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ntroduction

It is possible to select parent stock for resistance and/or
ilience to worm infection in sheep (Woolaston and Piper,
6; Woolaston and Windon, 2001; Karlsson and Greeff,
6). However, conventional methods of identifying

superior individuals, such as faecal worm egg counts (FECs)
or haematocrit determinations, are expensive or logistically
difficult, and therefore impractical for many producers,
especially those in remote areas. The FAMACHA� (Malan
and Van Wyk, 1992; Bath et al., 1996, 2001) system offers a
practical, low-cost alternative when Haemonchus sp. pre-
dominate. However, most assessments of the genetic
control of FAMACHA� scores have been preliminary or
limited in scope (Bisset et al., 2001a,b; Snyman, 2007). A
complication with genetic analysis of animals subjected to a
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A B S T R A C T

The objectives of this study were to estimate genetic parameters for FAMACHA� score and

related traits at different levels of worm challenge in sheep and to assess the effect of

different methods for modelling records from treated lambs on estimates of genetic

parameters. Data were collected over five consecutive Haemonchus seasons from a total of

l671 Merino lambs using the FAMACHA� clinical evaluation system, and anaemic

individuals were treated as needed, until flock health necessitated mass treatment at the

peak of the worm season. Records of each sampling occasion were classified into low,

moderate, or peak levels of worm challenge. Animal models were run separately for traits

within each data set. Alternative analyses were conducted in which records of treated

lambs were (1) included without adjustment, (2) included along with a fixed effect

representing treatment status of the lamb for each record, and (3) included after

application of a penalty to offset any phenotypic improvement or advantage due to that

treatment. Estimates of heritability for individual FAMACHA� data sets ranged from

0.06 � 0.04 to 0.24 � 0.05, the highest estimates being obtained for peak worm challenge

data. Estimates of genetic correlation for FAMACHA� with other traits varied, but were always

near negative unity for FAMACHA� score with haematocrit value. When data of treated lambs

were penalised, higher estimates of heritability were obtained than when not penalised, hence

this may be an effective method for allowing for early treatment of overly susceptible animals

before the level of worm challenge is at an optimum level for BLUP (Best Linear Unbiased

Prediction) evaluation. The estimate of genetic correlation for FAMACHA� score in moderate

worm challenge with that in peak worm challenge was almost unity. This suggests that

estimation of breeding values for this trait using data from moderate worm challenge may be

as effective as that from peak challenge.
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pathogen such as Haemonchus sp. is that by the time that the
level of variation in effect between individual animals is
large enough for meaningful heritability evaluation, some
individuals have had to be treated to prevent losses. This
treatment of individual lambs alters the worm environment
of those individuals, and as such affects the traits measured,
to their advantage in relation to untreated lambs. In the
process, valuable information is generated about the genetic
merit for resistance and resilience of such animals, but
typically such records are excluded from genetic analyses
(e.g., Bisset et al., 2001a,b). In addition to reduction in
numbers of observations, the antecedents and other
relatives of the treated animals are unfairly advantaged if
the treated animals are excluded, thus resulting in incorrect
or lower accuracy of genetic evaluations. One study included
these records, and analysed them in models with treatment
status as a fixed effect (Bisset et al., 1996). Another
alternative is the use of penalties for records of treated
lambs, but this has not been reported.

The first objective of this study was to estimate
heritability for FAMACHA� score, and genetic correlations
of FAMACHA� with body weight, body condition score
(BCS), Average Daily Gain (ADG), haematocrit value, and
FEC. The second objective was to compare estimates of
heritability and genetic correlation produced from sepa-
rate analyses in which records of treated sheep were (1)
excluded, (2) penalised, or (3) modelled as a fixed effect.
The third objective was to estimate genetic parameters for
FAMACHA� score across low, moderate, and high levels of
worm challenge.

2. Materials and methods

2.1. Origin of data and helminth epidemiology

The trials described in this paper were conducted on a
farm of a stud breeder, east of Ermelo in Mpumalanga
Province (Reynecke et al., 2009a,b). The climate is
characterised by predominantly summer rainfall and cold,
dry winters. While Haemonchus contortus predominated
during the summer months, Trichostrongylus spp. and
Teladorsagia spp. were present in low numbers during that
time and were relatively prevalent in autumn and over
winter, when low percentages of H. contortus occurred.
Trials commenced either in October (2 trials) or November
(4 trials) and were concluded in January, February, or
March (1, 3, and 2 trials, respectively) which depended
upon the worm burden (indicated by lambs requiring
treatment) in a given trial.

2.2. Animals

Ram and ewe lambs, initially an average of 245.2 days of
age (range from 132 to 295d) were pastured in separate
flocks, and data for the two groups were usually obtained
on different days within each season. Pedigree information
was available for all lambs included in the investigations.
There were 82 sires (average of 20.5 lambs per sire) and
944 dams with evaluated progeny. No sire had progeny in
all project seasons, but some sires did have progeny in
multiple seasons. Observations were available from

between X and Y ram lambs and A and B ewe lambs for
each of Z years. Records were available from between 87
and 286 ram lambs and between 68 and 240 ewe lambs for
each of six years.

