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Abstract
We conducted a longitudinal survey on 13 alpaca farms in four climatic zones of Australia to understand the epidemiology of
gastrointestinal nematodes (GINs) of alpacas. A total of 1688 fresh faecal samples were collected from both sexes of alpacas from
May 2015 to April 2016 and processed for faecal egg counts (FEC) and molecular identification of eggs using the multiplexed-
tandem PCR assay. Based on egg morphology, the overall prevalence of GINs was 61% while that for strongyles was 53%. The
overall mean FEC was 168 eggs per gram (EPG) of faeces, with the highest count of 15,540 EPG. Weaners had the highest
prevalence (73%) and mean FEC (295 EPG) of GINs followed by tuis, crias and adults. Alpacas in the winter rainfall zone had
the highest prevalence (68%) as well as FEC (266 EPG) followed by Mediterranean-type, non-seasonal and summer rainfall
zones. Trichostrongylus spp. (83%, 89/107), Haemonchus spp. (71%, 76/107) and Camelostrongylus mentulatus (63%, 67/107)
were the three most common GINs of alpacas across all climatic zones. The mixed-effects zero-inflated negative binomial
regression model used in this study showed that it could help to design parasite control interventions targeted at both the herd
level and the individual alpaca level. The findings of this study showed that the epidemiology of GINs of alpacas is very similar to
those of cattle and sheep, and careful attention should be paid when designing control strategies for domestic ruminants co-
grazing with alpacas.
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Introduction

Gastrointestinal nematode infections are one of the most severe
disease problems in domesticated South American camelids
(SACs), alpacas (Vicugna pacos) and llamas (Lama glama),
leading to substantial economic losses due to lowered produc-
tion of fibre andmeat, and death (Ballweber 2009; Leguía 1991;
Windsor et al. 1992a, b). In regions where SACs are imported

outside South America, animals are kept under intensive to
semi-intensive conditions (in contrast to extensive management
in South America), with/without other domestic livestock, there-
by exposing them to high infection pressures of gastrointestinal
nematodes (GINs) (Ballweber 2009; Leguía 1991). Although
SACs have their specific GINs (such as Graphinema auchenia,
Lamanema chavezi), they are often infected with GINs of do-
mestic ruminants (Ballweber 2009; Franz et al. 2015; Hill et al.
1993; Rashid et al. 2019a).

In the last three decades, our knowledge on the epidemiol-
ogy and control of GINs in SACs has gradually been increas-
ing due to a number of reports from Argentina, Australia,
Bolivia, Chile, Ecuador, England, Japan, Libya, New
Zealand, Peru, Switzerland and the USA (Abdouslam et al.
2003; Alcaino et al. 1991; Beltrán-Saavedra 2015; Cebra and
Stang 2008; Dittmer et al. 2018; Hertzberg and Kohler 2006;
Hill et al. 1993; Hyuga and Matsumoto 2016; Jabbar et al.
2013; Masson et al. 2016; Mitchell et al. 2016; Moreno
et al. 2013; Rashid et al. 2018c; Rickard 1993; Robayo
2015; Tait et al. 2002; Welchman et al. 2008). These studies
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mostly used convenient sampling methods such as the collec-
tion of faecal samples and focused only on one or a few re-
gions in a country rather than conducting a national study to
understand the epidemiology of GINs.

Recently, Rashid et al. (2019a) conducted the first na-
tional cross-sectional survey of GINs of alpacas to establish
baseline data of the epidemiology of GINs of alpacas in
Australia. This study showed that Australian alpacas were
commonly infected with cattle and sheep nematodes (e.g.
Cooperia spp., Haemonchus spp., Nematodirus spp.,
Oesophagostomum spp., Ostertagia ostertagi, Teladorsagia
circumcincta, Trichostrongylus spp. and Trichuris spp.), and
weaners had the highest prevalence whereas tuis had the
highest faecal egg counts (FECs). It was also found that
alpacas in the summer rainfall zone had the highest preva-
lence as well as FECs. Given that Australia has the largest
alpaca population outside South America (Clarke 2016) and
alpacas are reared in various climatic zones, it is crucial to
understand better the effect of climatic conditions, seasons,
gender, age, deworming history and other factors related to
the epidemiology of GINs of alpacas. Therefore, we logi-
cally extended our studies to undertake a longitudinal sur-
vey of GINs of alpacas to understand the epidemiology of
GINs of alpacas in Australia. In addition, we used a mixed-
effects zero-inflated negative binomial regression model to
design parasite control interventions.

