PUR SAISUSIUI-ILUBS

uononpoud Autep uegun-uad,/uegan
pajualio-1ayiew g ‘lejoisedolbe
/|eJ01sed %20315aA1-d0Jd paxI

uononpoud Aulep uegun-tiad/uegan
pajualIo-1ayJew 3 ‘lesoisedolbe
/ledoised 5201saA1-d0oJd paxiA

Sw1sAs AipIuspas pue Juewnysuel]

uononpoud Aslep uegun-liad,/uegan
pajualIo-1ayiew g ‘leJoisedolbe
/ledoised 201s3A1-doJd paxi

SWSAS Aieauspas pue Juewnysuel|

uonels

ydJeasal e uo pasies deays pleg

uonels yoiessal e uo

SWI21SAS SAISUDIUI PUR SAISUIUI-IIDS

SWSAS 1si|eloised 1o buipas)
paJayyal buisn swie) Japjoy|jews

squie| paJtead AlpAIsusIuL

uondnpoud

SAISUS]Xa-IWLS puUk aAISUS1X]

(319epieae y1) waishs

JINT

JINT

JINT

JINT

JINT

JINT

BIAN

JINT

JINT

JINT

JINT

JINT

JINT

JINT

JINT

JINT

JINT

NEYE]
awoouj

A13unod awoduI-ybiy = DIH “A3UNn0d 3WodUI-3|PPIL pue -Mo| = DIAT :dnoJo sjueg PO aYL A PaIJISSED SY «

uelsiueybly
02IX3N

)

uelsiueybly

ueisiueybly

elpul

eidoiyyg

eidoiyi3
Ayany
uepJof
eidoiyig
uepJof
1dAB3
eIpul
eidoiyig
0DIXN
uepJof

Anuno)

Jeak ay3 Jo 1els aya e uasald

S|ewiue 3npe Jo Jaquinu /polad uonealasqo Jeak-auo
e bunp (u21ybne|s Aousbiswa buipnpul) paip eyl
daays (pa1ew 1o pjo syuow 7 |<) JNPe Jo JaquinN

SNERS
peap ulog squie| 0| Jod paueam SquUIe| JO JSGUINN

uJog Squie| Jo Jagquinu |e1o] /abe
JO SyIUoOW 7| pue Yuiq Usamiadg Ssyieap Jo JaquinN

polad awes syl
Ul uoq sjewiue bunoA jo Jsgquinu /polad uoneaIssqo
3y bupnp palp 1eya syauow z | > dasys 4o JaquinN

Jeak Jepuajed aules ayj uj uloq
SpB 4O J2gUINU [B10] /1B Jepud|ed aUo Ul J2BunoA
JO syauow 7| pabe palp 1eyl squie| Jo JaquinN

ulog squig|
1O Jaquinu [R10] /368 JO SYIUOW 9-€ UBaMIB] Y1ead

abe Jo syuow 9-¢ UsaMIa] X201S BunoA Jo Yyieag

JeaA Jejndued e ulyam syuiq aAl| Jo JaquunN
/Jeak auo Jano (daays Joj syauow 9 03 dn) bujueam
01 Yuiq wodj ¥201s BunoA Jo syiesp Jo Jaquinn

3411 JO SH33M Z1-G 1Sy B Ul S3N[ELON

poliad Jeak-auo e bunp (syiuow €) abe bujueam oy
YuIg WO SqIe| JO Jquinu abelsAy/Syiesp Jo Jagquiny

abe Jo syruow g-1 usamiaq 3201s bunoA jo syieaq
abe Jo syruow ¢-| uaamiaqg Alljeron

ulog squie| Jo Jaquinu [e1o] /abe
10 SAep 06 - 0 U9aMIaQ Safjeiow quie| JO Jagquinn

uloq squie|
10 Jaquinu |e10]/abe Jo syiuow £-0 Usamiag yieag

Syuiqg |elol/abe Jo sAep 06 [13Un syiesp Jo JaquinN

buiquiel-sod skep 09
uiyIm BuiAp Ing aAlje 1o pesp ulog squie| Jo JaquinN

3Nl UI0] S
10 JaquinN/abe Jo shep 09 01 yuiq wods Aljeron

3jeuoney/uoniuyad

Aljeuow
JInpe [enuuy

[BAIAINS quieT]
Aljerow quie

Ajjerow
|ewiue bunoj

Aljenow 23015 bunoj

Aljevow
Pulueam-1sod

Aljeuow
pulueam-aid a1e7

Aljeriow 3201s
BunoA buiuesm-oy
-Uuiq [enuue uesjy

Ajjerow
[P1RUOBU-1SOd

2184 Ajljeiow
apNId [[eJan0

Ajerow
Buiueam-aud Ajueg

31eJ Aljeriow
pulueam-aid

103e31pU]

