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A B S T R A C T

This study evaluated the effect of partial and total replacement of Haemonchus contortus in sheep breeds. Preg-
nant ewes of White Dorper (DO), Santa Inês (SI) and Texel (TX) breeds were allocated into three groups: Control 
(C), Partial Replacement (PR) and Total Replacement (TR). PR and TR ewes received anthelmintics (AH), were 
artificially infected with H. contortus-susceptible isolate and grazed on resistant-infested or worm-free paddocks, 
respectively. Control animals were untreated and naturally infected. 106 lambs were born and kept in the 
paddocks of their respective mothers. Their egg count per gram of feces (FEC) and packed cell volume (PCV) 
were recorded every 21 days, until 189 days old. Fecal Egg Count Reduction Test revealed AH efficacy of 85 %, 
92 % and 97 % in the C, PR and TR groups, respectively, for ewes and 60 %, 74 % and 98 %, respectively, for 
lambs at day 147. SI animals (p < 0.001) received fewer AH treatments and presented a higher PCV than DO and 
TX, reaching similar weight gain to the other breeds. Male lambs (p < 0.001) presented a higher FEC, lower PCV 
and lower frequency of Famacha score 1. Higher age at weaning resulted in a lower FEC (p = 0.0073), higher 
PCV (p = 0.002), and higher frequencies of Famacha 1 and body condition scores 3 and 4. AH treatment was 
more efficient after worm replacement, reducing FEC (p < 0.001) and favoring weight gain in the PR and TR 
groups. Avoiding early weaning, adopting selective AH treatments and using more resistant sheep breeds may 
delay the reestablishment of resistance after worm replacement.

1. Introduction

Gastrointestinal nematode infection poses a major threat to the 
health, welfare and productivity of sheep farms worldwide (Naeem 
et al., 2021; Chagas et al., 2022; Mohamed et al., 2024). Haemonchus 
contortus is the most prevalent species of gastrointestinal nematodes 
(GIN) and has a large negative impact on sheep and goat production in 
tropical and subtropical regions (Amarante, 2014). H. contortus is a 
hematophagous nematode that lodges in the abomasum, causing ane-
mia, hypoproteinemia, submandibular edema, lethargy and death in 
susceptible hosts (Sanders et al., 2020).

The main strategy for parasite control in sheep is based on anthel-
mintic (AH) treatments. The widespread and frequent use of these AHs 
causes selection pressure favoring parasite resistance (Kaplan, 2004), 

especially when the AH is administered to all animals in the flock. The 
offspring of adult parasites that survive such treatments prevail and the 
population become more resistant as more treatments are applied, 
leading to treatment failure (Jackson and Coop, 2000; Besier, 2012; 
Falzon et al., 2014). The sustainability of small ruminant production 
systems is threatened by the expansion of resistance to multiple an-
thelmintics (Kaplan and Vidyashankar, 2012; Albuquerque et al., 2017; 
Soares et al., 2023; Bassetto et al., 2024).

To slow the development of anthelmintic resistance, Leathwick and 
Besier (2014) suggested producers to implement strategies based on 
preserving refugia, using combinations of highly effective anthelmintics 
and avoiding the introduction of resistant nematodes into the flock. 
Refugia are parasites that have not been exposed to AHs, including 
free-living stages in the environment and parasites in non-treated hosts. 
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To increase the parasite population in refugia, targeted selective treat-
ment (TST) of the most parasitized animals in the flock is an important 
and useful tool (Besier, 2012).

A strategy to restore AH efficacy in small ruminants is the replace-
ment of parasite populations, called worm replacement (WR). Van Wyk 
and Van Schalkwyk (1990) developed a system to replace a resistant 
population with a susceptible one, by eliminating the resistant parasites 
and artificially introducing susceptible parasites. Studies conducted in 
different regions of the world, such as South Africa (Van Wyk and Van 
Schalkwyk, 1990), USA (Bird et al., 2001; George et al., 2021), Ethiopia 
(Sissay et al., 2006), France (Moussavou-Boussougou et al., 2007), and 
Argentina (Fiel et al., 2017; Muchiut et al., 2019; Muchiut et al., 2022), 
have produced promising results, encouraging the continuation of such 
research.

