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requirements for parametric tests and are summarised as median, 25th and 75th 

percentiles.  

 

Measurements of erythrocytes were linked to specific individuals and could be 

evaluated for effects of season and cohort. In most instances, I could not use two-

way ANOVAs because the data were not parametric, and instead used one-way 

ANOVAs to identify differences among seasons within each cohort and differences 

among cohorts within each season. When data were parametric, one-way ANOVA 

was followed by Student-Newman-Keuls post hoc comparisons, whereas for non-

parametric data, Kruskal-Wallis ANOVA on ranks was followed by Dunn‟s post hoc 

comparisons. Because cell measurements of the immature erythrocyte stages and 

senescent cells were not linked to specific individuals, I used one-way ANOVAs to 

test for size and shape differences among these types, and separately evaluated size 

and shape differences among senescent cells, mature cells, and the most advanced 

immature cell, the polychromatophil. I used one-way ANOVAs to assess the effects 

of season and cohort on the prevalence (ranked from 0 to 3) of immature and 

aberrant erythrocytes, and specific morphological features.  

 

Because erythrocyte cell areas varied widely, I divided the data for 100 cell areas of 

each individual into six size categories (≤130, 130.1-140, 140.1-150, 150.1-160, 

160.1-170 and >170 μm2) to allow more refined analyses for differences among 

cohorts and seasons. Because small or large cells may reflect specific physiological 

states, I also divided the data into fewer size classes to represent the smallest class 

against the remainder (≤130 versus >130 μm2), and the largest class against the 

remainder (>170 versus ≤170 μm2). Subsequently, I used Chi-square tests to 

evaluate if frequencies for all size classes, and for reduced size classes, differed 

among cohort and among season. 

 

In all instances when multiple tests were performed, I applied sequential Bonferroni 

corrections to each family of tests to prevent Type I errors.  

 

3.3 RESULTS 

3.3.1  Erythrocyte types and features 

Mature erythrocytes were the most common component in peripheral blood of P. 

geometricus (Fig. 3.1a). The cells were oval to elliptical with a centrally placed round-

oval, dark blue-purple staining nucleus, sometimes with an irregular border. The 
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chromatin was visible as a coarse, evenly dispersed, strongly basophilic network. 

The abundant cytoplasm stained pale blue, had a homogenous texture and 

sometimes had basophilic inclusions (Fig. 3.1b). Occasionally, the flattened shape of 

erythrocytes became apparent when the edges of the cell were folded over when the 

smear was made (Fig. 3.1c). 

 

Rubricytes varied greatly in size, shape and staining quality, and could be described 

in three distinguishable developmental stages, based mainly on staining quality and 

nuclear to cellular size ratios; defined as early - , intermediate - and late rubricytes (I, 

II and III respectively; Fig. 3.2 a – c). Transitional stages appear between all 

consecutive classes of development, showing a sequential development through the 

classes.  

 

Rubricyte I cells were typically small (cell areas ranging from 31.43 to 120.12 µm2) 

and easily mistaken for thrombocytes and/or lymphocytes. The large, irregularly 

shaped nucleus (ranging from 19.23 to 60.06 µm2) stained dark blue-violet with 

intensely basophilic chromatin appearing coarsely stippled within darkly basophilic 

parachromatin (Fig. 3.2a). The sparse, hyperchromatic cytoplasm stained slightly 

less intense blue than the nucleus. Nuclear to cellular size ratios were 

characteristically high in this stage (43.6% – 63.1% in range). 

 

The intermediate rubricyte II cells (cellular areas from 50.51 to 144.26 µm2) displayed 

an increasing amount of cytoplasm, together with an irregular decrease in basophilic 

intensity (Fig. 3.2b). The increase in cytoplasm resulted in a decreasing nuclear to 

cellular size ratio (ranging from 37.0% – 48.6%). In this stage, nuclei ranged from 

19.43 to 70.15 µm2 in area. The still darkly basophilic chromatin appeared to 

contract, appearing increasingly clumped within less intensely basophilic 

parachromatin. 

 

In the advanced rubricyte III stage of rubricyte development, the cells tended to be 

large (cell area ranged of 89.87 to 169.0 µm2), with still increasing amounts of 

cytoplasm which sometimes appeared „folded‟ and stained less intensely basophilic 

(Fig. 3.2c). The nuclear to cell area ratio continued to decrease, ranging from 24.3% 

to 37.5% in this stage. The basophilic nucleus ranged from 27.91 to 53.97 µm2 in 

size. The chromatin appeared condensed and both chromatin and parachromatin 

stained less intensely.  
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Figure 3.1  Mature erythrocytes of Psammobates geometricus with condensed 

chromatin in the nucleus (a, b). Note basophilic inclusion bodies in cytoplasm (b). 

Edges of the flattened cells can fold over when making smears (c). Scale represents 

20 µm, 1000x magnification, Romanowsky stains. 

 

   

   

   

Figure 3.2  Immature and senescent red blood cells of Psammobates geometricus 

showing three rubricyte developmental stages (a - c), polychromatophilic 

erythrocytes (d - f) and senile erythrocytes (g - i). Scale represents 20 µm, 1000x 

magnification, Romanowsky stains. 

A. B. C. 

E. 

A. B. C. 
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Polychromatophils typically appeared larger (116.87 to 243.53 µm2) than early 

rubricytes, and rounder than mature erythrocytes. The faintly basophilic cytoplasm 

did not stain uniformly, but instead had a mottled appearance, indicating the patchy 

accumulation of haemoglobin and the reduction of nucleic acids in the cytoplasm 

(Fig. 3.2 d-f). Polychromatophil nuclei measured 22.34 to 45.68 µm2, were roundish, 

and the chromatin still appeared clumped with an increase in lighter-staining 

parachromatin. Nuclear to cellular ratios were low (17.8% to 27.9%) compared to 

other immature cells. As the cells matured from this stage, elongation increased so 

that the cell became oval to ellipsoid, cytoplasmic staining became more 

homogenous, the nuclei tended to contract and elongate, and the chromatin became 

denser. 

 

Senile or senescent erythrocytes were large with cell areas ranging from 187.56 to 

301.03 µm2 and nuclei between 39.92 and 77.08 µm2. Nuclear to cellular ratios were 

between 16.3% and 34.6%. Two types of cellular degeneration could be 

distinguished. The most common form of senescence was in which the cell and 

nucleus “swell” as they degenerated, with both displaying an increasing loss in 

staining potential, giving the appearance of „ghost cells‟. When cytoplasm was still 

visible, it stained a pale light blue, almost clear, while the nucleus stained pale lilac 

(Fig. 3.2 g,h). Often, the cytoplasm disintegrated, releasing the nucleus, which 

appeared as lilac stains in the smear. Less typically observed in the degeneration of 

erythrocytes was the increased condensing and pyknosis of the nucleus, with the 

cytoplasm “imploding” around it until it disappeared, releasing the very dark, round 

nucleus (Fig. 3.2i).  

 

Present but in consistently low occurrence in peripheral blood were macrocytes (Fig. 

3.3a), whereas microcytes were not observed. Erythrocyte inclusion bodies were 

noted as darkly basophilic-staining small cytoplasmic spheres and/or rods (Fig. 3.3b), 

often associated with cytoplasmic vacuolation (Fig. 3.3b). Also observed were mitotic 

erythrocytes in various stages of mitosis (Fig. 3.3c). Poikilocytosis (Fig. 3.3d) was not 

common and no evidence of blood parasites was observed; this includes extra-

cellular and intra-erythrocytic haemoparasites.  
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Figure 3.3  Red blood cells of Psammobates geometricus showing erythrocyte 

diversity in circulation (a). Note macrocyte (MACRO), rubricytes (RII, RIII), 

polychromatophil (POLY), cytoplasmic inclusion bodies (IB), vacuoles (V; b), mitotic 

erythrocyte (MI; c) and poikilocytosis (d). Scale represents 20 µm, 1000x 

magnification, Romanowsky stains 

 

 

Statistical comparisons of size and shape of immature and senescent erythrocytes 

(Table 3.1) indicated that stage III rubricytes and polychromatophils had larger areas 

and were longer and wider than stages I and II rubricytes (F4,45 > 14.13, P < 0.0001). 

Senescent cells had larger areas and lengths than all immature stages, but their 

widths did not differ from those of polychromatophils. Nuclear to cellular area ratios 

decreased progressively as cells matured, but did not differ between 

polychromatophils and senescent erythrocytes (F4,45 = 73.30, P < 0.0001).  

Senescent erythrocytes were less circular, and more elongated, than immature cells, 

with no differences among the immature stages (F4,45 > 17.70, P < 0.0001). When 

comparing cell areas of the complete data set, representing mostly mature 

erythrocytes, with those of the most advanced immature (polychromatophil) and 

senescent cells, I found that mature cells had smaller cell areas than senescent cells 

but did not differ from polychromatophils (H2 = 28.18, P < 0.0001). Mature and 

A. B. 

D. C. 
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senescent cells were more elongated, or less circular, than polychromatophils (H2 > 

18.19, P < 0.0005). The nuclear to cellular ratio was lower in mature cells than in 

senescent cells and polychromatophils (H2 = 46.63, P < 0.0001).  

 

Erythrocyte nuclei of senescent cells had larger surface areas (Table 3.1), lengths 

and widths than immature cells had, but nuclear measurements did not differ among 

immature cell stages (F4,45 > 4.80, P < 0.002). Mature erythrocyte nuclei had smaller 

areas, lengths and widths than both polychromatophils and senescent erythrocytes 

(H2 > 35.38, P < 0.0001). Nuclear circularity and elongation did not differ among 

immature and senescent cells (P > 0.11), whereas nuclei of mature erythrocytes 

were more elongated (H2 = 38.55, P < 0.0001) and tended to be less circular (H2 = 

6.11, P = 0.047, post hoc comparisons not significant) than those of 

polychromatophils or senescent erythrocytes. 

 

Table 3.1  Erythrocyte cellular and nuclear sizes, and circularities, as well as the ratio 

of nuclear to cellular (N/C) areas in geometric tortoises. Data are mean ± standard 

deviation  for immature developmental stages and senescent erythrocytes, measured 

from ten cells of each type.  

 
Cell area 

(µm
2
) 

Nuclear area 

(µm
2
) 

N/C area 

ratios (%) 

Cell   

circularity 

Nuclear 

circularity 

Rubricyte I 70.73 ± 28.11 36.26 ± 13.35 52.33 ± 6.56   0.95 ± 0.02 0.92 ± 0.04 

Rubricyte II 96.88 ± 34.34 40.73 ± 17.58 41.14 ± 3.87 0.94 ± 0.02 0.94 ± 0.03 

Rubricyte III 133.80 ± 25.79 41.88 ± 7.85 31.64 ± 4.33 0.93 ± 0.04 0.96 ± 0.03 

Polychromatophil 161.28 ± 47.24 32.22 ± 8.02 20.37 ± 3.32 0.94 ± 0.03 0.95 ± 0.02 

Senescent Cell 232.32 ± 36.44 56.17 ± 13.60 24.29 ± .5.19 0.86 ± 0.03 0.95 ± 0.02 

 

 

3.3.2 Prevalence of erythrocyte types and features 

In addition to the mature erythrocytes, younger as well as senile erythrocytes were 

present in circulation throughout all seasons and cohorts (Fig. 3.3a); however, the 

seasonal composition of erythrocyte developmental stages differed. For female 

tortoises, rubricytes were more abundant in winter and spring than in autumn (H3 = 

15.61, P = 0.0014) whereas polychromatophils were more abundant in winter than in 

summer, and both winter and spring values were higher than autumn values (H3 = 

26.50; P < 0.0001). While males showed no significant seasonal effect on rubricytes 

(P = 0.241), polychromatophils were more frequent in winter than in autumn (H3 = 

13.05, P = 0.0045). Season did not influence the abundance of immature cells in 
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juveniles (P > 0.149), and within seasons, the abundance of rubricytes or 

polychromatophils did not differ among cohorts (P > 0.138). A two-way ANOVA was 

possible when rubricyte and polychromatophil counts were combined. The 

abundance of immature erythrocytes changed with season (F3,114 = 12.80, P < 

0.0001), with winter and spring values exceeding summer and autumn values, while 

cohort had no effect on immature erythrocyte abundance and cohort and season did 

not interact (P > 0.15).  

