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Abstract — Although the molecular bases of resistance to anthelmintic families have been intensively
studied, the contributing factors for the development of anthelmintic resistance are less well known.
Clear recommendations must be given to farmers in order to delay the onset of anthelmintic resis-
tance. Until now, the main advice has concerned the reduction of treatment frequency in order to slow
down the spread of resistance. Anthelmintic resistance development depends mostly on an efficient
selection pressure. This means that a high treatment frequency is neither necessary nor sufficient to
select for resistance. The contribution of resistant worms, which have survived an anthelmintic treat-
ment, to the subsequent generation is the key factor that controls resistance spread. This point is illus-
trated by five surveys conducted on sheep and goat farms from France and Morocco. In the 52 farms
studied, less than three anthelmintic treatments were given each year. Three characteristics of breed-
ing management can be identified in the build up of anthelmintic resistance: (1) the introduction of re-
sistant worms through the purchase of sheep/goats or the use of common pastures, grazed by several
herds/flocks, (2) under-dosing of hosts and the repeated use of one class of drugs, (3) the size of the
population in refugia (infective larvae on pastures) at the time of the treatment. The role played by
these breeding management factors in selecting for resistance is discussed. The most efficient way to
limit the increase of anthelmintic resistance remains the reduction of the selection pressure by drugs,
and optimal timing to maximise their efficacy.
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Résumé — Résistance aux anthelminthiques des nématodes de chévres et de moutons : le role du
mode d’élevage. Bien que les bases moléculaires de la résistance aux différentes familles d’anthel-
minthiques aient été tres étudides, les facteurs permettant le développement de la résistance anthel-
minthique sont moins bien connus. Des recommandations claires sont nécessaires aux éleveurs si
1’on souhaite retarder 1’apparition de la résistance aux anthelminthiques. La principale recommanda-
tion a consisté a réduire la fréquence des traitements de fagon a ralentir le développement de la résis-
tance. Le développement de la résistance anthelminthique dépend essentiellement d’une pression de
sélection efficace. Cela signifie qu’une forte fréquence de traitements n’est ni nécessaire ni suffisante
pour sélectionner la résistance. La contribution des vers résistants, qui ont survécu au traitement an-
thelminthique, a la génération suivante est le facteur clé qui controle le développement de la résis-
tance. Ce point est illustré par cinq enquétes réalisées dans des élevages ovins et caprins de France et
du Maroc. Dans les 52 élevages étudiés, moins de trois traitements anthelminthiques par an étaient
réalisés. Trois conditions d’élevage ont pu étre mises en évidence comme étant impliquées dans le dé-
veloppement de la résistance anthelminthique : (1) I’introduction de vers résistants par I’achat de
moutons ou de chévres, ou par 1’'usage de paturages communs a plusieurs troupeaux, (2) le sous-do-
sage des hotes et I’'usage répété d’une seule classe d’anthelminthiques, (3) la taille de la population
« en refuge » (larves infestantes sur le paturage) au moment du traitement. Le role joué par ces trois
conditions d’élevage dans la sélection de la résistance est discuté. Le moyen le plus efficace de limiter
I’augmentation de la résistance aux anthelminthiques est de réduire la pression de sélection par les
molécules et d’optimiser la date des traitements pour prolonger leur efficacité.

résistance / nématode / anthelminthique / ovin / caprin / conditions d’élevage
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1. INTRODUCTION levamisole/morantel resistant strain was

isolated in 1976 [65] and in 1987, resis-

tance to macrocyclic lactones appeared in

Three broad spectrum anthelmintic fami- ~ South Africa [20]. Anthelmintic resistance
lies are currently used to control gastro-intesti-  has been described as the situation when
nal nematode infections of small ruminants: ~ normal dosage of a drug does not promote a
benzimidazoles, imidazothiazole/tetrahydropy-  consistent reduction of worms or excreted
rimidines and macrocyclic lactones. Benzi-  eggs. Based on published data, Haemonchus
midazole resistance was first recorded in  contortus seems to be the species most in-
1964, three years after thiabendazole wasin-  volved in cases of anthelmintic resistance
troduced commercially [34]. Similarly, a [10]. To control anthelmintic resistant



