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Introduction

South Africa produces over half of the world’s mohair, a fibre that 
is highly valued for its lustre and sheen, making Angora goat 
farming a vital part of the rural economy of semi-arid parts of this 
country (Pienaar et al. 2018). Notably, juvenile and adult Angora 
goats of South African (SA) origin, but not kids, experience 
a remarkable array of poorly understood clinical syndromes, 
suggesting an age-related aetiology. These syndromes include 
“weaning shock” (Hobson 2019; Snyman 2007), severe sensitivity 
to cold (Wentzel et al. 1979), “habitual abortion” (Van Rensburg 
1971), and “swelling disease”, which presents as the sudden onset 
of subcutaneous oedema (Bath & Vermeulen 2011). Despite 
numerous investigations, their causes have not been elucidated 
and insight into the pathophysiology of these syndromes 
requires a better understanding of the normal haematology and 
serum chemistry of healthy individuals.

In the present study we aimed to characterise differences in 
the haematology of kids at birth and weaning as well as the 
haematology of apparently healthy SA Angora yearlings that 
were maintained under standard farming practices. As part of 
this exercise, we characterised red cell poikilocytosis, as this 
phenomenon has been described in Angora goats in the United 
States of America (Jain & Kono 1977) but not formally recorded 
in SA. This phenomenon has not been associated with clinical 

disease in Angora goats, although it has been reported to share 

some characteristics with red cell sickling of humans (Jain & 

Kono 1977). 

Materials and methods

Animals and sampling

Animals were from a single herd from the Graaff-Reinet region 

of the Eastern Cape Province, South Africa, and sampled with 

the owner’s consent. Newborn kids (n = 8, numbered K1 to 

K8) and yearlings (n = 28, numbered Y1 to Y28) were clinically 

healthy for the duration of the study, although faecal flotation 

tests performed three weeks earlier revealed that yearlings 

were infested with roundworms (100–2 000 eggs/g of faeces, 

median = 500 eggs/g) and coccidia (800–408 000 oocysts/g of 

faeces, median = 6 400 oocysts/g). All animals were maintained 

under free-range conditions and kids had additional access to 

lucerne pasture. On each sampling occasion, 4 ml of blood was 

collected from the jugular vein into Vacutainer tubes containing 

dipotassium ethylenediaminetetraacetic acid (EDTA) (BD, 

Franklin Lakes, NJ, USA). Samples were collected from the kids 

during the first, 11th, and 20th week after birth, and from yearlings 

at approximately one year old. On each occasion, air-dried blood 

smears were made within 30 min of sampling.
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Haematological analysis

Whole blood samples were transported in a cooler box con-
taining ice packs to the Clinical Pathology Laboratory, Faculty 
of Veterinary Science, University of Pretoria. Automated 
haematology analysis was performed circa 20 h after blood 
collection using an ADVIA 2120i (Siemens Healthcare, South 
Africa), with multispecies software set to the goat program. 
In goats, such a delay in processing has been shown to have a 
negligible effect on the measurement of erythrocyte variables 
and WBC (Püsch 2002). Quality control for this analyser included 
daily measurement of three levels of commercial quality control 
material; control results were within laboratory performance 
goals over the study period. Directly measured variables 
included whole blood haemoglobin (Hb) concentration (HGB), 
red blood cell count (RBC), mean corpuscular volume (MCV), red 
cell distribution width (RCDW), corpuscular Hb concentration 
mean (CHCM), Hb concentration distribution width (HDW), 
reticulocyte count, white blood cell count (WBC), platelet count 
(PLT), and mean platelet volume (MPV). Additionally, mean 
corpuscular Hb (MCH), mean corpuscular Hb concentration 
(MCHC), and haematocrit (HCT) were automatically calculated 
from HGB, RBC and MCV, cellular Hb content (CH) from CHCM 
and MCV, cellular Hb concentration (cell. HGB) from CH and RBC, 
and plateletcrit (PCT) from PLT and MPV. Blood smear evaluation 
and manual differential white cell counts (100 nucleated cells) 
were performed by experienced and registered veterinary 
technologists and verified by a board-certified veterinary clinical 
pathologist (EH).