 

Data for senescent erythrocytes failed normality but two-way ANOVA is particularly 

robust for normality violations (Zar 1999). The test showed that although cohort had 

no effect on senescent erythrocyte abundance (P = 0.890), season had a strong 

effect (F3,114 = 14.29, P < 0.0001), with a higher occurrence of senescent cells in 

autumn than in the other seasons. These results were confirmed by multiple one-way 

ANOVAs, in which this trend applied to adult tortoises only, although the female P-

value did not pass the corrected Bonferroni value. 

 

Degrees of poikilocytosis did not differ among season in adult geometric tortoises (P 

> 0.161), but was significant for juveniles (H3 = 12.30, P = 0.0064), which showed a 

tendency towards increased poikilocytosis in autumn despite not having significant 

post hoc differences. Within-season analyses revealed that juveniles tended to have 

a higher degree of poikilocytosis than males or females had in autumn (H3 = 8.07, P 

= 0.018 was higher than adjusted Bonferroni P of 0.0083); there were no cohort 

differences within other seasons (P > 0.097). 

 

There were no significant effects of cohort within each season, or season within each 

cohort, upon the abundances of macrocytes, vacuoles and inclusion bodies (P > 

0.059), although males and juveniles tended to have more erythrocytic inclusion 

bodies in autumn than in other seasons (H3 = 9.62 and 9.32, P = 0.022 and 0.025, 

respectively; required adjusted Bonferroni P = 0.0071).  

 

3.3.3 Erythrocyte size and shape 

Erythrocyte cell size (surface area) ranged from 52.88 to 274.46 µm2 (Fig. 3.4a). 

Male erythrocytes were larger than those of juveniles and females in summer and 

autumn (H2 > 17.75, P < 0.0005), while in winter, male and juvenile erythrocytes were 

larger than those of females (H2 = 53.42, P < 0.0001). Erythrocytes in spring were 

largest in juveniles, followed by males, and smallest in females (H2 = 85.94, P < 

0.0001). Within males, erythrocytes were equally large in winter and spring, followed 
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by autumn, with smallest erythrocytes in summer (H3 = 77.61, P < 0.0001). 

Erythrocytes in both females and juveniles were largest in spring, followed by winter, 

and equally small in autumn and summer (H3 > 140.36, P < 0.0001).  
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Figure 3.4  Seasonal changes in male, female and juvenile geometric tortoise 

erythrocyte cellular and nucleus surface areas (µm2), as well as nuclear to cellular 

area ratios, measured from 100 cells per animal. Box plots contain the median, 25th 

and 75th quartiles, while error bars represent the 5th and 95th percentiles. Seasonal 

sample sizes are indicated in Table 2.1. 

 

 

Erythrocyte nuclei ranged from 4.10 to 49.51 µm2 (Fig. 3.4b). Nuclear areas in 

summer, autumn and winter showed the same pattern: male nuclei were largest, 

followed by juveniles, and female nuclei were smallest (H2 > 80.11, P < 0.0001). In 

C. 

B. 

A. 
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spring however, juveniles had larger nuclei than  adult tortoises had (H2 = 61.72, P < 

0.0001). Nuclear areas were larger in winter and spring than in summer and autumn 

for all cohorts (H3 > 398.36, P < 0.0001); the patterns were Wi>Sp>Au>Su for males, 

Wi>Sp>Su=Au for females, and Wi=Sp>Su=Au for juveniles. 

 

Nuclear to cellular area ratios ranged between 3.05% and 31.59% (Fig. 3.4c) and 

differed among cohorts within seasons (H2 > 10.06, P < 0.0065), and among seasons 

within cohorts (H3 > 313.5, P < 0.0001). Spring ratios were highest in juveniles, with 

no differences between adults. Summer ratios of juveniles and males were higher 

than in females, winter ratios for males were higher than in juveniles and females, 

whereas autumn ratios were highest in males, followed by juveniles, and females had 

lowest nuclear to cellular ratios. All cohorts followed a similar pattern of nuclear to 

cellular ratios with high values in winter and spring. In males, winter ratios were 

higher than spring, summer and autumn, with spring values being higher than values 

in autumn. Female ratios were highest in winter, followed by spring, then summer, 

and lowest in autumn, while juveniles showed equally lowest ratios in summer and 

autumn, preceded by spring, and largest ratios in winter.  

 

Erythrocyte lengths ranged between 9.92 and 33.44 µm while widths ranged from 

4.12 to 14.17 µm (Table 3.2); both lengths and widths showed seasonal (H3 > 18.01, 

P < 0.0004) and cohort (H2 > 55.96, P < 0.0001) differences, except for widths in 

summer and autumn (P > 0.081). Erythrocytes in winter, summer and autumn were 

longer in males than in juveniles and females with female erythrocytes being longer 

than those of juveniles in autumn. In the spring, juveniles had the longest 

erythrocytes, followed by males and then females. Erythrocyte widths showed 

significant differences only in winter and spring, in which they followed the same 

pattern, with juveniles showing widest erythrocytes, and no difference between adult 

erythrocyte widths. Within males, erythrocytes were longer in autumn and winter than 

in summer and spring. Females‟ erythrocytes were longer in autumn than in spring 

and summer, while winter lengths were higher than in summer. In juveniles, 

erythrocytes were longer in spring than in other seasons, and erythrocytes in winter 

were longer than in summer. Erythrocytes were widest in spring, followed by winter; 

in females and juveniles, autumn and summer widths did not differ but males had 

wider erythrocytes in autumn than in summer. 
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Table 3.2  Dimensions (medians, 25th and 75th quartiles) of erythrocyte cells (C) and 

nuclei (N) in female, male and juvenile geometric tortoises over spring, summer, 

autumn and winter, measured from 100 cells per animal. 

 Females  Males  Juveniles 

 Med 25% 75%  Med 25% 75%  Med 25% 75% 

C-Length            

   Spring 17.8 16.8 18.9  18.0 17.0 19.2  18.6 17.2 20.0 

   Summer 17.7 16.6 18.8  18.2 17.2 19.2  17.6 16.6 18.7 

   Autumn 18.1 17.0 19.1  18.7 17.5 19.7  17.8 16.6 18.9 

   Winter 17.9 16.8 19.1  18.5 17.4 19.6  17.8 16.9 18.9 

C-Width            

   Spring 8.5 8.0 9.3  8.6 8.0 9.4  9.2 8.3 9.8 

   Summer 8.1 7.6 8.7  8.1 7.6 8.7  8.1 7.6 8.6 

   Autumn 8.1 7.5 8.8  8.2 7.7 8.8  8.2 7.6 8.8 

   Winter 8.3 7.8 8.9  8.4 7.8 9.1  8.7 8.1 9.4 

C-Elongation            

   Spring 1.7 1.5 1.8  1.7 1.5 1.9  1.7 1.5 1.8 

   Summer 1.8 1.6 2.0  1.8 1.7 2.0  1.8 1.6 1.9 

   Autumn 1.8 1.7 2.0  1.9 1.7 2.0  1.8 1.6 1.9 

   Winter 1.7 1.6 1.8  1.8 1.6 1.9  1.6 1.4 1.8 

C-Pixelation            

   Spring 190 180 201  192 1808 200  192 185 199 

   Summer 192 184 198  178 169 189  191 180 201 

   Autumn 194 182 201  188 171 202  184 173 198 

   Winter 181 171 190  180 168 190  180 172 186 

N-Length            

   Spring 6.0 5.3 6.7  6.2 5.6 6.8  6.6 5.9 7.4 

   Summer 5.5 5.0 6.1  6.0 5.4 6.7  5.8 5.3 6.3 

   Autumn 5.4 4.8 6.1  6.1 5.5 6.8  5.6 5.1 6.2 

   Winter 6.3 5.8 6.8  6.5 6.0 7.1  6.5 6.0 7.1 

N-Width            

   Spring 3.3 2.9 3.8  3.3 2.9 3.7  3.4 3.0 3.7 

   Summer 2.8 2.5 3.2  3.0 2.7 3.4  2.9 2.6 3.3 

   Autumn 2.8 2.4 3.1  3.1 2.8 3.6  3.0 2.6 3.3 

   Winter 3.4 3.1 3.8  3.5 3.2 3.9  3.5 3.2 3.8 

N-Elongation            

   Spring 1.3 1.2 1.5  1.4 1.3 1.5  1.5 1.4 1.6 

   Summer 1.5 1.3 1.6  1.5 1.4 1.7  1.5 1.4 1.7 

   Autumn 1.5 1.3 1.6  1.5 1.3 1.6  1.4 1.3 1.6 

   Winter 1.4 1.3 1.5  1.4 1.3 1.5  1.4 1.3 1.6 

N-Pixelation            

   Spring 153 141 164  148 134 161  153 146 162 

   Summer 149 137 159  134 125 146  153 140 164 

   Autumn 150 136 161  141 129 153  142 133 152 

   Winter 120 111 128  123 115 133  122 116 130 
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Erythrocyte nuclei lengths ranged between 2.72 and 12.58 µm and widths ranged 

between 1.42 and 5.91 µm (Table 3.2). Nuclear lengths and widths were influenced 

by season (H3 > 200.7, P < 0.0001) and by cohort (H2 > 7.59, P < 0.022). Nuclei were 

longer in males and juveniles than in females in winter, whereas in spring, they were 

longest in juveniles, followed by males and then females. In the summer and autumn, 

erythrocyte nuclei were longest in males, followed by juveniles and shortest in 

females. Nuclei were widest in males in winter, summer and autumn, as well as 

being narrowest in females in summer and autumn; in winter, there was no difference 

between juvenile and female nuclei widths. In spring, juveniles had the widest nuclei, 

but widths did not differ between males and females. Within males, winter nuclei 

were longer than in other seasons whereas female nuclei were longest in winter, 

followed by spring, and equally short in summer and autumn. Juvenile erythrocyte 

nuclei were longest in spring and winter, followed by summer and shortest in autumn. 

Among all cohorts, nuclei were widest in winter, followed by spring; in males, nuclei 

were wider in autumn than in summer, but summer and autumn widths did not differ 

in females and juveniles.  

 

Erythrocyte circularity ranged from 0.332 to 1.000 (Fig. 3.5a) and elongation from 

1.06 to 2.87 (Table 3.2). Both circularity and elongation showed effects of season (H3 

> 172.2, P < 0.0001), and cohort (H2 > 19.51, P < 0.0001), except for circularity in 

spring (P = 0.129). Erythrocytes in juveniles were more circular than those of males 

in summer, autumn and winter, with male erythrocytes in autumn being  more circular 

than in females, and female erythrocytes being more circular than those of males in 

winter. The reciprocal pattern was valid for elongation in winter, but male and female 

elongation did not differ in autumn, and males had more elongated erythrocytes than 

females had in spring. In summer, elongation was greatest in males and smallest in 

juveniles. Within males, erythrocytes were roundest in spring, followed by winter, and 

were least round in summer and autumn. Elongation showed the same trend but 

erythrocytes were more elongated in autumn than in summer. Female erythrocyte 

circularities were higher in winter and spring than in summer, followed by autumn. 

Again, elongation reflected the same pattern but winter erythrocytes were more 

elongated than spring erythrocytes. Juvenile erythrocytes were roundest in winter, 

followed by spring and were least round in summer and autumn, with a reciprocal 

pattern for elongation.  
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Figure 3.5  Seasonal changes in circularity (where 1.0 represents a sphere) of 

erythrocyte cells (a) and nuclei (b) of Psammobates geometricus, measured from 

100 cells per animal. Box plots contain the median, 25th and 75th quartiles, while error 

bars represent the 5th and 95th percentiles. Seasonal sample sizes are indicated in 

Table 2.1. 

 

 

Erythrocyte nuclei circularity ranged from 0.35 to 1.00 (Fig. 3.5b) and elongation from 

1.03 to 3.30 (Table 3.2). Both circularity and elongation were affected by season (H3 

> 55.87, P < 0001) and cohort (H2 > 14.15, P < 0008). In spring, nuclei in adults were 

rounder than those in juveniles, but the pattern did not correspond for elongation; 

males had more elongated nuclei than females had. In winter, female nuclei were 

rounder than those in males, with both being rounder than juvenile nuclei. The 

reciprocal, elongation, yet again did not mirror results for circularity; although juvenile 

nuclei were more elongated than those of adults, elongation did not differ for males 

and females. In autumn, juvenile nuclei were roundest, followed by males, and 

female nuclei were least round. Male and female elongation did not differ, but their 

nuclei were more elongated than those of juveniles were. Summer nuclear 

A. 

