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natural sunlight on plasma
vitamin D3 levels in two
chelonian species (Testudo
hermanni, Trachemys scripta)
and their interaction with
calcium, phosphate, and
magnesium as associated
plasma compounds

Gregor Geisler1, Christoph Leineweber1, Michael Pees2,
Sabine Öfner3 and Rachel E. Marschang1*

1Laboklin GmbH & Co. KG, Bad Kissingen, Germany, 2Department of Small Mammal, Reptile and
Avian Diseases, University of Veterinary Medicine Hanover, Hanover, Germany, 3Reptile Rescue
Center Munich e.V., Munich, Germany
Species specific physiology, seasonal changes, sex, and husbandry factors all

influence the blood chemistry of chelonians, including vitamin D3, calcium,

phosphate and magnesium levels. Problems in the supply of many of these are

commonly seen in captive reptiles. The goal of this study was to measure vitamin

D3, calcium, phosphate and magnesium in plasma from captive, healthy, adult

Hermann’s tortoises (Testudo hermanni) and pond sliders (Trachemys scripta).

Samples were categorized and compared based on species, sex, season, and

access to sunlight as a central husbandry element. Blood samples of 522

Hermann’s tortoises and 188 pond sliders, taken from March to September

2022, were included in the study. New reference intervals for vitamin D3,

calcium, phosphate and magnesium were established, with specific reference

intervals calculated for each species, sex, and season in those cases in which

significant differences were found based on these factors. For the calculation of

reference intervals for vitamin D3 the factors species, season and access to sunlight

were considered. Vitamin D3 levels differed by access to sunlight in some seasons

depending on the species and were generally higher in Hermann’s tortoises.

Plasma vitamin D3 levels did not correlate with calcium, phosphorus or

magnesium levels on a larger scale in either species. Calcium, phosphate, and

magnesium were higher in females than in males of both species, and magnesium

was higher in Hermann’s tortoises than in pond sliders. Our results can be helpful in
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a more specific interpretation of blood results and support previous findings that

direct sunlight is an important factor in chelonian health. More studies are needed

to better understand the role of other hormonal influence on the vitamin D3,

calcium, phosphate and magnesium metabolism in chelonians.
KEYWORDS

vitamin D3, tortoise, turtle, reference interval, season, sunlight, calcium, magnesium
1 Introduction

Vitamin D3 plays an important role in calcium (Ca) and

phosphorus (PO4) metabolism in vertebrates. Unlike other

vitamins, its active form is produced endogenously beginning

wi th the ac t iva t ion of a precursor in the sk in , 7-

dehydrocholesterol, under the influence of UVB-light. In the

blood stream, 7-dehydrocholesterol is bound to vitamin D

binding protein and transported to the liver, where it is

hydroxylated to 25(OH) vitamin D3 which is also the storage

form of vitamin D3. After transportation to the kidneys, it is

metabolized to 1,25(OH)2 vitamin D3, which is the active form

(Lips, 2006). As a regulatory hormone, vitamin D3 increases the

absorption of Ca and PO4 in the lower intestine. 1,25(OH)2 vitamin

D3 was found in humans to alter proliferation and apoptosis in

skeletal cells including hypertrophic chondrocytes (Holick and

Garabedian, 2006). It interacts with other hormones including

parathormone (PTH) and calcitonin, which are also involved in

Ca and PO4 homeostasis (Lips, 2006). In reptiles, lack of sufficient

UVB-radiation, resulting in low blood concentrations of vitamin

D3, as well as dietary Ca deficits, can result in a cluster of clinical

disorders summarized under the name metabolic bone disease

(MBD) complex. Being among the most commonly diagnosed

disorders in reptile clinical practice, MBD manifests in a variety

of diseases such as hypocalcemia, osteomalacia, rachitis, and

nutritional secondary hyperparathyroidism. Clinical signs arising

from these conditions are seen in the form of carapace deformities,

fractures, demineralized eggs, or even seizures (McArthur et al.,

2004; Mader, 2006). UV-radiation and vitamin D3 are therefore

centrally important for reptile health. Aside from bone metabolism,

vitamin D3 has also been found in mammals to be involved in

immune system modulation (Holick and Garabedian, 2006). In

pond sliders, it also interacts with brain regions involved in the

orchestration of season-specific processes such as reproduction and

related behaviors (Bidmon and Stumpf, 1994; Holick and

Garabedian, 2006).

Magnesium (Mg) plays a role in vitamin D3 synthesis. It is an

important activator for over 300 enzymes including ones involved

in the production of the active vitamin D3 metabolites (Uwitonze

and Razzaque, 2018). Mg deficiency may lead to increased

intracellular Ca levels resulting in a decrease in extracellular

plasma Ca levels in mammals (Alam et al., 2016). Mg complexes

with PTH receptors. Severe Mg deficiency can therefore inhibit
02
PTH secretion leading to a decrease in Ca and PO4 levels in

mammals (Favus et al., 2006). Similar studies on the role of

magnesium in metabolism of reptiles are still lacking.

Hermann´s tortoises (Testudo hermanni) are a terrestrial

species from the northern Mediterranean in Europe. Pond sliders

(Trachemys scripta) are aquatic turtles native to the south-eastern

USA. Both species are popular pets in many countries and are

more frequently seen in European veterinary practice than most

other chelonian species. Both species originate from subtropical

climates characterized by marked seasonal temperature differences

(Lovich and Gibbons, 2021). As ectotherms, chelonians from these

climates evade frost by hibernating in the ground or under water.

This period of decreased UV exposition impacts vitamin D3

synthesis, with lower amounts synthesized during hibernation

(Acierno et al., 2006; Selleri and Di Girolamo, 2012). In central

Europe, chelonians are often kept indoors or under glass or plastic

to bridge the often too cold and wet early spring climate conditions

right after hibernation. This impacts the availability of UV light as

most glass and plastic will reduce the amount of UV light

transmitted and many artificial light sources do not provide

sufficient UVB-fractions in their spectrum (Burger et al., 2007;

Sackey et al., 2015).