Materials and methods

Selection of farms

This was a longitudinal study of monthly FECs in Australian
alpacas for the period May 2015 to April 2016. The study
included alpaca herds registered with the Australian Alpaca
Association (AAA; www.alpaca.asn.au) on 1 January 2015.
The herd had ≥ 50 alpacas on 1 January 2015. Alpaca farmers
were contacted via the AAA as well as veterinarians to
participate in this study during another study on worm
control practices of Australian alpacas (Rashid et al. 2019b),
and the herd managers of 13 alpaca farms consented to take
part in the study in March/April 2015 (Fig. 1). Based on the
distribution and density of alpaca populations in different cli-
matic zones of Australia, the selected 13 alpaca farms were
distributed in Mediterranean-type, non-seasonal, summer and
winter rainfall zones in this study (Fig. 1). The details of these
zones have already been described in Rashid et al. (2019a).
The annual rainfalls for the farms located in these climatic
zones from 2013 to 2017 are presented in Fig. 2. The average
annual minimum and maximum temperatures for the farms
located in four climatic zones from 2013 to 2017 are presented
in Fig. 3.

Collection of faecal samples

Each alpaca farm manager was sent the sample collection kits
containing submission forms, faecal collection bags, gloves,
ice-packs for shipment and overnight courier envelopes. The
instructions for the collection (via rectum) and shipping of
alpaca faecal samples have previously described by Rashid
et al. (2019a).

Faecal egg count

Following receipt of the overnight courier envelopes by the
research team, faecal samples were refrigerated at 4 °C until
processing which occurred within 7 days of the date of faeces
collection. Each faecal sample was tested using a modified
McMaster technique with a saturated sugar solution (specific
gravity 1.27), as described previously (Rashid et al. 2018a).
The estimated limit of detection of this modified McMaster
method was 15 EPG.

Molecular identification of nematodes

Following the processing of fresh faecal samples (n = 10–20)
for the FECs from each farm per month, as described above,
1–2 mL of the suspension containing a saturated sugar solu-
tion from each sample were transferred to a 50-mL Falcon
tube® to extract eggs as previously described (Roeber et al.
2013a). The washed eggs in each pooled sample were trans-
ferred into a microcentrifuge tube and stored at − 20 °C until
DNA isolation. Eggs in faecal samples were identified using a
newly established molecular diagnostic kit for the identifica-
tion of common GINs of alpacas (Rashid et al. 2018b).

Statistical analyses

The prevalence of parasitism in a herd for a given sampling
event was calculated as the number of alpacas with nematodes
of a particular type divided by the number of individual alpaca
sampled expressed as a percentage (Margolis et al. 1982). The
Kruskal–Wallis rank sum and Wilcoxon rank sum tests were
used to statistically test for differences in FEC for different age
groups and different climatic zones. A P value < 0.05 was
used to declare statistically significant differences in FECs.

We used a mixed-effects zero-inflated negative binomial
(ZINB) regression model (Nodtvedt et al. 2002; Denwood
et al. 2005) to quantify the influence of herd-level and indi-
vidual alpaca-level characteristics on FEC at the time of sam-
pling. A zero-inflated negative binomial model addressed
over-dispersion in the data arising from the relatively large
number of zero FECs while at the same time allowing us to
quantify the effect of factors influencing FEC when nema-
todes were actually present. A multilevel approach was used
because of our study design. Faecal samples were collected
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from the same alpacas within individual herds over time (giv-
ing rise to repeated measures) and individual alpacas were
clustered within herds.

In a zero-inflated negative binomial model of the expected
FEC for alpaca j from herd i at time k, Zijk was modelled
conditional on the observed FEC for alpaca j from herd i at
time k, Oijk:

Zijk∼
Bernoulli pð Þ with probability pijk if Oijk ¼ 0;

