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A B S T R A C T   

Eosinophils play a key role in defence against gastrointestinal nematodes. There is considerable variation among 
animals in the intensity of eosinophilia following nematode infection. However, the statistical distribution of 
eosinophils among animals has still to be determined. A better description of the variation among animals could 
provide biological insight and determine the most appropriate way to analyse the effect of eosinophils. We 
estimated blood eosinophil numbers in a flock of Scottish Blackface sheep that were naturally exposed to mixed, 
predominantly Teladorsagia circumcincta infection. Three of the four eosinophil counts were better described by a 
gamma distribution than by a lognormal distribution. The scale and shape parameters of the gamma distribution 
varied over time. Eosinophil counts differed among animals kept on separate fields before weaning and between 
singletons and twins but were not significantly different between years and genders. Eosinophil counts also 
differed among offspring from different sires and dams. The parameters of the gamma distribution were used to 
enable a power analysis. Large numbers of animals were required to reliably detect even large differences be-
tween two groups. These results indicate that methods appropriate for gamma distributions, such as generalized 
linear mixed models, will provide more reliable inferences than traditional methods of analysis and experimental 
design.   

1. Introduction 

Eosinophilia is the hallmark of all parasitic infections. In sheep, eo-
sinophils have been shown to be involved in host responses to gastro-
intestinal nematodes (GIN). In response to Haemonchus contortus, 
eosinophils have been shown to kill larvae in vitro (Rainbird et al., 1998; 
Terefe et al., 2007, 2009), while in response to Teladorsagia circumcincta, 
eosinophils appear to mediate protective immunity (Stevenson et al., 
1994), being strongly associated with mucosal IgA activity against L4, 
and reduced fecundity and worm length (Stear et al., 1995a, 2002). 
Eosinophils have also been used to identify resistant animals (Hohen-
haus et al., 1998) although their value is disputed (Stear et al., 2002; 
Woolaston et al., 1996). 

Despite their importance, little is known about the factors that in-
fluence eosinophil numbers in ruminant responses to GIN. There is 

considerable variation among lambs in the number of eosinophils 
recruited in response to nematode infection and lambs with higher blood 
and tissue eosinophil counts are more resistant to infection (Stear et al., 
1995a). However, the statistical distribution of the variation among 
animals has not been identified, although it is clearly not a normal 
distribution (Stear et al., 1995a, 2002). The distribution is of biological 
interest because it is important for disease transmission and the impact 
of infection on flocks. The distribution also determines the most 
appropriate method of data analysis (McCullagh and Nelder, 1989). 
Analysing data with a statistical procedure that does not appropriately 
account for the distribution of the data is unlikely to give accurate 
probabilities and could lead to incorrect inferences. Therefore, this study 
aimed to determine the distribution of eosinophils, develop appropriate 
methods of analysis, identify the sources of variation and finally, carry 
out a power analysis to aid the design of powerful experiments. 
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2. Materials and methods 

2.1. Animals and data collection 

The samples used for this study were collected in August and 
September of 1993 and 1994 from 400 Scottish Blackface lambs on a 
commercial, upland farm in Southwest Strathclyde, Scotland. Lambs 
consisted of ewe lambs and castrated male lambs, naturally exposed to 
predominantly Teladorsagia circumcincta nematode infection, and the 
procedures used have been previously described in Stear et al. (2002). 
Animal information, including gender (male, female), field (1, 2, 3), 
birth type (single, twin), age, sire and dam were also collected. Field 
refers to the field that the lambs were kept before weaning at 4 months 
of age. After weaning all lambs were kept on the same field. Blood 
samples were collected and the concentration of eosinophils in periph-
eral blood was estimated by adding 10 μl of whole blood to 90 μl of 
Carpentier’s solution (Dawkins et al., 1989), left for at least 5 min and 
duplicate samples were counted using a haemocytometer. Each cell 
counted represented 5.6 cells / μl of blood. 