B. 
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circularities were larger in females and juveniles than in males, whereas male and 

juvenile elongation did not differ but were more pronounced than in females. Within 

males, winter and spring nuclei circularities were larger than summer and autumn 

circularities, but elongation decreased progressively from summer to autumn, spring 

and winter. In females, circularity was higher in winter than in spring, summer and 

autumn, with spring and summer being higher than autumn. Elongation was more 

pronounced in autumn and summer than in spring and winter. Erythrocyte nuclei in 

juveniles were more circular in autumn, winter and summer than in spring, whereas 

the nuclei were more elongated in summer and spring than in autumn and winter.   

 

Erythrocyte and nuclear pixelation (Table 3.2) was influenced by cohort (H2 > 6.99, P 

< 0.030) and season (H3 > 382.4, P < 0.0001). In summer, females and juveniles had 

higher pixelation values than males had, while in autumn, female values were higher 

than those of males, and juveniles had lowest pixelation values. In winter, females 

had higher values than males had, whereas juvenile values were higher than those of 

males in spring. Within males, pixelation values were highest in spring, followed by 

autumn, while winter and summer values were equally low. In females, pixelation 

was lowest in winter whereas in juveniles, erythrocyte pixelation was highest in 

spring, followed by summer, then autumn, with lowest pixelation in winter.  

 

Nuclear pixelation followed similar patterns in spring and summer: juvenile values 

were higher than those in females, and males showed lowest values. In autumn, 

female nuclear pixelation was higher than that in males and juveniles. In winter 

however, males and juveniles had higher nuclear pixelation intensity than in females.  

Within males, pixelation values in nuclei were largest in spring, followed by autumn, 

then summer and lowest in winter. Female nuclear pixelation was higher in spring 

than in autumn, summer and winter, and autumn and summer values were higher 

than winter values. In juveniles, nuclear pixelation was highest in spring and summer, 

followed by autumn, and lowest in winter. 

 

3.3.4 Proportional representation of erythrocyte size classes 

The frequency distribution of the six erythrocyte size classes differed among cohorts 

within each season (χ2
5 > 15.3, P < 0.009), except that females and juveniles did not 

differ in summer and autumn (P > 0.52). The size class frequencies differed among 

seasons for males, females, and juveniles (χ2
5 > 13.8, P < 0.016) except between 

autumn and summer for females and between winter and spring for males (P > 0.17).  
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The seasonal pattern of abundance for small erythrocytes (< 130 μm2) relative to the 

other size classes was relatively similar for females and juveniles: for both cohorts, 

small erythrocytes were most abundant in summer and autumn, which did not differ 

(P > 0.611). Juveniles had fewer small cells in spring and the least in winter (χ2
1 > 

10.36, P < 0.0001; Fig. 3.6). In females, small erythrocytes were more abundant in 

summer than in spring and winter, whereas autumn counts were higher than in 

spring, but did not differ from those in winter (χ2
1 > 10.02, P < 0.002).  Males had the 

largest frequency of small cells in summer (χ2
1 > 20.26, P < 0.0001) with no 

difference among the other seasons (P > 0.19). There were no cohort differences in 

the relative abundance of small erythrocytes during spring and summer (P > 0.103). 

However, in autumn, females and juveniles had a higher relative abundance of small 

cells than males had (χ2
1 > 33.50, P < 0.001), whereas in winter, females had the 

higher relative abundance of small cells, followed by males, and juveniles had the 

least abundance  (χ2
1 > 7.53, P < 0.006; Fig. 3.6).  

 

Males and females had the same seasonal pattern of abundance for the largest 

erythrocyte size class (> 170 μm2) relative to the other size classes (χ2
1 > 10.40, P < 

0.002; Fig. 3.6). The relative frequency for large erythrocytes was equally high in 

winter and spring (P > 0.66) and lower in autumn and summer, although these two 

seasons did not differ after applying a Bonferroni correction (P > 0.032). Juveniles 

had the highest proportion of large erythrocytes in spring (χ2
1 > 27.37, P < 0.0001), 

followed by winter, then autumn and summer, which did not differ following 

Bonferroni corrections (P = 0.042). Within seasons, large erythrocyte frequencies 

differed among cohorts, with a similar pattern in summer and autumn, where males‟ 

frequencies were higher than in females and juveniles (χ2
1 > 10.57, P < 0.001). In 

spring, juveniles had the highest frequency of large erythrocytes, followed by males 

and then females (χ2
1 > 11.79, P < 0.001). In winter, the relative abundance of large 

cells did not differ for juveniles and males, both of which were higher than that in 

females (χ2
1 > 7.88, P < 0.005). 
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Figure 3.6  Seasonal proportional representation of small (<130 µm2) and large (> 

170 µm2) erythrocyte cell sizes of male, female and juvenile geometric tortoises, 

measured from 100 cells per animal. 
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3.4 DISCUSSION 

3.4.1 Erythrocyte development, morphology and profiles 

Evaluation of blood cell morphology and characteristics can reflect the state of 

physiological processes (Arikan & Cicek 2010). External factors such as temperature 

and internal factors that influence the activity level of individuals, such as 

reproductive status, have great effects on the physiology of ectotherms, which is 

reflected in the wide range of interspecific and intraspecific variation of reptilian red 

blood cell morphology (Frair 1977; Campbell 2004; Strik et al. 2007). Exacerbating 

this wide variation has been the inconsistencies in identification and nomenclature of 

red blood cell types. 

 

While Bernstein (1938) describes early and late erythroblasts as well as normoblasts, 

Pienaar (1962) continues to include basophilic as well as polychromatic normoblasts 

to his description of erythrocyte developmental stages, which are also used by Vasse 

& Beaupain (1981). These terms have been modified to rubriblasts and pro-, meta- 

and rubricytes by certain authors, whereas most authors describe simply immature 

and / or polychromatic erythrocytes (Alleman et al. 1992; Hajkova et al. 2000). My 

classification of immature erythrocytes into the three rubricyte stages and 

polychromatophils incorporates nomenclature used in modern literature (Strik et al. 

2007) and identifies recognisable changes in early (rubricyte) immature erythrocyte 

morphology.  

 

Mature erythrocytes can result from a variety of pathways (Pienaar 1962; Frye 1991; 

Pendl 2006), and although certain authors refer to the pluripotentiality of 

thrombocytes (Pendl 2006), some refer to the pluripotentiality of lymphocytes (Saint 

Girons 1970). Frye (1991) related the pluripotentiality of thrombocytes to the 

development of mature erythrocytes, whereas Pienaar (1962) describes rather 

lymphoid-type pro-erythrocytes, as well as stem-cell pro-erythrocytes, which are 

loosely described as “Type V cells” by Hajkova et al. (2000) and Knotkova et al. 

(2005). 

  

Erythrocytes in circulating P. geometricus blood were observed to exist in immature, 

mature and senescent stages of development, as is common in reptiles (Pienaar 

1962; Campbell 2004), indicating a co-existence of all maturation stages. Immature 

erythrocytes were identified occurring from the earliest stage rubricytes, to the latest 

developmental stage, the  polychromatophils, with all stages in the continuum 
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represented. As cells matured from earliest rubricytes to later polychromatophils, an 

increase in cellular area, together with declining nuclear to cellular area ratios was 

observed. This suggests that rubricytes increased in size by cytoplasmic increase 

and that nuclear shrinking appeared evident only in the polychromatophils. As 

polychromatophils developed into mature erythrocytes, cell size did not change, 

although cells became more elongate, with further shrinking and elongation of the 

nucleus. Senescence in mature erythrocytes was characterised by increased cellular 

and nuclear swelling.  

 

A number of authors report immature erythrocytes of reptiles and tortoises being 

smaller than mature erythrocytes (Frair 1977; Reavill 1994; Mader 2000), while 

Bernstein (1938) described immature erythroblasts of Testudo geometrica having 

larger cellular and nuclear lengths and widths than the mature erythrocytes. Zhang et 

al. (2011) describe chelonian immature erythrocytes only as being rounder, with 

rounder nuclei than mature erythrocytes. Immature erythrocytes in P. geometricus 

appear similar to those in the Desert tortoise (G. agassizii; Alleman et al. 1992) as 

being smaller than mature erythrocytes, however, with larger nuclei, and my findings 

suggest that nuclear to cellular area ratios are more indicative of erythrocyte maturity, 

compared to cellular and nuclear sizes.  

 

While there have been no reports of cohort differences in immature erythrocyte 

occurrences, it is reported that juvenile reptiles have a high occurrence of immature 

erythrocytes in circulation (Pienaar 1962; Mader 2000; Campbell 2004). My results 

indicate no significant differences in seasonal abundances of immature erythrocytes 

in juvenile geometric tortoises, and could be attibuted to low sample size. 

 

Erythrocyte profiles showed no significant effect of cohort within seasons, but 

erythrocyte maturation stages showed significant seasonal changes. The proliferation 

of immature erythrocytes in winter and spring indicate a regenerative (erythropoeitic) 

response in geometric tortoises during winter and spring. Erythrocyte morphometrics 

during these sampling seasons reveal that nuclear to cellular ratios were highest for 

all cohorts, suggesting that high nuclear to cellular ratios can indicate the presence of 

immature cells. This regenerative erythropoietic response is common to ectotherms 

emerging from a period of limited metabolic activity brought about by low 

environmental temperatures (Pienaar 1962; Dessauer 1970).  
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Senescent erythrocytes were more abundant in circulation in autumnn. Intra-

erythrocytic inclusion bodies and vacuoles in geometric tortoise blood were observed 

without any significant seasonal or cohort differences, however with a tendency 

towards increased prevalence during the drier autumn months in juveniles and 

males. Reavill (1994) describes such basophilic bodies, sometimes being associated 

with cytoplasmic vacuoles as common in the Desert tortoise; they are noted in 

chelonian erythrocytes by Zhang et al. (2011) without evidence for illness, as in blood 

cells of the Green turtle (Casal & Oros 2007), and are believed to be remnants of 

organelle degeneration (Work et al. 1998). In addition to this, and also occurring in 

autumn, was the tendency towards poikilocytosis. The increased presence of 

erythrocyte inclusion bodies, senesence and poikilocytosis is indicative of a 

degenerative response (Pendl 2006) and suggests stress conditions during the dry 

season, which correspond to low body conditions for all cohorts in autumn (see Table 

2.2). 

 

3.4.2 Erythrocyte dimensions and shape  

Since erythrocytes exist in circulation throughout the full range of developmental 

stages, it was impossible to exclude immature erythrocytes from the selection when 

making erythrocyte measurements. It is likely that smaller cells incorporated 

rubricytes and larger cell classes included polychromatophils and senescent cells. 

 

Understanding size and shape characteristics of erythrocytes is important, since the 

surface area to volume ratio of red blood cells is a critical determining factor for 

gaseous exchange in the tissues. Thus, smaller cells have a larger surface to volume 

ratio and are more efficient in gas exchange than larger cells, and similarly, elliptical 

cells provide a larger surface area for gaseous exchange than round cells (Hartman 

& Lessler 1964; Shadkhast et al. 2010).  

 

Erythrocyte measurements of P. geometricus obtained in this study are similar to 

those in Testudo geometrica (Bernstein 1938), in which average erythrocyte lengths 

and widths were reported at 18 and 10 µm, with slightly higher nuclei lengths and 

widths at 8 and 4 µm respectively. When compared to blood cells of T. graeca 

(Arikan & Cicek 2010), with lengths and widths of cells at 17.4 and 12.0 µm, and 

nuclei at 6.1 and 4.9 µm, erythrocytes and nuclei of geometric tortoises appeared to 

be more elongate. Psammobates geometricus erythrocyte ranges are within those 

described for Agrionemys horsfieldii (Hajkova et al. 2000) which have lengths and 
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widths measuring 19.5 and 9.2 µm, with nuclei measuring 6.4 µm in length and 3.6 

µm in width.  

 

3.4.3 Seasonal changes in erythrocyte morphology 

Owing to the direct influence of external environmental factors on ectothermal 

homeostatic regulation, seasonal influences can be reflected in changes in  red blood 

cell morphology (Campbell 2004; Strik et al. 2007).  

 

Erythrocytes in P. geometricus showed evidence of haemodilution in winter and 

spring, where larger cell size classes dominated in circulation. Hydration following the 

rainfall events (Fig. 2.3) is likely to have caused an increase in blood plasma and 

erythrocyte cytoplasm, accounting for largest cellular and nuclear areas during these 

sampling periods. Added to this, cellular morphometrics revealed that erythrocyte 

circularity was hightest for all cohort during winter and spring, suggesting that high 

cellular circularity can represent haemodilution conditions. Similarly, during the drier 

seasons, haemoconcentration likely resulted in cellular shrinking, and a proliferation 

of the smallest erythrocyte size class is evident for males, females and juveniles.  