WR is based on the principle of dilution of anthelmintic resistance, 
restoring AH efficacy and, consequently, reducing the frequency of 
treatments. Despite being a sustainable pest control strategy, WR is still 
a challenging undertaking. As a consequence of the seriousness of 
anthelmintic resistance (Veríssimo et al., 2012; Bassetto et al., 2024), 
the control of helminthiasis based only on anthelmintic treatment has 
become impractical and may even make sheep production unfeasible 
(Kaplan and Vidyashankar, 2012; Chagas et al., 2022). As there is no 
fully effective alternative against GIN infection, farms still rely on the 
use of different control techniques that in combination may diminish the 
impact of GIN on sheep production. Thus, this study aimed to follow the 
effects of reverting anthelmintic resistance in different (White Dorper, 
Santa Inês and Texel) sheep breeds after WR. Since these breeds present 
different levels of haemonchosis resistance, our research may contribute 
to generate better understanding of their performance in the context of 
animal production under high parasitic pressure, typical of tropical 
countries.

2. Material and methods

2.1. Experimental design

The study was conducted at the experimental farm of Embrapa 
Pecuária Sudeste (CPPSE), located in São Carlos, SP, Brazil (21◦57’ S, 
47◦50’ W, 860 m) from February 2022 to March 2023. The climate is 

classified as Cwa (Köppen) with two well-defined seasons: dry season 
(April to September) and rainy season (October to March).

For worm replacement, a susceptible H. contortus isolate with 100 % 
susceptibility to ivermectin and levamisole, 98.9 % sensitivity to 
albendazole (Echevarria et al., 1991) and no prior exposure to mon-
epantel was used. This Echevarria susceptible isolate, preserved in liquid 
nitrogen, was thawed and used to infect sheep hosts kept in GIN-free 
pens to obtain infective larvae (L3) for artificial infections.

Santa Inês (SI), Texel (TX) and White Dorper (DO) ewes from the 
flock were submitted to a Fecal Egg Count Reduction Test (FECRT) in 
Jan/2022 that indicated efficacy of 0 % for albendazole, 81 % for le-
vamisole, 84 % for closantel, 40 % for ivermectin, 80 % for moxidectin, 
and 39 % for monepantel. This natural parasite population in the flock 
was named as CPPSE resistant GIN.

Ewes were mated with sires of the same breed and, in the third month 
of pregnancy, the ewes were homogeneously distributed into one of the 
following three groups considering mean egg count per gram of feces 
(FEC), weight, paternity and age: Control (C), Partial Replacement (PR) 
and Total Replacement (TR) (Fig. 1). Ewes from the PR and TR groups 
were dewormed with anthelmintic treatments for 3 consecutive days 
with a combination of Ripercol L-150F®, Zoetis (subcutaneous, 18.8 % 
levamisole, 9.4 mg/kg body weight - BW), Valbazen® 10 Cobalto, Zoetis 
(oral, albendazole, 20 mg/kg BW) and Zolvix®, Elanco (oral, mon-
epantel, 2.5 mg/kg BW) (Albuquerque et al., 2022). After 28 days, then 
in the last third of pregnancy, the ewes from the PR and TR groups were 
artificially orally infected with 3000 L3 of the susceptible H. contortus 
Echevarria isolate and allocated to their respective paddocks: the PR 
group was transferred to a pasture naturally infested with the CPPSE 
resistant GIN, while the TR group was moved to a reformed GIN-free 
paddock, which had been sealed for 10 months and checked for the 
absence of GINs by monitoring L3 in the pasture and with tracer animals. 
The ewes from the control group (C) did not receive anthelmintic 
treatment nor artificial infection and were allocated into a pasture 
naturally infested with CPPSE resistant GIN.

A total of 106 lambs (31 SI, 50 TX and 25 DO) were born, remained in 
the original paddocks of their mothers and were evaluated until 189 
days old (Fig. 1). All lambs were vaccinated against clostridiosis (2 mL/ 
animal, subcutaneously, two doses at 30-day intervals; Excell-10®, 
Vencofarma) and received toltrazuril (15 mg/kg BW, oral, Isocox®, 

Fig. 1. Phenotyping scheme to evaluate the effects of total and partial worm replacement with H. contortus susceptible strain in White Dorper (DO), Santa Inês (SI) 
and Texel (TX) breeds.
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Ourofino) to prevent coccidiosis.
Sheep were kept on pasture (Panicum maximum cv. Tanzania, ad 

libitum) throughout the experiment. All animals received mineral salt 
and water ad libitum. Lambs were born and kept within the paddocks of 
the respective ewe groups (C, PR and TR) and were supplemented with 
concentrated feed (up to 0.3 kg/animal/day) by creep feeding. Weaning 
occurred when the lambs were 84 days old, on average.