Anthelmintic resistance and breeding management

strains, farmers usually switch to the use of
another anthelmintic family, which may
also select for future resistance. As a conse-
quence, multiple resistance (i.e. resistance
against more than one anthelmintic family)
has appeared in field strains [44]. The same
species can be prone to develop anthelmintic
resistance in a particular host and not in
another one, for instance in goats versus
sheep [10] or in sheep versus cattle [26]. In
a community of nematodes (several species
of nematodes), one species can be resistant
to an anthelmintic family and a second spe-
cies to another drug. Several phenotypic
tests are available to detect anthelmintic re-
sistance : the faecal egg count reduction
test, the egg hatch assay and the larval de-
velopment test (for WAAVP recommenda-
tions [27, 101]). Although these tests have
been widely used in surveys, they are not
sensitive enough to detect resistance in a
nematode community where each species
is characterised by a particular pattern of
drug resistance (towards a particular drug
or not, and at various levels of resistance)
and a highly variable prolificity. Thus “all
communities of worms” resistance may fail
to detect many cases. Haemonchus
contortus is very prolific (5 000 eggs laid
per female and per day) and Teladorsagia
circumcincta less prolific (500 eggs/fe-
male/day) but five times more than
Trichostrongylus colubri- formis [13]. For
instance, a community is composed of 50%
H. contortus and 20% T. circumcincta, both
species susceptible to benzimidazoles, and
30% of T. colubriformis, fully resistant to
benzimidazole. Excreted eggs are composed
of (5000 x 0.5)+ (500 x 0.2)+ (100 x 0.3).
After a benzimidazole treatment, only 7
colubriformis would maintain egg excretion. A
faecal egg count reduction test on this commu-
nity would give a 98.8% reduction even though
T. colubriformis was fully benzimidazole resis-
tant.

Cases of anthelmintic resistance have
been recorded more and more often, threat-
ening small ruminant breeding [30, 77] and
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cases are also emerging in cattle [26,29, 73,
90, 97]. Although many studies have en-
lightened the molecular basis for resistance
to diverse anthelmintic families, reviewed
by Sangster [81], few literature data are
available concerning the factors responsi-
ble for anthelmintic resistance. It is com-
monly accepted that resistant genes exist as
rare alleles in natural populations [55, 75,
76], and that anthelmintic resistance devel-
ops when selection pressure is high. The
main factor evoked to select for resistance
concerns treatment frequency and, “a large
number of anthelmintic treatments with the
same anthelmintic family for years” is
taken as the key factor for selecting for re-
sistance [91]. This statement is supported
by surveys realised on a regional scale, in
New Zealand [59, 83]; in Malaysia [33]; in
South Africa [95]; in the United Kingdom
[53, 75]; in Australia [36, 72]. The “same”
repeated anthelmintic treatment is a major
cause, in experimental and oversimplified
conditions (three-month-old lambs, syn-
chronous infestation with only one to three
gastro-intestinal nematode species...) of
positive correlation between intensity of re-
sistance and treatment frequency [5, 66,
71]. A few authors have questioned the na-
ture of the correlation observed between the
number of treatments and resistance devel-
opment [59, 87]. A high number of
anthelmintic treatments illustrates two pos-
sible situations:

— a real case of anthelmintic resistance:
farmers tend to treat their animals more of-
ten when they find that they respond less to
treatments,

—or a case of high infection: the flock is
ill-managed or the risk of infection is high
and farmers maintain production using fre-
quent anthelmintic treatments [17].

The selection of resistant worms by
anthelmintic treatments cannot be denied in
experimental conditions: a higher treatment
frequency increases resistance selection [66],
conversely, cases illustrate anthelmintic
resistance development on goat and sheep
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farms where anthelmintic treatment fre-
quency was less than two drenches a year,
as if a high selection pressure by anthelmintic
treatments was neither necessary nor suffi-
cient to promote anthelmintic resistance de-
velopment in real life [28, 42]. This leads us
to propose the following hypothesis:
anthelmintic resistance may develop under
an efficient [treatments are performed at
“the right time”] rather than under apparent
(number of treatments) selection pressure.
A selection pressure is efficient when the re-
sistant worms that survived the anthelmintic
treatment can contribute for a large part to
the subsequent worm generation. So,
anthelmintic resistance development is a
complex phenomenon, which implicates
other factors than anthelmintic treatment
frequency in itself [55]. We present the
main breeding management factors that
have been identified mostly throughout five
surveys conducted on goat and sheep
farms from France (Touraine, Deux-
Sevres, Quercy and Auvergne) and Mo-
rocco (Middle Atlas and Rabat area) (Tab. I).
Additional information on breeding man-
agement is available in [25, 87].