Page 13 of 31



Gates Open Research 2021, 5:75 Last updated: 17 AUG 2021

Page 14 of 31

9007 'epueg 001%G9€xSAep »203s buippns
2 ebunien-embexiyd SULIE} Jap|Oyews 320359n/d0.D DTN IMEIEN -lewiuy AH201S pjo-Yauow-9-0 Ul syrea( 10 2184 AljeLIoN
uononpoud Auep uequn-pad AUeLIOW
JUBQUN pajualio-1ayiew g ‘leloisedolbe JINT eidoiyg  =be Jo syruow £-| UsamiIaq ¥201s bunoA Jo syieaq @c_cmmg-mﬁr wfm
0202 "Ib 12 U4 /ledoised 2031saAl|-doud paxI i 1183
0202 "/ 12 U3|,ezeyd-|v SWIR1SAS Aupluspas pue Juewnysuel| DINT uepJof SYIUOW €-| Usam1aq AljeLIo
6002 "elleyIN abe
9 PIgVY-|3 UBSSeH-|3 wsijeJoised [euonipe.] DTN uepns 1O SyauoW € e Bulueam |puNn yuiq wody AljenolN  Aljerow buiueamald
Swa1sAs 1sijedoised Jo
7107 "0 12 aquag  buipasy paJsayial buisn swiey Japjoy|jews JINT eidoipy - supuiq exol/abe Jo shep 06 [AUN SUIeap JO JAGUINN
) ulog Spiy Jo Jaquinu |10 /obe
£00¢ ‘'UuosyIny SNSUSIUIIUWLSS/[EUOHIPEL DINT EUBUD 10 SyIUOW Z | pue Yyuig Usamiag Syieap Jo JagquinN
uJoq Spiy Jo Jaguinu [0l
9661 /013 eg wia1shs jeuonipedy JINT e /SUYauowW Xis ueyl JabunoA spiy Ul Sy1esp Jo JagquinN
‘buiueam el
310J3Q PaJ21UN0JUS SJaM SISSO| JBY10 OU Se SYyLIQ Aijeriow py [|eIeA0
SWIR1SAS AupIuspas pue JuewNysuel| JINT uepJof SAI| WOJ} pa312eIIgNS Sem Uieap 4o jjey o'l ‘poriad
Jeak-auo bulnp (syauow €) abe buiueam 01 Yuiq
0202 "0 12 Y| eZeuy-|y W0J} SPIY JO Jaquinu 9beIsAY/SYIeap Jo JaguinN
600C "BelleyIN -
9 PIGY-3 UPSSeL-(3 uisijesoised jeuonipel] JINT uepns  a1el Ayjeiow (owgs>) butueam-aid + a1el uoioqy
7661 |0 19 Jauney SAISUDIXD-ILIDS JIH EEIS skep 0/ pue sinoy gy usamiaq AljeriolN  Aljeniow bujueam-aid
uononpoud Autep uegun-uad a6 Jo yiuow |
JUBQqJIn pajualio-1ayiew g ‘jeloisedolbe JINT eidoiyia
0207 “I0 12 91U34 J1eso1sed Spo1Sa-do.n paxiy pue sINoy gy U9aMIa( Sjewlue uiogmau Jo syiea
0207 /b 12 Ya|,ezeyy-|v SWIR1SAS Aup1uspas pue Juewnysuel| JINT uepJof abe Jo yiuow | 01 SINOY 81 UsaM19q A1jeLIOIN Aujenioul jeeuos
dAI[e UJOg SPP JO Jaquuinu |eyo)/abe
600Z /b 12 Auop|y $YP0|y pabeuew Ajanisusix JINT uepJof 10 SAep 7| pue y1lig Usamiaqg Sa11ije1oul Jo Jaquinn
JAIje uJog
SpI pue WIog||ns ‘pPa1ioge Jo WNS/uoseas buipaalq
Rl R U=ET JINT e 2uo Ul (abe Jo sAep 17| 03) Aljeiow [erRUORU
6002 "0 12 Awop|y pue ‘syaiigis ‘suonioge Agq pasned sassoj |e1ol
uononpoud Autep uequn-uad Ajeniow [ereuisd
JUeqJn pajualio-1ayJiew g ‘|ejoisedolbe JOINT eidoiyig 341 JO sINoy g UIYIIM Sjewiue uliog-aAl| Jo yiead
020Z "I 12 91U34 /1e1031sed %203159A1-doud paxiN
0Z07 /b 12 Ya|,ezeyy-|v SWIR1SAS AupIuspas pue JuewNysuel| JINT uepJof yuiqg 10 SInoy g UIYIM SS11[PLIOIA
7661 "0 19 Jauey SAISUDIXD-IUIDS JIH |2eJs] sinoy gy 151} bulinp Ajenopn Aijeriow Aje
NEYE)
ERITESETEN] (31gejiene y1) waysAs  awodux Ainuno) 9jeuoney/uoniuyadg Jojedipug

*34N3e43}1| pamalral-13ad ul pariodal siozedipul A3ijeriow jeoh 1oy suoiyuyaq ‘L 3jgeL




‘uopdNpoJd Jo swiio) [euonipel Ajutew bupnoeld sa11UN0d 3W0dUl 3|PPIW- pUe -MO| WOJ) 3Je SaIpNIs ||y
AJ3UN0d aWodU-ydIY = JIH ‘A3UN0D BWOdUI-3|pPIL puUe -MO| = DINT :dNoJD yueg plIOM 3YL AQ PalISSed SV «