 

Seasonal hydration fluctuations can be observed through variations in packed cell 

volume, as plasma volume is influenced by hydration state. Geometric tortoise PCV, 

however,  showed little evidence of dehydration in the dry season (see Chapter 

2.4.1). This is typical in certain arid or semi-arid tortoises, which have evolved  

anatomical and physiological adaptations enabling them to thrive under water-

restricted conditions. This anhomeostasis of body plasma is observed and described 

in the Desert tortoise (G. agassizii, Peterson 1996; Peterson 2002).  Since packed 

cell volumes are also affected by red cell count and size, it is difficult to identify 

responses to isolated factors.  

 

During the dry summer and autumn, smaller and more elongate erythrocytes as well 

as nuclei dominate in circulating blood. Elongation of the nuclei is reported to provide 

a larger surface area exchange with haemoglobin-rich cytoplasm (Shadkhast et al. 

2010), thus rendering them more efficient during these warmer, drier months. This 

increased efficiency of erythrocytes would not only serve to accommodate elevated 

metabolic rates, which in ectotherms, result from higher temperatures in the dry 

seasons (Dessauer 1970), but also enables increased physiological processes 

brought about by favourable conditions following winter rainfall. These include an 

increase in foraging opportunities as well as mating behaviour typically observed in 
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P. geometricus in the drier seasons (Hofmeyr & Henen, unpublished data) and have 

been described for G. agassizii (Henen et al. 1998; Christopher et al. 1999; 

Dickinson et al. 2002). 

 

3.4.4 Cohort differences in erythrocyte morphology 

Erythrocyte size differences between males and females have been reported in 

Caspian turtles (Metin et al. 2008), but not in the terrapin Emys orbicularis (Colagar & 

Jafari 2007) nor in Russian tortoises T. horsfieldii (Shadkhast et al. 2010). Worth 

noting, is that these results have been based on studies with comparably smaller 

sample sizes. Results obtained in this study indicate that erythrocytes of P. 

geometricus differ among cohort, and these differences are attributed to differences 

in growth and/or reproductive patterns.  

 

In male tortoises, erythrocyte differences were more pronounced in the summer and 

autumn, showing largest cell and nuclear sizes, as well as highest frequencies of the 

largest cell size, among all cohorts. The increased PCV, RCC and Hb in males in the 

summer and autumn (Chapter 2.3.4), were most probably due to increased 

erythrocyte numbers (RCC), since erythrocytes and nuclei were smaller and more 

elongate in these drier seasons compared to winter and spring. The increase in 

erythrocyte size, together with an increase in their numbers, indicates the mechanism 

responsible for the  erythropoietic - stimulating effects of androgens in males 

(Gardner & Gorshein 1973) during the mating season.  

 

Erythrocytes in females tended to be smaller with smaller nuclei than males, despite 

females having larger body sizes (see Fig. 2.4). While smallest erythrocytes in adults 

were more dominant in circulation in summer, in contrast to males, this pattern 

continues into autumn in females,  Since female rubricyte counts were comparably 

low in autumn, the small size cell class probably represents small, mature 

erythrocytes. Further supporting this is nuclear shape: through all seasons female 

nuclei are more circular than males and juveniles, except in autumn, where nuclei are 

more elongate, characteristic of mature erythrocytes. This could account for the high 

summer Hb concentrations in females (see chapter 2.3.4), since mature erythrocytes 

contain more haemoglobin than immature erythrocytes (Bernstein 1938).  

  

Juvenile tortoises showed significant differences in the spring, where erythrocytes 

and nuclei were larger than in adults, and frequencies of largest erythrocytes in 

circulation were higher than in adults. This, and higher spring nuclear to cellular 
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ratios compared to adults, suggests a proliferation of younger erythrocytes in 

circulation. Since juvenile haemoglobin concentrations are lower than those of adults 

in the spring (chapter 2.3.4), this further lends evidence that immature erythrocytes 

have lower haemoglobin concentrations than in mature erythrocytes. These spring 

differences imply increased metabolic rates in juveniles, which could be attributed to 

increased growth rates compared to those of adults, which is typical for reptiles 

(Pienaar 1962) as slower adult growth rates are evident following sexual maturity. 

While in the summer and autumn, there was evidence for haemoconcentration in 

adult erythrocytes, juvenile erythrocytes were more circular than in adults, which 

suggests that juveniles were more resilient to dehydration in the dry seasons, 

presumably due to a lack of added physiological demands of reproductive pressures. 

 

3.5 CONCLUSIONS 

Blood profiles are used in clinical practice to determine an animal‟s health status. 

Due to the clear functional role of the erythrocyte in metabolic facilitation, 

morphological descriptions, including shape, size, colour and irregularities of both 

erythrocytes and nuclei, are important characteristics and have been described for a 

few tortoise and turtle species, although knowledge in this field is still lacking for 

many chelonians. Exacerbating this has been the inconsistent terminologies for the 

different developmental stages of erythrocytes. This is the first study to describe 

erythrocyte morphology and development, as well as to investigate seasonal 

changes in blood profiles among male, female and juvenile geometric tortoises. 

 

Erythrocytes in circulation were represented through the full continuum of 

developmental stages including immature rubricytes, polychromatophils, mature and 

senile erythrocytes. Growth in rubricytes was evident by cytoplasm increase, and 

increased haemoglobin concentrations in the cytoplasm. As the cells matured from 

the polychromatophil stage, nuclear condensing and cellular and nuclear elongation 

was observed. Immature erythrocytes proliferated in circulation in winter and spring 

and this erythropoietic response is related to the limited metabolic activity of 

ectotherms during colder conditions.    

 

The lack of significant degenerative responses as well as parasites in circulating 

blood indicates this population of geometric tortoises to be clinically healthy, 

however, symptoms of abnormalities included erythrocyte inclusion bodies, vacuoles 

and poikilocytosis, and were more prevalent in the drier autumn months, suggesting 
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seasonally-based stress conditions. Evidence for haemoconcentration in the dry 

seasons and haemodilution in the wetter sampling periods result from changes in red 

blood cell size and shape. Erythrocyte morphometrics are useful in quantifying 

morphological changes, and together with haematological  parameters, further 

illuminate differences in blood profiles. Changes in nuclear to cellular area ratios 

corresponded to maturation in erythrocytes, whereas changes in circularity and 

elongation can indicate cytoplasmic swelling or shrinking; indicative of haemodilution 

and haemoconcentration respectively.  

 

Erythropoiesis is affected by a host of exogenous and endogenous factors including 

age, climate, nutrition, reproductive state and disease. Marked seasonal differences 

in blood profiles highlight the importance of external environmental conditions, acting 

as cues for the timing of important physiological processes. Cohort differences in 

geometric tortoises suggest these physiological processes revolve around increased 

growth rates in juveniles, and reproductive pressures in adults. The erythropoietic 

response in winter and spring, together with the prevalence of mature erythrocytes 

during summer and autumn highlight the mechanisms enabling elevated or 

supressed metabolic functioning and thus activity levels in response to differing 

climatic conditions.  

 

Being a heterogeneous group of vertebrates, reptilian blood cell morphology is highly 

varied, and representative values are necessary for the different genera and species. 

Results obtained in this study could serve as baseline haematological values to 

monitor the physiological responses of the Critically Endangered geometric tortoise. 
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4 WHITE BLOOD CELL AND THROMBOCYTE  HISTOLOGY 

 

 

4.1 INTRODUCTION 

The complete leukocyte evaluation includes a total white blood cell count, 

determination of the differential leukocyte count, and a description of leukocyte 

morphology based on analysis of the blood smear. Laboratory techniques are similar 

to those used in mammalian studies, although reptilian blood differs from mammalian 

blood through nucleation of all cells, pluripotentiality of certain cell types and the 

inevitable direct effect of influences such as gender, age, environmental conditions 

and nutritional status (Zhang et al. 2011). Difficulties in leukocyte descriptions arise 

from inconsistent terminology and uncertain cellular lineages. Nomenclature has 

largely been based on the cell‟s lineage, cytological (including staining) 

characteristics and the cell‟s function (Pienaar 1962). In addition to the leukocytes, of 

which up to seven types have been described in reptiles, the circulating blood also 

includes nucleated thrombocytes. 

 

Leukocytes can be divided into two major groups; the granulocytes and 

agranolucytes. The granulocytes include heterophils, eosinophils and basophils. 

Heterophils replace the mammalian neutrophil in reptiles. The heterophils function 

against bacterial infections and are relatively large, round cells with clear cytoplasm 

with many spindle-shaped granules, which generally stain eosinophilic pink-orange or 

reddish-brown in chelonians (Frye 1991). These cells are described as being fragile, 

easily distorted in the production of a blood smear, and are known to display 

chromophobic (weak-staining) properties in „watery‟ solutions. The heterophil is 

described as a Type I eosinophil by Pienaar (1962), being derived from granuloblasts 

(myeloid stem cells), while immature cells display a relatively larger nucleus and 

cytoplasm stains more basophilic. Heterophil numbers in circulation display most 

inconsistency among reptiles, and Jacobson (2007) noted it as the most predominant 

leukocyte type in Chelonia. In cases of infectious inflammatory disease, toxically 

reactive cells, in which basophilic or vacuolated intracytoplasmic granulation is 

observed, are more numerous. In reptiles, highest heterophil numbers occur in the 

summer months and lowest numbers during hibernation, although Jacobson (2007) 

also noted a stress/gravidity-related increase. 
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Eosinophils are morphologically and functionally similar to those in mammals, 

although it is not described in all reptile species. They are round cells containing 

distinct spherical granules which stain faint-pink to deep orange-red in the abundant 

cytoplasm (Frye 1991). A distinction from heterophils is the shape of the cytoplasmic 

granules, as well as eosinophils appear less distorted in shape (Zhang et al. 2011).  

Pienaar (1962) reported eosinophils as being derived from lymphocytoid cells. 

Whereas heterophils typically react to extra-cellular bacterial infections, eosinophils 

react to allergens, parasitic infestations (Frye 1991; Strik et al. 2007) and reactive 

forms may appear degranulated and/or vacuolated.  

 

Basophils, as their mammalian counterparts, are the most readily identifiable 

granulocyte, being small, round with dark-purple staining, uniformly metachromatic 

intracytoplasmic granules and a dark nucleus which is often obscured (Zhang et al. 

2011). Due to their water-sensitivity, basophils may appear degraded, resulting in 

faint, smudged „ghost‟ cells in the blood slide (Strik et al. 2007). Basophils typically 

occur in constant numbers in circulation, with minimal seasonal influences, yet 

counts among reptile species are very varied. Basophils are described as „mast‟ 

leukocytes and function in inflammation (Davis et al. 2008), histamine release and 

may be associated with haematoparasites as well as certain viral infections (Strik et 

al. 2007).  

 

The major agranulocytic leukocytes are the lymphocytes and monocytes. 

Lymphocytes reportedly display diversity beyond T and B cell forms (Campbell 

1996), and Pienaar (1962) reported them as the main blood-cell progenitor for most 

leukocyte types. In the blood smear, they are easily mistaken for thrombocytes, 

however certain morphological and cytochemical differences between the two are 

discernable in that lymphocytes tend to be larger cells, with a distinct border and 

lightly to moderately basophilic cytoplasm, with larger nuclei and a higher nuclear to 

cytoplasm area ratio than thrombocytes (Strik et al. 2007). They are noted to be more 

numerous in females, and also during warmer periods, possibly due to the relative 

inability of some temperate species to invest in a primary immune response during 

low environmental temperatures (Frye 1991). Lymphocytes are associated with 

inflammation, parasitic infestations as well as antigenic stimulation (Campbell 1996; 

Canfield 1998), reactive forms have been observed, as well as what Strik et al. 

(2007) refer to as plasmacytoid forms. 
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Plasma cells represent a specialised lymphocyte in response to a specific antigen. 

Pienaar (1962) identifies plasma cell-lymphocyte transition stages in the peripheral 

blood of reptiles. While they resemble lymphocytes, in comparison, plasma cells are 

less abundant than lymphocytes (Frye 1991) and the cytoplasm stains a deeper blue, 

with a more intense blue eccentrically-placed nucleus. Plasma cell composition in 

circulation may increase in cases of severe infections or inflammatory disease (Strik 

et al. 2007). 