Breeding management encompasses a
large variety of practices and includes sup-
plementary food and grazing organisation,
health hazard control, and an expected level
of production and derived income, among
others. In its wider meaning (a farm as a
system of inter-related events and prac-
tices), the complexity of all factors results
in that researchers present detailed case-
studies (see for example [21]) and generali-
sation might become the problem of such
investigations. Conversely, a particular trait
of farms (derived income: [63], current pa-
thology: [40]) and several characteristics of
breeding management might be selected.
More farms are then studied, but the choice
of factors of interest might be controversial
and their validity possibly limited to the pa-
thology [16, 64], or production traits (milk
or kid productions in goats: [15]). In our re-
view, we will consider the latter orientation,

since large detailed surveys on breeding
management are not available in sheep and
goats. The studies on the relationship be-
tween breeding management and nematode
infection intensity are based on selected as-
pects of breeding management such as the
number of treatments, the size of a herd or
flock, its demography, the period at which
lambing or kidding occurs, the intensity of
pasture use, the type of pasture and its ferti-
lisation [11, 12, 18]. These factors may play
a role within the frame of a selection pro-
cess for resistant worms. One may also con-
sider that selection might have been
previously achieved in another site and that
resistant worms were introduced to the
farms under study: in that case, the actual
breeding management of these farms will
provide a poor explanation of the occur-
rence of resistance. In fact, introduced re-
sistant worms would probably be at a very
low level in an ancient introduction,
whereas a recent introduction may favour
resistance since many farms harbour resis-
tant worms.

2. INTRODUCTION OF ANIMALS
HARBOURING ANTHELMINTIC
RESISTANT NEMATODES
OR GRAZING ON COMMON
PASTURES

Anthelmintic resistance may be intro-
duced from one farm to another through an-
imal purchase or by grazing on pastures
shared by flocks from several farms. In
Spain, the first anthelmintic resistance re-
corded occurred after Cashmere goats were
imported from the United Kingdom [78],
where a high prevalence of anthelmintic re-
sistance in fibre producing goats had been
recorded [56]. The same situation was ob-
served in Angora goats imported to Slovakia
from New Zealand [96] and sheep imported
to Greece from Great Britain [51]. In French
dairy goat farms, no infected animals are
introduced after the flock has been set up.



469

Anthelmintic resistance and breeding management

"S9[0ZEPIUIZUA] 0} ddUEISISAI 10 SurdKjouan)
'$339 U0 94,()G 9SO [BYIT 4

1S9} UONONPAI NPV

"1$9) UONONPAI JUN0O F39 [BOE] ,,

QAISUI)IXd

SJUAUIIBAT) M sarmsed eunwiwo)) y3ig ONIJALONAD  s1eo3-A1rep ‘surej g BAIR JRqRY
(%06) d1osturena) Apsows DONIdALONID

‘(uado) sarmsed [eunwtwod 1av JAISUIIXD
SJUQWBAI) MO,  “IOJUIM J) Ul [emeIpyim Suo] MO 1ADAA ‘dosys-jeows ‘swue) O]  SEPV I[PPIA
000010

(2499) saj0zeprwIZudq A[Isow JAISUIIUL
‘SIUQUWIIBAI) MIJ PASO[D)  “IQIUIM U} UI [BMBIPYIM SUOT  WNIPAW 0} MO 0S A1 ‘syeo3-Airep ‘swiej 7| duremoy,

pONIdALONID

So[ozepruIZudq AJuo av QAISUIIXD

SJUQWI)BAI) MIJ ‘PISO[D  “IdIUIM I} UI [eMBIPYIIM FuoT Y31y 03 WNIPIN LADAA ‘syeo3-Aurep ‘swiej 9 Ko1onQ)
sq[ozepruizuaq Ajensn

‘spuowyean; Juanbaiy ‘Iojuim oy QAISUdIUT

Paso[D Ul [eMBIPYIIM SUO[ SSI 10 IO ysSiy 506 1 ‘s}eoS-AIrep ‘swuey G]  SAIAQS-XNd(J
s1soy
Pa393jul JO UOnONPONUL