Physiological values of plasma vitamin D3 in chelonians have

been the subject of a number of studies (Acierno et al., 2006;

Eatwell, 2008; Wiedemann, 2010; Selleri and Di Girolamo, 2012;

Watson et al., 2017; Garefino and Milton, 2022). Eatwell (2008)

measured vitamin D3 in three species of European tortoises and

found significantly higher levels in males than in females, but no

seasonal influences. Some studies have documented the influence of

UVB-irradiation on vitamin D3 plasma values in red eared sliders

(Trachemys scripta elegans) (Acierno et al., 2006; Selleri and Di

Girolamo, 2012) and Hermann´s tortoises (Selleri and Di Girolamo,

2012). Acierno et al. (2006) reported significant increases in vitamin

D3 levels in those turtles with access to UV-light. Selleri and Di

Girolamo (2012) evaluated vitamin D3 levels among three groups of

tortoises that either had no access to UV-light, access to artificial

UV-light, or access to natural sunlight. The group with access to

natural sunlight had significantly higher vitamin D3 levels than

tortoises in the other two groups. Selleri and Di Girolamo (2012)

used an enzyme immunoassay for vitamin D3 measurements while

Acierno et al. (2006) did not mention the detection method used.

Watson et al. (2017) measured plasma vitamin D3 levels in two

geographically different populations of box-turtles (Terrapene c.
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carolina) and found no significant differences between populations

and no significant influence of age-class or sex on the values

measured. They also found no significant correlation between

vitamin D3 plasma levels and plasma Ca levels (Watson et al.,

2017). Garefino and Milton (2022) measured significantly higher

vitamin D3 levels and reported enhanced health and recovery from

fibropapillomatosis in green sea turtles (Chelonia mydas) exposed

to sunlight. None of the studies on pond sliders and Hermann’s

tortoises established reference intervals (RI) for plasma vitamin D3

levels according to ASVCP guidelines (Friedrichs et al., 2012).

Physiological blood values for Ca and PO4 have been evaluated

for a number of chelonian species in previous studies (Lawrence,

1987; Christopher et al., 1999; Erler, 2003; Scope et al., 2013;

Leineweber et al., 2019). Several of these studies have also

documented differences in levels depending on season and sex of

the animals (Erler, 2003; Scope et al., 2013; Leineweber et al., 2019).

The objective of this study was to measure the plasma levels of

25(OH)-vitamin D3 as well as Ca, PO4 and Mg in healthy adult

pond sliders and Hermann’s tortoises under human care, under

consideration of differences in the species, sexes, seasons, and access

to sunlight, aiming to evaluate interactions between each of these

factors and establish reference intervals for vitamin D3 in those

cases in which the number of animals tested was sufficient. The

central hypothesis was that vitamin D3 levels would be higher in

animals with access to sunlight and would vary depending on

species, sex and season. We also expected that Ca, PO4, and Mg

levels would be interdependent and also depend on vitamin D3

levels, sex, and season.
2 Materials and methods

In the context of yearly routine health checks, blood samples

from clinically healthy adult Hermann’s tortoises (319 males (M),

203 females (F)) and pond sliders (53 M, 135 F) were collected from

March 2022 to September 2022. The use of the samples for this

study was reviewed and approved by the ethics commission of the

Faculty of Veterinary Medicine of the University of Leipzig (GZ: EK

21/2021). The body weight of the Hermann’s tortoises ranged from

110 g to 3500 g (x̄ = 1014 g) and that of the pond sliders from 400 g

to 3500 g (x̄ = 1364 g). Blood samples were grouped according to the
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season in which they were collected. Samples collected from March

to May were considered spring samples, June to July early summer

and August to September late summer samples. As both of the two

sampled species undergo hibernation, no samples were collected in

fall or winter. The chelonians were kept by private keepers as well as

public zoological institutions and reptile rescue centers. Animal

collections sampled were distributed over 37 different locations all

over Germany. Average temperatures and hours of sunlight per

month in Germany in 2022 compared to overall averages in

portions of the native habitats of each species are shown in

Figures 1A, B. All of the Hermann’s tortoises sampled were kept

in naturalistic environments providing them ad libitum access to

various feeder plants. Additionally, they received wild herbs

collected in the surroundings, hay and hay cobs, as well as small

portions of leafy greens, vegetables and fruits. The pond sliders were

fed a diet consisting of quality pellets, invertebrates, wild herbs and

water plants but had a plethora of different food sources found in

their pond enclosures. Some of the animals were kept in

greenhouses paned with simple window glass, while others were

kept outdoors with direct access to unfiltered sunlight. Access to

natural sunlight was noted and considered as an independent

variable. At the time of blood collection, all animals were

considered healthy on the basis of a general health examination

including evaluation of the nutritional status, total white blood cell

count (WBC), and packed cell volume (PCV) (Barrows et al., 2004;

Bielli et al., 2015). Animals sampled in spring had all begun eating

following hibernation and were considered in good body condition

compared to pre-hibernation weights when these were available.