Page 15 of 31

Gates Open Research 2021, 5:75 Last updated: 17 AUG 2021

900¢ ‘epueg 001 +G9ExSAep sojew buipaa.q
% ebunje-embexiy) SULLIELBIBL LS PRI e D) JINT IMEIEN -lew|uy /Sajew pjo-yiuow g < Ul syieaq J0 9184 AjjenoN
183k 3y Jo Jue3s ay Je ussald sjeudiue
JINpe Jo Jaquinu /poliad Uo[eAI9SgO JBIA-2UO €
Swa1sAs uononpoud abejjia JINT uelsiueybly BuLINp (J91YBnels AousBaws BuIPNPUI) PIP 18U Ajlleriow 3npe |enuuy
9661 "0 12 13PNAIYIS S1e00 (pajew Jo pjo SYuoWw 7 1<) INpPe Jo Jaguinn
So|ewa)
‘epue Swiey Jap|oy||ews %203saAl|/do. IMele 00 1% G9€xSABD-|EWILY Buipsalqg pue bulieal
o mmcz_%_\/m_u‘wwmwx_r_m $4opiou| *P0ISIN/CA0ID JINT IMEIEN /3P| pue syuow 9 pabe ssjewsy Ul syiesq P 10 wumL AUELION
900¢ 'epueg 001 x59€SAep sajew burieal
% ebunje-embexiy) SULIe J9p|Oy|[ewIS >P0IsaA/d0.D JINT IMEIEN -|lewuy /sajew pjo-yiuow-g1-9 uj syiead Jo 9184 AyjjeroN
poliad swes ayj ul
Swa1sAs uononpo.ud abej|ia JINT uelsiueybly  uoq sjewiue bunoA Jo Jaquinu /poriad uoleAIasqo  AljelJow |ewiue Bunoj
9661 "0 12 13pNAIYIS 3yY1 bulnp paip 1eyl syuow z | > s3eob Jo JaquinN
Jeak Jepusa|ed awes ay3 Ul uloq
paynads 10N JINT uelsiueybly  Spi JO Jaquinu |10 /Jeak Jepualed auo ul Jabunok  Aljjeliow 3201s Bunoj
(£102) "I 32 S|21Eeg JO syuow 7| pabe paip 1yl spif JO JaguInp|
uononpoJd Auep uequn-pad T
/ueqJn pajualio-1ayJew g ‘[eloisedolbe DINT eidoiylg  abe Jo syuow 9-¢ Usamiag »203s bunok jo yieag e
.. . Bujueam-aid a1e]
0207 “p 12 3nuUa- /led03sed ¥201saAl-doad paxin
7661 "I 13 Jauney SNISUDIXS-IWDS JIH EEN sAep 081 - 0/ usamiaq AyijenolN  Ayjeyiowl bujueam-1sod
uononpoud Auep uegun-uad Jeak Apnis Jejnonued 1eyy uiyaim syuiq Ayjeow
/UeqJn paiualio-1ayJew g ‘leloisedolbe DINT eidoiyag oAl Jo JaquinN/Ieak auo Joj Apnis ay3 ul (s1eob Joj  3203s bunoA buiueam
0202 "0 12 33U- /|les03sed ¥2015aAI-doId paxIn Syauow 9 03 dn) %2035 BUNOA JO SYIPSP JO JSQUINN  -03-UIg [enuue UesN
NELE]]
ERIIEIETEY| (31qejiene j1) waisAs  awodug Anuno) ajeuoney/uoniuyad Jojedipug



up to three months of age, although two authors measured
this from birth, while one author measured this from one
month of age.

A small number of studies arbitrarily divided the pre-wean-
ing period into early and late stages of weaning, which differed
greatly between authors. Papers that monitored mortality to
weaning but did not specify when weaning typically occurred
were excluded from the study. In the review article by Peeler
& Wanyangu (1998), the authors collated the weaning ages of
lambs and kids reported in grey literature from Kenya. Across
12 studies, weaning age ranged between 120 — 224 days, with an
average of 152 days and a standard deviation of 30 days, show-
ing significant variation within weaning ages of production
systems used in one country.

Few studies reported mortality rates specific to adult animals
- most studies reporting adult mortality rates used crude flock
or herd mortality risk, rather than an age-based indicator. The
exception to this is in dairy cattle, where a small number of
studies reported mortality by parity in dairy cattle (Traore &
Wilson, 1988; Upadhyay et al., 2014).

Across all indicators for cattle, there was no more consistency
in definitions used within HIC/LMIC groupings than between
the two income categories. The small number or absence of
studies from HICs for sheep and goats precluded comparisons
between different production income groups. For all species,
age-defined indicators concentrated on the first few months of life.

Age distribution of mortality

While many articles discussing livestock mortality state that
mortality rates are highest in younger age categories, few arti-
cles reported the distribution of mortality by age, particularly
for animals older than one year. In cattle, 15 articles (Table 8)
presented detailed tables of mortality by age, allowing
crude comparison between studies. However, for sheep and
goats, this information is scarce and spread across varying
timeliness, making direct comparison difficult.

Mortality in adult cattle. Only four articles detailed age at
mortality to at least three years of age. Data from these arti-
cles are presented in Figure 2. It is evident that mortality rises
steeply in the first few months of life and begins to taper off by
12 months of age.