Negative binomial μijk ; s
� �

8<
: ð1Þ

In Eq. 1, Oijk was an independent Bernoulli random vari-
able with a mean of pijk if Oijk = 0; otherwise, Oijk was as-
sumed to follow a negative binomial distribution defined by
a mean μijk and a shape parameter s. Thus,

logit pijk
� �

¼ α0 þ α1x1ijk þ zHi þ zAjk ð2Þ

and

log μijk

� �
¼ β0 þ β1x1ijk þ…þ βmxmijk þ nbAjk : ð3Þ

Fig. 1 Map of Australia showing
the locations of alpaca farms
enrolled in longitudinal
epidemiological study. Each red
circle represents one alpaca farm.
The boundaries of different zones
are drawn based on climatic zones
described by www.wormboss.
com.au. 1, Western Australian
winter rainfall; 2, South
Australian winter rainfall; 3,
Victorian winter rainfall; 4,
Tasmania; 5, NSW non-seasonal
rainfall; 6, Qld/NSW Summer
rainfall/slopes and plains; 7, Qld/
NSW Summer rainfall/tablelands
and slopes; 8, Pastoral

Fig. 2 Annual rainfall (mm) of
the farms located in four selected
climatic zones of Australia from
2013 to 2017 (collected from the
Bureau of Meteorology (www.
bom.gov.au) stations nearest to
the farms)
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For the N herds included in the study, the herd-level ran-
dom effect term for the zero-count component of the model,
zHi, was given by the following:

zHi ¼ zH1;…zHNð Þ∼N 0;σzHð Þ ð4Þ
and for the M individual alpacas included in the study, the
individual alpaca-level random effect term for the zero-count
component of the model, zAjk, was given by the following:

zAjk ¼ zA1k ;…zAMkð Þ∼N 0;σzAð Þ ð5Þ

Similarly, the individual alpaca-level random effect term
for the negative binomial component of the model (nbAjk)
was parameterised to follow a normal distribution with zero
mean and standard deviation σnbA. A random effect term for
herd was not included in the negative binomial component of
the model because the effect of a herd on FEC was accounted
for by the inclusion of a herd day of the sampling interaction
term, as described below.

The zero-count component of the model was parameterised
using a single binary variable representing the presence or
absence of herd anthelmintic treatment at any time during
the month before sampling. The negative binomial component
of the model was parameterised as a function of four fixed
effects: (1) the WormBoss control region in which the farm
was located (a categorical variable comprised of four levels),
(2) sex of the alpaca (a categorical variable comprised of two

levels), (3) age of the alpaca (in years) at the time of sampling,
and (4) a binary variable representing the presence or absence
of herd anthelmintic treatment at any time during the month
prior to sampling. A term was included in the model to ac-
count for the interaction between farm and the date of
sampling.

Estimation of model parameters was carried out using the
contributed glmmTMB package (Brooks et al. 2017) in R
version 3.5.0 (R Core Team 2017). Model fit was assessed
by comparing time series plots of FECs for individual alpacas
within individual herds with expected FECs, computed from
the fixed- and random-effects included in the model.

Results

Based on the alpaca population in different climatic zones, the
highest number of faecal samples were collected from the
summer rainfall zone (475 individual samples from 3 farms)
followed by Mediterranean-type environment (417 samples
from 4 farms), winter rainfall zone (330 faecal samples from
4 alpaca farms) and non-seasonal rainfall zone (299 samples
from 2 farms) during the study period. Of 1688 alpaca faecal
samples tested using the McMaster technique, 61% had at
least one type of GIN egg. Overall, the mean FEC (i.e. EPG
± standard error of the mean) was 168 ± 14 EPG (Table 1).
Based on egg morphology, strongyle nematodes were the

Fig. 3 Average minimum and maximum annual temperatures of the farms located in four selected climatic zones of Australia from 2013 to 2017
(collected from the Bureau of Meteorology (www.bom.gov.au) stations nearest to the farms)
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most prevalent (53%, 876/1666) followed by Nematodirus
spp. (18%) and Trichuris spp. (11%) and this difference was
statistically significant (P < 0.05) (Table 1).

Based on the age of alpacas, the highest prevalence and
mean FEC were recorded for weaners (73%, 233/321) follow-
ed by tuis (69%, 240/346), crias (59%, 58/98) and adults
(55%, 502/919). Similarly, the mean FEC was highest in
weaners (295 ± 60 EPG) followed by tuis (187 ± 23 EPG),
adults (126 ± 13 EPG) and crias (68 ± 13 EPG) (Table 2).
Furthermore, the prevalence of GINs was significantly differ-
ent between weaners and crias (P < 0.05) and adults (P < 0.05)
and tuis and crias (P < 0.05) and adults (P < 0.05).