 

Monocytes are similar in morphology and function to their mammalian counterparts, 

often described as large, with a large, kidney-shaped nucleus surrounded by 

abundant pale-blue staining cytoplasm (Zhang et al. 2011). Owing to their largely 

phagocytic function, reactive monocytes can be seen with ingested intracytoplasmic 

particles, sometimes referred to as macrophages. Monocytes are associated with 

chronic infection, inflammation, immunogenic stimulation, as well as bacterial 

infections (Frye 1991; Campbell 1996; Canfield 1998).  

 

Azurophils have been described in chelonian circulating blood, and have been 

closely allied to monocytic leukocytes. Frye (1991) refered to them as neutrophils, 

while they have been described as monocytoid azurophils (Campbell 1996) and as 

having both monocytic and granulocytic features (Pienaar 1962; Strik et al.  2007). In 

independent haematological studies in the turtle C. mydas, Samour et al. (1998) 

observed azurophils in circulation, while  Work et al. (1998) found no evidence of this 

cell type in peripheral blood. 

 

Reptile thrombocytes are nucleated, involved in the phagocytosis of bacteria, tissue 

debris and senescent erythrocytes, and as mammalian platelets, haemostasis. The 

cells are often described as small, basophilic-staining, ellipsoidal with pale, delicate 

cytoplasm which can easily be distorted, and a relatively large, distinctly darker 

basophilic nucleus (Pienaar 1967; Zhang et al. 2011). Although often resembling  

small lymphocytes, a distinguishing characteristic of thrombocytes is the aggregration 

of the cells on a blood smear.  Derived from thromboblasts, these cells (together with 

erythrocytes) can divide amitotically and have the pluripotentiality to transform into 

erythrocytes (Frye 1991). As a result, a range of transitional phases can be seen in 

the circulating blood and due to their phagocytotic role, reactive cells can be seen 

with pseudopodia and/or cytoplasmic vacuolation (Frye 1991; Canfield 1998; Strik et 

al. 2007). 
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The objectives of this study were to: (1) identify and describe morphological 

characteristics of leukocyte types and thrombocytes in peripheral blood of P. 

geometricus; (2) assess differences in the leukocyte and thrombocyte profiles of 

males, females and juveniles; and (3) evaluate seasonal changes in leukocyte and 

thrombocyte profiles.  

 

4.2 MATERIALS AND METHODS 

4.2.1 Sampling procedure 

Blood samples were obtained over four seasons at Elandsberg Nature Reserve (3 

800 ha, 33° 26‟ S; 19° 01‟ E) in the southwestern Cape, South Africa, from 26 to 42 

healthy, free-ranging geometric tortoises (including males, females and juveniles) per 

season (see Table 2.1 for sample sizes in different seasons).  I sampled blood from 

unanaesthetised tortoises immediately after capture to limit stress-induced changes 

to blood parameters. The mass of the animals determined the maximum blood 

volume sampled and I took care not to exceed 0.5% of the animal‟s field body mass 

(a conservative veterinary standard). I used a 25 G needle with a 1 or 2 ml syringe to 

collect blood from either the jugular vein or carotid artery. Since EDTA is known to 

cause lysis of chelonian cells (Harding et al. 2005; Knotek et al. 2006), heparin was 

used as an anticoagulant, although it has been observed to impart a blue tinge to 

blood smears as well as affect the clumping nature of cells (Houwen 2000; Strik et al. 

2007). Sampling normally took 1 to 2 minutes and I aborted attempts if an adequate 

sample has not been obtained in approximately 5 minutes. The animals were kept 

under observation for 24 hours and during the dry season, I provided access to 

drinking water before returning the animals to the capture site. 

 

I produced blood smears, in duplicate, using the wedge-smear technique with a 

single-use, bevel-edged glass slide spreader (Pendl 2006). Smears were air-dried, 

fixed in absolute methanol, and stored in dust-free boxes until being stained. I 

obtained best staining results from the May-Grünwald – Giemsa stains, using the 

technique described in Houwen (2000). To prepare the stock solutions, May-

Grünwald reagent powder (0.3 g) was mixed in 100 ml absolute methanol, left to 

stand overnight, and subsequently filtered. Giemsa reagent powder (1 g) was mixed 

in 66 ml glycerol, heated to 56 ºC for 100 minutes, mixed with 66 ml absolute 

methanol, left to stand overnight, filtered and stored in an airtight container. I used a 

buffer of pH 6.8 to dilute stock solutions each time before staining; May-Grünwald 

stock was mixed with equal parts of buffer whereas Giemsa stock was diluted with 
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nine parts buffer. The May-Grünwald stain was introduced to the blood smear, letting 

stand for 5 minutes, after which the excess solution was drained from the slide that 

was then introduced to the Giemsa stain for 12 minutes. The slide was then rinsed 

once with the buffer solution, washed in, and left to stand in distilled water for 3 

minutes. Stained blood smears were left to dry and later fitted with a glass cover slip 

using Entellan New rapid-mounting medium for microscopy (Merck). 

 

4.2.2 Histological evaluation and measurements 

I used all the smears to identify, photograph and measure 10 representative cells of 

each leukocyte type and of thrombocytes. I used a Leica DM 500 photomicroscope 

(Leica LAS Software, Leica Microsystems Ltd., Switzerland, version 1.8.0), with 10x 

eyepieces, for the histological evaluation of leukocytes and thrombocytes under 

immersion oil with a 100x objective to give 1000x magnification. For thrombocytes 

and each leukocyte type, I assessed the size, shape and staining characteristics of 

cells and their nuclei for identification and a detailed description of each cell type.  

 

To determine size ranges of leukocytes, thrombocytes and their nuclei, I used a 

Leica ICC50 camera linked to the Leica DM 500 digital photomicroscope (100x 

objective and total magnification of 1000x) to take digital images of blood cells. The 

images were saved as jpeg files (2048 x 1536 pixels) and then analysed using the 

NIKON NIS Elements imaging software (refer to chapter 3.2.2 for image analysis 

technique). 

 

Nuclei in basophils were obscured by dark cytoplasmic granules, and so were not 

measured. For each other leukocyte, I measured the area of both cell and nucleus 

(surface area of the image in μm2). Cell measurements were digitally automated to a 

precision of 0.01 µm. Pixel size was manually calibrated using a micrometer scale 

automatically generated when capturing the images (at 1000x magnification, 1 pixel =  

0.07µm).  

 

In addition, for each individual, I performed a differential white cell count, using the 

meandering technique to identify the first 100 leukocytes encountered. Leukocytes 

were counted as heterophils, eosinophils, basophils, lymphocytes, plasma cells, 

monocytes or azurophils. All thrombocytes encountered within the first 100 

leukocytes were counted, and reported as relative to 100 leukocytes. Data were 

exported to Windows Excel (MS Office) and collated into one spreadsheet for 

statistical analysis. 
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4.2.3 Data and statistical analysis 

SigmaStat (SPSS Inc., Chicago, U.S.A. version 2.03) was used to statistically 

evaluate leukocyte and thrombocyte counts. Square root transformations were 

sufficient for most parameters to comply with parametric requirements, however 

certain tests still failed normality and/or equal variance. Due to low numbers, I 

analysed plasma cell and azurophil counts separately. To test for the effects of 

season and cohort on each individual cell type, I used two-way ANOVAs followed by 

Student-Newman-Keuls post hoc comparisons. Furthermore, one-way ANOVAs were 

used to test for differences in cellular and nuclear areas among cell types, following 

log10 transformations. When data were parametric, one-way ANOVA was followed by 

Student-Newman-Keuls post hoc comparisons, whereas for non-parametric data, 

Kruskal-Wallis ANOVA on ranks was followed by Dunn‟s multiple post hoc 

comparisons.  

 

4.3 RESULTS 

4.3.1 Leukocyte types, thrombocytes and features 

Seven leukocyte types were identified circulating in peripheral blood of P. 

geometricus (Fig. 4.1). These included the heterophils, eosinophils, basophils, 

lymphocytes, plasma cells, monocytes and azurophils. Additionally, the smears 

contained thrombocytes.  

 

Heterophils were typically round, large cells, ranging between  121.56 and 226.25 

µm2 in surface area and often appeared polymorphic (Fig. 4.2a - b). Nuclei ranged 

between 29.42 and 52.19 µm2, and nuclear to cellular ratios ranged from 17.2% to 

31.9%. A distinguishing character of the eccentrically-placed heterophil nucleus was 

the clumping of nuclear material, with darker staining clumped chromatin within paler-

staining abundant parachromatin (Fig. 4.2a - c). Sometimes bi-lobed nuclei were 

observed (Fig. 4.2c). The abundant clear cytoplasm contained dense, spindle-

shaped eosinophilic granules which stained faint pink to deep red, and in reactive 

heterophils, a deep lilac (Fig. 4.2d). Often, heterophils appeared with ingested 

particles within the cytoplasm (Fig. 4.2e). In some cases, degranulation (Fig. 4.2f) 

and senescence (Fig. 4.2g) was visible, resulting in eosinophilic cellular debris (Fig. 

4.2h). 
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Eosinophils were distinctly round cells ranging between 59.54 and 145.16 µm2 in 

surface area. The slightly basophilic cytoplasm contained distinct spherical 

eosinophilic globules, which ranged in staining from reddish brown to orange (Fig. 

4.3a). The blue nuclei were typically lentiform, often seen displaced to one pole (Fig. 

4.3b), and ranged between 15.01 and 45.53 µm2 in size. Nuclear to cellular ratios 

ranged from 24.3% to 44.6%. Eosinophils showed less polymorphy compared to 

heterophils, and the eosinophilic nucleus appeared more homogenous in chromatin 

and parachromatin texture (Fig. 4.3c). In some cases, degranulated eosinophils were 

present (Fig. 4.3d).  

 

Basophils were round cells, readily identifiable due to their intense basophilic staining 

(Fig. 4.4a), and ranged between 53.82 and 135.96 µm2 in surface area. The 

cytoplasm was densely packed with round, dark blue-violet staining granules (Fig. 

4.4b) that often obscured the dark blue nucleus (Fig. 4.4c). Often seen, were 

damaged cells, resulting in a burst/leaked appearance, with the hyperchromatic 

granules released into the blood plasma (Fig. 4.4d). 

 

Lymphocytes ranged from small to large forms (Fig. 4.5a - b), between 68.55 and 

147.14 µm2 in surface area. The cells were round, and nuclei and cytoplasm both 

stained basophilic blue to grey, often both with a homogenous appearance (Fig. 

4.5a), rendering the nuclei difficult to identify. Nuclei ranged between 30.03 and 

59.03 µm2 in surface area, and nuclear to cellular area ratios ranged between 46.2% 

and 79.2%. Medium-sized lymphocytes were often reactive, in which the cytoplasm 

appeared vacuolated (Fig. 4.5c - d). Less commonly noted, were small cytoplasmic 

projections in reactive forms (Fig. 4.5d).  

 

Plasma cells were uncommon in peripheral blood in P. geometricus. These 

basophilic cells were round with large nuclei, which were often difficult to distinguish 

within the intensely staining, abundant blue cytoplasm (Fig. 4.6). These 

characteristics bore a close resemblance to lymphocytes. Due to its scarcity, only 

one cell was measured (Table 4.1), revealing a  large nuclear to cellular ratio 

(46.7%). 
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Figure 4.1  Leukocytes in circulating blood of Psammobates geometricus, showing 

the heterophil (a), eosinophil (b), basophil (c), lymphocyte (d), plasma cell (e), 

monocyte (f) and azurophil (g), as well as thrombocytes (h). Scale represents 20 µm, 

1000x magnification, Romanowsky stains. 

 

 

 

 

 

    

    

Figure 4.2  Heterophils in circulating blood of Psammobates geometricus, showing 

spindle-shaped cytoplasmic granules, clumping of chromatin (a – b), a bi-lobed 

nucleus (c), lilac-staining cytoplasmic granules (d), ingested particles (e), 

degranulation (f), senescence (g) and cellular debris (h). Scale represents 20 µm, 

1000x magnification, Romanowsky stains. 
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Figure 4.3  Eosinophils in circulating blood of Psammobates geometricus, showing 

spherical cytoplasmic granules (a – b). Note differences to a heterophil (c; heterophil 

on right) and cytoplasmic degranulation (d). Scale represents 20 µm, 1000x 

magnification, Romanowsky stains.  