In addition to these studies reporting exact numbers, several
papers presented cumulative mortality (or proportion of sur-
vival) over time graphically. In Mali, Traore & Wilson (1988)
showed that the proportion of cattle surviving dropped most
steeply within the first three months of life, then declined
at a fairly steady rate between 1-3 years, before becoming
negligible between 3-4 years. Raboisson er al., 2013 showed
that in three different dairy cattle breeds in France, heifer sur-
vival rates dropped most rapidly within the first 200 days of
age, continuing at moderate rates between 200400 days,
before reaching a lower, stable rate between 400-1400 days.
Zhang et al. (2019) reported on mortalities and involuntary

Gates Open Research 2021, 5:75 Last updated: 17 AUG 2021

culling rates in dairy calves and replacement heifers in China
to 60 months of age. Frequency of mortality was highest
in the <3-month age group, dropped dramatically between
3—6 months, then continued to drop until 60 months of age.

Mortality in young cattle. For cattle in the first 12—15 months of
life, a total of 11 articles reported detailed mortality incidence
risk over time. Study sizes, age groups for which data are
presented and proportions of total mortality are included in
Table 9. As demonstrated in the table, there is inconsistency
in the age groupings used. Three studies reported mortality
risk for each month, however, one study reported mortality
for each 28-day period. Other studies reported mortalities
for arbitrarily-determined age groups. To be able to compare
and present this data graphically, figures were either averaged
or consolidated to give monthly values, and this cumulative
mortality risk for the first year of life is presented in Figure 3.
For studies reporting mortality risk monthly, cumulative mortality
rises sharply in the first 2-3 months. In all but one study, 80% of
mortalities that occur in the first year have occurred by six months
of age.

Again, these observations are supported by many of the other
studies that either did not report exact numbers over time or
that presented data over a shorter period of time. Findings
reported by authors included those where the largest propor-
tion of deaths in cattle occurred intrapartum (Mock et al., 2020),
in the first 48 hours (Busato er al., 1997; Raboisson er al., 2013),
the first week (Gardner e al., 1990), first one- (Menzies et al.,
1996), two- (Santman-Berends et al., 2019), or three- (Hyde et al.,
2020) months of life.

For both extensively-managed beef cow-calf herds and
large-scale, intensive dairy cattle production in Estonia, Motus
et al. (2017) and Reimus et al. (2017) found that mortal-
ity rates were highest in female and male calves 0-3 months of
age. For beef cattle, mortality rates dropped markedly after
3 months until 18 months of age in females, when they began
to rise again, while mortality rates in male calves was more
variable. In dairy cattle, for both sexes, mortality rates
remained moderately high between 3-5 months, before
dropping at 6 months of age. Data available for older age
groups in female cattle show that mortality rates start to rise
again at 24 months. Similarly, Selvan er al. (2019) reported
mortality risk for two Zebu breeds and Zebu -crossbreed
calves under 6 months of age in India from longitudinal data
from a research station. For the two Zebu breeds (Sahiwal
and Tharparkar), mortality risk was highest in calves aged
0-1 month, whereas mortality risk was comparatively high
for calves 0—1 month and 1-3 months of age for the crossbred
calves. Norberg er al. (2013) studied mortality in Danish
Jersey heifer calves aged 1-180 days and found that the risk of
mortality was highest between days 1-14, moderate between
days 15-30, and continued to decrease until 180 days of age.
Slavik et al. (2009) found that in beef cattle herds in the Czech
Republic, 62% of mortalities within the first six months occurred
in the first week, with a further 28% occurring between one and
four weeks of age.
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Figure 2. Cumulative mortality in cattle from birth to three years of age. Four included studies presented data on mortality
distribution by age past 12 months of age. The black line shows the mean cumulative mortality with standard deviation bars.

In smallholder mixed crop-livestock systems in Kenya, Thumbi
et al. (2013) found three periods where risk of cattle mortal-
ity was higher: the neonatal period, immediately after birth;
between 150-190 days, when maternal antibody levels are
waning; and towards one year of age, when calves are weaned.
Knopf et al. (2014) reported that all deaths occurred in the first
210 days, while Pannwitz (2015) recorded the highest mortal-
ity rates in calves less than six months of age, then a decreased
mortality rate between 6-24 months, and an uptick after
2 years of age.

In contrast to these findings, two authors, Debnath er al.
(1990) (Figure 3) and Gitau er al. (1994) reported that no
strong age patterns were seen in calf mortalities, while
Seppa-Lassila er al. (2016) found that mean mortality risk in
large-scale Finnish dairy cattle was 5.2 + 2.3% in calves <7 days,
while the mortality risk in calves 7-180 days was 5.7 + 6.2%.