MIJ = PIsO[? ‘S9[ndJ[oW QAISU)XD
JURIQJJIP ‘SHUSUBAI MO  IIUIM ) Ul [BMBIPYIIM SUOT WNIPIJA LAV wL¥Ddd  ‘doays -1eaw ‘swirey ¢ JudroAny
20UDA]

d0UB)SISAI JO SONSLIdNORIRYD
suo)) o1d [9AS] QOUBISISIY JUSWISSASSY [BIUdD) Mg

juowoFeuew Surpaalg

-ooueysisar Surdo[oAap 10§ suod pue 01d pue MIIAI AU} Ul PasA[eur SAOAINS UTBIA ] IR



470 A. Silvestre et al.

We can therefore expect that dairy goat
farms are isolated as far as gastro-intestinal
nematodes are concerned. It has been dem-
onstrated that, in such isolated farms, the
constitution of the flock is a critical step for
the introduction of anthelmintic resistant
parasites [86]. Farms that were constituted
before benzimidazoles came to the market,
should not have introduced resistant nema-
todes: the frequency of the resistant allele is
very low in natural populations, so-called
“susceptible populations”. The age of the
farm and the number of farms from which
goats originated when the studied farm was
created are correlated with the intensity of
goat introduction in a survey on 16 farms in
Quercy [87]. The intensity of the original
introduction (expressed as the number of
goats X number of farms from which the in-
troduction was performed) is also a factor
that significantly increased the risk of sub-
sequent resistance in goat nematodes on
27 farms from Touraine and Deux-Seévres
([41] and unpublished data). In order to
clearly understand this point, we need to
come back to the first step of resistance de-
velopment. Anthelmintic resistance is
thought to be a pre-adaptive character of
nematodes and genes conferring resistance
are available within the population as rare
alleles, prior to the first exposure to the
anthelmintic [80]. Resistance prevalence
should then increase with time, in response
to the growing of an efficient selection pres-
sure. Thus, in the case of benzimidazoles
for instance, farms that recently constituted
their flocks, present a greater risk of intro-
ducing resistant worms than the ones that
constituted their herds twenty years ago, at
the beginning of the large commerciali-
sation of benzimidazoles [87]. Moreover,
the sizes of the herds are growing to ensure
the economic viability of the farms, which
favours the constitution of herds from an in-
creasing number of farms as observed in
Quercy [87].

Many farms have been closed to the in-
troduction of strange nematodes for years

since they have been increasing their
flock/herd size from their own goats or
ewes and/or buy new female reproducers at
an early age from zero-grazing production
selection farms. This general rule is broken
in developed countries on two occasions:
transhumance and the occurrence of pa-
thologies that may kill part of the flock and
thus subsequently imposes buying adult
producers to re-start the farm. Transhumance
is still practised for sheep (and goats in Swit-
zerland [50]) in the south of France both in
the Alps and in the Pyrenees: sheep are
treated, then flocks are brought onto moun-
tain pastures at the beginning of June and
return to the plains at the end of September
[46]. The flocks and herds are mixed for a
long grazing period and may then acquire
parasites from several farms. Thus in the
Pyrenees, more than 300 000 ewes and
30 000 cattle are transhumant every year
and obvious mixture of nematode origins is
expected. The appearance of scrapie in a
flock imposes the slaughter of a cohort(s) of
sheep and is then a case of intense reintro-
duction as shown in the French Basque area
[64]. This may possibly favour the intro-
duction of resistant worms.

In developing countries, such as Mo-
rocco, Ait-Baba [1] reported that 60.5% of
the alimentary needs of small ruminants are
obtained from collective natural pastures,
which is a source of unknown and possibly
resistant nematodes. The proportion of
sheep nematode genotypes resistant to
benzimidazoles (7eladorsagia circumcincta)
in the Middle Atlas, where transhumance and
communal pastures are common, was 13%
(from 50 adults worms recovered after a
sheep experimental infestation with pooled
infective larvae from 7 sheep farms, own
unpublished results). In the plains of Mo-
rocco, no transhumance is performed but
ruminants are grazed on communal pas-
tures and the exchange of parasites between
farms is then highly probable. Currently, at
the abattoir of Rommani, in the plain, near
Rabat, goats harboured as much as 46%
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benzimidazole resistant 7. circumcincta
(own unpublished results).

