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Cutaneous surface area has a profound influence on the
biology of organisms. Body size and shape determine the
amount of cutaneous surface area in most organisms. How-
ever, turtles have a relatively inert bony shell (Dunson,
1986) that also affects cutaneous surface area variation
(Stone et al., 1992). Because different turtle species often
have different shell morphologies, turtles are unusual among
vertebrates in that two species of similar size and shape can
have significant differences in the amount of cutaneous
surface area.

In freshwater turtles, two important physiological pro-
cesses are linked to cutaneous surface area: aquatic respira-
tion and desiccation. Turtles with high cutaneous surface
area have increased potential for exchange of respiratory
gases with water (Stone et al., 1992), but probably have
increased susceptibility to desiccation (e.g.. Costanzo et al.,
in press). These physiological processes may greatly influ-
ence an organism’s behavior and ecology. For example,
capacity for aquatic respiration may influence submergence
times. vulnerability to surface predation. foraging efficiency.
habitat requirements, and choice of hibernacula. whereas
susceptibility to desiccation may influence dispersal, nest-
ing ecology, ability to survive drought or extreme tempera-
tures, and choice of hibernacula.

Given that cutaneous surface area may explain variation
in so many important physiological and ecological aspects
of the biology of freshwater turtles. it is surprising that only
scattered measurements of cutaneous surface area have been
made. This paper presents new data on cutaneous surface
area in freshwater turtles, compares two methods for collect-
ing such data, reviews previous data. and attempts to synthe-
size these data in a relevant ecological and physiological
framework.

Methods. — We measured surface area using two
methods. First, we skinned 56 common musk turtles,
Sternotherus odoratus, that had been collected for other
research (Iverson, 1984, and unpublished: Seidel et al.,
1986). These turtles came from three sources: Kosciosko
Co.. Indiana (13 males and 22 females); Mayes Co., Okla-
homa (1 male and 2 females): and Garland Co.. Arkansas (13
males. 5 females). In addition to these turtles., we also
skinned two eastern mud turtles (Kinosternon s. subrubrumnt)
from the Arkansas site. Turtles were sacrificed immediately
before skinning. and all of the skin of each turtle was
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removed. The skin was laid flat on toweling, covered with
glass. and its outline traced on Mylar (a thin, transparent
plastic used for art overlays). Skin area was then measured
using an APPLE graphics tablet calibrated to 0.1 cm®. The
skin outline was traced on the tablet at least once clockwise
and once counterclockwise. If the areas calculated were not
within 2%, at least a third tracing was made. Reported areas
are therefore means of at least two values. Tracing errors
were usually < 1%.

Second, we used electrical tape to cover the entire skin
surface of intact preserved specimens of the common snap-
ping turtle. Chelvdra serpentina (n = 11), spiny softshell
turtle, Apalone spinifera (n = 5). and red-eared slider,
Trachemys scripta (n=06). Only animals that were preserved
with the head, neck, and limbs fully extended were used. The
tape was removed from the turtles, and cutaneous surface
area was measured from the tape outline. This was done
either by tracing the outline onto graph paper and counting
the number of squares occupied by the tape. or by running the
tape outline through a LI-COR 3000 leaf area meter. These
methods are similar to those of Bagattoetal. (1997). We then
compared data obtained from this method to those in Dunson
(1986). who skinned freshly captured C. serpentina (n=11)
and Apalone spp. (A. mutica, n = 3, A. spinifera, n = 2).

The skin-covered shell of the smooth softshell turtle, A.
mutica, is much more permeable to water than the bony shell
of C. serpentina. S. odoratus. or K. subrubrum (Dunson,
1986). In fact, the shell of A. mutica is more permeable to
water than the cutaneous surfaces of the three species above
(Dunson, 1986). We therefore considered the shell of A.
spinifera as a “cutaneous” surface. and the surface areas we
report for this species are total surface areas (skin and shell).
This is an important distinction because it more than doubles
our estimates for cutaneous surface area for softshell turtles.
If only the actual skin is considered as cutaneous surface
area, softshell turtles have about the same cutaneous surface
area as C. serpentina (Dunson, 1986).

For most turtles, mass was obtained directly from indi-
viduals prior to skinning. However. for all taped turtles and
17 of the skinned turtles, mass was estimated from carapace
length using species-specific regression equations (Iverson,
1984. and unpublished).