Erythrocyte morphology

Blood smears were stained with Wright-Giemsa using an 
automated stainer (Hematek, Siemens Healthcare, South Africa). 
Using an Axiocam 305 colour camera attached to an Axio Observer 
7 microscope with a 63x oil immersion objective lens (Carl Zeiss 
AG, Jena, Germany), five digital photomicrographs were taken of 
fields in the monolayer area that had few touching or deformed 
cells. Photomicrographs were viewed using ZEN (blue edition) 
imaging software (Carl Zeiss AG) and two representative images 
were exported in jpg format for measurement of cell roundness 
using ImageJ software (Schneider et al. 2012). To exclude debris, 
artifacts, overlapping cells, and platelets, the ImageJ particle 
analysis tool was set to exclude particles that touched the image 
edge, those with a circularity of less than 0.6, and those outside 

a range of 4 to 35 μm2 for one week old kids, and 4 to 18 μm2 
for animals of 11 weeks and older. For each sampling occasion, 
the red cell roundness (4 x area/(π x [major axis]2) of 400 cells 
was measured. Poikilocytosis was defined as the coefficient of 
variation (CV) of red cell roundness and recorded as a percentage 
(CV x 100).

Statistical analysis

Goats have particularly small erythrocytes, and as an indicator 
of the accuracy of the measurement of RBC, MCV and CHCM, 
the mean absolute difference between the two independent 
measures of cellular HGB concentration, i.e. MCHC and CHCM, 
was calculated for the yearlings. A difference of more than 1.9 g/
dL can be indicative of inaccuracies in the measurement of these 
variables (Bauer & Moritz 2008a).

Results for kids at one, 11 and 20 weeks after birth, respectively, 
and for yearlings, were summarised using descriptive statistics. 
To identify differences in selected variables of kids at one, 11 
and 20 weeks old, these were compared using the Friedman 
test and Dunn’s post-hoc multiple comparisons test. For the 
yearlings, association between variables was investigated using 
Spearman’s rank-order correlation analysis. Statistical analysis 
was done using Graphpad Prism 7 (GraphPad Software, San 
Diego, CA) and a p-value of < 0.05 was considered significant.

Results

Blood from one yearling (Y23) underwent marked visible in 
vitro haemolysis and haematology results for this individual 
were excluded from further analysis (Supplementary Table I). 
Notably, the CHCM of this animal (32.7 g/dL) was the lowest of 
all the yearlings and its red cells were highly rounded (11.6% 
poikilocytosis), a phenomenon that has previously been 
associated with osmotic fragility in Angora goats (Jain et al. 
1980). No other samples were visibly haemolysed and the 
mean absolute difference between MCHC and CHCM of the 
remaining yearlings (n = 27) was 1.2 g/dL, indicating that in vitro 
haemolysis was negligible in these samples and that automated 
haematology results for this population were valid. In many 
instances, mild to severe platelet aggregation was observed 
on blood smears and data on platelet count, MPV and PCT are 
recorded in Supplementary Tables II and III but not included in 
further analysis.

Figure 1: Red cell fields of Wright-Giemsa-stained blood smears from an Angora goat (K1) at (a) one, (b) 11, and (c) 20 weeks after birth, showing 
increasing poikilocytosis and decreasing cell size over time
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Two kids were lost to follow-up and complete data sets were 

available for six animals. The red cell morphology of Angora 

goat kids at one, 11, and 20 weeks after birth is illustrated in 

Figure 1. The haematology results for these animals are given in 

Supplementary Table II and selected variables are summarised in 

Table I and Figure 2.