The highest prevalence (68%, 233/330) and mean FEC
(266 ± 59 EPG) were recorded in the winter rainfall zone
followed by the Mediterranean type (65%, 270/417; 149 ±
19 EPG). However, the prevalence of GINs in the non-
seasonal rainfall zone was higher (60%, 179/299) than that
in the summer rainfall (54%, 258/475) but the mean FEC
was higher (167 ± 21 EPG) in the summer rainfall zone than
the non-seasonal rainfall zone (101 ± 17) (Table 3). The prev-
alences of GINs were significantly different between
Mediterranean-type and winter rainfall (P < 0.05) and summer
rainfall (P < 0.05) zones and winter rainfall and summer rain-
fall (P < 0.05) and non-seasonal rainfall (P < 0.05) zones.

The effect of climatic conditions (rainfall and temperature)
on nematodes of alpacas in the four climatic zones was studied
over the study period (i.e. May 2015 to April 2016). In the
winter rainfall zone, though the highest mean FEC (364 ± 119
EPG) was observed from late winter to early spring (i.e.
August–September), a second peak (319 ± 111 EPG) was seen
unexpectedly in summer (i.e. December–February) (Fig. 4).
Within the winter rainfall zone, there was a statistical differ-
ence in the prevalence of GINs between winter and spring

(P < 0.05), summer (P < 0.05) and autumn (P < 0.05) seasons.
In the Mediterranean-type environment, the highest mean
FEC (194 ± 36 EPG) was noted in winter (June–August)
followed by a second peak (190 ± 74 EPG) in summer, and
there was no difference in the prevalence of GINs across dif-
ferent seasons in this zone. Conversely, the highest mean FEC
was recorded in late summer to early autumn (January–
March) in both non-seasonal (157 ± 45 EPG) and summer
rainfall (255 ± 52 EPG) zones (Fig. 4). Furthermore, there
was a statistical difference in the prevalence of GINs between
summer and winter seasons in non-seasonal (P < 0.009) and
summer rainfall (P < 0.004) zones.

The identification of nematode genera/species using MT-
PCR assay revealed that overall farm-level prevalence of
Trichostrongylus spp. was the highest (83%, 89/107) followed
by Haemonchus spp. (71%), C. mentulatus (63%),
O. ostertagi (53%), Cooperia spp. (11%), T. circumcincta
(8%) and Oesophagostomum spp. (6%) (Fig. 5) .
Trichostrongylus spp. were the most common nematodes in
both the Mediterranean-type environment (89%, 25/28) and
the summer rainfall zone (83%, 30/36) followed by
Haemonchus spp. (57% and 69%, respectively) and
C. mentulatus (50% and 39%, respectively) (Fig. 6;
Supplementary Table 1). Camelostrongylus mentulatus was
the most common nematode in the winter rainfall (81%, 17/
21) and non-seasonal rainfall (100%, 22/22) zones followed
by Trichostrongylus spp. (76% and 72%, respectively) and
Haemonchus spp. (71% and 91%, respectively). Ostertagia
ostertagi was the fourth most common nematode among all
climatic zones (Fig. 6; Supplementary Table 1). There was a
statistical difference in the prevalence of C. mentulatus be-
tween the non-seasonal rainfall zone and the summer rainfall
zone (P < 0.05) and the Mediterranean-type environment

Table 1 Prevalence and faecal
egg counts gastrointestinal
nematodes in Australian alpacas

Type of nematode egg % Prevalence (proportion) EPG (mean ± SE) 95% CI Range

Strongyle 53 (876/1666) 151 ± 14b 123 179 (0–15,540)

Nematodirus spp. 18 (305/1666) 12 ± 1a 10 14 (0–615)

Trichuris spp. 11 (180/1665) 6 ± 1a 4 8 (0–1275)

Overall 61 (1037/1688) 168 ± 14 140 196 (0–15,630)

Similar letters in a column indicate that no significant difference was shown among different nematode eggs

CI confidence interval, EPG eggs per gram of faeces, SE standard error of mean

Table 2 Prevalence and faecal
egg counts of gastrointestinal
nematodes in different age groups
of Australian alpacas

Age group % Prevalence (proportion) EPG (mean ± SE) 95% CI Range

Crias 59 (58/98) 68 ± 13a 42 94 (0–870)

Weaners 73 (233/321) 295 ± 60b 178 413 (0–15,630)

Tuis 69 (240/346) 187 ± 23b 142 231 (0–4635)

Adults 55 (502/919) 126 ± 13a 101 151 (0–4770)

Similar letters in a column indicate that no significant difference was shown among age groups

CI confidence interval, EPG eggs per gram of faeces, SE standard error of mean
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(P < 0.05) and between the winter rainfall and summer rainfall
(P < 0.05) zones. Similarly, there was a statistical difference in
the prevalence of O. ostertagi between the non-seasonal rain-
fall zone and the summer rainfall zone (P < 0.05) and the
Mediterranean-type environment (P < 0.05) and between the
winter rainfall and summer rainfall (P < 0.05) zones.