We used analysis of covariance (ANCOVA), with mass
as the covariate, to evaluate possible sources of variation in
cutaneous surface area. First, we examined sexual and
geographic variation in cutaneous surface area in the sample
of S. odoratus. For this analysis, we included only adult
turtles from Indiana and Arkansas, the two largest samples.
Second, we made intraspecific comparisons of the two
methods (skinning vs. taping) inA. spinifera and C. serpentina
(the skinning data come from Dunson. 1986). Third, we
made interspecific comparisons of cutaneous surface area in
five species (A. spinifera, C. serpentina, S. odoratus, K.
subrubrum, and T. scripta), using the combined data from
this study, Dunson (1986), and Stone et al. (1992). After
performing the general ANCOVA we performed Fisher
PLSD multiple comparisons to investigate pairwise differ-

th
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ences among species. The data for each analysis appeared o
satisfy the assumptions implicit in ANCOVA (normality.
homogeneity of variances, parallel slopes). All data were
transformed using natural logarithms prior to statistical
analysis. Statistical analyses were performed using Systat.
Results and Discussion. — The regression lines (cuta-
neous surface area vs. mass) obtained by the taping method
and the skinning method (Dunson. 1986) were statistically
indistinguishable for softshell turtles (F=0.26. p=0.63. Fig.
1) and for snapping turtles (F =0.003, p=0.96, Fig. 1). The
taping method is a less destructive alternative to skinning
that yields accurate estimates of cutaneous surface area.
providing the animal is preserved with the head, neck. and
limbs fully extended. Using the taping method will allow the
collection of data on cutaneous surface area in turtles with-
out sacrificing animals or damaging museum specimens.
There were sexual and geographic differences in cuta-
neous surface area in S. odoratus (Fig. 2). For Indiana
specimens, males had higher cutaneous surface areas than
females (F = 52.35, p < 0.001, Fig. 2). In addition, males
from Indiana had higher cutaneous surface areas than males
from Arkansas (F = 4.20. p = 0.039, Fig. 2). The sexual
differences are at least partly the result of the enlarged tail
and deep notch in the rear of the plastron of male S. odoratus.
both of which contribute to increased cutaneous surface
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Figure 1. Cutaneous surface area vs. body mass in (top) softshell
turtles, Apalone spp. (n = 10) and (bottom) snapping turtles,
Chelvdra serpentina (n = 22). Taped turtles are from this study,
skinned turtles are from Dunson (1986).



514 CHELONIAN CONSERVATION AND Biovoay, Veolume 3, Number 3 — 1999

N5

In Surface Area (cm?)

y=0.59x + 1.702 1 = 0.847

In Mass (g)

o Arkansas females
- Arkansas males
e Indiana females
" Indiana males
B Indiana juveniles
© Oklahoma females
4 Oklahoma male
v Alabama males

T T L

5 55 &6

Figure 2. Cutaneous surface area vs, body mass in Sternotherus odoratus (n = 61 wrtles, including 5 from Stone et al., 1992).

area. The geographic differences are consistent with latitu-
dinal variation in the duration of hibernation: S. odoratus in
northern latitudes hibernate underwater for several months,
whereas more southern populations tend to have much
shorter periods of hibernation (Ultsch, 1988). The increased
cutaneous surface area of northern S. odoratus may promote
increased aquatic gas exchange during these long bouts of
hibernation.

Toourknowledge, there have been three studies involv-
ing six species in which values for cutaneous surface area in
turtles have been reported (Dunson, 1986; Stone etal., 1992;
Bagattoetal., 1997). The largest sample size for any species
in these studies was 11 animals (Dunson. 1986, C.
serpentina). Given the sexual and geographic differ-
ences we report here for S. odorarus, a quantitative
analysis of interspecific variation in cutaneous surface
area in turtles may be premature.

However, such an analysis reveals significant differ-
ences in cutaneous surface area among North American
freshwater turtles (F = 120.9, p = 0.0001, Table 1. Fig. 3).
Multiple comparisons show that cutaneous surface area

varies as follows: A. spinifera > C. serpentina > S. odoratus
> T. seripta = K. subrubrum (Table |, Fig. 3). These results
agree with a similar analysis from a smaller data set in Stone
etal. (1992). However, this pattern is somewhat complicated
by variation in adult body size. When body size is consid-
ered, the small kinosternids have mass-specific surface areas
more similar to the trionychids and exceeding those of the
larger chelydrids and the emydids (Table 1).