Between the ages of one and 20 weeks, kids showed a statistically 

significant increase in RBC, MCHC, and CHCM, and a significant 

Table I: Haematological variables of healthy South African Angora goat kids (n = 6) at one, 11, and 20 weeks after birth; samples were measured on 
a Siemens ADVIA 2120 with 100-cell manual differential leukocyte counts

 
Cell type

 
Variable

One week old   11 weeks old   20 weeks old  

Min–maxa Median Min–max Median Min–max Median

Erythrocytes HGB (g/L) 88–119 99 93–114 97 93–102 98

Cell. HGB (g/L) 91–122 101 84–119 103 95–104 99

RBC (x1012/L) 7.2–9.9 8.8 12.8–20.1 17.1 16.7–19.4 18.5*

HCT (L/L) 0.32–0.41 0.35 0.22–0.33 0.28 0.25–0.30 0.27*

MCV (fL) 36.2–50.2 40.6 13.9–18.0 15.8 13.4–16.3 14.6*

MCH (pg) 10.6–13.8 11.6 5.2–5.9 5.7 5.2–5.6 5.3*

MCHC (g/dL) 27.5–29.3 28.0 31.2–42.2 35.3 31.8–39.6 36.7*

CHCM (g/dL) 28.3–29.9 29.0 32.12–38.1 37.2 33.5–37.9 37.4*

CH (pg) 10.8–14.3 11.9 5.4–6.2 5.9 5.3–5.8 5.4*

RCDW (%) 26.0–32.3 28.7 23.5–24.9 24.4 23.1–25.3 23.6*

HDW (g/dL) 3.1–3.6 3.3 2.5–3.0 2.6* 2.7–3.8 3

Reticulocytes 
(x109/L)

3.8–106.3 16.3 9.5–46.2 22.4 10.4–66.3 47.9

Poikilocytosis (%) 8.1–13.9 10.8 11.2–15.5 13.0 11.1–19.7 16

Leukocytes (x109/L)
 

WBC 8.45–12.91 10.43 18.27–30.13 23.83* 19.91–27.86 24.34

Segmented 
neutrophils 

4.06–8.97 4.74 3.21–9.37 5.42 5.97–11.15 7.29

Band neutrophils 0.00–0.34 0.11 0.00–0.47 0.22 0.00–0.00 0

Lymphocytes 3.33–6.97 3.85 12.79–18.98 16.01* 11.89–19.49 14.21

Monocytes 0.11–1.14 0.37 0.70–3.31 1.45* 0.50–1.00 0.66

Eosinophils 0.00–0.14 0.00 0.00–0.00 0.00 0.00–0.84 0.44

Basophils 0.00–0.14 0.00 0.00–0.00 0.00 0.00–0.00 0

Significant differences in values compared to week 1 are indicated (*p < 0.05, Friedman test with Dunn’s post-hoc multiple comparisons test)
aMin – Max, Minimum and maximum values

Figure 2: Selected haematological variables of South African Angora kids (n = 6) at one, 11, and 20 weeks after birth; significant differences in values 
compared to week 1 are indicated (*p < 0.05, Friedman test with Dunn’s post-hoc multiple comparisons test)
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decrease in HCT, MCV, MCH, CH, and RCDW. At 11 weeks old, 

HDW, WBC, as well as lymphocyte and monocyte counts, 

were significantly elevated compared to Week one values. 

Poikilocytosis increased over time, however these changes were 

not statistically significant (p = 0.14).

The red cell morphology of the Angora goat yearlings is 

illustrated in Figure 3, and the haematology data is given in 

Supplementary Table III and summarised in Table II. Correlation 

analysis between erythrocyte variables revealed 23 pairs that 

were significantly correlated (Supplementary Tables IV and V). 

Three pairs comprised equivalent variables (e.g. HGB and cell 

HGB). Six pairs included a composite variable that was directly 

dependent on the correlated variable (e.g. HCT and RBC). Seven 

pairs were complementary in red cell and HGB homeostasis (e.g. 