The three experimental groups were located geographically near to 
each other, but each one had a completely separate infrastructure 
(handling shed, scale, feeder and drinking trough) to avoid contact 
among animals and/or feces of the different groups. At the entrance of 
each paddock a container with disinfectant was kept for cleaning the 
team’s shoes as they moved in and out of the experimental area. The 
order of entry to each animal management group was TR, then PR and C.

2.2. Phenotyping data

The lambs were the main subject of this study. In total 106 lambs of 
eight sires (2 DO, 3 SI and 3 TX) and 87 ewes (19 DO, 27 SI and 41 TX) 
were born in the C (12 DO, 12 SI and 15 TX), PR (7 DO, 10 SI and 18 TX) 
and TR (7 DO, 9 SI and 16 TX) groups. The effects of group (39 C, 35 PR 
and 32 TR), breed (25 DO, 31 SI and 50 TX), sex (56 F and 50 M) and 
type of birth (50 single and 56 twin) were considered.

Lamb phenotypic evaluations and sample collections occurred every 
21 days, at 63, 84, 105, 126, 147, 168 and 189 days of age (D63, D84, 
D105, D126, D147, D168 and D189, respectively), which covered the 
period from November 2022 to March 2023. This period was specifically 
chosen because lambs are more vulnerable to gastrointestinal nematode 
parasitism during this stage, in which the negative impact of the infec-
tion will be noticeable in the production system, with significant com-
mercial consequences.

Fecal samples were collected directly from the rectal ampoule for 
counting eggs per gram of feces (FEC), using the modified McMaster 
method, which uses 2 g of feces and 28 mL of saturated NaCl solution 
(d=1.2), with a correction factor 1 egg = 50 eggs per gram. Fecal cul-
tures were performed for each group every 21 days, and 100 larvae from 
each culture were examined by microscope for morphological larval 
differentiation (Ueno and Gonçalves, 1998).

Blood samples from all animals were collected from the jugular vein 
using Vacutainer® tubes containing ethylenediaminetetraacetic acid 
(EDTA) anticoagulant for packed cell volume (PCV) evaluation through 
centrifugation of capillary tubes (6 min/12,298 xg, Hettich - HEMA-
TOKRIT 200®).

Additionally, at each collection date, lambs were individually 
weighed and evaluated for body condition score that range from 1 to 5 
(Russel, 1984) and score of eye mucosa coloration according to the 
FAMACHA method that range from 5 to 1 (Van Wyk and Bath, 2002).

To assure animal welfare, lambs with FEC ≥ 4000 in D63 were 
treated. To preserve refugia, the criteria for subsequent treatments was 
adjusted to FEC ≥ 10,000 associated with PCV ≤25 % in D84, PCV 
≤ 26 % in D105 and D126, and PCV ≤ 24 % in D147, D168 and D189. 
Based on the susceptibility of the Echevaria H. contortus isolate (100 % 
susceptible to levamisole and 98.9 % to albendazole; Echevarria, 1991), 
the combination of Ripercol L-150F® and Valbazen® 10 Cobalto was 
used for AH treatment. The combination of drugs was adopted to further 
improve the efficacy of treatment, especially for the C group.

FECRTs were performed in lambs on D147 and D189 according to 
standardized guidelines produced by WAAVP using pre- and post- 
treatment FECs, and at least 7 animals per group with FEC > 200. An-
imals were selected to have a similar mean FEC among groups (Coles 
et al., 2006). Then, the anthelmintics’ efficacy was calculated comparing 
FEC from 14 days after treatment (D14) with that from the day of 
treatment (D0) (Kaplan et al., 2023), using the formula: FECRT = 100 * 
(1 – (D14/D0)), and adopting the 95 % confidence limits (CL) (Denwood 
et al., 2023).

2.3. Statistical analysis

The analyses were performed using the R software (version 4.4.0) in 
RStudio (version 2024–04–24). Comparisons were performed at a sig-
nificance level of 5 %.

For data normalization, FEC was transformed by cubic root (tFEC), 
leading to an approximation of a normal distribution, while the best-
Normalize package, which tests many techniques, selected the order-
Norm transformation as the best one for normalizing PCV and weight 
gain (tPCV and tGain, respectively). The quantitative phenotypic data 
(tFEC, tPCV and tGain) were analyzed in a linear mixed model with the 
lmer() function of the lme4 package (Bates et al., 2015), which fits a 
linear mixed-effect model with nested or crossed grouping factors for the 
random effects, and optimization by maximum likelihood. The Famacha 
and body condition scores, which are categorical, were analyzed in a 
mixed model of multinomial logistic regression using the mclogit 
package (Elff, 2023), which fits conditional logit models with or without 
random effects. For the number of anthelmintic treatments, a Poisson 
distribution was considered using the glm() function of the stats pack-
age, which fits generalized linear models that can analyze count data.