 

 

 

 

 
 

    

Figure 4.4  Basophils in circulating blood of Psammobates geometricus, showing 

intensely basophilic cytoplasm and nuclei (a – c) as well as a ruptured cell (d). Scale 

represents 20 µm, x1000 magnification, Romanowsky stains. 

 

 

 

 

 

   

 

 

 

Figure 4.5  Small and medium lymphocytes in circulating blood of Psammobates 

geometricus, showing basophilic cytoplasm and nuclei (a - b), cytoplasmic 

vacuolation (c), and projections (d). Scale represents 20 µm, 1000x magnification, 

Romanowsky stains.  
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Monocytes were typically large (surface areas ranged from 110.02 to 245.95 µm2), 

round, basophilic cells which varied in staining reactions from purple, blue or grey 

(Fig. 4.7a - c). The nuclei were very large (ranging between 51.54 and 151.54 µm2), 

generally amorphous, and displaced the abundant cytoplasm, which tended to be 

paler in staining intensity (hypochromatic; Fig. 4.7a - c). Nuclear to cellular ratios 

were between 35.4% and 62.9%. A common feature of reactive cells, was 

vacuolation of cytoplasm (Fig. 4.7c), while azurophilic granulation has been  

observed (Fig. 4.7d).  

 

Azurophils were infrequent, identifiable by their distinctly-postitioned nuclei, which 

were often displaced by the abundant cytoplasm. These cells showed a characteristic 

purple-staining quality, with the large nucleus staining more intensely than the 

cytoplasm (Fig. 4.8). Nuclear material was difficult to discern, while the cytoplasm 

appeared finely granulated. Cellular and nuclear characteristics were similar to those 

in monocytes. Due to its scarcity, only one cell was measured (Table 4.1), displaying 

a nuclear to cellular ratio of 35.3%. 

 

Thrombocytes were numerous in the blood smear, ranging in size between 25.44 

and 47.91 µm2, generally appearing as round to oval (Fig. 4.9a), although the cells 

were often irregularly shaped. Thrombocytes were identifiable by a prominent, often 

intensely blue staining, irregularly-shaped nucleus (ranging between  20.67 and 

35.44 µm2) surrounded by scant, faintly-staining basophilic cytoplasm (Fig. 4.9b), 

which was rarely visible intact (Fig. 4.9c). Nuclear to cellular ratios were between 

70.9% and 91.4%.  A characteristic feature of this cell type was that of forming 

aggregations (Fig. 4.9a and d), which was useful in distinguishing cellular and 

nuclear characteristics of thrombocytes from small lymphocytes (Fig. 4.9d). 

Lymphocytes tended to have more regular cellular membranes, whereas in 

thrombocytes, the cytoplasm appeared faint, and ruptured easily. Lymphocyte nuclei 

were difficult to discern from cytoplasm, whereas thrombocyte nuclei tended to be 

more easily identifiable, and irregular in shape.  
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Figure 4.6  Plasma cell in circulating blood of Psammobates geometricus, showing 

intensely blue-staining cytoplasm and large nucleus. Scale represents 20 µm, 1000x 

magnification, Romanowsky stains. 

 

 

 
 

    

Figure 4.7  Monocytes in circulating blood of Psammobates geometricus, showing 

hypochromatic cytoplasm, large nuclei (a – c), cytoplasmic vacuolation (c) and 

azurophilia (d). Scale represents 20 µm, 1000x magnification, Romanowsky stains. 

 

 

 

 

 

 

Figure 4.8  Azurophil in circulating blood of Psammobates geometricus, showing 

characteristic purple-staining, abundant cytoplasm and large nucleus. Scale 

represents 20 µm, 1000x magnification, Romanowsky stains. 

A. B. C. D. 

 

 

 

 



Chapter 4: Leukocytes and thrombocytes 

 63 

Other cell types observed in the leukogram included small, round, possibly immature 

granulocytes (heterophils or eosinophils) showing relatively large nuclei and 

cytoplasmic basophilia (Fig. 4.10a - b). Other types included round, often small, 

basophilic cells that appeared to be lymphocyte-monocyte transition type leukocytes, 

showing relatively large nuclei and basophilic cytoplasm (Fig. 4.10c - d). Other 

varieties of basophilic leukocytes appeared degranulated, vacuolated or both, which 

rendered them indiscernable (Fig. 4.10e - f). 

 

Monocytes and heterophils had larger surface areas than the other leukocytes had 

and eosinophils were larger than lymphocytes. All leukocytes were larger than the 

thrombocytes (Table 4.1, F5,54 = 49.99, P < 0.0001). Nuclei were not measured in 

basophils, due to intensely metachromatic staining in cellular granules. Monocyte 

nuclei were larger than the nuclei of other leukocytes. Lymphocytes had larger nuclei 

than eosinophils, and both lymphocyte and heterophil nuclei were larger than in 

thrombocytes (F4,45 = 23.59, P < 0.0001). Nuclear to cellular area ratios were highest 

in thrombocytes, followed by lymphocytes, monocytes, eosinophils and least in 

heterophils (F4,45 = 91.76, P < 0.0001). 

 

Table 4.1  Cellular and nuclear sizes of circulating leukocytes and thrombocytes in 

Psammobates geometricus, as well as nuclear to cellular surface area ratios. Data 

are presented as mean and standard deviations of ten cells of each cell type, except 

for the plasma cell and azurophil (one only).  

Cell type 
Cellular surface 

area (µm2) 

Nuclear surface 

area (µm2) 
N/C ratios (%) 

Heterophil 164.80 ± 33.16 39.37 ±  7.15 24.39 ±  4.83 

Eosinophil 106.40 ± 31.47 35.85 ±  9.40 34.33 ±  6.51 

Basophil 91.56 ± 26.79 - - 

Lymphocyte 76.94 ± 15.04 46.74 ± 7.65 61.72 ± 10.33 

Monocyte 170.13 ± 50.50 84.60 ±  32.10 49.22 ±  7.40 

Plasma Cell  151.3 70.49 46.66 

Azurophil 101.26 35.72 35.28 

Thrombocyte 35.46 ± 6.06 28.47 ±  4.33 80.61 ±  6.47 
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Figure 4.9  Thrombocytes in circulating blood of Psammobates geometricus, showing 

irregularly-shaped nuclei (a), scant cytoplasm (b), bi-nucleation (c) and aggregations 

(a and d), with a lymphocyte (d). Scale represents 20 µm, 1000x magnification, 

Romanowsky stains. 

 

 

 

  

  

  

Figure 4.10  Leukocytes in circulating blood of Psammobates geometricus, showing 

immature granulocytes (a - b), mono-lympho transition type leukocytes (c - d), and 

vacuolated/degranulated leukocytes (e - f). Note the small lymphocyte in b. Scale 

represents 20 µm, 1000x magnification, Romanowsky stains. 
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4.3.2 Leukocyte and thrombocyte frequencies  

Differential leukocyte counts were made by recording the frequency of each 

leukocyte type relative to 100 white blood cells whereas thrombocyte counts were 

recorded per 100 leukocytes (Table 4.2). 

 

Table 4.2  Seasonal differences in differential leukocyte counts, and thrombocyte 

numbers relative to 100 leukocytes, for cohorts of Psammobates geometricus. Data 

are presented as means and standard deviations. 

    Females   Males   Juveniles 

Spring Heterophils (%) 49.40 ± 17.11  56.91 ± 12.23  65.40 ± 13.96 

 Eosinophils (%) 6.47 ± 5.67  5.82 ± 3.49  0.40 ± 0.55 

 Basophils (%) 3.87 ± 2.64  3.55 ± 2.02  1.20 ± 1.64 

 Lymphocytes (%) 36.27 ± 15.42  30.82 ± 9.47  30.60 ± 13.20 

 Monocytes (%) 3.93 ± 2.22  2.64 ± 2.77  1.20 ± 1.30 

 Plasma Cells (%) 0.07 ± 0.26  0.09 ± 0.30  0.80 ± 1.30 

 Azurophils (%) 0.0  0.18 ± 0.60  0.40 ± 0.55 

  Thrombocytes 83.60 ± 44.04   112.64 ± 34.41   79.80 ± 18.40 

Summer Heterophils (%) 51.36 ± 14.32  44.00 ± 11.08  38.00 ± 9.33 

 Eosinophils (%) 11.91 ± 7.85  16.25 ± 12.45  8.00 ± 15.10 

 Basophils (%) 3.64 ± 2.84  3.88 ± 3.48  3.14 ± 1.57 

 Lymphocytes (%) 29.73 ± 12.91  33.50 ± 11.49  45.43 ± 8.98 

 Monocytes (%) 3.18 ± 4.12  2.00 ± 3.78  4.43 ± 3.95 

 Plasma Cells (%) 0.18 ± 0.40  0.25 ± 0.71  0.86 ± 1.07 

 Azurophils (%) 0.0  0.13 ± 0.35  0.14 ± 0.38 

  Thrombocytes 137.73 ± 26.87   140.25 ± 28.26   160.71 ± 41.98 

Autumn Heterophils (%) 46.70 ± 21.33  48.17 ± 11.57  41.00 ± 14.73 

 Eosinophils (%) 8.50 ± 7.75  8.67 ± 7.08  3.20 ± 3.56 

 Basophils (%) 4.10 ± 6.17  2.75 ± 3.25  2.80 ± 2.17 

 Lymphocytes (%) 37.80 ± 23.74  37.42 ± 15.10  48.20 ± 18.27 

 Monocytes (%) 2.30 ± 2.06  2.75 ± 1.91  3.80 ± 4.82 

 Plasma Cells (%) 0.30 ± 0.48  0.17 ± 0.39  0.80 ± 1.30 

 Azurophils (%) 0.30 ± 0.67  0.08 ± 0.29  0.20 ± 0.45 

  Thrombocytes 106.30 ± 49.07   118.83 ± 42.04   130.40 ± 48.92 

Winter Heterophils (%) 57.75 ± 7,78  51.38 ± 10.13  55.46 ± 16.26 

 Eosinophils (%) 8.13 ± 4.08  11.31 ± 6.85  2.38 ± 2.57 

 Basophils (%) 5.56 ± 10.31  1.62 ± 2.10  3.85 ± 3.56 

 Lymphocytes (%) 26.25 ± 14.14  32.15 ± 16.04  35.46 ± 15.77 

 Monocytes (%) 1.25 ± 1.29  2.00 ± 1.91  1.69 ± 2.53 

 Plasma Cells (%) 1.06 ± 1.24  1.54 ± 2.40  1.15 ± 2.41 

 Azurophils (%) 0.0  0.0  0.0 

  Thrombocytes 111.25 ± 48.32   136.92 ± 38.40   136.15 ± 65.90 
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4.3.3 Effects of season and cohort 

Because plasma cells and azurophils had low representation in differential white cell 

counts, I excluded these cells in order to do two-way ANOVAs to evaluate the effects 

of season, cohort and type. Within the cohorts, there were no seasonal effects on  

differential white cell counts (P > 0.183). In adult geometric tortoises, the pattern of 

leukocyte type frequencies was the same; heterophils were most abundant, followed 

by lymphocytes, then eosinophils, with no difference between monocyte and basophil 

counts (F4, 200 or 240 > 210.2, P < 0.0001). Males showed an interaction of season and 

leukocyte type (F12,200 = 2.21, P = 0.013), and the general pattern applied in autumn 

and winter, whereas in summer, heterophils and lymphocytes were equally abundant.  

 

In spring, eosinophil counts were the same as monocytes and basophils. 

Additionally, male eosinophil values were higher in summer than in spring and 

autumn. In juveniles, the pattern was slightly different; heterophils were most 

abundant, followed by lymphocytes, but eosinophils, monocytes and basophils did 

not differ (F4,130 = 178.2, P < 0.0001 ). Due to an interaction of season and type for 

juveniles (F12,130 = 2.51, P = 0.0053), the overall pattern appeared in winter and 

spring whereas in summer and autumn, lymphocyte counts were the same as 

heterophils. Additionally, heterophil values were higher in spring and winter than in 

summer, and spring values were also higher than in autumn. Furthermore, eosinophil 

counts were higher in summer than in spring. 