3. THE FREQUENT USE OF THE
SAME TREATMENT

The frequent use of the same treatment
is a way to efficiently select one sub-popu-
lation of worms that presents the capability
to survive one particular type of drug. On
the contrary, the alternation of the
anthelmintic family reduces the effect of
the selection pressure exerted by each type
of drug. In an experiment [66], we tested
four regimens of treatments: lambs were al-
lowed to graze paddocks that had been
seeded with a benzimidazole resistant
strain of 7. circumcincta (25% resistant
worms). The effect of the exclusive use of
benzimidazoles (three treatments the first
year and, five treatments the second year)
versus the alternative treatment with a non-
benzimidazole molecule (two benzimidazole
treatments in alternation with one levamisole
treatment the first year, and three benzi-
midazole treatments in alternation with two
levamisole treatments the second year) on
the resistant worm frequency was tested. At
the end of a two-year investigation, the fre-
quency of benzimidazole resistant worms
reached 80% and 50% in the benzimidazole
treated group, and the alternatively treated
group, respectively. This significant differ-
ence demonstrates that the alternation of the
anthelmintic family may slow down the se-
lection of benzimidazole resistant worms
during the early steps of resistance develop-
ment.

The importance of benzimidazole resis-
tance in goats for nematode parasites com-
mon to sheep is another illustration of
the effect of the exclusive use of one
anthelmintic family. For years, goats
were treated regularly and almost exclu-
sively, with benzimidazoles, because this
family is compatible with milk production
constraints. A survey conducted on 23 sheep

farms and 15 dairy goat farms from western
France [23] indicated that goats are
drenched about 6.5 times a year (from 0 to
9 treatments) with benzimidazoles whereas
ewes receive an average of 3.5 anthelmintic
treatments per year (from 2 to 6 drenches).
The benzimidazole family is the most fre-
quently used (83% of all treatments), but it is
not the only anthelmintic family since
farmers can take advantage of the end of the
lactating period to treat goats with imida-
zothiazoles or tetrahydropyrimidines (45%
of all treatments in Touraine) [17]. A recent
analysis of the literature recorded by the
Commonwealth Agricultural Bureau (CAB)
[10], from 1973 to 1999, indicated that goats
harbour significantly more anthelmintic re-
sistant nematode species than sheep, and the
literature more frequently concerns benzimi-
dazoles, which illustrates the effect of the
frequent use of the same treatment on
anthelmintic resistance selection.

4. UNDER-DOSING

Under-dosing occurs when a host is ad-
ministered “a weight-dependant dose that
is less than that recommended by the manu-
facturer” [89]. It results from a mis-estima-
tion of bodyweight [100]. It is distinct from
the bioavailability that concerns individual
ruminants and results from the animal’s
physiology, feed intake before oral
anthelmintic treatment, oesophageal groove
reflex, ruminants degree of fatness... For
years, under-dosing has been repeatedly
blamed for the build up of resistance [9, 23,
30, 31, 47, 60, 85]. This hypothesis is sup-
ported by the fact that systematic under-dos-
ing of goats, for the most widespread
nematode species, has resulted in higher
anthelmintic resistance in goats than in
sheep [10]. Differences between the
bioavailability and efficacy of a benzimidazole
(albendazole) and a salicylanilide (closantel),
in goats and sheep, lead goats to be un-
der-dosed if the sheep dose is used [48, 49].
Dosages 1.5 (for levamisole) to 2
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(benzimidazoles, and possibly avermectins)
times higher than those given to sheep
(Tab. II) are now recommended for treating
goats with most anthelmintics [22]. Un-
der-dosing caused by the under-estimation
of the animal’s weight is nothing less than
anecdotal since epidemiological surveys
mention that bodyweights of sheep and
goats are estimated by the eye [8, 36,67, 68,
83, 100], and that anthelmintic doses are
not calculated for the heaviest animals of
the flock [32, 67, 68, 83, 100]. In French
dairy goat herds, the bodyweight of goats
was usually evaluated at more or less 50 kg
in the 1980s [17] which grossly under-esti-
mated the real weight of the goats. As a con-
sequence, the anthelmintic dose calculated
was systematically suboptimal [79].