2.3. Animal clinical evaluation and data collection

The traits of interest were those related to resistance
(that is, the ability to suppress establishment or develop-
ment of worm infection) and/or resilience (the ability to
maintain acceptable health/performance under worm
challenge) (Albers et al., 1987) to worm infection, primarily
H. contortus. FAMACHA� score comprises categories from 1
to 5, where higher numbers indicate increasingly pale
colour (healthy is red) of the conjunctivae. Body condition
score ranged from 1 to 5, where higher numbers indicate
increasing amounts of fat cover (Cottle, 1991).

At the start of each of the six annual trials, each sheep
was scored into a FAMACHA� category, and it was
dewormed. This was followed by a period during which
only animals clinically judged to be in FAMACHA�

categories 3–5 were dewormed, at intervals coinciding
with approximately monthly mustering of the animals for
routine management purposes. This usually resulted in a
few lambs being treated early in each worm season
(November through December) and the numbers treated
gradually increasing until the worm burden (as indicated
by numbers of anaemic lambs) was such that up to a
quarter were clinically judged to be anaemic and needed to
be treated on any sampling occasion. Previous experience
with field application of the FAMACHA� system indicated a
serious situation when more or less such levels of adverse
reaction had been reached. Furthermore, these were field
trials on stud animals, which did not allow much leeway
regarding the risk of losing animals.

Haematocrit determinations and FECs were done for all
animals at that time. Blood samples were either collected
in heparinised microhaematocrit tubules or in evacuated
tubes containing EDTA, and were processed on the day of
collection, while the faecal samples were collected on ice
and stored in a refrigerator at about 4 8C until processed
within 2–4 days by a modification of the McMaster method
(Reinecke, 1973). As some FEC values were zero, (Log
[FEC + 100]) was used for transforming actual counts prior
to analyses to normalise the distribution. Average Daily
Gain (ADG) was grams of weight gain since the previous
record. In the moderate worm challenge environment this
time period ranged from one to two months and at the time
of the high worm challenge it was approximately one
month. It was calculated as an indication of weight change
in response to worm challenge, and was negative for some
lambs at various times.

2.4. Data grouping by worm challenge conditions

Three data sets were created separately per worm
season both for ram and ewe lambs for data analyses using
retrospective assessments of worm burden. The first
records for each worm season (October or November)
were grouped as indicative of low worm challenge. The
date that mass treatment of the entire flock was
Please cite this article in press as: Riley, D.G., Van Wyk, J.A., Genetic parameters for FAMACHA� score and related traits for
host resistance/resilience and production at differing severities of worm challenge in a Merino flock in South Africa. Vet.
Parasitol. (2009), doi:10.1016/j.vetpar.2009.04.014
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lemented in each trial was used as indication of high
rm challenge for that season, and the total of the records

those dates (varying between January and March)
ed a data set for peak worm challenge per trial.

djusted monthly means for all traits at all other times
ween the start and peak worm burden were graphed

visually inspected for trends. From these inspections
from occurrence of treatments by date, a third data set

records was created that was representative of an
rmediate or moderate worm challenge. This corre-
nded to more or less one month prior to the peak
den, and varied between late December and February.
ords that did not fall into one of these three data sets
re excluded from all subsequent analyses. Across the
erent project seasons, worm challenge of the different
gnitudes did not occur at the same month or week.

ever, excepting for peak burden on two occasions and
derate burden on one, the occurrence of moderate and
k worm challenge corresponded to the same month
week for both ram and ewe lambs.

Methods of handling records for treated lambs

In order to assess the effect of the inclusion or exclusion
ecords from treated lambs, four separate analyses were
ducted for moderate and peak worm challenge data
ups (the low burden group had no lambs that were
ted for FAMACHA�-evaluated anaemia). In turn, the

ords of treated lambs subsequent to treatment were: (1)
eted; (2) included; (3) penalised; and (4) included but
delled with a two-level fixed effect (treated or not).
alties were constructed and applied to unadjusted

ords of treated lambs as follows.
At each sampling date, simple averages for treated and
reated animals were calculated for each trait (within
temporary groups, that is, year-gender combinations).
ng these averages and the averages at the preceding
ection date,

f the average of the untreated group worsened (i.e., a
ecrease in body weight, BCS, or ADG, or an increase in
AMACHA� score occurred),
. this average change was applied as a penalty to all

previously treated lambs and
. any average improvement of treated lambs was

subtracted from their records for body weight, BCS,
or ADG or was added to FAMACHA� score.

f the average of the untreated group improved, and the
reated average
. improved more than the untreated average improve-

ment, a penalty was applied to records of treated
lambs to limit the improvement to that of the
untreated average.

. worsened, no penalty was applied.

. improved, but not as much as the untreated average,
no penalty was applied.

Statistical analyses

In order to determine the best combination of fixed
cts for each trait, models were built using the MIXED

procedures of SAS (SAS Inst. Inc., Cary, NC, USA), in
which sire and dam were included as random effects.
Investigated fixed effects included: contemporary
groups (year-gender combinations of lambs; there were
12 contemporary groups with an average of 140 lambs
per group), birth status (single or two or more lambs
born), age of dam (four levels, 2-, 3-, 4-, and 5-year-olds
or older), and interactions. Lamb age in days was
investigated as a linear and quadratic covariate for each
trait.