RBC and MCV). In addition, poikilocytosis was correlated with five 

variables: positively with MCHC, CHCM, HDW, and reticulocytosis 

(Figure 4), and negatively with HCT (r = 0.39, p < 0.05). Similarly, 

HDW was positively correlated with reticulocytosis (r = 0.51,  

p < 0.01) and negatively correlated with HCT (r = 0.39, p < 0.05). 

Discussion

Angora kids displayed a significant decrease in MCH, MCV, and 
HCT, and a significant increase in RBC and MCHC during the 
first 20 weeks after birth. These changes were complementary, 
resulting in a relatively constant HGB level over time, and are 
similar to neonatal changes seen in other goat breeds (Holman & 
Dew 1964, 1965; Mbassa & Poulsen 1991b). In humans, foetal Hb 
(HbF) is associated with a relatively high MCH and MCV (Lim et 
al. 2015) and the changes in MCH of Angora kids may be similarly 
associated with a switch in Hb expression from foetal to adult 
variants (Huisman et al. 1969). A strong correlation between 
MCH and MCV is highly conserved across adult vertebrates and 
explains, in part, the concomitant decrease in MCV (Hawkey et 
al. 1991).

Despite the close association between MCH and MCV, the MCHC 
of Angora kids rose significantly over time. This phenomenon 
has previously been described in goats and calves (Brun‐Hansen 
et al. 2006; Holman & Dew 1965), and again, may be associated 
with changes in the expression of Hb variants (Brun‐Hansen 
et al. 2006; Olivieri et al. 1992). In addition, changes in cation 
flux, including that of potassium (K+), especially via the cation 

Figure 3: Red cell fields of Wright-Giemsa-stained blood smears from Angora goat yearlings (n = 27) that displayed the (a) lowest (Y12), (b) median 
(Y7), and (c) highest (Y20) levels of poikilocytosis

Figure 4: Correlation analyses showing significant associations between poikilocytosis and selected haematological variables of Angora goat yearlings
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chloride family of cotransporters, directly affects the volume and 
density of erythrocytes (Browning et al. 2006; Quarmyne et al. 
2011). This may indeed be an important regulator in ruminants, 
as foetal goat red cells have a far greater [K+] than do those of 
their dams (Blechner 1960), and red cells of neonatal lambs show 
a shift from high [K+] (HK) to low [K+] (LK) that is associated with 
changes in cation pump activity (Wolowyk & Ellory 1985). The SA 
Angora goat yearlings also displayed a lower MCH and MCV, and 
a higher MCHC and HDW, than reported for Turkish Angora goats 
and other goat breeds (Bauer & Moritz 2008b; Byers & Kramer 
2010; Polat et al. 2018). Given that Angora goats display a red 
cell [K+] that is both markedly lower than other goat breeds and 
highly variable between individuals (Blechner 1960; Erkoç et al. 
1987), it is plausible that variations in cation fluxes also account 
for the red cell volume and density characteristics of adult 
animals.

Poikilocytosis was mild at birth and became more pronounced 
with age. This change was not statistically significant, although it 
is probable that this results from the small sample size following 
the loss of two young kids from the study. Such losses are well 
described in the SA literature (Collins 2021). A similar increase 
in neonatal poikilocytosis is seen in white-tailed deer (Odocoilus 
virginianus), a species in which red cell sickling is associated 
with adult Hb (HbA) (Esin et al. 2018; Kitchen et al. 1964), and 
a similar phenomenon has been proposed as the cause of 
poikilocytosis of Angora goats (Jain et al. 1980). This conclusion 
was inferred from the observation that, during severe anaemia, 
poikilocytosis resolved with a concurrent change in Hb variant 