Samples were collected from the dorsal coccygeal vein, in some

cases from the subcarapacial plexus. No samples with visible lymph

contamination or a PCV < 10% were included in the study. A total

of 0.5 to 3.0 ml blood was collected depending on the animal’s body

weight and never exceeded 0.7% of the total body weight. The blood

was then transferred into lithium-heparinized tubes (4.5 ml tube,

lithium heparin, Sarstedt, Nurnbrecht, Germany) and transported

in an upright position overnight cool (4–8°C, 39.2–46.4°F) to the

laboratory. For testing, priority was given to standard hematology

and biochemistry analyses, including Ca, PO4, and Mg, followed by

vitamin D3 measurement. Blood smears were made directly after

sample collection and air-dried. PCV was determined using

microhematocrit capillaries, which were centrifuged for 5 min at
BA

FIGURE 1

Average air temperature (A) and hours of sunlight (B) in Germany in 2022 (blue line) as reported by the Deutsche Wetterdienst (2022a) compared to
areas in which the two species examined are found naturally: Italy for Hermann’s tortoises (Testudo hermanni) (Deutsche Wetterdienst, 2022b) and
Georgia, USA for pond sliders (Trachemys scripta spp.) (Climate data, 2023).
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12,000 g in a Haemofuge (Thermo Fisher Scientific Inc., Breda, The

Netherlands). WBC was determined microscopically at 500x

magnification in 10 fields, modified from the method described

by (Sheldon et al., 2016). The hematologic results were used to

further assess the health of the animals. Exclusion criteria were

adopted according to Bielli et al. (2015). Specifically, WBC above

15.3 G/L was used as a cut off for both species. No samples were

excluded based on these values. Samples were centrifuged at

4000 rpm for 3 min with a Thermo Scientific Megafuge ST Plus

Series (Thermo Fisher Scientific Inc., Breda, The Netherlands) no

later than 24 h after collection. The subsequent examinations

requiring heparin plasma were done within 24 h after

centrifugation, plasma samples were stored cool (4–8°C, 39.2–

46.4°F) until examination. Ca, Mg, and PO4 were determined in

the plasma using a cobas® 8000 module c701 analyzer series (Roche

Diagnostics, Mannheim, Germany). Vitamin D3 in the plasma

samples was first prepared using a Recipe ClinRep© HPLC kit for

25-OH-Vitamin D2/D3 (RECIPE Chemicals + Instruments,

Munich, Germany) and then measured within 24 h after

preparation using a Shimadzu Prominence High Performance

Liquid Chromatography (HPLC) Modul System (Shimadzu

Corporation, Kyoto, Japan). For vitamin D3, intra and inter assay

variance tests were conducted prior to the study begin using plasma

from a pooled tortoise sample, to control the validity of the method

and effects of storage on our measurements using Westgard SD

Calculator (Westgard QC, 2019). The coefficient of variation (CV)
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for the intraassay variance was 0.06, the CV for interassay variance

was 0.162 with an acceptable maximal CV of 0.33 (FDA, 2021).

Study samples were grouped by species, sex, season, and access

to sunlight for the statistical analyses, which were carried out

using the SAS analysis software package (SAS; SAS Institute Inc.,

Cary, NC, USA) and SPSS analysis software (SPSS 28.0; IBM,

Armonk, USA). A Shapiro-Wilk test was used for initial

determination of normality for each analyte. An ANOVA mixed

model was used to evaluate the influence of the factors species, sex,

season, and access to sunlight on the blood vitamin D3, Ca, PO4,

and Mg values, the cut off for significance for these models were set

at a corrected P < 0.002. Specific correlations between vitamin D3,

Ca, PO4 and Mg were tested by Spearman correlation coefficient,

cut-off for significance was P < 0.002. In those cases, in which a

sufficient number of samples were available, reference intervals

(RIs) were determined according to the guidelines of the

American Society of Veterinary Clinical Pathologists (ASVCP)

(Friedrichs et al., 2012) using Reference Value Advisor v2.1

(Geffré et al., 2011). Outliers were determined using Tukey and

Dixon-Reed test. Depending on group size and normality of

distribution, RIs were either calculated using the parametric

method or robust method. RIs for vitamin D3 were only

calculated for those groups with access to natural sunlight, as

keeping of these species under window glass was not considered

optimal husbandry and therefore not considered useful for health

evaluations in these species.
TABLE 1 Plasma 25-OH vitamin D3 levels (nmol/l) in Hermann’s tortoises (Testudo hermanni) and pond sliders (Trachemys scripta) divided by access
to sunlight and the season.

Species Season
Access to
sunlight

n Mean SD Median Min Max

Lower RI
(lower CI

90% – upper
CI 90%)

Upper RI
(lower CI

90% – upper
CI 90%)

Distribution Method

Hermann’s
tortoise
(Testudo
hermanni)

S Y 144 8.56 7.86 6.7 0.1 47.8
0.3

(0.1–0.6)
31.7

(25.0–47.8) NN NP

N 19 5.06 3.16 4.6 0.1 10.0 – – – –

ES Y 92 22.98 20.25 23.0 0.2 144.3 0.7 (0.2–1.2)
63.7 (48.6–

67.2) NN NP

N 64 11.91 11.52 7.3 0.1 39.6 – – – –

LS Y 49 26.29 10.38 26.2 4.5 57.9 6.0 (4.5–12.2)
56.9 (43.2–

57.9) N NP

Pond slider
(Trachemys
scripta)

S Y 9 3.89 2.00 3.7 1.3 8.3 – – – –

N 2 6.02 3.66 6.0 3.4 8.6 – – – –

ES Y 17 10.60 6.46 10.0 1.7 25.0 – – – –

N 24 10.78 7.41 10.6 0.9 29.9 – – – –

LS Y 30 6.77 5.55 5.5 1.1 21.8 1.1 (1.1–1.2)
15.6

(11.4–19.0) NN R

N 52 3.01 4.49 1.6 0.1 24.8 – – – –
fron
As no significant sex specific difference was detected, males and females are grouped together when both sexes were present in the distinct group. Reference intervals for 25(OH) vitamin D3 were
only calculated for animals with access to natural sunlight. Y, yes; N, no; S, Spring; ES, early summer; LS, late summer; N, normally distributed; NN, not normally distributed; NP, non parametric;
R, robust.
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3 Results

3.1 25(OH) vitamin D3

Since blood sampling was carried out in the context of routine

examinations, measurement of Ca, PO4, and Mg was prioritized

before vitamin D3. Group sizes are detailed in Tables 1–4.
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The variance analysis showed that some factors and the

interaction of these factors had a significant effect on the

measured vitamin D3 values, specifically species (df = 1; F =

24.887; P < 0.001) and the combination of season x access to

sunlight (df = 2; F = 7.205; P < 0.001). Hermann’s tortoises had

significantly higher vitamin D3 values than pond sliders. In both

species, vitamin D3 values were higher in animals with
TABLE 2 Plasma Ca levels and reference intervals (mmol/l) in Hermann’s tortoises (Testudo hermanni) and pond sliders (Trachemys scripta) divided by
season and sex.