Data on rates of desiccation and aquatic respiration are
even more scarce than data on cutaneous surface area.
Interspecific comparisons among the data that do exist are
complicated by differences in the temperature at which
measurements were taken, small sample sizes, and samples
that do not represent the full range of body sizes that a given
species attains. However, there are indications that rates of
desiccation and aquatic respiration are correlated with cuta-
neous surface area. and with each other (Stone et al., 1992,
Table 1). Turtles with high values for cutaneous surface area
appear to be more susceptible to desiccation and more
capable of aquatic respiration than turtles with less cutane-
ous surface area (Table 1).

Table 1. Surface area, mass. water loss. and aquatic oxygen uptake in representative North American freshwater turtles. Values are means
and (source), except for the cutaneous surface areas, which are the calculated surface areas from the regression equations presented in Figs.
I, 2. and 3. Cutaneous surface areas are only provided if a particular species reaches the body mass specified by a given column.

Cutaneous Surface Area (cm*)/g

Evap H.0 Loss Aquatic O, Uptake

(10,000 g trtle)

(g/Kg x hr) (ml/Kg x hr)

Species (100 g turtle) (1000 g turtle)
A. spinifera 2.89(1,2) 0.94 (1.2)
5. odoratus 0.85(1.4) —

K. subrubrum 0.71(1.4) =

C. serpentina 1.30 (1,2) 0.59 (1.2)
T. scripta 0.78 (1) 0.27 (1)

- 10.28 (3) 11.05(4)
- 1.62 (5) 9.03 (4)
- 1.89 (6) 4.89 (4)
0.27(1.2) 1.34 (5) 1.95 (7)
- 0.80 (8) 1.19.(9)

1. This study
2. Dunson, 1986
3. Robertson and Smith, 1982 (25°C)

5. Ernst, 1968 (10-29°C)

4. Stone et al., 1992 (23-25°C)

6. Bogert and Cowles, 1947 (one turtle at 27°C)

7. Gatten. 1980 (20°C)
8. Bentley and Schmidt-Nielsen, 1970 (23°C)
9. Belkin. 1968 (22°C)
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Figure 3. Cutaneous surface area vs. body mass in 5 species of
North American turtles. The lines for softshell turtles, snapping
turtles, and stinkpots are from Figs. | and 2; 0 = Kinosternon
subrubrum (n=17, including 5 from Stone etal., 1992), v =0.540x
+ 1.773, 1 = 0.91; @ = Trachemys scripta (n = 6), v = 0.537x +
1.889, " = 0.99.

How the ecology of freshwater turtles is related to these
physiological and morphological patterns is unclear. How-
ever, there are data that suggest that species prone to terres-
trial activity have less cutaneous surface area than strictly
aquatic species. In a comparative study involving three
species of Australian side-necked turtles, tendency for ter-
restrial activity was negatively correlated with evaporative
water loss (Chessman, 1984) and possibly cutaneous surface
area (qualitative estimates based on Ernst and Barbour.,
1989). The species in our study show a similar pattern, with
the highly aquatic softshell turtles having high cutaneous
surface area, and the more terrestrial mud turtles and red-
eared sliders having low cutaneous surface area (Table 1).

Rates of aquatic respiration and desiccation are also
affected by other physiological, behavioral. and morpho-
logical variables. For example, differences in skin perme-
ability or perfusion rates could affect rates of water loss and
cutaneous respiration (Burggren and Moalli, 1984; Feder
and Burggren, 1985; Dunson. 1986). Such differences could
explain why Bagatto et al. (1997) found similar rates of
aquatic respiration in two species (Staurotypus triporcatus
and Kinosternon leucostomum) that showed significant dif-
ferences in cutaneous surface area. In addition, behavioral
mechanisms such as closing the plastral hinge have marked
affects on cutaneous water loss in Kinosternon sonoriense
(Wygoda and Chmura, 1990). Finally, several studies have
shown that significant rates of aquatic respiration can occur
across non-cutaneous structures, such as the buccopharynx or
the cloaca (e.g.. Dunson, 1960; King and Heatwole, 1994).

It is clear that cutaneous surface area varies among
species. This variation may influence differences in impor-
tant physiological processes such as aquatic respiration and
desiccation, as well as important ecological processes such
as degree of terrestriality. More work is needed in all of these
areas.
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