2.7. Genetic analyses

Genetic analyses were conducted using MTDFREML
(Boldman et al., 1995). The total number of animals
included in the pedigree was 2539 and the average
inbreeding coefficient was 0.12. Significant (P < 0.05) fixed
effects and covariates from preliminary analyses were
fitted for the various traits in these analyses; animal was a
random effect in all analyses. Single-trait analyses were
conducted for all traits. Start values for genetic and
residual variances were a modification of variances of
random effects from preliminary analyses in SAS, followed
consecutively by two-trait analysis of all pairs of traits
(within each data set), and (depending on the annual data
set) three-trait or four-trait analyses. For every analysis the
results (estimates of variance and covariance) from
previous analyses were used as start values for the
iterative procedures to estimate variances and covariances.
No covariance start values that would result in extreme
correlations (�1 or +1) or values near zero were used.
Analyses were repeated with at least three unique sets of
start values to attempt to avoid convergence to local
maxima.

Genetic analyses were conducted separately for the
three data sets, comprising low, moderate, or peak worm
challenge. Haematocrit values and FECs were not obtained
for the low or moderate worm challenge data sets, and in
the peak worm data set, they were not available for all of
the lambs with records. Hence, four-trait genetic analyses
in the peak worm challenge data set were limited to
FAMACHA� score with body weight, BCS, and ADG, in
order to estimate genetic correlations between these
traits. The three-trait analysis in the peak data set
included FAMACHA� score, haematocrit value, and FEC
in order to estimate genetic correlations between these
three traits related to host resilience and/or resistance to
worms.

This entire sequence of genetic analyses was initiated
with analyses with no records from treated lambs, and
subsequently repeated for each of the three evaluated
methods for statistically handling records from treated
lambs, that is, penalisation, modelling of treated status as a
two-level fixed effect, or simply including records of
treated lambs.

Finally, three-trait analyses of FAMACHA� scores at the
low and moderate worm burden environments with
either FAMACHA� score, haematocrit value, or FEC at the
peak worm burden environment were conducted; i.e.,
records at the different times were considered as distinct
traits.
ease cite this article in press as: Riley, D.G., Van Wyk, J.A., Genetic parameters for FAMACHA� score and related traits for
ost resistance/resilience and production at differing severities of worm challenge in a Merino flock in South Africa. Vet.
rasitol. (2009), doi:10.1016/j.vetpar.2009.04.014
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3. Results

A simple description of the traits of this study in the
three data sets is presented in Table 1 for untreated
lambs, and a summary of penalties applied to treated
lambs is shown in Table 2. Few records met the
conditions described in the second part of the penalty
algorithm; that is, when the untreated average
improved, especially if the treated average worsened
or had less improvement than the untreated average.
Either of these latter two scenarios resulted in no
penalty applied to records of treated lambs. Records
were included (in the appropriate analyses) at this
penalised value, even though this algorithm moved
FAMACHA� score above its upper limit (value of 5) for a
few records. ADG was in some cases, 0 or negative

(whether penalised or not), and may more appropriately
be called average daily weight change.

3.1. Fixed effects

The levels of significance of fixed effects in analyses
were similar for traits across the low, moderate, and peak
worm challenge data sets. There were minimal differences
among the probability values associated with the F ratios
for the same fixed effects in analyses using the different
methods for handling records of treated lambs (separate
analyses within either the moderate or peak worm
challenge data sets). Contemporary group (year-sex
combinations) was highly significant (P < 0.001) in all
analyses of all traits.

3.1.1. Birth status (single or multiple birth)

This was significant for weight in all data sets; in all
analyses, lambs born as singles were significantly heavier
than twin or triplet lambs. For BCS, birth status was also
significant (lambs born as singles had significantly higher
BCS than twin or triplet lambs) in the moderate worm
challenge data set and approached significance (P = 0.19)
in the low worm challenge data, and was not important in
the peak worm challenge data (P > 0.31). Although not
important in analyses of FAMACHA� score in the moderate
worm challenge data set (P > 0.4), birth status approached
significance in the low challenge data (P = 0.11) and was
significant for haematocrit value (lambs born as multiples
had higher haematocrit values and lower FEC than lambs
born as singles in the peak challenge data). Birth status
approached significance (P < 0.08) for FAMACHA� score in
the peak challenge data set.

3.1.2. Ewe age

Ewe age was highly significant for weight in analyses of
all worm challenge levels and for BCS in the low and
moderate worm challenge analyses. This effect was
characterised primarily by differences associated with
lambs born to 2-year-old ewes, which were lighter and had
lower BCSs than lambs born to ewes from the other age
categories. Ewe age approached significance in peak worm

Table 1

Summary of performance data from untreated lambs: numbers of records (n), means, and standard deviations (SD) in low, moderate, and peak worm

challenge data sets.a,b,c,d,e.