Risk of bias of included studies. For the 15 studies that
published data sets showing age distribution of mortality in cat-
tle, risk of bias was assessed using a tool refined by Hoy et al.
(2012) (Table 10). All seven studies from HICs and five of
the studies from LMICs utilised data from national registries,
or research/breeding institutes, therefore random participant
selection and non-response bias was unable to be assessed. It is
possible that research or breeding station data may not be a true
representation of realities in the field. Although some herds were
managed as per the local normal, some stations had much more
intensive management than would be found in surrounding
areas. For the remaining three LMIC studies, these were
conducted in the field using convenience sampling, based on
farms being in accessible locations, being the site of previous
studies, and willingness to participate by farmers. Convenience
sampling may select participants who have a greater interest
in the health and welfare of their cattle and therefore may employ
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Figure 3. Cumulative mortality in calves between 0 - 12 months of age. This graph shows includes 15 studies reporting mortality
distribution by age for at least the 12 months of age. The black line shows the mean cumulative mortality with standard deviation bars. On
average, 86% of mortalities in the first 12 months had already occurred by six months of age.

better management practices, or who have better access to
veterinary advice or treatments. Overall, the risk of bias in
studies originating from HICs was assessed to be low, and
moderate - though difficult to avoid due to constraints on how
research can be undertaken - in studies originating from LMICs.
Other types of bias, such as reporting bias, were not reported
by studies and could not be assessed.

Mortality by age in small ruminants. For both sheep and goats,
the variation in the time periods covered by different studies

was too great to allow direct comparisons. In sheep, two papers
noted that stillbirth and perinatal mortality rates were higher
than at any age (Holmoy & Waage, 2015); Voigt et al., 2019),
while other authors report the largest proportion of mortali-
ties occurred within 24 hours of birth (Binns er al., 2002), or
within first week (Gokce & Erdogan, 2009; Gokce et al., 2013;
Khan er al., 2006). Holmoy et al. (2017) reported that 80% of
neonatal lamb mortalities occurred within the first two days
of life. Sallam (2019) found that average mortality risk for
Barki sheep reared at a research station in Egypt was 4.6% for
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lambs 0-3 days of age, 5.4% for lambs 4-60 days of age, and
2.2% for lambs 61-90 days of age. Turkson (2003) found that for
lambs from birth to 12 months of age, 75.6% of the mortalities
occurred between 0-3 months, compared to 24.4% occurring
between 4-12 months of age. In India, Mandal er al.
(2007) reported that mortalities of Muzaffarnagari sheep
reared in a research institute were highest in lambs under six
months of age. Mortality risk for lambs from 0-3 months of
age was 7.5% (with 64% of deaths occurring within 15 days of
birth), decreasing to 2.7% from 3-6 months of age, 1.6% from
6-9 months of age, and 1.2% from 9-12 months of age (Mandal
et al., 2007). In Jordan, Abdelgader er al. (2017) found that
63.5% of pre-weaning (from birth to 60 days) lamb mortalities
occurred within the first seven days of life. In semi-migratory
and village sheep production systems in Iran, Vatankhah &
Talebi (2009) found that mortality risk was 6.14%, 12.76%,
3.36% and 0.69% for lambs under 3 months of age, between
3 and 6 months, 6 and 9 months, and 9 and 12 months of age,
respectively.

For goats, El-Hassan El-Abid & Nikhaila (2009) observed that
21.2% of pregnancies resulted in abortion, while de Medeiros
et al. (2005) reported the highest proportion of mortalities occur-
ring within the first month. Traore & Wilson (1988) reported
that 35% of all kids died before five months of age in Mali.
For both sheep and goats, Tifashe er al. (2017) observed that
lambs and kids had higher mortality rates than “young stock”
or “adults”, however, the specific age range covered by these
terms were not defined. Kumar er al. (2016) reported that risk
of mortality was highest in kids aged 0-3 months (34.6%),
>3-6 months (25.42%), and >6 months (19.78%). Turkson
(2003) found that for mortalities occurring in kids between birth
and 12 months of age, 80.2% occurred between 0-3 months,
with the remaining 19/8% occurring between 4-12 months.
In India, Thiruvenkadan & Karunanithi (2007) longitudinal
data from research station records showed that mortality risk
was higher in kids from birth to 12 months of age compared
to adults older than 12 months. In this cohort, mortality risk
was highest around the time of weaning at three months of age.

In Myanmar, a study on village sheep and goats production
found that mortality rates were much higher in young animals
aged less than 12 months compared to older animals above 12
months (3.0 deaths/100 animals/month and 0.28 deaths/100
animals/month respectively) (Hanks e al., 2018).

Ramachandran et al. (2006) reported on longitudinal data on
an experimental crossbred dairy goat herd maintained at a
research institute. For goats monitored until 78 months of age
(6.5 years), 59% of all mortalities occurred in the first 3 months
of age, and 72% of mortalities had occurred by 6 months of
age. After 6 months of age, mortality risk dropped markedly,
and remained low until the goats were >78 months of age.

Discussion

Inconsistencies in definitions

The inconsistency between definitions of livestock mortality
indicators suggests that mortality indicators are not used
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consistently enough across the industry to be standardised. This
is likely due to the predominance of performance indica-
tors based on productivity in HICs, such as daily weight gain,
feed conversion ratios, carcass or milk yield or egg production;
the irregularity of monitoring in LMICs; and the difficul-
ties in standardising these indicators so that they are appli-
cable across different geographical regions and production
systems. However, livestock mortality indicators may become
more widely used globally - in HICs due to increasing con-
sumer concerns about animal welfare and the potential utility
of mortality indicators in this domain, and in dairy cattle,
due to concern about the rising trend in mortality rates seen
over the last few decades (Compton et al., 2017; de Vries et al.,
2014; Thomsen & Houe, 2018), and in LMICs due to the inclu-
sion of “Number of animal deaths” in FAO’s recommended
minimum set of core data within the Global Strategy to improve
Agriculture and Rural Statistics (FAO, 2018). In this case, a
concerted effort should be made to overcome the difficulties in
standardising livestock mortality indicators, as this will facili-
tate comparisons over time. Several sources of inconsistency
that need to be addressed have been identified in this review.