expression (Huisman et al. 1969; Jain et al. 1980). However, a 
causal relationship between these phenomena has not been 
conclusively shown and alternative explanations are therefore 
possible. In humans, a prerequisite for red cell sickling is cellular 
dehydration caused by changes in cation fluxes and reduced 
intracellular [K+] (Lew & Bookchin 2005), and notably, during 
periods of anaemia, LK sheep produce increased numbers of 
larger HK cells with higher K+ pump and leak fluxes (Kim et al. 
1980). If the same is true for LK Angora goats, which also show 
increased MCV and decreased MCHC during anaemia (Jain et 
al. 1980), then changes in cation fluxes might be the primary 
cause of changes in red cell morphology during anaemia, rather 
than Hb switching. Red cell osmotic fragility also increases 
markedly in Angora goats during anaemia (Jain et al. 1980), 
further suggesting that changes in red cell cation and water 
fluxes occur during this time. In the present study, poikilocytosis 
was positively correlated with MCHC and HDW, supporting the 
notion that the phenomenon is closely associated with cell 
hydration. 

Notably, all yearlings displayed a mild reticulocytosis, which 
is always a significant finding in goats (Jones & Allison 2007). 
A ready explanation for this phenomenon is that it reflects a 
response to blood loss caused by the intestinal parasites present 
at the time of sampling. However, the SA yearlings were not 
obviously anaemic given that their HGB was very similar to 
that reported for a Turkish population, and within the range of 
normal values reported for other goat breeds (Byers & Kramer 
2010; Polat et al. 2018). Furthermore, although the correlation 

Table II: Haematological variables of healthy South African Angora goat yearlings (n = 27); samples were measured on a Siemens ADVIA 2120 with 
100-cell manual differential leukocyte counts (The analytical methods used for the determination of reference values are not described)

Cell type Variable
Angora goat yearlings Reference valuesa

Min–maxb Median Min–max Mean

Erythrocytes HGB (g/L) 78–100 89 80–120 100

Cell. HGB (g/L) 80–103 92 n.r.c n.r.

RBC (x1012/L) 11.4–17.6 16.1 8.0–18.0 13.0

HCT (L/L) 0.21–0.29 0.25 0.22–0.38 0.28

MCV (fL) 14.1–19.7 15.5 16–25 19.5

MCH (pg) 5.1–7.0 5.7 5.2–8 6.5

MCHC (g/dL) 34.7–38.4 35.9 30.0–36.0 33.0

CHCM (g/dL) 35.7–38.2 37.3 n.r. n.r.

CH (pg) 5.4–7.1 5.9 n.r. n.r.

RCDW (%) 20.7–26.7 23.1 n.r. n.r.

HDW (g/dL) 2.5–3.6 2.92 n.r. n.r.

Reticulocytes (x109/L) 9.0–78.2 44 n.r. n.r.

Poikilocytosis (%) 10.7–24.9 16.4 n.r. n.r.

Leukocytes (x109/L)
 

WBC 12.53–26.41 17.53 4.0–13.0 9.0

Segmented neutrophils 4.51–18.44 7.2 1.0–7.2 3.2

Band neutrophils 0.00–0.67 0 n.r. n.r.

Lymphocytes 4.97–12.50 7.78 2.0–9.0 5.0

Monocytes 0.00–1.88 0.61 0–0.55 0.25

Eosinophils 0.00–1.85 0.35 0.05–0.65 0.45

Basophils 0.00–1.06 0.00 0–0.12 0.05

aByers and Kramer (2010), bMin–max, Minimum and maximum values, cn.r., not reported
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between reticulocytosis and both poikilocytosis and HDW 
was only moderate, this finding is nonetheless intriguing 
given the independence of the analytical methods, and raises 
the possibility that red cell dehydration and deformation are 
associated with increased red cell turnover in this breed. 