Trait Low Moderate Peak

n Mean (SD) n Mean (SD) n Mean (SD)

FAMACHA� 1669 1.23 (0.4) 1595 1.40 (0.6) 1370 1.90 (0.8)

Weight (kg) 1671 27.13 (4.5) 1601 32.03 (4.9) 1445 33.0 (5.3)

BCS 1667 2.45 (0.4) 1599 2.65 (0.4) 1434 2.61 (0.4)

ADG (g) 1537 77.54 (47.7) 1391 61.97 (38.2)

Haematocrit (%) 1260 20.72 (5.4)

Log FEC 1230 8.65 (1.2)

a The low challenge data set consisted of the first records of the worm season, while those of the peak and moderate challenge data sets consisted

respectively of the last records obtained immediately prior to mass treatment of all lambs, and records of evaluations approximately one month prior to the

mass treatment of all lambs.
b FAMACHA� score comprises categories from 1 to 5, where higher numbers indicate increasingly pale colour (healthy is red) of the conjunctivae.
c BCS represents body condition score from 1 to 5, where higher numbers indicate increasing amounts of fat cover.
d Log FEC represents the natural logarithm of (eggs per g faeces + 100).
e ADG represents Average Daily Gain (or weight change) from previous record. In the moderate worm challenge environment this time period ranged

from one to two months and at the time of the high worm challenge it was approximately one month.

Table 2

Summary of data from treated lambs: numbers of lambs (n), means, and

ranges of penalties applied in moderate and peak worm challenge data

sets.a,b–d,e.

Trait Lambs

treated (n)

Penalties

Average Range

Moderate worm challenge

Weight (kg) 40 �1.7 �0.1 �8.98

FAMACHA� score 53 1.04 0.06 2.18

BCS 51 �0.97 �0.01 �0.24

ADG (g) 39 �13.4 �0.078 �70.16

Peak worm challenge

Weight (kg) 212 �2.4 �0.10 �8.98

FAMACHA� score 232 1.37 0.05 2.91

BCS 226 �0.17 �0.02 �0.72

ADG (g) 212 �18.9 �1.14 �100.7

Haematocrit (%) 80 �2.94 �0.05 �6.51

Log FEC (g�1) 78 1.64 0.74 3.04

a The peak challenge environment was determined uniquely for each

season, and consisted of the last recorded data prior to mass treatment of

all lambs in mid Haemonchus season. The moderate challenge environ-

ment consisted of records one month prior to the peak challenge

environment.
b–d FAMACHA�, BCS, ADG, Log FEC: see Table 1 for definitions.
e Penalties were determined by the average trait change from the

previous recording date (approximately one month earlier) of untreated

lambs. Additional details are provided in the text.
Please cite this article in press as: Riley, D.G., Van Wyk, J.A., Genetic parameters for FAMACHA� score and related traits for
host resistance/resilience and production at differing severities of worm challenge in a Merino flock in South Africa. Vet.
Parasitol. (2009), doi:10.1016/j.vetpar.2009.04.014
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llenge data (P < 0.15). In all other analyses, ewe age
s not important (P > 0.34).

3. Lamb age

Lamb age in days was a significant linear covariate in
lyses of weight (least squares constants solutions for
b age ranged from 0.06 � 0.01 to 0.08 � 0.01 kg in the

ious analyses) and BCS (least squares constants solutions
ged from 0.002 � 0.001 to 0.004 � 0.001 kg in the various
lyses) in analyses of the different worm challenge data
, and for FAMACHA� score (�0.004 � 0.001) in the

derate worm challenge data analyses.

4. Lamb treatment status

In most of the analyses lamb treatment status was
ortant (both in moderate and peak worm challenge

a) when modelled as a fixed effect. In the analyses of
derate worm challenge data, untreated lambs were
vier (P = 0.01), had greater ADG (P < 0.001), and had
er (P = 0.01) FAMACHA� scores (means were 32� 0.2 kg,
� 1.1 g, and 1.5� 0.02, respectively) than treated lambs

.4 � 0.6 kg, 57.2� 5.3 g, and 1.8� 0.09 for weight, ADG,
FAMACHA� score, respectively). In analyses of peak worm

llenge data, means for lambs that were not treated were
ater (P < 0.01) for weight (32.5 � 0.2 kg and 31.0� 0.3 kg
untreated and treated lambs, respectively), had greater
0.05) BCS (2.7� 0.01 and 2.6� 0.02 for untreated and

ted lambs, respectively), and had lower (P < 0.01)
ACHA� score (1.9 � 0.03 and 2.1 � 0.06 for untreated
treated lambs, respectively). However, untreated lambs
higher (P < 0.05) FEC (5746� 33 eggs per g faeces) than
ted lambs (2533� 32 eggs per g faeces). Lamb treatment
us approached significance for ADG (P = 0.09) and haema-
it value (P = 0.21) in analyses of peak worm challenge data.

Genetic parameters

1. Low worm challenge

The estimates of heritability were low for FAMACHA�

re, body weight, and BCS in the low worm challenge
a (Table 3; note that there were no records of treated
bs in the low worm challenge data to exclude). The
mate of genetic correlation was large and positive for

ight and BCS.

