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RIDLEY SEA TURTLES ARE REPRESENTED by two species, 1
the olive ridley (Lepidochelys olivacea) and the Kemp's ridley (L. kempit). i
Each species exhibits distinct distribution and abundance, with the olive rid-
ley being significantly more abundant and much more widely distributed.
However, these species share the remarkable phenomenon of mass nesting,
* or arribada. An arribada is the synchronized nesting of large numbers of fe-
males over a discrete time interval, typically lasting a few days. This mass
nesting behavior is limited to the genus Lepidochelys. Some olive ridley ar-
ribadas may include over 100,000 turtles in a single event (Valverde et al.,
1998), in contrast with Kemp's ridley arribadas, which are well under the
historical numbers recorded in the 1940s (Marquez-M. et al., 1996). Most of
our knowledge of ridley sea turtle biology comes from studies conducted
on this terrestrial, ephemeral phase of the turtles’ life cycle because of in-
tense interest in this unusual reproductive behavior and the facr thatit is eas-
ier in the wild to study these migratory animals while on land than during I
their less accessible, pelagic stages. Despite the technical difficulties of
working with large, pelagic turtles in captivity, intense interest in the con-
servation of ridley turtles has provided unique opportunities for an exami- ‘
nation of their metabolic and endocrine physiology. In this chapter, we re- [
view our current knowledge of these areas and suggest further directions
that might profitably be pursued in nonreproductive ridley physiology.
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Respiratory and
Acid-Base Balance

Much of the available information on the blood
respiratory and acid-base physiology of ridley
sea turtles resulted from research with captive-
reared Kemp's ridleys. Animals for these studies
were raised at the NMES Galveston Laboratory
as part of the Head Start Experiment or were
reared in captivity for periods ranging from 1 to
4 years for use as test subjects in turtle excluder
device (TED) certification trials. Most of the ini-
tial research focused on quantifying the physio-
logical stress associated with involuntary forced
submersion. However, the availability of the
NMFS Galveston turtles led to additional re-
search on Kemp's ridley sea turtle physiology, on
such diverse topics as the anesthetic manage-
ment of Kemp's ridleys subjected to surgical
procedures (Moon and Stabenau, 1996) and iden-
tification and characterization of erythrocyte
anion exchange in Kemp's ridley (Stabenau et al.,
1991b). The following section summarizes the
information compiled during the course of these
studies.

Submergence Studies

It was suggested in the late 1980s and early 1990s
that the commercial shrimp fishery was respon-
sible for significant numbers of sea turtle deaths
as a result of incidental capture of turtles during
trawling (Henwood and Stuntz, 1987; National
Research Council, 1990). In fact, annual mortal-
ity estimates ranged [rom 5,500 to 50,000 Kemp's
ridley and loggerhead turtles (Caretta caretya)
killed in commercial shrimping-related activi-
ties, It was proposed that at-sea mortality would
be negligible if tow times were reduced to 60
minutes or less (Henwood and Stuntz, 1987;
National Research Council, 1990). No informa-
tion was available in the literature, however, on
the physiological consequences of prolonged
submergence of sea turtles. Thus, initial stud-
ies were designed to quantify the physiological
effects of prolonged, forced submergence in
Kemp's ridley turtles.

Extended submergence can cause severe acid-
base imbalances that could reduce turtle sur-
vival. Therefore, lengthy forced submergence
experiments were conducted on small numbers

of 2- to 4-year-old Kemp’s ridleys with congeni-
tal flipper or shell deformities. Deformed turtles
and numbers used were limited in the experi-
ments because of the possibility that extended
submergence might cause severe acid-base im-
balances that could lead to death. Although
some of the submergence experiments were
conducted with noncannulated turtles, for six
turtles, the right carotid artery was occlusively
cannulated to permit blood sampling without
repeated handling. Because a 90-minute tow
time would cause significant mortality (National
Research Coundil, 1990), submergence dura-
tions of 20, 40, 60, and 80 minutes were planned.
All experiments were conducted under appro-
priate state and federal threatened/endangered
species permits to the NMFS.

To perform the first series of experiments,
presubmergence blood samples were collected
from arterial cannulas, and the turtles were in-
dividually submerged in a weighted canvas bag
for 20 minutes. Blood samples were then col-
lected immediately postsubmergence and at 50
and 250 minutes postsubmergence. In this experi-
ment and in all of the others below, no more
than 4-6% of total blood volume was collected
during the serial sampling. Blood pH and blood
gases (Pco, and Po,) were analyzed with a
blood gas analyzer with electrodes thermostat-
ted to turtle body temperature. Intracellular
pH was determined by centrifuging an aliquot
of blood, removing the supernatant, and freez-
ing the resulting pellet. The sample was then
repeatedly thawed and frozen to lyse the erythro-
cytes and permit measurement of intracellular
pH. Blood lactate was determined enzymati-
cally after deproteinating blood with perchloric
acid. Plasma Na" and K" were analyzed by
flame photometry, and plasma ClI° was mea-
sured with a chloridometer. Erythrocyte cell
water was determined by adding an aliquot of
blood to preweighed aluminum foil and drying
the sample to a constant weight in an oven at
80°C. The dried blood samples were then re-
constituted with nitric acid to permit measure-
ment of the intracellular CI- concentrations.