Species Season Sex n Mean SD Median Min Max

Lower RI
(lower CI
90% –

upper CI
90%)

Upper RI
(lower CI
90% –

upper CI
90%)

Distribution Method

Hermann’s
tortoise
(Testudo
hermanni)

S M 131 2.82 0.52 2.7 1.4 5.1 2.2 (1.4–2.3) 5.0 (3.7–5.1) N NP

F 99 3.85 1.27 3.7 1.8 7.7 1.9 (1.8–2.3) 7.0 (6.1–7.7) N NP

ES M 146 2.72 0.32 2.7 1.7 4.0 2.1 (1.7–2.2) 3.6 (3.2–4.0) N NP

F 78 3.88 1.08 3.8 2.2 7.7 2.3 (2.2–2.5) 6.0 (5.4–7.7) N NP

LS M 31 2.78 0.61 2.6 1.9 4.7 1.9 (1.9–2.1) 4.5 (3.7–4.5) N R

F 18 3.68 0.92 3.6 2.2 5.5 – – – –

Pond slider
(Trachemys
scripta)

S M 4 2.53 0.1 2.6 2.4 2.6 – – – –

F 10 3.77 2.56 2.7 2.1 9.5 – – – –

ES M 14 2.54 0.27 2.5 2.1 3.2 – – – –

F 52 3.55 1.07 3.3 2.1 8.6 2.2 (2.1–2.5) 7.9 (5.5–8.6) N NP

LS M 31 2.80 0.32 2.8 2.3 3.8 2.3 (2.3–2.4) 3.2 (3.1–3.4) N R

F 64 3.66 0.85 3.4 2.4 7.2 2.5 (2.4–2.6) 6.2 (4.8–7.2) N NP
fro
S, Spring; ES, early summer; LS, late summer; B, both; M, male; F, female, N, normally distributed; NN, not normally distributed; NP, non parametric; R, robust.
TABLE 3 Plasma PO4 levels and reference intervals (mmol/l) in Hermann’s tortoises (Testudo hermanni) and pond sliders (Trachemys scripta) divided
by season and sex.

Species Season Sex n Mean SD Median Min Max

Lower RI
(lower CI
90% –

upper CI
90%)

Upper RI
(lower CI
90% –

upper CI
90%)

Distribution Method

Hermann’s
tortoise
(Testudo
hermanni)

S M 131 1.58 0.60 1.5 0.7 3.9 0.7 (0.7–0.8) 3.3 (2.7–3.9) N NP

F 99 1.99 0.82 2.0 0.4 3.9 0.6 (0.4–0.7) 3.5 (3.3–3.9) N NP

ES M 146 1.35 0.40 1.3 0.6 2.5 0.7 (0.6–0.8) 2.3 (2.0–2.5) N NP

F 60 1.41 0.59 1.3 0.6 3.4 0.6 (0.6–0.7) 3.2 (2.5–3.4) N NP

LS M 31 1.28 0.26 1.3 0.9 2.0 0.9 (0.9–1.0) 1.9 (1.7–2.0) N R

F 18 1.53 0.24 1.6 1.0 2.0 – – – –

Pond slider
(Trachemys
scripta)

S M 4 1.00 0.48 1.0 0.5 1.5 – – – –

F 10 1.89 1.23 1.5 0.9 4.8 – – – –

ES M 14 0.96 0.22 1.0 0.6 1.4 – – – –

F 52 1.36 0.53 1.2 0.7 3.8 0.7 (0.7–0.9) 3.4 (2.2–3.8) N NP

LS M 31 1.00 0.24 1.0 0.6 1.5 0.6 (0.6–0.7) 1.5 (1.4–1.5) NN R

F 64 1.33 0.43 1.3 0.7 3.3 0.8 (0.7–0.8) 2.7 (1.9–3.3) N NP
S, Spring; ES, early summer; LS, late summer; B, both; M, male; F, female, N, normally distributed; NN, not normally distributed; NP, non parametric; R, robust.
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access to sunlight in early and late summer, but not in

spring (Figure 2).

Sex (df = 1; F = 0.170; P = 0.681), season (df = 2; F = 0.479; P =

0.620), access to sunlight (df = 1; F = 2.284; P < 0.131), species x sex

(df = 1; F = 0.249; P = 0.618), species x season (df = 2; F = 3.674; P =

0.026), species x access to sunlight (df = 1; F = 1.159; P = 0.282), sex x

season (df = 2; F = 0.163; P = 0.849), sex x access to sunlight (df = 1; F

= 0.246; P = 0.620), species x sex x season (df = 2; F = 0.103; P =

0.902), species x sex x access to sunlight (df = 1; F = 1.375; P = 0.242),

species x season x access to sunlight (df = 1; F = 2.971; P = 0.085), and

sex x season x access to sunlight (df = 2; F = 1.165; P = 0.313) all had

no significant effect on vitamin D3 values.
3.2 Calcium

The variance analysis showed that sex (df = 1; F = 76.898; P = <

0.001) had a significant effect on the measured Ca values, with

significantly higher values found in females than in males

(Figure 2). Other factors did not significantly influence Ca

values: species (df = 1; F = 1.334; P = 0.248), season (df = 2; F =

0.254; P = 0.776), access to sunlight (df = 1; F = 0.041; P = 0.839),

species x sex (df = 1; F = 0.020; P = 0.888), species x season (df = 2;