First is the use of mortality risk versus mortality rate.
Santman-Berends et al. (2019) compared practical aspects and
suitability of mortality rates, where calf days-at-risk was used
as the denominator, to mortality risk, where the total number
of animals at a specified point in time is used. These authors
found that although mortality rate is more accurate, mortality
risk was a preferred method of measuring mortality from the
scientific, comprehensibility and utilitarian points of view.
This finding was supported by the high proportion of studies
that reported mortality risk rather than rate. In many cases,
method of data capture may not have given authors the degree
of precision required to calculate mortality rate. To improve
ease of comparison between studies, it may be helpful for
studies with access to more detailed data to report both mor-
tality rate and mortality risk, to facilitate comparison with
studies with access to less precise data that report mortality risk.

Secondly, based on the studies reviewed here, stakeholders
have a greater interest in mortality in young animals. As
perinatal and neonatal mortality rates are commonly reported,
species-specific definitions for these indicators using age
ranges that are appropriate for use across different production
systems should be set. For both cattle and goats, more papers
defined perinatal mortality as occurring within the first
48 hours of life than other time periods, although variation
exists as to whether abortions or stillbirths are included.
Due to potential inconsistencies in the detection of abortion or
determination of foetal age at abortion under field conditions,
the authors propose that perinatal mortality risk be defined
for cattle, sheep and goats as animals that are stillborn or die
within 48 hours of birth over the total number of still- and live-
born animals. For cattle, sheep and goats, most authors defined
the upper age limit of neonatal mortality as one month of age.
The authors propose that neonatal mortality risk for all three
species include deaths occurring from three to 30 days of age
over the total number of animals alive at three days.
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The literature search for the term “pre-weaning mortality”
showed that this is a more commonly used indicator for pig pro-
duction systems than for ruminants. Conceptually, pre-weaning
mortality would be a useful indicator in ruminants as it encom-
passes the age groups with highest risks of mortality. How-
ever, due to the high variability in age at weaning between
production systems and species, an indicator based on age may
be more universally appropriate. For cattle, studies that report
pre-weaning mortality rates should, at minimum, specify the
age at weaning for the setting of the study. For sheep and goats,
reviewed papers seem to concur that the pre-weaning period
should extend to 90 days of age. The authors suggest that
pre-weaning mortality risk for sheep and goats be defined
as the number of liveborn animals that die between birth
and 90 days of age over the total number of liveborn animals.

Lastly, for animals past the weaning stage, the age groups for
which mortality rates are reported could be standardised. At
present, study authors arbitrarily decide on age groupings for
reporting or further analysis. In a review attempting to com-
pare magnitude of calf loss across cattle stations in Northern
Australia, Chang er al. (2020) identified 42 studies that reported
mortality over 13 different time periods. This variation in
timelines limited the usefulness of the data, precluding meta-
analysis and allowing only summary statistics to be gener-
ated. Although the length of studies may vary, if all studies
reported on mortality rates for a consistent set of age ranges, this
would aid comparisons across data sets and meta-analyses for
more powerful results.

Age at mortality

This review found high agreement between studies on the
age groups with the highest incidences of mortality in cat-
tle, sheep and goats, although most evidence was available for
cattle. Mortality rates were clearly higher in young animals
within the first few months of life, and by six months of age, a
large proportion of mortalities in herds and flocks had already
occurred. This appears to be a common finding regardless of
geographic location or production system and is likely why most
studies concentrated on reporting mortality rates for younger
animals rather than adults.

While it is commonly reported anecdotally in the literature that
the perinatal period or first week of life is the most dangerous
period for small ruminants, studies from LMICs also reported
higher risk of mortality around the time of weaning, which
extends the period where higher mortality risk is observed to
6 months of age. Given the findings in this review, young stock
mortality risk, where the number of animals dying within six
months of birth over the number of live-born animals could
be used as an indicator to cover this vital period. Consider-
ing the ability for human infant mortality rates to reflect general
population health (Reidpath & Allotey 2003), the relationship
between young stock mortality risk and overall herd or flock
health could be an area for further analysis.
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Limitations of the study

There are several limitations to this review. Firstly, the study
was limited to one citation database and limited use of Google
Scholar. Web of Science was chosen for the breadth of
journals indexed within this database and their relevance to
livestock science. A large number of search results were gen-
erated, however, potentially more articles could have been
recovered using a second citation database. Secondly, the study
criteria restricting inclusion to peer-reviewed journal arti-
cles to ensure a high quality of studies may have limited the
amount of data included from LMICs, where there may be
language or financial barriers to publishing in peer-reviewed
journals, and where operational research from governmental or
non-governmental organisations may only be published in the
grey literature. Finally, an inadequate number of studies report-
ing sufficient age distribution of mortality data were identi-
fied to conduct a meta-analysis or to disaggregate findings
by production system or location.