Although under-dosing can be seen as a
frequent phenomenon, only a few experi-

ments were conducted to quantify the im-
pact of under-dosing in selecting for
anthelmintic resistance [37, 52, 69, 88]. A
controlled trial was conducted on the exper-
imental infections of sheep with a T
circumcincta strain, partially resistant to
benzimidazoles. A recessive point muta-
tion in the B-tubulin gene is responsible for
benzimidazole resistance [6, 38, 39, 61,
62]. At the therapeutic dosage, only homo-
zygous mutant nematodes survive benzimi-
dazole treatment [38]. The efficacy of an
anthelmintic against homozygous and het-
erozygous genotypes may vary according
to the dose rate chosen. To some extent, the
concept of dominance/recessivity is mis-
leading in the under-dosing context. Exper-
imentation has demonstrated that a dosage
with 1/4 of the recommended dose of
Fenbendazole (a benzimidazole) gives a
4.5 times higher selective advantage to

Table II. Ovine and caprine recommended doses (mg/kg body weight) for the main molecules from
benzimidazoles, imidazothiazoles/tetrahydropyrimidines, macrocyclic lactones and salicylanilides.

Anthelmintics Molecules Ovine dose Caprine dose
(mg/kg?) (mg/kg®)
Benzimidazoles and pro-benzimidazoles =~ Albendazole 3.8 7.6
Febantel 5 10
Thiabendazole 50 100
Mebendazole 15 30
Fenbendazole 5 10
Netobimin 7.5 15
Oxfendazole 5 10
Imidazothiazoles/Tetrahydropyrimidines Levamisole 7.5 12
Pyrantel 20 40
Macrocyclic lactones Eprinomectine 0.5 0.5uptol
Ivermectine 0.2 0.4
Salicylanilides Closantel 10 10
2 mg/kg bodyweight.

Adapted from [22, 24, 35].
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heterozygous worms than to susceptible
worms [88]. To study the long term effects
of under-dosing, anthelmintic resistance
development has been studied using diverse
computer models [4, 88, 89], where resis-
tance is determined by a major gene com-
prising two alleles (the resistant allele being
recessive) at a single autosomal locus. The
initial hypothesis was that under-dosing
should favour resistance development to
the extent that it would allow the survival of
heterozygous worms (that would, usually,
be eliminated by the therapeutic dose), for
whom mating would then generate the first
homozygous resistant worms. These three
models clearly demonstrated that the dose
rate that would promote the spread of
anthelmintic resistance (i.e. an increase of
resistant allele frequency from less than
0.1% to an almost resistant allele fixation,
e.g. 100% resistant individuals) depends on
the resistant allele frequency and the char-
acteristics of the parasite population (worm
fecundity, life span of adults, etc.) [89].
Actually, heterozygous worms represent a
stock of resistant alleles in a susceptible
population where resistant allele frequency
is very low and inversely a stock of suscep-
tible alleles in a resistant population. A
dose that eliminates all susceptible worms
and some heterozygous worms would se-
lect for anthelmintic resistance in a suscep-
tible population. However in a resistant
population, the same dose would slow
down the fixation of the resistant allele: the
survival of heterozygous worms would al-
low the conservation of susceptible alleles
[89]. The same results were obtained in
[88], using a stochastic model [82]. Both
models indicated that the whole flock needs
to be under-dosed for a long period of time
and at a very precise dosage, corresponding
to 1/4 of the therapeutic dose for
benzimidazoles, to promote selection of re-
sistant alleles, which is probably not what
occurs on farms. Thus, it seems that under-
dosing probably plays an occasional rather
than a systematic role in benzimidazole re-

sistance development in ruminants, except
possibly for goats.

The same under-dosing history has been
recorded for other anthelmintics such as
tetramisole. The repeated use of tetramisole
in the sheep of the Middle Atlas of Morocco
[7] at the 10 mg/kg bodyweight (bw) in-
stead of the 15 mg/kg bw dose comforts the
limited role of under-dosing, whatever the
anthelmintics. Tetramisole has been em-
ployed for more than 15 years at the 10 mg
dosage in sheep of the whole region; it is
given at least once per year on the majority
of the farms since it is obtained free for the
farmers. On nine farms, the efficacy was
low (74% reduction of faecal egg count) to
nil at 10 mg/kg bw. When treatment was
given at the standard 15 mg/kg bw, efficacy
could reach 100% as tested on one farm. A
pool of infective larvae (largely T
circumcincta) from the nine farms studied
was given to lambs and efficacy at 10 and
15 mg/kg bw was tested. Faecal egg count
reduction tests were respectively 40 and
80%. Adult reduction was respectively 63
and 85% compared to the control. When the
correct dose was given to the Moroccan
sheep, the results were nearly identical to
those obtained for 7. circumcincta, by
Walley [98] in Great-Britain: efficacy
ranged from 24 to 78% (compared with
40%), and from 81 to 92% (compared with
80%) respectively, for 10 and 15 mg/kg bw.
The generalised under-dosing for more
than 15 years did not seem to erode the effi-
cacy of tetramisole.