The prevalence of individual genera/species of nematodes
also varied depending upon the season. For instance, the highest
farm-level prevalence of C. mentulatus (68%, 19/28), Cooperia
spp., (18%, 5/28), Haemonchus spp. (75%, 21/28) and
Trichostrongylus spp. (86%, 24/28) were recorded in autumn
while those of Oesophagostomum spp., O. ostertagi and
T. circumcincta were observed in summer. Although the preva-
lence of individual nematodes varied in different seasons, this
variation was not statistically significant.

Estimated regression coefficients and their standard errors for
the mixed-effects ZINB model are presented in Table 4. Alpacas

on farms in the winter rainfall zone, while holding all other var-
iables in the model constant, had FECs 4.93 (95% CI 0.87 to
28.1) times greater than alpacas on farms in the Mediterranean-
type environment. Male alpacas, while holding all other variables
in the model constant, had FECs 1.38 (95% CI 1.01 to 1.87)
times greater than female alpacas. For alpacas in herds where
deworming was carried out in the month prior to sampling, the
odds of having a zero faecal egg count was increased by a factor
of 6.6 (95% CI 4.2 to 10) compared with alpacas in herds where
de-worming was not carried out in the month prior to sampling
(Table 4). The variance of the herd- and alpaca-level random
effect terms was similar for both the negative binomial compo-
nent (herd 0.4938; alpaca 0.4961) and the zero-count component
(herd 0.6378; alpaca 0.7790) of the model (Table 4). This means
that after controlling for each of the fixed effects included in the
model, the variation in the residual (unexplained) component of
FEC was similar at both the herd and individual alpaca level.

Fig. 4 Seasonal variation in the
mean faecal egg counts (i.e. eggs
per gram [epg] of faeces) of
gastrointestinal nematodes in
alpacas from the four climatic
zones of Australia during the
study period (May 2015 to April
2016)

Table 3 Prevalence and faecal
egg counts of gastrointestinal
nematodes in alpacas in different
climatic zones of Australia

Climatic zones % Prevalence (proportion) EPG (mean ± SE) 95% CI Range

Mediterranean-type 65 (270/417) 149 ± 19a 111 188 (0–4635)

Winter rainfall 68 (223/330) 266 ± 59b 151 382 (0–15,630)

Non-seasonal rainfall 60 (179/299) 101 ± 17a,c 68 134 (0–3690)

Summer rainfall 54 (258/475) 167 ± 21c 126 207 (0–4695)

Similar letters in a column indicate that no significant difference was shown among climatic zones

CI confidence interval, EPG eggs per gram of faeces, SE standard error of mean
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Discussion

This is the first national longitudinal survey to determine the
prevalence and worm burden of GINs in alpacas.
Camelostrongylus mentulatus, Haemonchus spp. and
Trichostrongylus spp. were the three most common GINs.
Weaners were found to be the most susceptible age group as
they harboured the highest prevalence as well as FECs.
Alpacas in the winter rainfall zone had the highest prevalence
and FECs. Overall, the epidemiology of GINs of Australian
alpacas determined in this study is very similar to that was
observed in a recent cross-sectional survey of GINs of alpacas
(Rashid et al. 2019a).

The prevalence of GINs (61%) found in this study was
comparable to that (66%) recently reported in a cross-
sectional survey of GINs in Australian alpacas (Rashid et al.
2019a) but higher than those (48% and 20%) reported by
Carmichael (1999) and Presidente (2007), respectively, previ-
ously from Australia. However, the latter studies were either
based on the opportunistic collection of alpaca faecal samples
(Presidente 2007) or were of limited scope (only South
Australia and some parts of Victoria were included)
(Carmichael 1999) as opposed to this study being a

longitudinal survey across six states of Australia, involving a
higher number of alpaca faecal samples.