2.2. Statistical analysis 

The parameters of the gamma and lognormal distributions were 
obtained with the Univariate procedure of SAS on Demand for Aca-
demics. The Univariate procedure also provided empirical distribution 
tests (Kolmogorov-Smirnov, Cramer-Von Mises and Anderson-Darling) 
to compare the fits of the two distributions to the eosinophil counts. 
The parameters of the distributions were estimated by maximum like-
lihood. For gamma distributions when the shape parameter was less 
than one, the shape parameter was specified to produce probability 
values for the empirical distribution function tests. Generalized linear 
mixed modelling (McCullagh and Nelder, 1989) was performed with the 

Glimmix procedure. The generalized linear model relates the 
non-normal response variable to the linear model by a link function 
(Nelder and Wedderburn, 1972). A gamma distribution was used along 
with the log link and each month was fitted separately. Age in days was 
fitted as a covariate while the fixed effects were gender (female or cas-
trated male), field (1, 2 or 3), year (1993 or 1994) and birth type (single 
or twin). The random effects were sire and dam. There were 24 sires and 
242 dams. 

The power analysis was performed in R version 4.0.4 (R Core Team, 
2020) and used source code written by Cundill and Alexander (2015). 
The function ‘expand.grid’ was used to determine sample size at power 
values ranging from 0.02 to 0.98. Alpha was set to 0.05, Q0 was set to 
0.5 (equal arms; balanced design) and method was set to 2 (mu1 is used 
for the intervention arm under the null hypothesis). The power analysis 
calculated the total number of animals required to achieve a given 
power for a given difference between two groups. Each power analysis 
was plotted using the function ‘geom_line’ in the package ‘ggplot2’ 
(Wickham, 2016). 

In order to highlight the variation in the probability density function 
for the Gamma distribution, 300,000 data points from a gamma distri-
bution with the specified shape and scale parameters were sampled in 
SAS and plotted using the Sgplot program. 

3. Results 

3.1. The distribution of eosinophil counts 

The number of eosinophils showed considerable variation among 
animals. Most animals had relatively low counts but a small proportion 
of lambs had quite high counts (Fig. 1). Mean eosinophil counts varied 
from 67 cells per ul in the samples from September 1993 to 87 cells per 
ul in September 1994 (Table 1). The standard deviation ranged from 

Fig. 1. The distribution of eosinophil concentrations among sheep in August.  
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51.4 in samples collected in September 1993 to 84.9 in August 1994 
(Table 1). Eosinophil counts were visually more similar to a gamma 
distribution than to a lognormal distribution. Three of the four distri-
butions showed that the gamma distribution was a better fit than the 
lognormal. The visual impression was supported by empirical distribu-
tion tests (Table 2). The exception was the eosinophil counts in 
September 1994 where the gamma distribution was closer to the 
observed distribution at low counts but underestimated the number of 
animals with extremely high counts. However, the deviation from the 
gamma distribution was largely due to three extremely high observa-
tions. When these three were discarded, the truncated distribution was 
closer to a gamma distribution with p-values of 0.076, 0.023 and 0.013 
for the Kolmogorov-Smirnov, Cramer-von Mises and Anderson-Darling 
tests, respectively. 

3.2. Generalized linear mixed models 

The analysis showed that in August, the fixed effects of preweaning 
field (p = 0.0395) and birth type (p = 0.0158) were significant, but not 
the effects of year (p = 0.737) or age (p = 0.345). The variance com-
ponents for sire, dam and the residual were 0.10 ± 0.05, 0.25 ± 0.08 and 
0.54 ± 0.07. Likelihood ratio tests based on the residual pseudo- 
likelihood in independent models indicated that both sire (p < 0.001) 
and dam (p < 0.001) were significant. 

In September, the analysis failed to converge but did converge when 
the effect of dam was excluded from the analysis. The effects of year 
(p = 0.342), field (p = 0.061), birthtype (p = 0.1133) and age 
(p = 0.936) were not significant. The estimated variance for sire was 
0.09 ± 0.04 while the residual variance was 0.67 ± 0.05. 

3.3. Power analysis of eosinophil counts between genders 

The power analyses for eosinophil counts in August and September 
are presented in Fig. 2. The power analysis indicates the probability of 
detecting real differences between groups of different sizes.It assumes 
that there are no other effects in the statistical model or that these effects 
have already been accounted for. If one group has twice as many eo-
sinophils as another group then there is a 95 % chance of finding a 
statistically significant difference between the two groups if there are 50 
animals in each group. Smaller numbers in each group would decrease 
the chances of finding a significant difference between the groups. 
Similarly, if one group had three times as many eosinophils, a total of 
about 40 animals equally distributed between the two groups would be 
required. Where one group had 4 times the eosinophil count in the other 
group about 15 animals in each group would be required. 