Practical considerations of mortality rate as an indicator
Availability of data. While close to 50% of the cattle studies
included in this review originated from HICs, sheep studies
more commonly originated form LMICs, and all included
goat studies were from LMICs. In HICs, farmers routinely
collect data for the purposes of animal identification, registra-
tion, and performance monitoring. Due to the availability of
these registries, national-level trends are relatively easy to map.
Evidence from LMICs is much scarcer, with studies on mor-
tality usually reporting on small-scale retrospective surveys
or using data from institutional research or breeding stations.
Lesnoff (2009) found that retrospective survey methods
for estimating mortality rates over a 12-month period were
fairly reliable for cattle and acceptably reliable for small
ruminants, however, care is still required in interpreting sur-
vey results due to the large degree of variation within and
between years. Season, large shocks, and innovations target-
ing herd productivity can lead to marked variation, which can
affect survey results depending on when they are conducted,
and the period(s) covered. Variability was higher for small
ruminants than cattle, due to higher reproduction and mortal-
ity rates. To limit bias from variability, Lesnoff (2009) recom-
mends that whole herd monitoring over several years, rather than
12-month retrospective surveys, should be employed for data
collection and analysis where possible. Currently, this is dif-
ficult to achieve in LMICs, where monitoring tools are largely
unavailable or unused, national livestock registries do not
exist, and the reporting systems and investigation of mortality
events are still in nascent form.

Data quality. Countries that maintain national databases
for livestock registration appear to have robust and com-
plete records including mortality events. However, the grace
period for registration of new animals or the requirement for
ear-tagging or other forms of identification to be completed
before registration mean that in some cases, mortality within
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the first few days of life may be underreported (Motus er al.,
2018; Ortiz-Pelaez et al., 2008; Raboisson et al., 2013; ). A
large proportion of young stock mortalities occur within the
first seven days of life, particularly in small ruminants, so such
unrecorded omissions may be significant.

Data quality may also be an issue in countries that rely on
retrospective surveys. Accurate reporting of mortality can be
influenced by the skill of the interviewer, and the farmer’s ability
to accurately recall mortality events (Lesnoff, 2009). Of the
studies reviewed, Debnath er al. (1990) were the only authors
to discuss the recall accuracy of farmers. These authors reported
that farmers were able to reliably recall livestock mortality
events, however, the exact ages of animals that died were more
difficult to pinpoint. Farmers were more confident in report-
ing the age group of the animal. In addition to problems
of recall, interviewers may encounter reluctance to report
mortality, particularly in areas where disease surveillance has
previously led to uncompensated control measures to stamp out
disease (Gilbert, 2012; Otte et al., 2004).

Cause of mortality. In the reviewed papers, it was rare for mor-
tality rates in themselves to be the sole focus of the study:
identifying actual or potential causes of mortality or using mod-
elling to identify risk factors was also an important compo-
nent. This denotes a major weakness in the use of mortality
rates to monitor trends in livestock health; mortality rates only
indicate the magnitude of the problem. To be able to make
improvements, more information is required for interven-
tions to be able to target to the underlying problems. In areas
and/or age groups where the causes for mortality remain
consistent over time, trends in mortality rate may be use-
ful to track progress or decline, and to monitor for outbreaks.
However, both causes and risk factors may vary widely over
geographical and temporal scales. In some regions of the world
where livestock mortality rates are consistently high, livestock
keepers may be exposed to a variety of shocks year on year,
including those related to climate or extreme weather events,
political and social stability, and human or animal disease
epidemics. In the FAO guidelines for estimating livestock pro-
duction in LMICs, to monitor herd dynamics and animal health,
it is recommended to measure the “number of deaths or dis-
appearance per livestock species and by cause”' rather than
just mortality rate (FAO, 2018).

Several of the papers included in this review which pre-
sented data spanning multiple years noted that mortality varied
greatly from year to year. It was postulated that this was due
to environmental stresses such as feed or water shortage, or

! “This indicator measures the total number of heads per livestock spe-
cies per cause of death or disappearance. Causes of death may be: disease,
parasites, accidents, predators, drought, etc. As an option, disappear-
ance per cause (such as strays or theft) may also be estimated, if important
in the country” (FAO, 2018)
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from disease outbreaks. For livestock mortality data to be able
to be useful in a timely manner, long term data needs to be
collected and accessible. Causes of fluctuations in mortal-
ity rates need to be noted, and a “baseline” mortality rate
for that region established from the years without external
events. This is a similar concept to the “excess deaths” indica-
tor currently being monitored for human mortalities during the
COVID-19 pandemic. For livestock, where mortalities follow
a seasonal pattern, baseline mortality rates should be estab-
lished for each season so that if mortality rates rise above
baseline at any time through the year, rapid investigation and
action is achievable.

Conclusion

This systematic review finds that although mortality indica-
tors are used to monitor ruminant production systems in both
HICs and LMICs, there is a lack of consistency between age
groups monitored, time periods covered, and denominators
used. It is likely that mortality rate will continue to be used in
both HICs and LMICs for the purposes of monitoring animal
health or welfare, and comparisons between studies and over
time would be aided by the use of standard definitions. The
highest proportion of mortalities in cattle, sheep and goats is
reported to occur within the first six months of life; therefore,
this would be a useful age group over which to measure young
stock mortality risk.