 

Within season analyses showed a cohort effect in spring (F2,140 = 3.82, P = 0.024) but 

not in autumn, summer or winter (P > 0.59). Furthermore, the frequency of leukocyte 

types differed within each season (F > 98.6, df1 = 4, df2 = 115, 120, 140 or 195; P < 

0.0001). Leukocyte counts showed similar patterns in winter and summer; most 

abundant were heterophils, followed by lymphocytes, eosinophils, monocytes and 

basophils, with no difference between the latter two types. Autumn lymphocyte and 

heterophil counts did not differ, with no interactions (P = 0.580). Winter tests showed 

an interaction of cohort and cell type (F8,195 = 4.36, P < 0.0001) and revealed that 

males displayed the overall pattern, whereas in females, basophils were more 

abundant than monocytes, while in juveniles, eosinophil counts were not higher than 

in monocytes and basophils. Additionally in winter, adult values for eosinophils were 

higher than juvenile values. In summer, heterophils were most abundant, followed by 

lymphocytes, eosinophils, with monocytes and basophils equally least abundant, with 

an interaction of cohort and cell type (F8,115 = 3.06, P = 0.0037). This pattern applied 

to males only, because in females there was no difference between eosinophil, 
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basophil and monocyte numbers, and in juveniles, lymphocyte counts were the same 

as heterophils, and eosinophil, monocyte and basophil counts did not differ. In 

summer, heterophils were more abundant in females than in juveniles, and 

lymphocytes were more abundant in juveniles than in adults. In spring, there was an 

interaction between cohort and cell type (F8,140 = 2.64, P = 0.010). Heterophils were 

most abundant, followed by lymphocytes, with no difference among eosinophil, 

basophil and monocyte counts for each cohort. Heterophil, lymphocyte, basophil and 

monocyte counts were the same in all cohorts, whereas eosinophils were more 

abundant in adults than in juveniles.  

 

Because plasma cells and azurophils had such low occurrences (0% to 2% for all 

cohorts among all seasons), it was not possible to do two-way ANOVAs on these cell 

types. Instead, I have done one-way ANOVAs on cohort within each season, and on 

season within each cohort. The differential frequency of plasma cells did not differ 

among cohorts or among seasons (P > 0.0089 did not meet Bonferroni corrected P-

value of 0.0071). Similarly, azurophil differential frequencies did not differ among 

cohorts or among seasons (P > 0.035 did not meet Bonferroni corrected P-value of 

0.0071).  

 

Thrombocyte counts (relative to 100 leukocytes) ranged between 113 and 140 cells 

in males, 84 and 138 cells in females, and 80 and 161 cells in juveniles. In spring, 

counts were between 80 and 113, in summer between 138 and 161, autumn counts 

were between 106 and 130, and in winter, between 111 and 137 cells per 100 

leukocytes. Thrombocyte counts changed seasonally (F3,114 = 6.79, P = 0.00030), but 

not with cohort (P = 0.110), and with no interactions (P = 0.759). Summer, winter and 

autumn counts were higher than in spring.  

 

4.4 DISCUSSION 

The complete leukogram includes determination of the differential leukocyte count, 

thrombocyte count and evaluation of the overall cellular morphology. The 

classification criteria of chelonian leukocytes vary among studies, as some cells are 

not easily identified based on their morphological differences alone, and cell lineages 

are unclear.  

 

Variation in nomenclature and classification is less common in recent literature. Saint 

Girons (1970) described eosinophils, azurophils, neutrophils and plasma cells in 
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reptiles. Bernstein (1938) described neutrophils, Pienaar (1962) described these as 

Type I eosinophils, while recent agreement is that reptilian heterophils are analogous 

to mammalian neutrophils (Frye 1991; Strik et al. 2007). Bernstein (1938) also 

included the leukocyte type macrocytes, in which his description of this cell type is 

similar to those for monocytes. Lineages of certain leukocytes are also unclear. 

Heterophils and eosinophils (commonly referred to as acidophils) have been 

regarded as one cell in different stages of development (Zhang et al. 2011), however 

Knotkova et al. (2002) and most authors report them as separate cell types. Frye 

(1991) reported the pluripotentiality of thrombocytes into erythrocytes, while Pienaar 

(1962) described medium-sized lymphocytes as being the chief leukocyte progenitor, 

and small lymphocytes giving rise to thrombocytes.    

 

In addition to the nucleated thrombocytes, seven leukocyte types were identified in 

circulating blood of Psammobates geometricus. These include the heterophils, 

eosinophils, basophils plasma cells, lymphocytes, monocytes and azurophils.  

Leukocytes  and thrombocytes were similar to those described in reptiles and other 

chelonian species, with variation among cell type characteristics, percentage 

composition, as well as seasonal and cohort differences. Leukocyte profiles reveal 

the relative white blood cell composition in circulation at the time of sampling and 

alone can not infer immunocompetence. At a population level, increased numbers of 

leukocyte types can indicate a general response to a common stimulant / stressor 

(Davis et al. 2008). 

 

Heterophil counts ranged between 38% and 65%, and heterophils were the most 

abundant leukocyte in males and females, and juveniles. Strik et al.  (2007) and 

Sykes et al. (2008) report them as the predominant leukocyte type in chelonians and 

reptiles respectively, Pienaar (1962) reported Type I eosinophils as ranging between 

13% and 15%, Frye (1991) reports counts between 30% and 45% in healthy reptiles, 

and generally, numbers are known to show variation within individuals and species. 

This is attributible to morphological variations due to a possible chromophobic 

reaction in watery solutions (for example in Giemsa reagents; Pienaar 1962) as well 

as the cell maturing in circulation (Sykes et al. 2008). Immature heterophils were 

noted in P. geometricus, which were smaller, stained more basophilic, with larger 

nuclei than in mature heterophils. Reactive forms were observed in which 

cytoplasmic vacuolation, degranulation and/or basophilia was evident. The primary 

function of heterophils is phagocytosis, responding mainly to bacterial infections 

(Frye 1991; Canfield 1998; Strik et al. 2007). Although Campbell (1996) reported an 
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increase in heterophils during the warmer months, in P. geometricus spring counts 

were higher in summer and autumn. Female counts in summer were higher than in 

juveniles, which could reflect a reproduction-related stress, as described by Strik et 

al. (2007). Heterophil sizes ranged between 122 and 226 µm2, compared to Testudo 

graeca (Kassab et al. 2009), with ranges between 139 and 195 µm2. 

 

Eosinophils ranged between 0.4% and 16% composition in circulating blood, and  

were the third most abundant leukocyte. Frye (1991) reports them as comprising 7% 

to 20% the total leukocyte count in healthy reptiles. Compared to heterophils, 

eosinophils appeared less easily ruptured, with less polymorphic tendencies. 

Reactive forms were observed in circulation, in which cells showed an increase in 

cytoplasmic degranulation and/or basophilia. As in heterophils,  immature forms were 

also observed, being smaller, more basophilic and with larger nuclei than in mature 

eosinophils. Like heterophils, they function in inflammation, however react primarily 

to parasitic infestations (ecto-parasites and blood parasites; Frye 1991; Canfield 

1998). While large and small forms are not commonly reported in reptiles, Work et al. 

(1998) postulated that in C. mydas, large eosinophils were reactive cells in response 

to parasitic infections or inflammation. Campbell (1996) described reptilian 

eosinophils as being more abundant in winter and less so in summer, however, in P. 

geometricus, were found to be low in spring for all cohorts. High summer counts in 

males could indicate an increased immune response during the mating season, since 

female and juvenile summer eosinophil counts were as low as in monocytes and 

basophils.  Additionally, low juvenile spring and winter eosinophil counts compared to 

adults may represent a reduced immunological reaction. Eosinophil sizes in P. 

geometricus were between 60 and 145 µm2, while in T. graeca (Kassab et al. 2009), 

ranged between 108 and 132 µm2. 

 

Basophil counts were low in P. geometricus, ranging from 1% to 6% in circulation, 

while Frye (1991) reports counts between 10% and 25% in normal reptiles. 

Commonly observed in P. geometricus, were ruptured basophils, a condition 

reported by Pienaar (1962) and Strik et al. (2007) in which the cells are described as 

being easily destroyed by watery solutions. While the function of the basophil is not 

clearly defined, it is associated with blood parasites and viral infestations, and is 

involved in immune responses (Canfield 1998; Strik et al. 2007). Campbell (1996) 

reported varied sizes, numbers, and minimal seasonal influences. Frye (1991) 

reports basophil numbers increasing in the active seasons, and decreasing during 

hibernation. While in P. geometricus, basophil counts were consistently as low as in 
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monocytes, in females, winter basophil counts were higher than in monocytes, which 

likely represented an increased immunological response during gravidity. Basophil 

sizes were between 54 and 136 µm2, while in T. graeca (Kassab et al. 2009), ranged 

between 108 and 103 µm2. 

 

Lymphocyte counts ranged between 26% and 48%, and were the second most 

prolific leukocyte in P. geometricus. Common to reptilian blood, small, medium and 

large forms were observed, smaller forms being more abundant. Reactive forms 

were also noted, more commonly in medium-sized lymphocytes, in which 

cytoplasmic vacuolation and/or inclusions were present. Possible transitional forms 

between lymphocytes and plasma cells were observed in circulation, as reported by 

Strik et al.  (2007). Lymphocytes are associated with inflammation and parasitic 

infestations (Campbell 1996; Canfield 1998). Lymphocyte counts in P. geometricus 

were higher in autumn, and may have been associated with nutrition and dehydration 

stress during the dry season. Pienaar (1962) reported lymphocyte counts being 

higher in juveniles than in adults, and in P. geometricus, this was true in summer. 

Lymphocyte sizes ranged between 55 and 104 µm2, compared to T. graeca (Kassab 

et al. 2009), in which ranges were reported between 48 and 85 µm2. 

 

Plasma cells were rare, comprising between 0 and 2% of leukocyte composition in 

circulating peripheral blood. They appeared as round, blue-staining cells with round 

nuclei in abundant cytoplasm, and nuclei stained more intensely than cytoplasm. 

They appeared lymphocytic, as described by many authors (Pienaar 1962; Campbell 

1996; Canfield 1998). Frye (1991), described them comprising 0.2 – 0.5% leukogram 

composition in healthy reptiles, and they are believed to increase in cases of severe 

infections or inflammatory disease (Strik et al.  2007).  

 

Monocyte counts were low, ranging from 1% to 4%, while ranges have been reported 

from 0.5% by Frye (1991), to 10%  (Strik et al. 2007), while Pienaar (1962) reports 

values as high as 20%. Reactive forms were observed, in which ingested particles, 

and/or cytoplasmic vacuolation was present. Monocytes are stimulated by 

immunogenic pathogens, chronic infections (Frye 1991), and have a microbicidal role 

in reptiles (Canfield 1998). Monocyte counts are reported to experience little 

seasonal variation (Pienaar 1962; Campbell 1996) and this was found to apply to P. 

geometricus. Monocyte sizes ranged between 110 and 246 µm2, while in T. graeca, 

between 100 and 148 µm2 (Kassab et al. 2009).  

 

 

 

 

 



Chapter 4: Leukocytes and thrombocytes 

 71 

Azurophils in P. geometricus were rarely observed, occupying between 0 and 0.4% 

of the leukogram composition, identifiable by their characteristic purple-staining 

affinity, and distinct nuclei. The cytoplasm appeared finely granulated, while the large 

nucleus resembled that of a monocyte. These cells are reportedly common in snakes 

and crocodiles (Strik et al. 2007), and have been occasionally reported in chelonians. 

No seasonal or cohort differences were noted. Having been commonly ascribed to 

both granulocyte and monocyte leukocyte lineages (Knotkova et al. 2002; Strik et al. 

2007), these cells have been described as azurophilic monocytes in reptiles 

(Campbell 1996) and in G. agassizii (Alleman et al. 1992).  

 

Thrombocytes in P. geometricus were reported between 80 and 160 cells per 100 

leukocytes, while Pienaar (1962) reported ranges between 25 and 350 cells per 100 

leukocytes in healthy reptiles. Hajkova et al. (2000) identified two thrombocyte types 

in Agrionemys horsfieldii, one oval with clear cytoplasm, and one rectangular with 

basophilic projections, yet in a 2010 study on A. horsfieldii, Shadkhast et al. describe 

thrombocytes as elliptical cells with eliptical nuclei. Reactive forms, showing 

cytoplasmic vacuolation and/or pseudopods (Strik et al. 2007) were not observed in 

P. geometricus. The role of thrombocytes is mainly the phagocytosis of senescent 

erythrocytes and leukocytes, as well as bacteria and tissue debris (Frye 1991; Strik 

et al. 2007). Geometric tortoise spring counts were lowest for all cohort, and may be 

associated with low erythrocyte senescence, suggesting homeostatic regulation. 