4. Discussion 

Eosinophil counts from 400 Scottish Blackface lambs were better 
described by a Gamma distribution than by a lognormal distribution. A 
generalized linear mixed model with a Gamma link function determined 
the most important animal factors that influenced eosinophil numbers. 
The results from the generalized linear mixed models were used to 
enable a power analysis. This analysis demonstrated that large numbers 
of animals would be required to detect large differences between groups 
of animals. 

Eosinophil counts were positively skewed and most animals had 
relatively low numbers of blood eosinophils but a small proportion had 
quite high counts. Immunological and evolutionary theory predicts that 
immune responses to important endemic diseases are close to optimal 
for most animals; this is a consequence of the fundamental theorem of 
natural selection (Fisher, 1930). Therefore, the relatively low responses 
of most animals are somewhat surprising. More research is required to 
explain this finding. The skewed eosinophil response of animals was 
better described by a gamma distribution than by a lognormal distri-
bution. Therefore, analytical methods that employ a gamma distribu-
tion, such as generalized linear models, are more likely to provide 
correct inferences than the traditional log transformation. 

The gamma distribution is a flexible distribution that includes the 
chi-squared, Erlang and exponential distributions as special cases. It 
starts at the origin and is defined by two parameters, the shape (k) and 
scale (Θ). The mean is kΘ while the variance, is kΘ2; although other 
ways of defining scale and shape parameters exist (Evans et al., 1993; 

Table 1 
Gamma distribution parameters for eosinophil counts from Scottish Blackface 
lambs.  

Month Year Shape Scale Mean Standard deviation 

August 1993 0.99 81.6 81.6 81.7 
September 1993 1.72 39.2 67.4 51.4 
August 1994 0.87 91.2 79.0 84.9 
September 1994 1.32 66.2 87.2 75.9  

Table 2 
Empirical distribution function tests of the fit of the gamma and lognormal 
distributions to eosinophil counts.  

Date Distribution Test P value 

August 1993 Lognormal Kolmogorov-Smirnov <0.010 
August 1993 Lognormal Cramer-von Mises <0.005 
August 1993 Lognormal Anderson-Darling <0.005 
August 1993 Gamma Kolmogorov-Smirnov 0.193 
August 1993 Gamma Cramer-von Mises > 0.250 
August 1993 Gamma Anderson-Darling 0.180 
September 1993 Lognormal Kolmogorov-Smirnov 0.018 
September 1993 Lognormal Cramer-von Mises <0.005 
September 1993 Lognormal Anderson-Darling <0.005 
September 1993 Gamma Kolmogorov-Smirnov >0.500 
September 1993 Gamma Cramer-von Mises >0.500 
September 1993 Gamma Anderson-Darling >0.500 
August 1994 Lognormal Kolmogorov-Smirnov <0.010 
August 1994 Lognormal Cramer-von Mises <0.005 
August 1994 Lognormal Anderson-Darling <0.005 
August 1994 Gamma Kolmogorov-Smirnov 0.191 
August 1994 Gamma Cramer-von Mises 0.248 
August 1994 Gamma Anderson-Darling 0.206 
September 1994 Lognormal Kolmogorov-Smirnov >0.150 
September 1994 Lognormal Cramer-von Mises 0.496 
September 1994 Lognormal Anderson-Darling 0.380 
September 1994 Gamma Kolmogorov-Smirnov <0.001 
September 1994 Gamma Cramer-von Mises <0.001 
September 1994 Gamma Anderson-Darling <0.001  

Fig. 2. Power analysis showing how the power changes with the number of 
animals studied. The total sample size is the total number of animals required, 
split evenly between two groups. Double, quadruple and triple refers to the 
number of eosinophils in one group of sheep compared to another. 
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Papoulis and Pillai, 2002). Fig. 3 illustrates the way the gamma distri-
bution changes as the shape parameter increases for a scale parameter of 
60. As the shape parameter increases, the Gamma distribution ap-
proaches a normal distribution. 