F = 0.031; P = 0.969), species x access to sunlight (df = 1; F = 0.003;

P = 0.958), sex x season (df = 2; F = 0.619; P = 0.539), sex x access

to sunlight (df = 1; F = 0.302; P = 0.583), season x access to

sunlight (df = 2; F = 2.640; P = 0.072), species x sex x season (df =

2; F = 0.134; P = 0.874), species x sex x access to sunlight (df = 1; F

= 0.008; P = 0.929), species x season x access to sunlight (df = 1; F

= 0.016; P = 0.898), sex x season x access to sunlight (df = 2; F =

4.350; P = 0.013).
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3.3 Phosphate

The variance analysis showed that species (df = 1; F = 13.127; P <

0.001) and sex (df = 1; F = 17.285; P < 0.001) each had a significant

effect on the measured PO4 values, with higher values found in

females than males of both species and higher values found in

Hermann’s tortoises than in pond sliders (Figure 2). No significant

effects were found for other factors and combinations of factors:

season (df = 2; F = 0.448; P = 0.639), access to sunlight (df = 1; F =

2.652; P = 0.104), species x sex (df = 1; F = 0.417; P = 0.519), species x

season (df = 2; F = 1.008; P = 0.365), species x access to sunlight (df =

1; F = 3.736; P = 0.054), sex x season (df = 2; F = 0.139; P = 0.871), sex

x access to sunlight (df = 1; F = 0.511; P = 0.475), season x access to

sunlight (df = 2; F = 4.274; P = 0.014), species x sex x season (df = 2; F

= 0.049; P = 0.952), species x sex x access to sunlight (df = 1; F = 0.011;

P = 0.918), species x season x access to sunlight (df = 1; F = 0.053; P =

0.818), sex x season x access to sunlight (df = 2; F = 0.132; P = 0.876).
3.4 Magnesium

The variance analysis showed that species (df = 1; F = 270.491; P <

0.001) and sex (df = 1; F = 39.712; P < 0.001) each had a significant

effect on the measured Mg values. Females of both species had higher

Mg levels than males and Hermann’s tortoises had higher levels than

pond sliders (Figure 2). Season (df = 2; F = 0.119; P = 0.888), access to

sunlight (df = 1; F = 2.057; P = 0.152), species x sex (df = 1; F = 0.885; P

= 0.347), species x season (df = 2; F = 4.348; P = 0.013), species x access

to sunlight (df = 1; F = 0.127; P = 0.722), sex x season (df = 2; F = 1.665;

P = 0.190), sex x access to sunlight (df = 1; F = 0.025; P = 0.874), season

x access to sunlight (df = 2; F = 0.981; P = 0.375), species x sex x season
TABLE 4 Plasma Mg levels and reference intervals (mmol/l) in Hermann’s tortoises (Testudo hermanni) and pond sliders (Trachemys scripta) divided
by season and sex.

Species Season Sex n Mean SD Median Min Max

Lower RI
(lower CI
90% –

upper CI
90%)

Upper RI
(lower CI
90% –

upper CI
90%)

Distribution Method

Hermann’s
tortoise
(Testudo
hermanni)

S M 127 2.20 0.33 2.2 1.2 3.1 1.5 (1.2–1.7) 3.0 (2.8–3.1) N NP

F 99 2.54 0.34 2.5 1.7 3.2 1.8 (1.7–1.9) 3.2 (3.0–3.2) N NP

ES M 146 2.36 0.35 2.4 1.3 3.1 1.7 (1.3–1.8) 3.0 (1.9–3.1) N NP

F 78 2.56 0.29 2.6 1.8 3.2 2.0 (1.8–2.1) 3.2 (3.0–3.2) N NP

LS M 31 2.22 0.32 2.3 1.5 2.7 1.5 (1.5–1.7) 2.7 (2.6–2.7) N R

F 18 2.63 0.40 2.7 2.0 3.1 – – – –

Pond slider
(Trachemys
scripta)

S M 4 1.40 0.18 1.4 1.2 1.6 – – – –

F 10 1.81 0.53 1.7 1.2 2.6 – – – –

ES M 14 1.39 0.20 1.5 1.0 1.7 – – – –

F 52 1.51 0.26 1.5 0.9 2.4 0.9 (0.9–1.1) 2.3 (1.9–2.4) NN NP

LS M 31 1.45 0.25 1.5 0.8 1.8 0.8 (0.8–1.0) 1.8 (1.7–1.8) N R

F 63 1.56 0.35 1.5 0.6 2.4 0.7 (0.1–1.0) 2.3 (2.1–2.4) N NP
fro
S, Spring; ES, early summer; LS, late summer; B, both; M, male; F, female, N, normally distributed; NN, not normally distributed; NP, non parametric; R, robust.
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(df = 2; F = 1.202; P = 0.301), species x sex x access to sunlight (df = 1; F

= 1.084; P = 0.298), species x season x access to sunlight (df = 1; F =

3.022; P = 0.083) and sex x season x access to sunlight (df = 2; F = 4.558:

P = 0.011) all had no significant effect on vitamin D3 values.
3.5 Correlations

Correlations between the measured analytes are shown in

Tables 5, 6. A positive correlation between vitamin D3 and Ca
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levels was only seen in female pond sliders without access to

sunlight in early summer. Correlations between vitamin D3 and

PO4 and between vitamin D3 and Mg occurred only occasionally

and showed no distinct trend. When there was a correlation between

Ca and Mg, this was always positive, and was seen more often in

Hermann’s tortoises than in pond sliders. While Mg showed a strong

positive correlation with Ca in both male and female Hermann’s

tortoises this correlation was only seen in female pond sliders. In both

species, PO4 generally correlated significantly positively with Ca, but

no correlation was found for males.
B

C D

E F

G H

A

FIGURE 2

Plasma concentrations of vitamin D3, Ca, PO4 and Mg in Hermann’s tortoises (Testudo hermanni – A, C, E, G) and pond sliders (Trachemys scripta –

B, D, F, H) in spring (S), early summer (ES) and late summer (LS). For Vitamin D3 the animals are divided by their access to sunlight (Grey = with
access to sunlight; white = without access to sunlight). For Ca, PO4 and Mg the animals are divided by sex (blue = males orange = females).
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4 Discussion

The relevance of a sufficient supply of vitamin D3 for reptiles

has been well documented (Dickinson and Fa, 1997; Ferguson et al.,

2003; Karsten et al., 2009). Access to natural sunlight or high-

quality artificial lighting is generally agreed to be a critical factor for

the health of many reptiles, in large part due to its importance in

vitamin D3 synthesis. Increased vitamin D3 levels have been

documented in various reptile species exposed to adequate UV

light (Holick et al., 1995; Laing and Fraser, 1999; Carman et al.,
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2000; Ferguson et al., 2002; Acierno et al., 2008; Oonincx et al.,

2010; Bos et al., 2018). Previous studies on a variety of chelonian

species have demonstrated significantly higher vitamin D3

concentrations in animals exposed to a UVB source. Absence of

UV-light was accompanied by declining plasma vitamin D3 levels in

green sea turtles (Chelonia mydas) (Purgley et al., 2009). In

Hermann’s tortoises and sea turtles, comparisons of groups with

different UV sources revealed the highest vitamin D3 values for

those animals exposed to natural, unfiltered sunlight (Selleri and Di

Girolamo, 2012; Scott et al., 2019; Garefino and Milton, 2022).

Access to natural sunlight was also clearly a factor in plasma

vitamin D3 levels in both of the species included in our study, but

only beginning in early summer, not in spring shortly after the

animals had emerged from hibernation. In both species, plasma

vitamin D3 values appear to decrease during the hibernation period

with no access to UVB, and then slowly increase after emergence.

One possible explanation for the higher vitamin D3 values measured

in Hermann’s tortoises compared to pond sliders in our study could

be differences in basking behavior between the two species. As an

aquatic species, pond sliders are expected to experience less UV

exposure time and intensity (Hoskins et al., 2022). However, both

species are known to exhibit basking behavior, and pond sliders

leave the water to bask directly in sunlight (Hill and Vodopich,

2013). Vitamin D3 levels reported in plasma of Hermann’s tortoises

previously have varied. One study found vitamin D values similar to

our results (Eatwell, 2008), while another study reported far higher

levels (Selleri and Di Girolamo, 2012). For pond sliders, the values

reported by Acierno et al. (2006) were higher than those calculated

in our study, even in turtles that received no supplemental UV-

radiation. Other studies on Emydidae also report higher values

(Watson et al., 2017; Hoskins et al., 2022). For green sea turtles

(Chelonia mydas) higher levels are reported as well (Purgley et al.,

2009; Stringer et al., 2010; Scott et al., 2019). All of these previous

studies used a radioimmunoassay to measure vitamin D levels

(Acierno et al., 2006; Eatwell, 2008; Purgley et al., 2009; Stringer

et al., 2010; Watson et al., 2017; Scott et al., 2019; Garefino and

Milton, 2022; Hoskins et al., 2022). This method detects a range of

vitamin D metabolites including 24,25-(OH)2-D3 and 25-OH-D2,

increasing the reported total vitamin D level measured

(Wiedemann, 2010; Selleri and Di Girolamo, 2012), while the

method used in the present study specifically measures 25(OH)

D3. Also, the geographical location in which the studies were

conducted could contribute to differences in plasma vitamin D

levels. Chelonians kept in regions closer to the equator have a

prolonged activity period, more hours of sun and more intense UV-

radiation due to solar altitude than those further from the equator.

The animals included in this study were all kept in Germany, in

which the amount of UV radiation encountered by individual

animals was likely somewhat lower than animals studied e.g., in

Italy (Selleri and Di Girolamo, 2012). Direct comparison of average

temperatures and hours of sunlight in Germany compared to the

natural habitats of each of the species included in our study shows

lower average temperatures in Germany (Figure 1A), while the

average sunshine duration is similar in spring, but longer in the

natural ranges of both species in summer (Figure 1B). These

differences could influence the overall health of captive
TABLE 5 Significant correlations between plasma vitamin D3, Ca, PO4

and Mg levels in Hermann’s tortoises (Testudo hermanni).

Analyte 25(OH)-Vitamin D3 Calcium

Calcium No significant correlation –

Magnesium significant positive correlation
in females without access to
sunlight in early summer
(0.95802, P < 0.0001)

Significant positive correlation
in males with access to
sunlight in spring (0.43792,
P < 0.0001), early summer
(0.56307, P < 0.0001) and late
summer (0.58538, P = 0.0005).
Significant positive correlation
in females with access to
sunlight in spring (0.57243,
P < 0.0001), early summer
(0.49021, P = 0.0003) and late
summer (0.71162, P = 0.0009)
and without access to sunlight
in early summer (0.64390,
P = 0.0002)

Phosphate Significant negative
correlation in males with
access to natural sunlight in
early summer (−0.49446, P =
0.0003)

Significant positive correlation
in females with access to
sunlight in spring (0.43938,
P < 0.0001) and without
access to sunlight in early
summer (0.64959, P = 0.0002)
The table shows the correlation values (-1.00 to 1.00) and the P-values for the calculated
significant correlations for correlations with an alpha < 0.002.
TABLE 6 Significant correlations between plasma vitamin D3, Ca, PO4

and Mg levels in pond sliders (Trachemys scripta).