2. Moderate and peak worm challenge

2.1. Records of treated lambs excluded. Estimates of
itability for FAMACHA� score and ADG were low and

those for weight and BCS were somewhat larger in the
moderate worm challenge data (Table 4). Estimates of
genetic correlation among pairs of production traits were
strongly positive (Table 5; records of treated lambs
excluded), and those estimates involving FAMACHA�

score were moderate and negative; the strongest of these
was that for FAMACHA� score with BCS.

The estimates of heritability for FAMACHA� score, BCS,
and ADG in the peak worm challenge data set were slightly
larger (Table 4; records of treated lambs excluded) than
those from the moderate worm challenge data set.
Estimates of heritability for FAMACHA� score, haematocrit

le 3

mates of genetic parameters for FAMACHA� score and production

s from analyses of low worm challenge data.a,b.

ts FAMACHA� score Weight BCS

ACHA� score 0.13 � 0.048 �0.17 �0.18

ght �0.11 � 0.240 0.19 � 0.058 0.59

�0.39 � 0.221 0.47 � 0.165 0.17 � 0.053

Diagonal elements are estimates of heritability � S.E. (in bold type).

ents below the diagonal are corresponding estimates of genetic

elation (� S.E.) and elements above the diagonal are phenotypic

Table 5

Estimates of genetic (rg) and phenotypic (rp) correlation from analyses of

moderate and peak worm challenge data in which records from treated

lambs were either excluded or penalized.a,b–e.

Pairs of traits Records from treated lambs

Excluded Penalised

rg rp rg rp

Moderate

FAMACHA�–weight �0.32 � 0.24 �0.22 �0.23 � 0.20 �0.21

FAMACHA�–BCS �0.55 � 0.22 �0.21 �0.46 � 0.18 �0.21

FAMACHA�–ADG �0.25 � 0.34 �0.14 �0.28 � 0.31 �0.15

Weight–BCS 0.61 � 0.11 0.54 0.63 � 0.10 0.55

Weight–ADG 0.84 � 0.16 0.34 0.86 � 0.19 0.35

BCS–ADG 0.59 � 0.20 0.20 0.61 � 0.23 0.20

Peak

FAMACHA�–weight �0.43 � 0.17 �0.24 �0.43 � 0.15 �0.29

FAMACHA�–BCS �0.47 � 0.16 �0.21 �0.44 � 0.14 �0.32

FAMACHA�–ADG �0.39 � 0.20 �0.22 �0.50 � 0.18 �0.30

Weight–BCS 0.54 � 0.12 0.55 0.53 � 0.12 0.58

Weight–ADG 0.81 � 0.11 0.48 0.72 � 0.14 0.50

BCS–ADG 0.68 � 0.14 0.33 0.68 � 0.15 0.38

FAMACHA�–Haematocrit �0.98 � 0.05 �0.64 �0.96 � 0.06 �0.58

FAMACHA�–Log FEC 0.85 � 0.12 0.80 0.73 � 0.12 0.75

Haematocrit–Log FEC �0.80 � 0.11 �0.56 �0.83 � 0.09 �0.56

a Two distinct analyses of peak worm challenge data were conducted:

1. FAMACHA� score with productions traits (weight, BCS, and ADG); and
�

Table 4

Estimates of heritability from analyses of moderate and peak worm

challenge data in which records from treated lambs were either excluded

or penalised.a,b–e.

Data set Records from treated lambs

Trait Excluded Penalised

Moderate

FAMACHA� 0.08 � 0.04 0.11 � 0.04

Weight 0.35 � 0.07 0.30 � 0.07

BCS 0.26 � 0.061 0.27 � 0.06

ADG 0.10 � 0.046 0.07 � 0.04

Peak

FAMACHA� 0.20 � 0.056 0.24 � 0.053

Weight 0.32 � 0.071 0.24 � 0.062

BCS 0.33 � 0.075 0.29 � 0.066

ADG 0.16 � 0.054 0.12 � 0.044

FAMACHA� 0.19 � 0.054 0.25 � 0.054

Haematocrit 0.21 � 0.059 0.22 � 0.058

Log FEC (g�1) 0.19 � 0.061 0.23 � 0.065

a Two distinct analyses of peak worm challenge data were conducted:

1. FAMACHA� score with productions traits (weight, BCS, and ADG); and

2. FAMACHA� score with haematocrit value and FEC.
b–e FAMACHA�, BCS, ADG, Log FEC: See Table 1 for definitions.
elations.

BCS represents body condition score.

2. FAMACHA score with haematocrit value and FEC.
b–e FAMACHA�, BCS, ADG, Log FEC: See Table 1 for definitions.
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value, and FEC were similar. Estimates of genetic correla-
tion for FAMACHA� score with the production traits
(weight, BCS, and ADG) were also negative in sign (Table 5),
but of larger magnitude (except with BCS) in the peak
worm challenge data than the estimates from the
moderate worm challenge data. Estimates of genetic
correlation for pairs of production traits were strong and
positive in sign in the peak worm challenge data and
similar to counterpart estimates from the moderate worm
challenge data. Strong estimates of genetic correlation
were obtained for pairs of worm resistance/resilience
traits; the estimate for FAMACHA� score with haematocrit
value was near negative unity (Table 5).