5. SIZE OF THE POPULATION
IN REFUGIA AT THE TIME
OF THE TREATMENT

The concept of refugia has been largely
used (in biological control and agricultural
entomology [43, 57, 92], phylogeography
[99], conservation biology [45], and ecol-
ogy [84] to cite a few). It corresponds to the
fraction of the nematode population that is
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not submitted to selection pressure by a
control measure [26, 94]. The concept pres-
ents a spatial and temporal component
when digestive-tract nematodes are consid-
ered: the part of the population in refugia
corresponds to the free-living stages, lo-
cated on pastures and not submitted to the
anthelmintic treatment given to the hosts.
Free-living stages represent more than 90%
of the total population of gastro-intestinal
nematodes of ruminants [2]. L4 larvae, en-
cysted in the abomasum, are not considered
in refugia since they are easily eliminated
by a double dose of benzimidazoles [14].
The size of the population in refugia at the
time of the anthelmintic treatment will de-
termine the contribution of the surviving
worms to the subsequent generation: this
was presented by Van Wyk [93] as a major
source of resistance. Through ecology or
management practices, contamination after
treatment may contribute substantially to
future generations of worms. For years,
farmers were recommended [74] to treat
hosts and move them to pastures free of in-
fective larvae (i.e. not grazed for at least one
year or on sown pastures) in order to reduce
the re-infection of the hosts. But, although
this strategy is beneficial to controlling in-
fection with susceptible worms, it becomes
highly dangerous when anthelmintic resis-
tant worms appear within the parasite popu-
lation [69, 70]. From this point of view, the
time of the anthelmintic treatment and pas-
ture management are important factors that
can influence the rate of development of
anthelmintic resistance.

5.1. The time of the treatment

In the surveys studied, it was a common
feature to treat sheep and goats before turn
out to pastures and in some cases, during
housing (Quercy, Auvergne and Touraine)
[87]. This strategy favours a high and effi-
cient selection pressure on worms: in the
winter, pastures harbour few infective lar-
vae and animals host almost all the parasite
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population. In such a scheme, goats that are
turned out on pastures at the beginning of
the grazing season, only harbour adult
worms that survived the anthelmintic treat-
ments. Pastures are then contaminated by
the eggs laid by resistant worms. The role
played by these resistant eggs depends on
the proportion of infective larvae that
overwintered in the grass/soil. In France,
climatic conditions should allow T
circumcincta free-living stages to survive
better than other species in the winter [58].
Thus, the role of the population in refugia,
in this situation, may be more important for
species like T circumcincta than for
Haemonchus contortus or Trichostrongylus
colubriformis, which are readily eliminated
from pastures by low temperatures. Data al-
lowing the comparison of the species com-
position of the nematode parasite
community before and after anthelmintic
resistance development are necessary to
substantiate this statement. Published data
on anthelmintic resistance reports seem to
indicate that on the world scale, H.
contortus is the species the most prone to
develop anthelmintic resistance [10] and
T. colubriformis presents the highest
benzimidazole resistance level in south-
western France [25].

In the Touraine survey, one third of
anthelmintic treatments were given at mat-
ing [17] between May and July during the
grazing period. At this moment, the
free-living stages on pastures represent a
much more important part of the total popu-
lation than the parasitic stages, harboured
by the hosts. As a consequence, this treat-
ment was not an efficient selection pres-
sure: immediately after treatment, goats
became re-infected with the infective lar-
vae and the selective advantage given to
adult worms that survived the treatment did
not last enough to produce a large number
of resistant eggs. This may explain that at
the time of the survey (1984: see [16]) and
even later (1992: see [41]) resistance to
benzimidazoles remained moderate in
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prevalence in Touraine (approximately
50% of the farms) whereas it was much
higher in Deux-Sévres (93%) where
drenching periods were different (mostly at
the end of the autumn-winter) [23].