However, in itself, mortality rate is an incomplete indica-
tor due to the high level of variability in causes and risk
factors. To better understand variations in mortality rate between
years, or to target preventative actions, the monitoring of mortal-
ity rate should be supplemented with qualitative or quantitative
data on likely causes of livestock mortality where possible.

Globally, for the livestock community to increase the utility of
data generated and accelerate progress towards improved ani-
mal health and welfare, the authors recommend the following
actions:

e To improve the interoperability of mortality indicators used
for research and monitoring and evaluation, including:

° Improving accuracy in the use of the terms “risk”
and “rate”. As mortality risk is more widely used
and requires less data to calculate, authors should
aim to always report mortality risk, supplementing
with mortality rate where possible.

© Standardising common indicators such as:

® Perinatal mortality risk, which could be
defined in cattle, sheep and goats as includ-
ing stillbirths and deaths until 48 hours after
birth;

" Neonatal mortality risk, which could be
defined in cattle, sheep and goats as including
deaths occurring between three and 30 days of
age;
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® Pre-weaning mortality risk for sheep and goats
as death of liveborn animals between birth and
90 days of age; and

® Young stock mortality risk in cattle, sheep and
goats as death of liveborn animals between
birth and six months of age.

© Selecting appropriate adult age groups for which all
researchers can collect data for and report against.

e To support farmers in establishing herd monitoring
practices and increasing investment in the creation of
national livestock registries.

e To further investment in initiatives that support farmers
in establishing and recording the underlying causes
of livestock mortality.
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Together, these actions will enable farmers to understand the
trends and underlying factors causing livestock mortality,
and enhance the interoperability and value of data generated
from different livestock surveillance and research projects.
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We would like to congratulate the authors in preparing a very comprehensive and well structured
literature review. The article tries, for the first time, to harmonise definitions for mortality in cattle
and small ruminants which could be used as a first step to develop and/or improve animal health
surveillance programs mostly in low-middle income countries. Livestock mortality negatively
affects the livelihoods of those involved in animal production, and addressing the issue identified
in this review thus has the potential to improve monitoring, as well as the development of
practical solutions to ameliorate increasing livestock mortality. The topic of this review is therefore
of great value.

The authors give a clear overview of the background information needed to understand the
rationale for this systematic review, and also provide an easy to follow outline of the literature
search technique used to conduct this review. Throughout the article, the authors point out to the
inconsistency in the use of mortality indicator definitions in the existing literature and some of the
main challenges to set standard definitions, and indicator variables across species, production
systems and geographical areas.

Lots of very useful information on the reviewed articles is concisely presented in the tables used. If
we can recommend something in the article, that would be the information presented in the
figures. We found the line patterns used to represent the information from various studies in
Figure 3 quite difficult to distinguish. If possible, we would recommend that the authors try to
make this figure clearer. In addition, the word “includes” within the caption of Figure 3 should be
removed.

Finally, based on the information deduced by the authors from the articles which they reviewed,
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the recommendations for future work and potential terms to be used when discussing livestock
mortality seem very well formed and are likely to be of value to future authors.

Are the rationale for, and objectives of, the Systematic Review clearly stated?
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Are sufficient details of the methods and analysis provided to allow replication by others?
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Is the statistical analysis and its interpretation appropriate?
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General comments:

The manuscript “Refining livestock mortality indicators: a systematic review", presents a
compelling quantitative description of livestock mortality indicators vis-a-vis age delineation.
Based on its finding, the authors proposed using mortality risk to improve the interoperability of
livestock mortality indicators. They further suggested the standardizing common indicators such
as perinatal, preweaning, neonatal and young stock mortality risk. The manuscript is well written
and easy to understand. I found a few typographical errors, and I also suggest the authors
reading the draft repeatedly to correct such errors.
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o "“An overview of the criteria used to identify literature relating to the two purposes of this
review is presented in in Table 4” - Delete “in”, it was typed twice.

> The authors stated, “Given the scoping nature of this section of the review, studies were not
individually assessed for bias” - My opinion of the paper, given the risk of bias and its non-
assessment, the authors could better call this paper a scoping review.

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
Partly

Are the conclusions drawn adequately supported by the results presented in the review?
Yes
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Pasture Science, University of Fort Hare, Alice, South Africa. He obtained his DVM from the
University of Nigeria, Nsukka, MSc and PhD from the University of Fort Hare, South Africa. He
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I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.
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This review addresses an important issue with respect to assessment of the health and
productivity of livestock - the use of mortality data. The authors conducted a formal literature
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review and identified 85 articles for data extraction. Most of these related to cattle. Useful tables
are presented showing the range of definitions related to mortality by species and age group,
emphasising the lack of consistency that is seen. Data were summarised to present useful
cumulative mortality curves for cattle; the standard deviation bars are wide illustrating the great
diversity in mortality within age groups and between countries. The authors recommend
terminology related to mortality rate and risk is adhered to by authors and also stress the
importance of defining the age groups to which such measures are applied. They also emphasise
that a crude measure of mortality alone is of limited value and that cause-specific measures
and/or additional qualitative or quantitative information should be provided.

This is an excellent and authoritative article; it should be widely used as a reference by future
authors concerned with reporting livestock mortality and also be useful as a guide to reviewers of
such articles.
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Is the statistical analysis and its interpretation appropriate?
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