We found that weaners had the highest prevalence (73%) of
GINs followed by tuis, crias and adults which are concordant
with findings of Rashid et al. (2019a). Similarly, the highest
FECs were recorded in weaners whereas that was observed in
tuis (402 EPG) in the cross-sectional study. The prevalences of
strongyles (53%), Nematodirus spp. (18%) and Trichuris spp.
(11%) were also very similar to those found in a cross-
sectional study (Rashid et al. 2019a). These differences in
GIN prevalence between both studies might be due to geo-
graphical variations and the total number of faecal samples
analysed, i.e. higher number (n = 1688) of faecal samples from
13 alpaca farms across six states (New South Wales,
Queensland, South Australia, Tasmania, Victoria and
Western Australia) were analysed in this study. Other impor-
tant factors underlying substantial differences in GIN

Fig. 6 Prevalence (%) of seven common gastrointestinal nematodes of
alpacas in the four climatic zones of Australia. Nematodes were identified
in pooled DNA samples using the multiplexed-tandem PCR assay. Each
vertical line shows upper and lower 95% confidence intervals

Fig. 5 Overall prevalence (%) of gastrointestinal nematodes of alpacas in
Australia. Each green bar shows percentage of the farms found positive
for a nematode genus/species using the multiplexed-tandem PCR assay,
and each vertical line shows upper and lower 95% confidence intervals

Parasitol Res (2019) 118:901–911 907



prevalence in alpacas could be mixed grazing (with domestic
ruminants) practices, intensive commercial farming and the
year in which the sampling occurred (Rashid et al. 2018a,
2019b; Saeed et al. 2018).

The overall mean FEC (168 EPG) recorded in this study
appears lower than those (291 and 200 EPG) observed in

Australia (Rashid et al. 2019a) and the UK (Tait et al. 2002),
respectively. The main distinguishing feature of this study is
that it revealed the temporal distribution of FECs. The acqui-
sition and frequency of GIN infections in a camelid herd could
vary at different times of the year due to variable temperatures
and humidity levels throughout the year which ultimately

Table 4 Coefficients and
standard errors from a mixed-
effects zero-inflated negative
binomial model of faecal egg
counts

Negative binomial component:

Variable Coefficient (SE) z value Pr (> |z|) IRR 95% CI

Intercept 5.024 (0.4708) 10.67 < 0.01

Climatic zone:

Mediterranean-type Reference – –

Winter rainfall 1.596 (0.8877) 1.80 0.07 4.93 (0.87, 28.1)

Non-seasonal rainfall − 0.7269 (0.7187) − 1.01 0.31 0.48 (0.12, 1.98)

Summer rainfall − 0.6577 (0.6719) − 0.98 0.33 0.52 (0.14, 1.93)

Gender:

Female Reference – –

Male 0.3204 (0.1571) 2.04 0.04 1.38 (1.01, 1.87) a

Age (years): − 0.0179 (0.0194) − 0.92 0.35 0.98 (0.95, 1.02)

Deworming:

No Reference – –

Yes − 0.8277 (0.1912) − 4.33 < 0.01 0.44 (0.30, 0.64)

Sample month × herd interaction:

Month × herd 1 Reference

Month × herd 2 − 0.0048 (0.0013) − 3.63 < 0.01 –

Month × herd 3 − 0.0057 (0.0013) − 4.34 < 0.01 –

Month × herd 4 0.0009 (0.0012) 0.73 0.46 –

Month × herd 5 0.0016 (0.0008) 2.02 0.04 –

Month × herd 6 0.0068 (0.0019) 3.52 < 0.01 –

Month × herd 7 0.0026 (0.0011) 2.36 0.02 –

Month × herd 8 − 0.0001 (0.0018) − 0.05 0.96 –

Month × herd 9 0.0005 (0.0008) 0.65 0.52 –

Month × herd 10 − 0.0107 (0.0052) − 2.07 0.04 –

Random effects: Variance

Herd 0.4938

Alpaca 0.4961

Zero-count component:

Variable Coefficient (SE) z value Pr (> |z|) OR (95% CI)

Intercept − 0.8412 (0.2750) − 3.06 < 0.01 –

Deworming:

No Reference – –

Yes 1.8907 (0.2338) 8.08 < 0.01 6.6 (4.2 to 10) b

Random effects: Variance

Herd 0.6378

Alpaca 0.7790

SE standard error, IRR incidence rate ratio, OR odds ratio
a Interpretation:Male alpacas, while holding all other variables in the model constant, were expected to have FECs
1.38 (95% CI 1.01 to 1.87) times greater than female alpacas
b Interpretation: The odds of a zero faecal egg count for herds where de-worming was carried out in the month
prior to sampling was increased by a factor of 6.6 (95%CI 4.2 to 10) compared with herds where de-worming was
not carried out in the month prior to sampling
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affect larval growth on the pasture (Hill et al. 1993). Thus, the
temporal distribution of GIN burdens in alpacas would be
more informative in interpreting the epidemiological data.
Importantly, the mean FEC for strongyle eggs (151 EPG) in
this study was comparable to the overall mean FEC (168
EPG) in alpacas which indicates that alpacas were commonly
infected with strongyle nematodes as are other domestic live-
stock in Australia (Roeber et al. 2011, 2013b) and elsewhere
(Ballweber 2009; Franz et al. 2015).

It is worth considering that some of the GINs (e.g.
T. circumcincta) reported herein and in our cross-sectional
study have not been described in alpacas/llamas from South
America. Furthermore, all these GIN parasites are known to
exist in sheep and cattle from Australia (Anderson 1972,
1973; Beveridge and Ford 1982; Roeber et al. 2011, 2013b).
This indicates that the movement of alpacas to new geograph-
ical locations outside South America has likely exposed them
to novel parasites of ruminants during their co-grazing with
sheep and cattle; hence, theymay serve as a potential source of
GIN infections for sheep and cattle upon their movement be-
tween properties.

As with infections in other domestic ruminant species, the
distribution of GINs in alpacas is considerably impacted by
climatic conditions such as rainfall and temperature which
ultimately affects the prevalence and burden of these parasites
in camelids and domestic ruminants across different climatic
zones worldwide. Therefore, we assessed the impact of cli-
matic conditions on the prevalence and FECs in alpacas from
different climatic zones of Australia throughout 1 year. The
highest prevalence (68%) and FECs (266 EPG) in alpacas
were observed in the winter rainfall zone which encompasses
the south-eastern part of the continent. For instance, in the
winter rainfall zone, we found the peak prevalence in winter,
which decreased in spring and increased again in the summer
months. The usual trend in this zone is peak prevalence in
winter followed by a decrease in spring to the lowest in sum-
mer (Roeber et al. 2013b). However, the second peak in the
prevalence of GINs in the winter rainfall zone (Fig. 3) was
most likely associated with higher rainfall (876 mm) during
the summer season in 2016 (see Fig. 2) as the average annual
rainfall in this zone prior to (2013 764 mm; 2014 664 mm;
2015 523 mm) and after (2017 658 mm) 2016 was lower.
Overall, this study revealed that the temporal distribution of
different GINs of alpacas in various climatic zones follows the
patterns of those previously described for sheep and cattle
GINs in Australia (Roeber et al. 2013b).

In this study, we observed a high prevalence of
H. contortus in spring and autumn which is consistent previ-
ous studies in sheep from Australia (Roeber et al. 2013b).
Camelostrongylus mentulatus was the most frequently
(81%) observed GIN followed by Trichostrongylus spp.
(76%) in winter rainfall zone. Camelostrongylus mentulatus
has been found in sheep, feral goats and also in camels in

Australia (Beveridge et al. 1974, 1987; Beveridge and Ford
1982; Copland 1965; Rogers 1939). Hilton et al. (1978) sug-
gestedC. mentulatus be a potential pathogen as it behaves like
Teladorsagia spp. in sheep. Outside South American coun-
tries, C. mentulatus has also been found in alpacas, llamas
and zoo animals in New Zealand, the UK and the USA
(Averbeck et al. 1981; Dwyer et al., 2014; Flach 2008;
Hinkson 2015; Rickard 1993; Welchman et al. 2008).
Recently, Rashid et al. (2019c) found four species of
Trichostrongylus (T. axei, T. colubriformis, T. rugatus and
T. vitrinus) in alpacas which are known to commonly infect
sheep in the winter rainfall zone of Australia, exhibiting high
pathogenicity and production losses in the south-eastern states
of the country (Beveridge and Ford 1982; Roeber et al.
2013b). Given that alpacas share GINs with sheep and
C. mentulatus is known to infect sheep, it is proposed that
the presence of this parasite in sheep should be evaluated in
Australia, particularly in those regions where mixed grazing is
a common practice.