Lastly, Angora kids displayed a significant increase in 
lymphocyte counts between birth and 11 weeks of age, a 
change that in humans has been attributed to the sudden 
exposure to novel antigens after birth (Comans-Bitter et al. 
1997). Kids also displayed an increase in circulating neutrophils 
over time, and both phenomena have been documented in 
other goat breeds (Mbassa & Poulsen 1991a). In yearlings, the 
WBC exceeded the range of normal values reported for a Turkish 
Angora goat population as well as other goat breeds (Byers & 
Kramer 2010; Polat et al. 2018), with some individuals displaying 
remarkably high mature neutrophil counts, but no evidence of 
an inflammatory response. Similarly, SA Angora goats displayed 
a notably large variation in WBC in a study investigating 
vaccination against Ehlichia ruminantium (Haw 2013), and 
individuals presenting with non-infectious “habitual abortion” 
(Morgenthal 1966; Van Rensburg 1971) and “swelling disease” 
(Hobson 2016) displayed significantly higher WBC than did 
unaffected individuals. It is currently unknown if the leukocytosis 
associated with these syndromes predates the onset of clinical 
signs, however the present findings suggest that this possibility 
should be investigated.

Study limitations 

Limitations to the present study include the fact that only 
a single, closely related goat population was investigated, 
and findings may not be reflective of the national herd; that 
intestinal parasitism was not controlled and may have affected 
red cell variables of heavily infested individuals; and, given the 
remarkable findings, that the delay between sample collection 
and analysis may have affected some measurements in this 
breed. It is also not clear from the present study if some of the 
variables, such as MCHC and poikilocytosis, reflect solely in vitro 
changes, as must be the case for the sample that underwent 
severe haemolysis, or also reflect differences in in vivo physiology. 

Conclusion

This study provides reference haematology data for a population 
of SA Angora goats, evidence that in vitro poikilocytosis might 
be associated with changes in red cell hydration as well as red 
cell turnover, and insight into the WBC of apparently healthy 
Angora goats. These findings may prove informative in the 
further investigation of poorly understood syndromes in this 
population. 
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Supplementary Table I: Haematological variables for Angora goat yearling Y23

Cell type Variable  Value

Erythrocytes HGB (g/L) 81

Cell HGB (g/L) 56

RBC (x1012/L) 9.6

HCT (L/L) 0.17

MCV (fL) 17.9

MCH (pg) 8.4

MCHC (g/dL) 46.9

CHCM (g/dL) 32.7

CH (pg) 5.8

RCDW (%) 26.9

HDW (g/dL) 27.3

Reticulocyte count (x109/L) 35.8

Poikilocytosis (%) 11.6

Leukocytes (x109/L) WBC 24.05

Segmented neutrophils 7.22

Band neutrophils 0

Lymphocytes 15.39

Monocytes 0.96

Eosinophils 0.48

Basophils 0

Platelets
 

Platelets (x109/L) 3 538

MPV (fL) 11.5

PCT (L/L) 4.08
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Supplementary Table V: Haematology variables of Angora goat yearlings showing a significant correlation  

Pair group Variable 1 Variable 2 Spearman r p

Equivalent variables HGB Cell HGB 0.919 1.28E-11

MCH CH 0.919 1.29E-11

MCHC CHCM 0.765 3.29E-06

Composite variables Cell HGB RBC 0.592 1.13E-03

Cell HGB HCT 0.944 1.61E-13

RBC HCT 0.597 1.01E-03

RBC MCH -0.773 2.26E-06

HCT MCHC -0.497 8.42E-03

MCV CH 0.926 4.73E-12

HGB steady state HGB RBC 0.664 1.57E-04

HGB HCT 0.867 4.63E-09

MCV MCH 0.846 2.67E-08

RBC CH -0.763 3.65E-06

RBC MCV -0.672 1.23E-04

HDW RCDW 0.597 1.01E-03

HCT CHCM -0.398 4.00E-02

Other
 

Poikilocytosis HCT -0.393 4.28E-02

Poikilocytosis MCHC 0.599 9.58E-04

Poikilocytosis CHCM 0.491 9.24E-03

Poikilocytosis HDW 0.578 1.60E-03

Poikilocytosis Reticulocyte count 0.385 4.72E-02

HDW Reticulocyte count 0.51 6.52E-03

HDW HCT -0.386 4.70E-02
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