3.2.2.2. Records from treated lambs included. Analyses were
repeated three times, utilising three methods of handling
records from treated lambs. Simply including these
records without adjustment was expected to substan-
tially bias the estimates of genetic parameters; however,
these analyses produced estimates of heritability and
genetic correlation that were almost the same (maximum
change was 0.03 units for heritability and a reduction
[toward 0 correlation] of genetic correlation by a
maximum of 0.12 [data not shown]) as analyses in which
records of treated lambs were excluded. In analyses in
which treatment status was modelled as a two-level fixed
effect, the largest change in an estimate of heritability (as
compared to analyses where treated records were
excluded) was a reduction of heritability for FAMACHA�

score in the peak worm challenge data by 0.04, and the
largest changes in estimates of genetic correlation were
increases for FAMACHA� score-ADG by 0.12 and 0.15 in
the moderate and peak worm challenge data sets,
respectively. The remainder of estimates were unchanged
or changed by 0.02 or less. Both of these methods for
handling records of treated lambs (simple inclusion and
modelling as a fixed effect) minimally changed some of
the standard errors of the estimates of heritability and
genetic correlation.

The inclusion of penalised records of treated lambs
resulted in estimates of heritability for FAMACHA� score
that were somewhat larger than estimates from analyses

in which those records were excluded in both moderate
and peak worm challenge data sets (Table 4) but did not
appear to substantially change estimates of genetic
correlation (Table 5).

3.3. Resistance traits in differing worm environments

The estimates of genetic parameters for worm resis-
tance/resilience traits across different worm environments
present quantitative evidence of differential genotype
expression associated with environment (Table 6). The
estimate of heritability for FAMACHA� score in the peak
worm challenge data was similar to those estimates for
haematocrit value or FEC in the peak challenge data. The
larger estimate of heritability for FAMACHA� is indicative
of greater additive genetic control of this trait in the peak
worm challenge environment as compared to the low or
moderate worm challenge environments. The estimates
for genetic correlation of FAMACHA� score in the low
worm challenge environment with any of the resistance/
resilience traits in the peak worm challenge did not differ
significantly from 0. On the other hand, the estimates of
genetic correlation for FAMACHA� score in the moderate
worm challenge environment with either FAMACHA�

score or haematocrit in the peak worm challenge
environment were near unity (or negative unity), but that
with FEC was much smaller.

4. Discussion

While further work needs to be done on more farms
under different management conditions, it is encouraging
that in the present instance the clinical FAMACHA� system
showed such a close relationship with its laboratory gold
standard, haematocrit, as regards estimating heritability of
sheep resistance/resilience to Haemonchus sp. challenge
under natural farming conditions. As a ‘‘farm trial’’ over a
period of six consecutive years under routine farm
management conditions, it was to be expected that
mustering of animals and sampling could not be as rigidly
applied as regards matters such as intervals between
sampling occasions as in trials on experimental farms.

Table 6

Estimates of genetic parameters from analyses considering FAMACHA� score in low, moderate, and peak worm challenge environments

as distinct traits.a.

Heritability (h2) Genetic correlation (rg)

Trait h2 Pairs of traits rg

FAMACHA�
Low 0.14 � 0.05 FAMACHA�

Low, FAMACHA�
Mod

b 0.42 � 0.25

FAMACHA�
Mod 0.11 � 0.04 FAMACHA�

Low, FAMACHA�
Peak 0.27 � 0.21

FAMACHA�
Peak 0.21 � 0.05 FAMACHA�

Mod, FAMACHA�
Peak 0.99 � 0.15

Haematocrit value 0.25 � 0.06 FAMACHA�
Low, haematocrit �0.01 � 0.23

Log FECc 0.22 � 0.06 FAMACHA�
Mod, haematocrit �0.91 � 0.16

FAMACHA�
Low, Log FEC 0.01 � 0.25

FAMACHA�
Mod, Log FEC 0.32 � 0.25

a Three-trait genetic analysis considering FAMACHA� score in low worm challenge as trait 1 (FAMACHA�
Low), FAMACHA� score in

moderate worm challenge as trait 2 (FAMACHA�
Mod), and FAMACHA� score in peak worm challenge as trait 3 (FAMACHA�

Peak). Two

additional analyses were conducted replacing trait 3 (FAMACHA� score in peak worm challenge) with haematocrit value in peak worm

challenge and, alternatively, FEC in peak worm challenge.
b Estimates of genetic correlation for FAMACHA�

Low with FAMACHA�
Mod from the additional analyses (with either haematocrit value
or FEC as trait 3) differed slightly from the estimate presented here.
c Log FEC: See Table 1 for definition.
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ever, it is under such conditions that a system such as
ACHA� is to be used – i.e., on-farm, by farmers – so this

uld be kept in mind in evaluating the practical
ificance of the work.

This series of trials on the single farm was conducted as
t of validation of the FAMACHA� system on numerous

s for field application in South Africa (Bath et al., 2001;
lan et al., 2001; Van Wyk and Bath, 2002). However,
ng a stud breeding system, with genealogy records of

trial sheep, it offered the additional opportunity for
mating the heritability of the various traits with
vance to haematophagic worm infection.