Analyte 25(OH)-Vitamin D3 Calcium

Calcium Significant positive correlation
in females without access to
natural sunlight in early
summer (0.69935, P = 0.0009)

–

Magnesium Significant negative
correlation in females without
access to natural sunlight in
late summer (−0.65038, P =
0.0006)

Significant positive correlation
in females with access to
natural sunlight in late
summer (0.65116, P = 0.0004)
and females without access to
natural sunlight in early
summer (0.57975, P = 0.0003)
and late summer (0.61757,
P < 0.0001)

Phosphate No significant correlation Significant positive correlation
in females without access to
natural sunlight in late
summer (0.71501, P < 0.0001)
The table shows the correlation values (−1.00 to 1.00) and the P-values for the calculated
significant correlations for correlation with an alpha < 0.002.
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Hermann’s tortoises and pond sliders in central Europe and could

influence various blood chemistry levels, including vitamin D3.

However, a study in box turtles showed no differences in vitamin

D levels based on location for populations in Illinois and Tennessee

in the USA (Watson et al., 2017).

Although the UVB-intensity was not measured in this study,

direct access to sunlight vs. access to sunlight filtered through

window glass was the main difference in husbandry conditions

between the groups. There were several cases in which groups of

animals were kept either with or without direct access to sunlight by

the same owner. In these cases, the animals in the different groups

all received the same diet. Window glass is known to absorb UVB-

radiation nearly completely (Sackey et al., 2015). Therefore, it is

likely that the animals without access to sunlight had lower plasma

vitamin D3 levels as a result of lower amounts of UV-radiation

received due to exposition to glass-filtered light.

The finding that sex did not appear to strongly influence plasma

vitamin D3 levels, especially in spring following hibernation,

matches with findings in previous studies in European tortoises

with access to natural sunlight. Eatwell (2008) found that vitamin D

plasma levels did not differ significantly between males and females

in spring, but that this changed later in the year. That study reported

higher levels in males in early and late summer, while we found

higher levels in female Hermann’s tortoise in late summer, although

the difference to males was not significant. This might be explained

by species-specific differences as Eatwell (2008) used samples from a

variety of Mediterranean tortoise species for their study. Another

possible explanation is the smaller sample size examined by Eatwell

(2008) compared to our study.

When examining the relationship between plasma vitamin D3,

Ca, and PO4 levels, we saw only little correlation between the

various analytes. Although vitamin D3 is a central factor in Ca

homeostasis, a number of other factors, such as PTH and estrogens,

help regulate plasma Ca and PO4 levels and could have masked any

specific effect of vitamin D3 in the animals in the present study.

Since PTH and estrogen were not measured in the current study,

exact interactions between these hormones and Ca metabolism in

the chelonians tested cannot be determined. Further research on the

mechanisms controlling vitamin D3 and Ca interactions in

chelonians is needed.

Our study showed significant sex-dependent differences in Ca

and PO4 levels in both species, with females having significantly

higher levels of both. Peaks in Ca levels in female reptiles are

induced by estrogen (Callard et al., 1978). Estrogen induces

vitellogenin production in oviparous vertebrates which appears in

the blood as calcium binding protein complex, increasing blood Ca

concentration by mobilization from the bones (Urist and Scheijde,

1961; Munday et al., 1968). The correlation of high Ca with seasonal

yolk production and egg development has been described by

various authors in multiple chelonian species (Clark, 1967;

Callard et al., 1978; Lawrence, 1987; Christopher et al., 1999;

Lagarde et al., 2003). Male painted turtles (Chrysemys picta) had

hypercalcemia after estrogen treatment underlining the hormone’s
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importance in sex-specific Ca differences (Clark, 1967). Previous

studies have also documented a strong influence of sex on plasma

Ca concentrations in Hermann’s tortoises (Holz, 2007; Leineweber

et al., 2019), while other studies have reported an increase of plasma

Ca in males during the year (Erler, 2003; Scope et al., 2013). Studies

looking at Ca and PO4 levels in other Testudo spp. have found

similar sex dependent dynamics of these analytes and have reported

no species-specific differences for these analytes between European

tortoise species (Testudo spp.) (Mathes et al., 2006; Holz, 2007),

while no sex-specific differences for Ca and PO4 were reported for

Russian tortoises (Testudo horsfieldi) (Knotková et al., 2002). Sex-

dependent differences in Ca and PO4 levels have also been reported

for other members of the Testudinidae across the globe

(Ghebremeskel et al., 1991; Raphael et al., 1994; Christopher

et al., 1999; Gülen and Gül, 2018). The majority of these studies

report overlapping Ca and PO4 ranges for various tortoise species

and genera. They also repeatedly show the occurrence of

significantly higher levels in females. These findings indicate a

high degree of consistency regarding the regulatory mechanisms

for these agents throughout the family Testudinidae.

Similar sex-dependent effects on Ca and PO4 were also found in

the pond sliders in this study. Other studies on emydid turtles have

reported mixed results when examining sex and season-specific

changes in these values in various species. Research done on

Caspian river turtles (Mauremys caspica) showed higher values

for Ca and PO4 in females than in males, but did not examine

seasonal changes (Hidalgo-Vila et al., 2007). Other studies

conducted on Emydidae in early summer showed no differences

in Ca and PO4 levels between the sexes in European pond turtles

(Emys orbicularis) but higher Ca levels in female Caspian river

turtles and higher PO4 levels in male Balkan pond turtles

(Mauremys rivulata) (Metin et al., 2006; Metin et al., 2008). In

common box turtles (Terrapene c. carolina), gravid females had

higher Ca levels than males and nongravid females in spring. The

plasma Ca of those females dropped significantly after oviposition

while the plasma Ca levels of males and nongravid females

increased (Kimble and Williams, 2012). In the same study, no

effects of sex or season on plasma PO4 levels were detected.