5.2. Pasture management

Under a tropical climate, infective lar-
vae do not survive more than a few days on
the pasture [3]. As a consequence, the “treat
and move” approach can efficiently select
resistance when the first resistant worms
appear. Nevertheless, in the present surveys
from temperate areas, it seems more proba-
ble that the most efficient strategy to select
for resistance by pasture management con-
cerns the length of winter withdrawal of the
hosts from the pastures. In the Quercy sur-
vey, farmers practise long winter with-
drawal (from four to nine months) of goats
from pastures [87]. At turn out, the
infectivity of the pastures is probably ex-
tremely low, after winter climatic condi-
tions have killed the free-living stages of
most species [58]. As a consequence, the
goats’ worm burden consists almost com-
pletely of worms that survived anthelmintic
treatment and may contribute to the spread
of anthelmintic resistance. In Touraine and
Deux-Sévres, the winter withdrawal varies
from nil to seven months in a 27 farm sam-
ple: the intensity of resistance is strongly
correlated with the length of withdrawal
([41] and our own unpublished data).

A probably similar situation is available
in the French Auvergne (unpublished data),
at two studied INRA farms (Redon and
Orcival, at 800 m and 1 000 m above sea
level, respectively). Sheep are maintained
indoors from October (Orcival) or Novem-
ber (Redon) to the end of April (Redon) or
May (Orcival). The ewes are treated three
times and once a year in Redon and Orcival,
respectively, whereas the lambs are treated
twice a year in both sites [19]. The treat-
ments given during the last five years were
benzimidazoles (35%), levamisole (40%)

and avermectins (25%). The lambs were
kept up to July and were sold as light young
lambs, which did not permit the build-up of
a high level of infection and explains the
low number of treatments. The sheep were
initially kept in Redon and one part of the
flock was introduced to Orcival 15 years
ago. Both farms are closed and do not intro-
duce sheep from other farms. The efficacy
of benzimidazole treatment (Fenbendazole
5 mg/kg bw) was 67% (Redon) and 100%
(Orcival) based on the faecal egg count re-
duction test. The efficacy based on the adult
reduction test was 72% (Redon) and 73%
(Orcival). Resistance was then acquired in
situations of low intensity of treatments, but
with high efficacy in selecting resistant
worms: the ewes were treated when they
were indoors and only resistant worms sur-
vived, they then seeded pastures the next
spring, which had become nearly void of in-
fective larvae of most nematode species
(except Nematodirus sp., or Teladorsagia
circumcincta [46, 58]) due to the long win-
ter withdrawal.

6. CONCLUSIONS

In the five surveys described in this pa-
per, anthelmintic resistance spread was not
a consequence of a high selection pressure
by high anthelmintic treatment frequency
(except for Deux-Sevres). These surveys il-
lustrate the role of three factors that are
summarised in Table I:

— the introduction of resistant worms
through sheep/goat purchase, and the area
of pastures shared by several farms, named
“open farms”,

— the repeated use of one anthelmintic
family,

—a large contribution of worms that sur-
vive drenching by treating hosts when few
infective larvae are available or by the man-
agement of pastures (long winter with-
drawal of hosts from pastures).



476 A. Silvestre et al.

These factors interact with each other
and they represent “risk indices” that select
for anthelmintic resistance. If a farm pres-
ents one of these characteristics, for exam-
ple, an important introduction of hosts, this
does not mean that resistance will appear
soon on the farm, if no anthelmintic treat-
ment is given. On the contrary, if the farm is
“open” and if one class of anthelmintic is
exclusively used at turn out, then we can
suspect that resistance will appear soon. As
all indices, these points constitute clues
which may help the investigator explain
why resistance develops on this farm, and
not on the other one. It seems important to
consider these breeding management fac-
tors in future epidemiological surveys in or-
der to be able to describe historical events
that may be responsible for the spread of
anthelmintic resistance. Concerning the
farmers advice, it becomes more and more
necessary to give them clear recommenda-
tions, instead of diffusing statements that
have not been demonstrated. Moreover, for
each farm, the status of anthelmintic resis-
tance of the worm population must be de-
termined before pasture management is
proposed. In conclusion, the most efficient
way to limit the increase of anthelmintic re-
sistance remains the reduction of the selec-
tion pressure by drugs, and optimal timing
to maximise their efficacy. The treatment of
the most probably infected hosts instead of
the anthelmintic treatment of the whole
herd [54, 94] would keep a part of the para-
site community from being submitted to se-
lection pressure.
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