In a recent cross-sectional study, Rashid et al. (2019a) re-
ported the highest prevalence (77%) and FECs (630 EPG) in
alpacas were from the summer rainfall zone in Australia; how-
ever, we found herein that those (prevalence, 68%; FEC 266
EPG) were modestly higher in the winter rainfall zone.
Similarly, other differences in the prevalence of
C. mentulatus , Cooperia spp. , O. oster tagi and
T. circumcinctawere recorded inMediterranean zone between
this study and the cross-sectional study by Rashid et al.
(2019a). These differences in the prevalence and FECs in
alpacas across different climatic zones could be attributed to
different timing of the two studies (longitudinal 2015–2016
versus cross-sectional 2016–2017), variations in rainfall (see
Fig. 2) and management practices of alpaca herds sampled.
Further longitudinal epidemiological studies, spanning for 3–
5 years, are required to further investigate the prevalence of
different GINs of alpacas in different seasons across various
climatic zones of Australia. Also, studies should focus on
examining the gastrointestinal tracts of alpacas to precisely
determine the type of GINs as we used FEC and the MT-
PCR assay only to identify GIN genera/species in alpacas.

In our recent cross-sectional study (Rashid et al. 2019a) as
well as this longitudinal epidemiological survey, we found
that male alpacas had higher prevalence and burden (i.e.
FECs) of GINs than females. Sex could be an important factor
in the susceptibility of hosts for infection with GINs, though
variable results have been reported previously. For example,
male alpacas were found to have higher burden of
H. contortous than females (Dittmer et al., 2018). Contrarily,
in another study by Edwards et al. (2016), no association was
found between the occurrence of H. contortous and sex of
camelids. Further studies are required to investigate the pre-
cise effect of the sex on the susceptibility of alpacas and
llamas for GINs.
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We used a mixed-effects, zero-inflated negative binomial
regression model to derive quantitative estimates of the influ-
ence of herd- and individual alpaca-level characteristics on the
likelihood of an alpaca having a FEC of zero at the time of
sampling and the magnitude of FECs for those alpacas with
non-zero counts. Our analytical approach was novel in that a
zero-inflated negative binomial model was used to address the
issue of over-dispersion in the data arising from the relatively
large number of zero FECs while at the same time allowing us
to quantify the effect of factors influencing FECs when nem-
atodes were present. A multilevel modelling approach was
used to adjust the estimated regression coefficients to account
for lack of independence in the data arising from faecal sam-
ples collected from the same alpacas within herds over time
and because individual alpacas were clustered within herds.
At least four advantages arose from the use of this analytical
method. Firstly, the zero-inflated regression approach meant
that it was not necessary for us to transform the data prior to
analysis which meant that the regression coefficients from the
regression model were more readily interpretable. Secondly,
the extension of the model to account for lack of independence
allowed us to quantify the effect of risk factors acting at both
the herd (e.g. climatic zone in which the herd was located) and
individual alpaca (e.g. gender and age) level. Thirdly, account-
ing for lack of independence in the data provided more con-
servative estimates of the uncertainty around each of the re-
gression coefficients for each risk factor making it less likely
for us to make type I errors (rejecting the null hypothesis when
it is actually true). Finally, comparisons of the variance of the
herd-level and individual alpaca level random effect terms for
both the negative binomial component and a zero-count com-
ponent of the model provided useful information to inform
parasite control strategies. In this analysis, the variation in
the residual (unexplained) component of FEC was similar at
both the herd and individual alpaca level which means that
parasite control interventions should be targeted at both the
herd level (e.g. pasture management) and the individual alpaca
level (e.g. anthelmintic treatment) with equal emphasis.

Conclusion

This is the first comprehensive longitudinal study to investigate
the prevalence and worm burden in alpacas. The overall preva-
lence and burden of GINs appear to have considerably risen in
alpacas from Australia over the last two decades. Alpacas har-
bour the majority of the same GINs as occurred in sheep and
cattle, and thus, the potential transmission of these parasites
between domestic ruminant species, including alpacas, should
be taken into account for designing effective management and
control strategies. The mixed-effects zero-inflated negative bi-
nomial regressionmodel can be used to quantify the influence of
herd-level and individual alpaca-level characteristics on FEC at

the time of sampling which can the help to design parasite con-
trol interventions targeted at both the herd level and the individ-
ual alpaca level. This study has generated novel information on
the epidemiology of GINs in alpacas from Australia with poten-
tial implications not only within the country but also in alpacas
from similar agroclimatic zones globally.
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