The mixed models considered repeated measurements (collection 
dates) and nested variables (sire/ewe) as random effects. Breed, group, 
mean temperature, humidity and precipitation, AH treatment 21 days 
before collection, sex (male or female), type of birth (single or twin), 
weight at birth, maternal age (years), weaning age (days), and lot 
(1 =animals with higher mean age and 2 =lot with lower mean age) 
were tested as fixed effects for all response variables.

After one-by-one inclusion of random and fixed effects and testing all 
first order relevant interactions between fixed effects, the best fitted 
model was selected based on the Akaike Information Criterion (AIC) and 
non-significant terms (P > 0.05) were removed. The LMERConve-
nienceFunctions package (Tremblay et al., 2020), which performs 
backward selection of fixed effects, forward fitting of the random effects, 
and post-hoc analyses was used for model assumption evaluation, 
outlier removal, variance analysis and post-hoc tests. The MuMIn 
package (Bartoń, 2023) extracted R2 from the models.

3. Results

During the experimental period, from 1st August 2022–31 st March 
2023, relative humidity ranged from 59 % to 90 %, temperature from 8 
to 33◦C and precipitation from 35 to 516 mm3, with the highest pre-
cipitation observed in December (516 mm) of 2022 and January 
(307 mm) of 2023 (Fig. 2).

The multiple resistance status of the CPPSE resistant GIN population 
was confirmed with a FECRT performed in the ewes before the start of 
the experiment (efficacy of 0 % for albendazole and 81 % for levami-
sole). In lambs of the C, PR and TR groups, the FECRT (confidence in-
tervals) for the treatment combination of levamisole and albendazole 
demonstrated an efficacy of 60 % (42 – 77 %), 74 % (53 – 95.7 %) and 
98 % (95.1 – 100 %), respectively, in D147, and 35 % (15 – 56 %), 44 % 
(13 – 74 %) and 89 % (81 – 97 %), respectively, in D189.

In fecal cultures, Haemonchus spp. was the predominant genus, 
ranging between 85–100 %, at all collection dates. In the TR group, 1 % 
of the nematodes identified in the first collection were Trichostrongylus 
spp. (Table 1).

Table 2 shows the means of all measured parameters in lambs, from 
D63 to D189 days of age. Additionally, descriptive statistic and confi-
dence intervals, as a measure of precision, were included in the Sup-
plementary Table 1. Regarding FEC, no statistical differences (p > 0.05) 
were detected among worm replacement groups or sheep breeds. 
However, anthelmintic (AH) treatment 21 days before collection 
decreased (p < 0.001) mean FEC (4640 in untreated versus 3070 in 
treated animals; Fig. 3A). A significant interaction between AH treat-
ment and group was detected, resulting in lower FEC after treatment in 
the PR (1780 in treated versus 4354 in untreated; p = 0.012) and TR 

H.J.S. Bello et al.                                                                                                                                                                                                                               Veterinary Parasitology 337 (2025) 110490 

3 



(1238 in treated versus 4936 in untreated; p < 0.001) groups, but not in 
the C group (4829 in treated and 4643 in untreated; p = 0.706) 
(Fig. 3D). Males (4409) presented higher (p = 0.037) mean FEC than 
females (4308) (Fig. 3B). In addition, lambs weaned older showed lower 
(p = 0.007) FEC, as observed in mean FEC for the quartiles of age at 
weaning: 5120 from 59 to 84 days, 4229 from 85 to 89 days, 3624 from 
90 to 92 days, and 4142 from 92 to 97 days (Fig. 3C).

The number of AH treatments each lamb received varied from 0 to 5; 
no significant differences were detected among C, PR and TR groups 
(1.81, 1.44 and 1.09 AH treatment means, respectively) (Table 2), but 
animals receiving 4 or 5 AH treatments were only observed in the C and 
PR groups. The breed influenced the number of AH treatments (Fig. 4A), 

and SI animals received fewer (p < 0.001) AH treatments (0.39) than 
DO and TX (2.36 and 1.75, respectively) (Table 2). Among the breeds, 23 
SI, 12 TX and 2 DO lambs were never treated, while only DO and TX 
lambs were treated 3 times or more. In relation to the sire (Fig. 4B), 
many offspring of SI666 and SI667 sires, followed by SI665 and TX365, 
were not treated at all, while lambs from DO398, DO399, TX363 and 
TX364 sires were treated 4 or 5 times. In the TX breed, offspring of the 
TX365 sire were treated less (p = 0.038) than those from the TX364 sire 
(Fig. 4B).