The shape parameter was lower, and the scale parameter was higher, 
in August compared with September. Consequently, the distribution of 
eosinophil counts changed from August to September. This could be a 
consequence of changes in the intensity of nematode infection due to 
cooling weather or increasing host immunity, but more research would 
be necessary to confirm this. Previous work by Stear et al. (2002) found 
that eosinophil counts became closer to a log-normal distribution as the 
lambs matured. However, they did not determine the drivers of this 
change (Stear et al., 2002). 

The seasonal dynamics of nematode infection and the eosinophil 
response are reasonably well understood on this farm (Stear et al., 2007) 
and are assumed to apply to other hill and upland farms in Scotland and 
Northern England. The dominant nematode species is Teladorsagia cir-
cumcincta (Stear et al., 1997). Infection is triggered in young lambs in 
spring by the deposition of nematode eggs during the periparturient rise 
in mothers but some nematodes probably survive over the winter (Prada 
Jimenez de Cisneros et al., 2014; Singleton et al., 2011). Infections in-
crease until mid-summer then fall as immune responses develop (Stear 
et al., 2006) although the precise patterns vary among years (Stear et al., 
2006). Eosinophils play an important role in the immune response 
against nematodes (Stear et al., 1995a) and resistant lambs have more 
eosinophils (Doligalska et al., 1999; Stear et al., 2002), more IgA 
(Henderson and Stear, 2006; Strain et al., 2002), more IgE (Murphy 
et al., 2010) and more discharged mast cells (Stear et al., 1995a). Two 
major forces drive eosinophilia: response to nematode infection (Stear 
et al., 1995b) and genetic variation with resistant animals producing 
more eosinophils (Stear et al., 2002). These forces are antagonistic 
because resistant animals will have fewer worms to trigger eosinophilia. 

The generalized linear modelling has shown that eosinophil counts 
differed between animals on different fields and between singletons and 
twins. These differences presumably relate to differences in exposure. 
Conversely, there were no significant differences between genders or 
among years. Females do have lower egg counts than castrated males 
(Abuargob and Stear, 2014) and may be more resistant than males 
because they produce more nematode specific IgA (Strain et al., 2002). 
However, females probably acquire fewer nematodes as they are lighter 
than males and consequently ingest less grass. Possibly decreased 
exposure and increased resistance between genders counteract each 
other and lead to similar levels of eosinophilia. There were large dif-
ferences among years in the mean number of worms recovered at nec-
ropsy (Stear et al., 2006) but egg production was similar because of 
density-dependent effects on fecundity (Stear and Bishop, 1999). The 
observation that there were no significant differences in eosinophilia, 
despite large differences in worm number among years, suggests that 
worm number is not the primary driver of the eosinophil response to 
infection. Perhaps the eosinophil response is to worm products; because 
worms are smaller and less fecund in years of high infection, they will 
produce fewer products per worm. 

Power analysis determined the number of animals required to find a 
significant difference in eosinophil counts between two groups of ani-
mals. In general, fewer animals will be needed to detect large effects 
(Lipsey, 1990). However, quite large sample sizes were required to 
reliably detect quite large differences in eosinophil counts. A power 
analysis that assumes a normal distribution for data that is closer to a 
gamma distribution will not provide accurate indications of the true 
power (Cundill and Alexander, 2015). Underpowered experiments are 
likely to suffer from false negative conclusions while overpowered ex-
periments are unnecessarily expensive, can subject animals to unnec-
essary procedures and are consequently unethical. 

In summary, this study determined that variation among animals in 
eosinophil counts follows a Gamma distribution more closely than a 
lognormal distribution. Generalized linear modelling with a gamma 

distribution is more likely to provide reliable inferences than a loga-
rithmic transformation. Generalized linear mixed modelling identified 
some of the forces that shape the variation among animals and showed 
variation among animals from different sires and dams as well as dif-
ferences among animals kept on separate fields and between singletons 
and twins. A power analysis showed that quite large numbers of animals 
will be required to detect even quite large differences among groups of 
animals. 
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