Selection of parents for resistance is an effective worm
nagement strategy (Eady et al., 2003; Karlsson and
eff, 2006), and it was necessary to establish levels of
etic control for FAMACHA� score. Estimates of herit-

lity for traits in this study were generally similar to
ues (0.21–0.36) presented by others for weight (Khusro
l., 2004; Vanimisetti et al., 2004; Safari et al., 2005), and

or haematocrit (0.2–0.41; Vanimisetti et al., 2004;
ies et al., 2005; Dominik, 2005; Safari et al., 2005) or the

lised estimates of heritability (0.24–0.38) for FEC
oolaston and Piper, 1996; Woolaston and Windon,
1). The estimates of heritability for FAMACHA� score
en records from treated lambs were excluded

ble 4)) are very similar to that (0.19) reported by
man (2007); however, estimates of genetic correlation
FAMACHA� score with FEC or haematocrit value from
t study are somewhat lower than those of the present
dy. This is important not only because of the lower cost
sing FAMACHA� relative to that of haematocrit value
FEC, but also because of the ease of training lay persons

the subjective clinical scoring system (Van Wyk and
h, 2002).
While, as is usual, lamb weights were lower in twin
bs than in singles, it was unexpected that parasitic
cts would be less pronounced (higher haematocrit

ues and lower FEC) in lambs from multiple births.
ough not significant (P = 0.07), FAMACHA� results

ded to be consistent, as lambs from multiple births had
erically lower FAMACHA� scores than lambs from

gle births. No clear reasons for these results were
arent.

Estimates of genetic correlation for FAMACHA� with
ight, BCS, and ADG were large and negative, and were
sistent with the preliminary estimate for FAMACHA�-

ight gain (�0.63) from this flock (Bisset et al., 2001a,b).
imates of genetic correlation are correlations among
eding values of two traits rather than the actual
notypes. These estimates imply that selective improve-

nt of FAMACHA� would be accompanied by corre-
nding favourable increases in breeding values for all of
se production traits.

Accuracy of FAMACHA� application by farmer

In evaluation of the genetic potential of the FAMACHA�

a set evaluated in the present study, it should be noted
t through both sensitivity and specificity analysis and
eiver Operating Characteristic curve analysis of the
e data set, it was found that the farmer concerned had

consistently scored the animals with the FAMACHA� as
less anaemic than they actually were (Reynecke et al.,
2009a,b); i.e., the actual levels of challenge and subsequent
anaemia were worse than indicated by the data. However,
the level of error was very consistent (Reynecke et al.,
2009a,b), with animals generally being classed as one
FAMACHA� category (i.e., approximately 5 haematocrit
percentage points) lower, in relation to corresponding
category haematocrit values, than applied. This consis-
tency appeared to be confirmed by the present analyses of
the same data sets, supported by the high levels of genetic
and phenotypic correlation recorded here (Table 5),
especially between FAMACHA� and haematocrit values,
which may not have been possible in the absence of a very
high level of consistency in the error in classification
mentioned. This could mean that the additive genetic
variance in the present study, and hence, the proportion of
the total phenotypic variance (heritability) may in fact be
higher than the estimates produced from the data if the
FAMACHA� evaluations are more accurately done. In
addition, had the sheep been classified correctly to
FAMACHA� category, many more lambs would have been
treated by the time of the ‘‘moderate’’ worm challenge of
this study. Hence different heritability results could have
been expected for this level of challenge, especially as
regards differences between penalised and unpenalised
analyses.

In relation to the consistent error in FAMACHA�

application in this series of trials, it should be born in
mind that in the case of heritability estimated from FECs,
no gold standard exists for confirming the accuracy and
repeatability of the data used. Yet, despite this fact, that
system is delivering good results as regards improving the
general ability of flocks to withstand reigning worm
challenge in the face of greatly reduced anthelmintic
drenching (e.g., Bisset et al., 2001a,b; Karlsson and Greeff,
2006).

4.2. Lamb treatment status

Records from treated lambs have value as they contain
information about the resistance and/or resilience of the
individuals concerned and to exclude them may lead to
parent selection based on inaccurate breeding values,
which can be expected to lead to spuriously high breeding
values; it is therefore important to determine how best to
use them in genetic analyses. However, the similar
estimates of genetic parameters obtained from analyses
in which treated records were excluded or included
suggest that preoccupation with exclusion of these records
may not be necessary; although it usually seems best to be
conservative and cautious.