The mean PCV was 30.8 %, 30.7 % and 32.1 % for C, PR and TR, 
respectively, and 29.5 %, 34.4 % and 30.0 % for DO, SI and TX, 
respectively (Table 2). Mean PCV was influenced by breed, with higher 

Fig. 2. Climatic data comprising mean, maximum and minimum temperatures (◦C), average relative humidity (%) and mean precipitation (mm3) from August 2022 
to March 2023.

Table 1 
Frequency of GIN genera (Haemonchus spp. and Trichostrongylus spp.) in the lambs of the Control (C), Partial Replacement (PR) and Total Replacement (TR) groups, on 
each day of collection.

C PR TR

Days Haem Trich Haem Trich Haem Trich

D 63  85 % 15 %  91 % 9 %  99 % 1 %
D 84  96 % 4 %  98 % 2 %  100 % 0 %
D 105  99 % 1 %  100 % 0 %  100 % 0 %
D 126  100 % 0 %  100 % 0 %  100 % 0 %
D 147  99 % 1 %  100 % 0 %  100 % 0 %
D 168  85 % 15 %  100 % 0 %  100 % 0 %
D 189  99 % 1 %  95 % 5 %  100 % 0 %
Mean  94.7 % 5.3 %  97.7 % 2.3 %  99.9 % 0.1 %

Table 2 
Average ( ± standard error) number of eggs per gram of feces (FEC), packed cell volume (PCV), weight gain (WG) and number of anthelmintic treatments (AH), and 
frequency of each Famacha score and body condition score (BCS), from D63 to D189, in the Control (C), Partial Replacement (PR) and Total Replacement (TR) groups, 
in Dorper (DO), Santa Inês (SI) and Texel (TX) lambs.

FEC PVC (%) WG* (kg) AH Famacha (%) BCS (%)

Group 1 2 3 1 2 3 4

C 5171 (7131) a 30.8 (6.0) a 19.5 (8.4) c 1.81 (1.4) a 52 29 19  1 52 46 0
PR 4160 (5646) a 30.7 (5.6) a 22.0 (9.1) b 1.44 (1.3) a 77 20 3  4 46 50 0
TR 5239 (9156) a 32.1 (5.2) a 25.0 (10.4) a 1.09 (1.2) a 78 21 1  3 32 61 4
Breed 
DO 6197 (7106) a 29.5 (5.7) b 21.4 (8.7) a 2.36 (1.3) b 67 23 10  1 30 68 1
SI 3450 (4251) a 34.4 (4.7) a 21.5 (8.4) a 0.39 (0.7) a 68 27 5  6 63 30 1
TX 5081 (8822) a 30.0 (5.3) b 22.5 (10.3) a 1.75 (1.5) b 65 25 10  1 36 61 3

a,b,c Values followed by different lower case letters in the same column indicate statistical difference (P < 0.05). * from D42 to D189.
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Fig. 3. Effects of anthelmintic treatment (A), sex (B), age at weaning (C), and anthelmintic treatment and group interaction (D) on cubic root transformed mean 
number of eggs per gram of feces (tFEC) in lambs. A) Untreated (no) versus anthelmintic treated (yes) animals. B) Females (F) and males (M). C) Quartiles of ages at 
weaning ranging from 59 to 97 days. D) Interaction among control (C), partial replacement (PR) and total replacement (TR) groups and anthelmintic treatment.

Fig. 4. Effect of breed (A) and sire (B) on the number of anthelmintic treatments (AH) in Dorper (DO), Santa Inês (SI) and Texel (TX) lambs.
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(p < 0.001) PCV in SI compared with TX and DO (Fig. 5A); by sex, with 
lower (p < 0.001) PCV in males (30.7 %) than in females (31.6 %) 
(Fig. 5B); and by mother’s age (p = 0.002), with lower PCV in lambs 
from 7 to 8 year-old mothers (28.0 %) and higher PCV in lambs from 1 to 
2 year-old mothers (31.5 %) (Fig. 5C). An interaction between group 
and AH treatment (p < 0.001) resulted in lower PCV in the C group 
treated with AH (28.1 %) compared with untreated animals (31.5 %), 
but no significant differences were detected between treated and un-
treated animals from the PR and TR groups (Fig. 5D).