After only 20 minutes, involuntary submer-
gence of 4-year-old 20-kg Kemp’s ridley turtles
produced a significant and severe respiratory
and metabolic acidosis (Table 7.1). Extracellular
and intracellular pH and plasma bicarbonate
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significantly decreased, and significant increases
in Pco, (average increase of 24.8 mm Hg) and
lactate (average increase of 16.6 mM) were mea-
sured (Table 7.1). For comparison, Lutz and
Bentley (1985) reported similar lactate increases
following a 30-minute submergence of logger-
head turtles. Hochachka et al. (1975) reported
lactate increases greater than 35 mM following 2
hours of forced submergence of green sea tur-
tles (Chelonia mydas). As shown in Table 7.1, in-
creasing the length of the forced submersion to
40 or 60 minutes in two turtles produced pro-
found and severe respiratory and acid-base im-
balances, with extracellular and intracellular
pH dropping below 6.5 and Pco, increasing to
almost 150 mm Hg. The consequence of ex-
tended submergence was that the turtles were
incapable of staying at the surface to ventilate.
Thus, they had to be held out of water during
the postsubmergence recovery period. Although
the turtles eventually recovered from the
severe blood acid-base and respiratory imbal-
ance, the blood acid-base data and the turtle
postsubmergence behavior suggest that a com-
parably submerged, incidentally captured turtle
at sea that was released “alive” would not sur-
vive. Moreover, the physiological consequences
of the long-term exposure to the various organs
and organ systems were not examined. Subse-
quent submergence of one cannulated 4-kg
Kemp's ridley revealed that turtle size also influ-
enced the magnitude of the acid-base distur-
bance. Blood pH decreased from 7.36 to 6.5,
PCO) increased from 37.1 to 159.1 mm Hg, and
lactate increased from 4.6 to 20.2 mM. The 0%6
drop in blood pH measured in the 4-kg juvenile
turtle is over two times the decrease in blood pH

measured in 20-kg turtles (average 0.41 units).

After 50 minutes, the small Kemp’s ridley still

had a blood pH of 6.84, suggesting incomplete
recovery from the acid-base disturbance. The

severity of the acid-base changes measured in

this juvenile turtle clearly suggests that a turtle
of this size cannot tolerate a 40- or 60-minute

submergence without its survival being affected.

It should be noted that the hematological val-

ues shown in Table 7.1 are comparable to those

found in subsequent studies with non—-congeni-

tally deformed Kemp's ridley turtles (E. K. Stabe-

nau, unpublished data). However, definitive con-

clusions about healthy wild animals cannot be
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made from these forced submergence studies
because these experiments used only a limited
number of congenitally deformed turtles, Never-
theless, these results suggest that reduction of
shrimp trawl tow times, by itself, would be an in-
effective management strategy for a number of
reasons. The National Research Council (1990)
suggested that restricting tow times to 60 min-
utes or less in winter and 40 minutes or less in
summer may be sufficient to reduce incidental
capture mortality. However, the data discussed
above reveal that involuntary submergence and
turtle size clearly influence the magnitude of the
blood acid-base imbalance. Second, the physio-
logical consequences to turtles that may be ex-
posed to multiple periods of extended forced
submergence have not been examined. Extended
periods of forced submergence of Kemp's ridley
turtles would clearly predispose the turtles to
dying if the turtles were returned to the water
immediately following submergence. Third, en-
forcing trawl times of any magnitude during any
season would be difficult.