Modelling treatment status as a fixed effect appeared to
be the least desirable of all methods for handling such
records, although others have used a similar method with
some effectiveness (Bisset et al., 1996). Results indicated
that the use of penalised records of treated lambs may
enhance estimates of heritability and thereby facilitate
better, more accurate genetic analyses for FAMACHA�

score. Variances estimated from analyses that include
penalised records may give a closer approximation to the
ease cite this article in press as: Riley, D.G., Van Wyk, J.A., Genetic parameters for FAMACHA� score and related traits for
ost resistance/resilience and production at differing severities of worm challenge in a Merino flock in South Africa. Vet.
rasitol. (2009), doi:10.1016/j.vetpar.2009.04.014
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actual trait variances than those that exclude such records.
It may be argued that inclusion of these penalised records
inappropriately inflated the additive genetic variance for
these traits, but that did not seem to be the case when
comparing estimates to literature values. Further, treat-
ment considerably benefits the individuals concerned,
especially considering the high pathogenicity of H.

contortus, and by not penalising these treated animals,
breeding values will be falsely high for these particularly
susceptible animals and their forebears. There may be
more appropriate algorithms for penalising records of
treated lambs which should be investigated, such as an
exponential penalty across time (G. Sabatu, personal
communication, 2006).

4.3. Effect of different levels of worm challenge

One important difference from the preliminary study
by Bisset et al. (2001a,b), which included only records from
the earliest one of the Haemonchus seasons of the present
series, is that not only the data sets at the peak of worm
challenge were included in the analyses, but also those
from evaluations before peak challenge. This was done in
order to compare the heritability at relatively low levels of
worm challenge at which only small percentages of lambs
were unable to cope unaided, with the relatively high
levels that were used previously, when many lambs were
affected by anaemia. The high level of genetic correlation
found between the FAMACHA� results at moderate and
peak worm challenge may suggest that to some degree, the
rate of progress in breeding resistant/resilient animals
according to the level of challenge can be controlled.

Differential expression of genotypes (as evidenced by
FECs) in various worm environments was suggested in
earlier studies (Bisset and Morris, 1996; Bisset et al., 1996).
Bishop and Stear (1999) simulated the changes in genetic
variance in an increasingly severe worm environment and
obtained results that seemed consistent with this notion in
thatestimates of geneticcorrelation between FECand weight
strengthened with increasing worm challenge. Greeff et al.
(1995) also detected highest estimates of heritability for FEC
incoincidencewiththeappearanceof worms(that is,pasture
growth and subsequent hatching of eggs). Woolaston and
Windon (2001) noted that estimates of heritability for FEC
increased slightly with time after infection.

Results of the present study strongly demonstrate
differential additive genetic control for FAMACHA� score
in differing environments in that estimates of heritability
in the peak worm challenge data set were twice the size of
almost all of the other estimates. This indicates that
genetic analyses of FAMACHA� score at the peak worm
challenge would be most useful in distinguishing superior
parents. However, this is often not practical, as producers
are generally unwilling to allow the flock to experience the
peak challenge without intervention (Van Wyk, 2001; Van
Wyk et al., 2006). The large (near unity) genetic correla-
tions of FAMACHA� score in the moderate challenge
environment with either FAMACHA� score or haematocrit
value in the peak challenge environment (Table 6) suggest
that results of genetic analyses would be similar in the two
situations. That would also suggest that parents could be

effectively identified using genetic analysis of FAMACHA�

score prior to peak worm challenge (in these data about
one month prior to peak challenge). If confirmed in further
investigations, this would be of significant practical
importance.

Some caveats should be noted here. This is a relatively
small study in a single flock. The methods used to identify
the three worm environments were subjective and done
after data collection, and based upon observed data. Worm
resistance and resilience are complex traits and influenced
by many factors. Results may be species- or breed-
dependent both as regards host and helminth. Among
others, Mugambi et al. (1997) and Wanyangu et al. (1997)
showed marked differences in susceptibility to H. contortus

between breeds of sheep. However, Colditz et al. (1996)
found that sheep selected for resistance to either
Haemonchus spp. or Trichostrongylus spp., showed a degree
of cross-resistance to the alternative worm species, as well
as to Teladorsagia spp. In the present study, even though
the estimates of heritability were reasonably large, it is
important to remember that the complementary propor-
tion of the total variance is not due to additive genetics.
This complementary proportion could be non-genetic or
due to dominance genetic effects; others have detected
heterosis (superiority of crossbred animals relative to
purebred animals within a given trait; in theory this is due
mostly to dominance genetic effects) in analyses of
FAMACHA� score in crossbred lambs (Hielscher et al.,
2006). The data structure of the present study did not
permit assessment of maternal genetic variance or
permanent environmental variance. These potential var-
iance components may be important for FAMACHA� score,
but their influence on other resistance/resilience traits has
been mostly reported to be minimal (Woolaston and Piper,
1996; Safari et al., 2005), except for larger proportions
(0.21–0.26) of permanent environmental variance
reported for similar traits (Vanimisetti et al., 2004).

5. Conclusions

Selection programs based on genetic analyses of
FAMACHA� score are feasible, effective, less expensive
and much more practicable alternatives to analyses of
haematocrit values or faecal worm egg counts, especially
in developing countries with relatively cheap labour and in
resource-poor communities where most farmers own
small numbers of animals. Including penalised records
of treated lambs, rather than excluding them, may
facilitate selection programs based on FAMACHA� score.
Additive genetic control of FAMACHA� score, as indicated
by estimates of heritability, is different under different
severities of worm challenge. The results encourage
further examination of genetic control of FAMACHA�

score across the continuum of worm challenge within a
flock to identify the best practical time for obtaining
phenotypes for effective genetic analyses.
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