The average weight gain in 147 days (from D42 to D189) was 
19.5 kg, 22.0 kg and 25.0 kg for C, PR and TR groups, respectively, and 
21.4 kg, 21.5 kg and 22.5 kg for DO, SI and TX breeds, respectively 
(Table 2). Mean weight gain in the 21-day interval was higher in the TR 
group compared with PR and C (p < 0.001), and in PR compared with C 
(p = 0.005) (Fig. 6A). Weight gain was affected by sex (p < 0.001), with 
greater gain in males (3.33 kg) than in females (2.94 kg) (Fig. 6B); and 
by the type of birth (p = 0.036), with higher gain in single lambs 
(3.25 kg) compared to twins (3.00 kg) (Fig. 6C). Average air relative 
humidity (p < 0.001) and mean precipitation (p = 0.039) affected 
weight gain: the higher the humidity (87.5 – 91.3 %), the lower the 
weight gain (1.50 kg)(Fig. 6D); and the lower the precipitation (3.12 – 
5.33 mm), the higher the weight gain (5.20 kg) (Fig. 6E).

Group affected (p < 0.05) Famacha scores, with a higher frequency 
of score 1 in PR and TR and of score 3 in C (Table 2 and Fig. 7A). Higher 
humidity reduced (p < 0.05) Famacha score 1 and increased score 3 
(Fig. 7B); and higher precipitation increased (p < 0.05) Famacha score 3 
(Fig. 7C). Famacha score 1 frequency was higher (p < 0.05) in females 
(Fig. 7E) and lower (p < 0.05) in lambs weaned under 84 days of age 
(Fig. 7D).

Body condition scores 2 and 3, respectively, were the most frequent 
in all groups (52.1 % and 46.3 % in C, 45.5 % and 50.0 % in PR and 
32.5 % and 60.8 % in TR) and breeds (29.9 % and 68.4 % in DO, 63.1 % 
and 30.2 % in SI and 35.7 % and 60.9 % in TX) (Table 2), and no lambs 

presented score 5. Lambs with higher birth weight (4.8 – 7.8 kg) showed 
higher (p = 0.006) frequency of body condition scores 3 and 4 (Fig. 8A), 
and lambs weaned at older ages (92–97 days) showed higher 
(p = 0.042) frequency of body condition score 4 (Fig. 8B).

4. Discussion

The present study evaluated the effect of replacing a H. contortus 
population resistant to multiple anthelmintics with a susceptible isolate 
in Santa Inês, White Dorper and Texel sheep breeds. Artificial infection 
was only done once in the ewes in the final third of pregnancy, and the 
target of the study was the lambs naturally infected with larvae from the 
pasture where they were born.

The degree of parasitism of animals measured by FEC was similar 
between groups, demonstrating that the susceptible isolate was viable 
and infective after thawing, multiplication in host lambs, artificial 
infection of the ewes and contamination of pastures. The biotic potential 
and pathogenicity of this H. contortus isolate was previously confirmed 
by its comparison with a resistant field isolate in Brazil (Chocobar et al., 
2023).

Mean FEC values were statistically similar among breeds and groups, 
indicating that the animal distribution was homogenous and the infec-
tion levels were similar. As expected, anthelmintic treatment promoted 
reduction in FEC 21 days later. However, based on the significant 
interaction between group and anthelmintic treatment, this was mainly 
due to the higher efficacy of AHs in the PR and TR groups, which were 
parasitized by a susceptible H. contortus population.

WR resulted in higher anthelmintic efficacy in addition to the 
reduction in the number of anthelmintic treatments, but this effect was 
diluted over the time (from D63 to D189). However, any increase in AH 
efficacy or reduction in the number of treatments can contribute to the 
refugia maintenance (Muchiut et al., 2019), especially when associated 
with TST. The implementation of TST, in which treatments with AH are 

Fig. 5. Effect of breed (A), sex (B), age of the ewe at delivery (C), ranging from 1 to 8 years, and interaction between anthelmintic treatment and group (D) on mean 
packed cell volume (PCV) in Dorper (DO), Santa Inês (SI) and Texel (TX) lambs from control (C), partial replacement (PR) and total replacement (TR) groups.
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restricted to animals that need treatment, may be based on several 
phenotypic parameters, such as body weight gain, anemia, body con-
dition score, FEC and PCV (Kenyon et al., 2009). These parameters can 
help to identify animals that achieve the same performance with fewer 
AH treatments, as well as those that should be discarded due to unsat-
isfactory performance and the requirement of a higher number of 
treatments. In the present study, TST was based on both FEC and PCV.