The close association of Ca and Mg metabolism is well known

in humans and severe hypomagnesemia can lead to hypocalcemia

due to impaired PTH release and decreased heteroionic Ca/Mg

exchange at the skeletal surface (al-Ghamdi et al., 1994). In laying

hens, a normocalcemic diet deficient in Mg led to hypocalcemia and

hypomagnesemia. Only supplementation of both electrolytes led to

normalization (Cox and Sell, 1967). In Chinese softshell turtles

(Pelodiscus sinensis), animals fed with a Mg richer diet developed a

stronger carapace (Chen et al., 2014). In mammals, blood Mg levels

are kept within very tight ranges, and the majority of the body’s Mg

is found intracellularly and is therefore undetectable in plasma

samples (Uwitonze and Razzaque, 2018). There is little information

available on plasma Mg levels in chelonians. We saw significantly

higher Mg levels in female tortoises than in males but both sexes

had a similar width in their respective ranges. Studies conducted on
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other testudinids have not found sex-related differences (Hamooda

et al., 2014; Gülen and Gül, 2018; Berg et al., 2021). In one case, this

could be due to the young age of the animals; Berg et al. (2021)

examined juvenile animals, while all of the animals in our study

were adult. Development of sex-related physiologic differences may

not have occurred in the juvenile tortoises (Berg et al., 2021). Ranges

reported in Greek tortoises (Testudo graeca) and red-footed

tortoises (Chelonoides carbonaria) were similar to ours (Hamooda

et al., 2014; Berg et al., 2021). One study reported much lower

ranges in Greek tortoises with a significant drop from March and

April to the reproductive period in June and July in both sexes,

which our results do not reflect (Gülen and Gül, 2018). Our results

showed that Hermann’s tortoises have significantly higher Mg levels

than pond sliders. Higher Mg levels in the herbivorous Hermann’s

tortoises compared to the omnivorous pond sliders might be a

result of dietary differences between the two species. Similar to our

results, significant species differences have been reported for Mg in

sea turtles. The more carnivorous Kemp´s ridley sea turtles had

higher Mg levels than the more herbivorous green sea turtles, even

when fed the same diet (Anderson et al., 2011).

Because the aim of the current study was to evaluate the

influences of a wide variety of physiological and husbandry

factors on plasma vitamin D3, Ca, PO, and Mg levels, calculations

were based on relatively small groups of animals in some cases. This

affected the power of the calculations. In spring, for example,

plasma samples were only available from two male pond sliders

housed without access to natural sunlight (Tables 1–4). This

prohibited direct comparisons between some groups as well as the

establishment of RIs for specific groups. In order to allow for larger

groups, animals of both sexes were grouped together if no

significant differences were found between the sexes. Because

access to unfiltered sunlight is considered a key component of

good husbandry in both of the species included in this study, we

avoided grouping animals with and without access to sunlight

together for calculations and comparisons of vitamin D3 levels.

For Ca, PO and Mg, on the other hand, we did group animals with

and without access to sunlight together when no significant

differences were seen. Since the animals came from different

locations, details in husbandry and nutrition may vary between

the individual animals and groups, which could have influenced the

results. Animals were categorized by their access to sunlight, but no

UV-measurements were taken. A number of studies provide UV-

ranges for different light sources or geographical factors (Acierno

et al., 2006; Eatwell, 2008; Purgley et al., 2009; Selleri and Di

Girolamo, 2012; Garefino and Milton, 2022; Hoskins et al., 2022).

UV levels received by our specimens with access to sunlight are

likely to have been similar to those measured by Eatwell (2008)

based on the latitudes at which the two studies were conducted. An

estimation of UV radiation passing through to those specimens kept

in the green houses can only be vague. Many factors, including age

and cleanliness of the glass as well as the height of the roof and

therefor distance between the glass and the basking animal,

influence the amount of UV radiation the animals will have

received. The UV levels both species are exposed to in their
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natural habitats (Selleri and Di Girolamo, 2012; Garefino and

Milton, 2022) is likely to be higher than in central Europe.

Differences in the times between sampling and analysis and

prolonged transportation before analysis might also have

influenced the results. All samples were cooled constantly and

stored upright in order to minimize any effects of storage and

transportation on blood analytes. The interassay variance test

conducted prior to the examinations indicate a robust stability of

vitamin D3.

Environmental temperature has been well documented to

strongly influence the metabolism of ectothermic reptiles, as does

time of year, especially for animals from temperate climates. The

classification of the samples according to seasons was carried out in

order to roughly depict this seasonal cycle. However, annual

variation in weather conditions and geographical influences on

individual animals were not considered in this categorization.

Our work provides a comparison of vitamin D3 values of two

ecologically different species while also examining the influences of

sex, season and access to natural sunlight. Sufficient group sizes

allowed us to establish RIs for different groups of Hermann’s

tortoises and pond sliders according to the ASVCP guidelines

(Friedrichs et al., 2012). The results of this study document the

positive influence of direct, unfiltered sunlight in connection with

the season on vitamin D3 levels in Hermann’s tortoises and pond

sliders in captivity in central Europe, as well as demonstrating that

sex has only a minor influence on these values. The calculated RIs

and a better understanding of dynamics between UV, and plasma

vitamin D3, Ca, PO4, and Mg levels can help to improve chelonian

husbandry as well as serving as a basis for clinical health evaluations

in these species. Further studies are needed to better understand

interdependencies with other hormones regulating the Ca and PO

metabolism in chelonians, such as PTH, calcitonin and estrogen as

well as the role of diet on vitamin D3, Ca, PO, and Mg levels in

the blood.
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