Thrombocytes ranged in size between 29 and 48 µm2, and in T. graeca (Kassab et 

al. 2009), between 20 and 26 µm2. 

 

A critical aspect of accurate leukocyte counts is the differentiation between small 

lymphocytes and thrombocytes (Shadkhast et al. 2010). Thrombocytes in P. 

geometricus, in addition to their aggregative nature, had irregular-shaped nuclei and 

faintly-stained, scant cytoplasm. Compared to thrombocytes, lymphocytes appeared 

with more of a distinct cellular border, tended to be rounder in shape, and the 

cytoplasm more basophilic.  

 

Factors affecting variation in leukocyte profiles range from the preparation of the 

blood smears, to methods and classification criteria used. The use of heparin as an 

anticoagulant in chelonians has been noted to impart a blue intensity in Romanowsky 

stains (Houwen 2000) as well as influence aggregation of leukocytes and 

thrombocytes on the blood smear. Tavares-Dias et al. (2008) reported an absence in 

blood cell aggregation when heparin was diluted with sodium chloride. Leukocyte 
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classification and leukocyte counts are subjective to cellular clumping, as well as 

differentiation of thrombocytes from lymphocytes. These factors render automated 

haematological counts unreliable, and using light microscopy, provide sources of 

biases when performing estimated and differential leukocyte counts (Tavares-Dias et 

al. 2008).  

 

Assessments of leukogram profiles have proved an important tool in determining 

health parameters in a number of chelonian species (Harding et al. 2005; Knotek et 

al. 2006). Leukocyte profiles have recently been used as an indicator of stress in 

ecological studies of wild animals, since changes in stress hormones have been 

shown to cause changes in leukocyte numbers, most notably heterophils, 

lymphocytes and eosinophils (Davis et al. 2008). Conditions of heterophilia and 

lymphopenia (high heterophil and low lymphocyte numbers) as well as low eosinophil 

counts have been used to validate stress conditions in vertebrates, although little 

research has been done in reptiles. To this end baseline reference values are 

needed, against which to interpret normal or abnormal physiological changes which 

may be represented in blood profiles. Results obtained from this study provide 

morphological characteristics of leukocyte types and thrombocytes in peripheral 

blood of P. geometricus. Causes for seasonal and cohort differences in leukocyte 

profiles are difficult to isolate, and interactions between the two were evident. This 

further highlights the differing responses to environmental changes among males, 

females and juveniles, and are most likely explained by reproductive mechanisms. 

The immunological response of all cohort through periods of both limited and 

increased metabolic activity, suggested this population of geometric tortoises to be in 

clinically healthy condition. 

 

 

4.5 CONCLUSIONS 

Evaluation of white blood cell and thrombocyte morphologies and profiles have been 

used as successful tools in determining the health status of a variety of chelonian 

species. In this study, thrombocytes as well as seven leukocytes in Psammobates 

geometricus have been described. These included the heterophil, eosinophil, 

basophil, lymphocyte, plasma cell, monocyte and azurophil, and were similar as 

described in other chelonian species. Cell size ranges, counts, as well as seasonal 

profiles of males, females and juveniles were determined, to serve as baseline 

reference values  for this clinically healthy population.   
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Heterophils and lymphocytes comprised the major leukocyte components, followed 

by eosinophils, while monocytes and basophils appeared in equally low frequencies; 

plasma cells and azurophils were rare. It is difficult to isolate sources of variation in 

leukocyte profiles, yet changes in the population could indicate a response to 

environmental changes / stresses. Heterophil counts in P. geometricus tended to be 

higher in spring than in summer and autumn, which suggested increased phagocytic 

activity, while females showed more consistency in heterophil and lymphocyte 

numbers. This could be associated with continual physical demands of egg 

production in females, while high summer heterophil counts compared to juveniles, 

could be related with follicular enlargement. Similarly, the increased basophil count in 

females in winter suggested an elevated immunological response during gravid 

stages.  

 

Eosinophil numbers followed the reverse pattern, showing lower numbers in spring 

for all cohorts. Since both heterophils and eosinophils are associated with immune 

responses, this could reflect a granulocyte-specific response to differing antigenic 

stimulants during the summer and spring. It is possible that during the dry season, 

low body conditions render geometric tortoises more susceptible to external parasitic 

infestations, since eosinophils are associated with ecto-parasitic infections.  

 

High lymphocyte numbers in autumn were probably associated with nutrition and 

dehydration stresses typical of the dry season. Lymphocytes in summer were more 

abundant in juveniles than in adults, which could suggest an increased immune 

response in the absence of reproductive demands. This was supported by low 

eosinophil counts in juveniles in winter and spring, compared to adults.  

 

Considering that a major function of thrombocytes is phagocytosis of senescent 

erythrocytes, low thrombocyte counts in spring most probably reflected the low 

occurrence of erythrocyte senescence. As there is evidence for erythropoiesis 

occurring in spring, low thrombocyte numbers could illuminate the haemostasis 

mechanism in geometric tortoises. 

 

Factors influencing leukocyte profiles include method of blood slide preparation, 

classification criteria and accurate cellular identification. In addition to this, is the 

direct effect of environmental factors that influence tortoise physiology, and as such, 

white blood cell profiles should assess cohorts separately, and seasonal variations 
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should be considered. To ensure that baseline value ranges are meaningful, 

researchers should maintain standardised methods of laboratory and analytical 

technique, as well as consider the important role of the environmental and individual 

circumstances on leukocyte profiles.  
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5 GENERAL CONCLUSIONS 

Owing to their ectothermal nature, reptiles are inevitably reliant on environmental 

conditions to regulate important physiological processes to survive. In response to a 

climate experiencing seasonal fluctuations of cool, wet periods with warm, dry ones, 

Natural Selection should optimise the survival strategies of terrestrial tortoises during 

favourable conditions (Henen et al. 1998; Christopher et al. 1999; Dickinson et al. 

2002). This involves investing in growth and / or reproductive costs, instigated by 

seasonal cues involving changes in temperature, rainfall and food availability 

(Kuchling 1999). 

 

These physiological mechanisms are often reflected in the blood profiles, considering 

the roles of the red and white blood cells. Erythrocytes circulate haemoglobin, which 

permits aerobic respiration at the tissues, enabling metabolic functioning and thus 

physical activity (Hartman & Lessler 1964; Dessauer 1970). The leukocyte types are 

all involved in producing and maintaining an immune response, while thrombocytes 

function in haemostasis (Work et al. 1998; Sykes & Klaphake 2008).  Haematology 

has been used as a successful diagnostic tool to reflect the health, nutritional and 

reproductive status in a number of chelonian species, as well as understand the 

physiological responses to environmental changes.  

 

Environmental changes in temperature, rainfall and food supply are reflected in 

seasonal differences in circulating erythrocyte numbers, size, morphology, 

composition (Frair 1977; Anderson et al. 1997; Zhang et al. 2011) as well as 

leukocyte numbers and morphology (Campbell 1996; Canfield 1998; Strik et al. 

2007). During the winter and spring, low temperatures cause a reduction in metabolic 

rate (Kuchling 1999), and in P. geometricus, was reflected by low haemoglobin and 

mean cell haemoglobin concentrations. Winter rainfall likely caused hydration states, 

involving an increase in blood plasma and haemodilution. This is supported by the 

proliferation of the largest erythrocyte size class coupled with high cellular 

circularities. The abundance of preferred food supply following rainfall (Balsamo et al. 

2005; Joshua et al. 2005) most probably induced an erythropoietic response, evident 

by the abundance of immature erythrocytes in circulation. This regenerative response 

was presumably in preparation for increased metabolic rates associated with 

increased foraging and mating behaviour typical of the following seasonal cycle 

(Hofmeyr & Henen, unpublished data). Leukocyte profiles suggested an active 

immune response during the cooler periods. Heterophils were more abundant in the 
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spring, while eosinophils were relatively low, compared to other seasons. This 

suggested a granulocyte-specific immune response to different stimulants / stresses.   

 

In the dry summer and autumn, higher temperatures enabled an increase in 

metabolic rates, supported by high mean cell haemoglobin concentrations as well as 

the elliptical shape of erythrocytes, which both suggested increased oxygen-

exchange efficiency (Hartman & Lessler 1964). Increased metabolic ability was 

necessary to engage in mating behaviour and increased foraging for less abundant 

and less nutritional food supply, both of which occur in the dry season (Baard 1995; 

Boycott & Bourquin 2000). Reduced water availability likely resulted in 

haemoconcentration, and was evident through the proliferation of small erythrocytes 

in circulation. This dehydration stress was also reflected through increased 

degenerative abnormalities such as senescence and poikilocytosis. Coupled with 

this, is limited food supply in these dry seasons, and was reflected through low body 

conditions during autumn. Low body condition, together with the relative abundance 

of lymphocytes, could suggest a compromised immune defence in the summer and 

autumn.  

 

Owing to differing growth and reproductive strategies, these physiological responses 

to seasonal fluctuations affect each cohort differently. In males, haematological 

changes were most pronounced in summer and autumn; geometric tortoise mating 

season. Males experience elevated metabolic demands associated with mate-

seeking and male to male aggression, and the high packed cell volume, haemoglobin 

concentration and red blood cell counts were attributed to the erythropoietic effects of 

male hormones (Gardner & Gorshein 1973; Zitzmann & Nieschlag 2004). The 

increase in size and abundance of large red blood cells suggested the mechanism by 

which androgens influence erythropoiesis in males. Elevated eosinophil counts in 

summer might also indicate an increased immune response, possibly parasite load 

during mating season. 

 

Female reproductive cycles are more complex, involving ovulation, vitellogenesis and 

nesting, and are timed to environmental cues throughout the year (Kuchling 1999; 

Loehr et al. 2004). It is likely that erythropoiesis in female geometric tortoises is 

necessary to facilitate the extra metabolic requirements of foraging activities to 

satisfy higher nutritional demands associated with larger body size and egg 

production. High haemoglobin concentrations and mean cell volumes in spring may 

provide evidence for this, as vitellogenesis occurs in spring with rapid enlargement of 
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follicles in autumn, in preparation for ovulation after the first autumn rains (Hofmery & 

Henen, unpublished data). The increased mean cell volume again in autumn 

suggested that females may experience a second phase of erythropoiesis to 

accommodate their reproductive requirements. Female heterophil and lymphocyte 

counts showed greater consistency than in males or juveniles, which may result from 

continual reproductive requirements. Higher summer heterophil counts compared to 

juveniles may indicate a gravidity-related stress, while the increased winter basophil 

counts in females suggested elevated immune responses during the gravid phase.  

 

The lack of reproductive pressures in juveniles allows more energy investment 

towards growth, and as a result, growth rates slow considerably after sexual maturity 

has been reached (Pienaar 1962; Baard 1995). There is little evidence for this in P. 

geometricus, as juveniles showed only a difference in haemoglobin concentrations; 

being lower than in adults. The lack of differences in packed cell volume and red 

blood cell count could be attributed to a species-specific response to environmental 

conditions or sample size. Juveniles in spring showed an increase in immature 

erythrocytes, suggesting an erythropoietic response which is likely to maximise 

foraging opportunities during favourable conditions. Evidence for 

haemoconcentration in the drier seasons was less than in adults, since erythrocytes 

were more circular than in adults, which suggested a greater resilience to 

dehydration conditions than adults. Lymphocytes were reported to be more abundant 

in juveniles than in adults, and this applied to P. geometricus in summer. Juvenile 

eosinophil counts were lower than in adults in winter and spring, and this may be 

related to lower ecto-parasite loads due to smaller body size of juveniles.  

 

Because of the direct influence of environmental fluctuations, as well as the differing 

growth and reproductive strategies among males, females and juveniles, it is 

imperative to assess physiological responses across all seasonal ranges for each 

cohort. The heterogeneity in survival strategies observed within taxa further 

highlights the need for species-specific research. This is the first study of this nature 

on P. geometricus, and in addition, the use of digital imaging analyses provided 

meaningful morphometric measurements, which can contribute towards the 

standardisation of haematological practice and can be applied in future studies.  

Baseline haematological values obtained in this study suggest a clinically healthy 

wild population of geometric tortoises and illuminate the physiological processes of 

each cohort over all seasons. These results serve as reference data against which 

abnormal changes can be measured, while an understanding of physiological 
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responses to environmental change is imperative in the effective management of this 

Critically Endangered species (Baard 1993). This becomes even more critical in the 

anticipation of altered weather patterns resulting from global climate change.   
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