The SI lambs presented a higher PCV and received fewer AH treat-
ments throughout the experiment than DO and TX breeds. In addition, 
there was an influence of the sire, illustrating the natural genetic resis-
tance to parasites, which can be targeted by breeding programs and 
animal selection, but equally may reflect resilience whereby the animals 
are better able to cope with challenge. SI is a native breed adapted to 
tropical regions and presents marked resistance against haemonchosis in 
different age categories, when compared with TX and DO (Rocha et al., 
2004; Amarante et al., 2009; Albuquerque et al., 2019).

Males exhibited a higher FEC, lower PCV, and a lower frequency of 
Famacha score 1, but greater weight gain compared with females. 
Establishment and larval development are regulated by the immune 
response, which in turn is modulated by host sex hormones 
(Wesołowska, 2022). The presence of testosterone has an inhibitory ef-
fect on the differentiation of Th2 cells, which secrete cytokines that 
activate other cells to act against the establishment of endo and ecto-
parasites before or after puberty, increasing the susceptibility to para-
sitism in males (Barger, 1993; Gauly et al., 2002; Wesołowska, 2022). 
On the other hand, estrogens present in females have the opposite effect, 
stimulating both cellular and humoral immune responses, thus 
increasing resistance to parasitic diseases (Barger, 1993; Wesołowska, 
2022). The influence of gender on weight can be explained by differ-
ences in body condition, since adipose tissue development occurs earlier 
in females than in males (Furusho-Garcia et al., 2004; Rodríguez et al., 
2011).

Lambs weaned earlier had a higher FEC than those that stayed with 
the ewes for longer periods. Watson and Gill (1991) observed that lambs 
weaned at 8 weeks had a higher FEC than lambs kept with their mothers 
for 16 weeks, since they graze less, ingesting fewer GIN (Campbell et al., 
2017). More importantly, feeding on milk will provide a higher supply of 
protein to replace endogenous N losses and develop the lambs’ immu-
nity (Ansia et al., 2020). In addition, early weaning leads to an acute 
response to stress, which raises cortisol levels, resulting in increased 
susceptibility to disease and infection (Högberg et al., 2023).

The age of the ewe influenced the PCV of the lambs. Progeny of ewe 
over 7 years old had a lower mean PCV than younger ewes. These data 
are contrary to what was described by Babar et al. (2004), who grouped 
the ewe into young (<3.5), mature (3.5–5.5 years) and old (>5.5 years) 
and observed a lower PCV in lambs from young mothers. The authors 
suggested that younger mothers use part of their energy for the devel-
opment and improvement of their own reproductive system, while in 
older mothers the reproductive system is fully developed, with less 
competition for energy resources.

The reestablishment of AH efficacy through WR positively impacted 
weight gain by animals from D42 to D189, as a significantly higher 
average weight gain was observed in the TR (25 kg) followed by the PR 
group (22 kg), and both gained more weight than animals in the C group 
(19.5 kg). Starling et al. (2019) compared GIN infected DO lambs sup-
plemented or not and non-infected supplemented animals and detected 
5 kg more gain in non-infected and supplemented animals than in 
infected animals supplemented or not. In the present study, the exper-
iment covered the entire rainy season, when the development of GIN is 
favored by climatic conditions, there is a high rate of contamination of 
pastures by helminth eggs and the parasitic challenge is greater. In 
contrast, at the same time, there is better availability of pasture. 
Therefore, although there was no impact on the reduction of FEC, lambs 
that grew up ingesting pasture contaminated by the susceptible isolate 

Fig. 6. Effect of group (A), sex (B), type of birth (C), mean relative humidity, ranging from 70.4 % to 91.3 % (D) and precipitation, ranging from 3.12 to 20.6 mm3 

(E) on mean weight gain at 21-day intervals in lambs from the control (C), partial replacement (PR) and total replacement (TR) groups.
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responded better to AH treatments. In addition, it was observed that as 
average precipitation and relative humidity increased, weight gain was 
lower, Famacha score of 1 was less frequent and Famacha score of 3 was 
more frequent. Moisture favors the exit of L3 from the dung and, 
therefore, increases contamination of the pasture and infection of 

animals (Pegoraro et al., 2008), impacting on weight gain and degree of 
anemia, especially in lambs in the growth phase.

The replacement of the resistant parasite population by the suscep-
tible one was successfully carried out in the present study. It was proven 
by the FECRT performed in lambs, which were naturally infected with 

Fig. 7. Effects of group (A), mean humidity, ranging from 70.4 % to 91.3 % (B), mean precipitation, ranging from 3.12 to 20.6 mm³ (C), age at weaning, ranging 
from 59 to 97 days (D) and sex (E) on the frequency of Famacha scores (1− 3) in lambs from the control (C), partial replacement (PR) and total replacement 
(TR) groups.

Fig. 8. Effect of birth weight, ranging from 1.9 to 7.8 kg (A) and age at weaning, ranging from 59 to 97 days (B) on the frequency of body condition scores (1− 4) 
in lambs.
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larvae from the susceptible isolate eliminated through feces from 
infected ewes. In the PR group, where there was no pasture decontam-
ination, WR increased the efficacy of AH, but it did not reach 95 %. In 
addition, 8 months after introduction of the susceptible isolate into the 
flock, the population in TR was resistant based on the FECRT of D189. 
However, the WR groups still showed far greater efficacy. Muchiut et al. 
(2019) observed the reestablishment of fenbendazole efficacy against 
H. contortus 16 months after the introduction of a susceptible popula-
tion. George et al. (2021), on the other hand, succeeded in replacing the 
population of resistant H. contortus with a susceptible population in 7 
weeks, but observed reappearance of albendazole resistance after 1.5 
years. The establishment of a new susceptible parasitic population in the 
flock, as well as the rate of development of resistance, certainly depends 
on several well-known factors such as sheep breed, climate, sheep 
stocking rates, refugia and nutrition (Van Wyk and Van Schalkwyk, 
1990; Bird et al., 2001; Moussavou-Boussougou et al., 2007; Muchiut 
et al., 2022). Overall, it can be said that the success of WR will greatly 
vary depending on a wide range of factors, which deserve further 
investigation for better understanding of the basis in which the anthel-
mintic resistance mechanisms are orchestrated. WR increased AH effi-
cacy in the PR and TR groups, since the initial resistant GIN population 
was completely removed from the ewes. The effect of substitution was 
initially potentiated in animals that remained in the TR group, where the 
pasture was also decontaminated.

WR was effective but resistance developed in the short term. The 
rapid reversion to resistance may be due to the fact that the susceptible 
isolate has the same biotic potential as resistant GIN populations, pre-
senting ability to infect lambs, similar FEC, and the infective larvae 
production is similar in vitro and in the field (Chocobar et al., 2023). WR 
is not an easy technique to implement in commercial flocks due to the 
challenge of eliminating the GIN infection of animals and pasture prior 
to subsequent artificial infection with a susceptible isolate. However, 
faced with an extreme scenario of anthelmintic resistance (Bassetto 
et al., 2024) and few alternatives for nematode control, WR could 
complement other techniques in the process of dilution of parasite 
resistance, such as genetic selection of resistant animals and breeds. 
Notably, despite SI being a breed that usually gains less weight than the 
other breeds evaluated (Brandão et al., 2024), there was no statistical 
difference for this parameter, indicating that SI was the breed that 
benefited most from WR, reaching the same productive performance as 
DO and TX.

Although WR is a complex and labor-intensive strategy, our findings 
indicate that it may still be a viable approach. The results suggest that 
WR has the potential to contribute for delaying or diluting the devel-
opment of anthelmintic resistance. However, its implementation re-
quires careful evaluation by specialists, who must consider the specific 
context, the technique’s complexity, and the available resources.

5. Conclusion

In this study the WR approach reduced anthelmintic use and 
increased the weight gain of lambs in the PR and TR groups. It could be a 
useful technique in the dilution of resistance mainly when associated 
with decontamination of pasture (TR group). However, results will 
greatly vary depending on the farm context, taking into account its 
complexity and the availability of resources. To manage parasites in 
sheep flocks, we suggest the adoption of later weaning, selective treat-
ment and more resistant animals and breeds, which can delay the 
development of resistance and improve the sustainability of parasite 
control by anthelmintics. Our findings may shed light on the underlying 
mechanisms impacting most on the performance of different sheep 
breeds in an environment that favors survival and reproduction of 
H. contortus, easily unbalancing the refugia-resistant parasite 
relationship.
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