Continued at-sea mortality caused by inci-
dental capture of sea turtles in commercial
shrimp fishing trawls led the U.S. government to
pass regulations in 1987 requiring commercial
shrimping vessels to use nets equipped with
TEDs (see National Research Council, 1990, for
a discussion of TEDs and TED modifications).
This also prompted further physiological re-
search projects that were designed to quantify
the blood respiratory and acid-base status of
Kemp'’s ridley turtles subjected to involuntary
submersion in TED-equipped nets (Stabenau
et al,, 1991a). TED testing or certification in-
volves exposing turtles to control and candidate
TEDs. Through the mid-1990s, 2- and 3-year-old
captive-reared Kemp’s ridley turtles were used
as test subjects in TED trials. The test involved
placing a turtle inside a weighted canvas or mesh
bag that is transferred from the water’s surface
to the trawl by means of a messenger line at-
tached to the trawl headrope. Divers then re-
leased the turtle into the mouth of the trawl.
Each rurtle was given 5 minutes to escape the
trawl voluntarily; turtles remaining in the trawl
after 5 minutes were removed by divers. To
quantify the physiological stress associated with
TED exposure, presubmergence blood samples
were collected from the dorsal cervical sinus of
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Table 7.1 Effects of prolonged forced submergence on the blood respiratory, acid-base, lllotdtd% Th:‘l'l‘_r;o:fatt;'q at
and ionic status of 4-year-old, 20.3 + 2.7-kg Kemp's ridley turtles at 25.8 + 1.2°C ‘:?LC;:CC;(‘;‘)HL’I'_&CEUzztﬁ))rf:er
Blood-sampling intervals and ljl(iﬂﬂl'lg, 1993). Bl
and Na*, K*, and Cl we
Characteristic Presubmergence Postsubmergence 50-minute recovery 250-minute recovery above. )
) As a result of these e
pH 20 min 7.50 £0.07 7.09 +0.20 7.31%0.20 7.57%0.07 came apparent thar eves
’ 40 min 7.57 6.76 7.21 7282 leviate the physiological
*60 min 7.33 6.49 LEE o sea turtles. Short-term
pH, 20 min 7.25£0.09 6.92+0.13 7,._.15 +0.07 ; i; +0.03 gence of Kemp’s ridley
40 min 721 biod 623 o nets produced significan
66-1ein L o0 iy o metabolic derangement
RBC water (%) 20 min 64.9%0.67 64.7+135 65.0% 1.41 ""-4) 0.8 gence stress produced s
#0min bz o8 :T'i (:: 0 blood pH and significant
cleli o0 oo T tate, Pco,, and plasma |
HCO; (mM 20 min 30.0£6.37 19.5 +4.27 :7 f t4.59 : j %3 from the acid-base distt
jti ;::: jz: ::: 5. 227 sured in these studies, sy
5 ] : )
Cl- (mM) 20 min 111.5+3.14 116.6+ 4,16 114.1 £ 5,61 115.2+4.25 111 199?an'd -1 ?94 re\mled
"o e s 153 109.7 109.9 3 hours was required for1
60 min 116.9 119.0 121.7 121.0 ables to prestress levels, |
Cl- (mM) 20 min 72.4+1.94 75.4+ 1,71 74.1 % 3.60 742%3.64 L"_j”('(‘“:d during the TED
B 40 min 74.5 76.2 72.6 0.5 dicated that short-term (i.
60 min 87.2 105.9 105.7 84.4 forced submergence of K¢
Hematocrit (%) 20 min 29.2+0.87 30.7 £3.05 30.4£3.25 29.5 £4.04 ceeded the animals’ aero
40 min 29.1 285 30.5 28.4) clear, however, if there w
60 min 30.5 35.0 P35 o quences to forced subme
Pco, (mm Hg) 20 min 328+ 4.74 57.6+ 18.78 29.6 +6.21 27.0 +4.20 no information is availabl
. ‘_ 40 min 28.7 1053 g ”:i become more susceptible
€0 min a1 e 7 i gence in TED-equipped ny
Lactate (mM 20 min 1.35£0.87 17.9£5.65 e e Si s resume normal diving and
Sl 0.9 Z,L}? i’l'j 1:R lowing forced submergenc
oo o w0 i P wild Kemp’s ridley diving
Na’ (mM) 20 min 139.8+2.45 I-l‘jyz 322 :ift: +5.29 111)— +5. tion and 5\.\‘im1ning speed_
:; E:i: l:zi :;:g 146.9 144.3 In 1994, additional TE
. \ o S N T 42t 112 3.8+ 0.45 were conducted witb yearl
o (MM) 0min o oo o 3.7 loggerhead turtles. The ol
(::Ja ::: ;7 142 9.3 8.1 whertherloggerhead turtle)
Po, (mm Hg) 20 min 82.6£11.78 57.2+27.70 75.1+22.20 FjA T 24.48 rogates for K_e“'”P‘_S ”'dl‘?Y t
’ ) 40 min 85.0 35.2 97.7 67.4 tests and certification trials
60 min 42.9 6.5 38.4 A physiological stress of st
TED-test forced submers
Note: Turtles were confined in weighted canvas bags and submerged for 20 (n = 4), 40 (n = 1), or 60 (n : 1) minutes. The subseripts i and o gence cxpurimcnrs (subme
represent intracellular and extracellular, respectively. Where appropriate, data are expressed as mean £ SD, I;nl_n'.ncs) were condiii
with the exception that th
Kemp's ridley turtles as described by Owensand ~ sure time to escape the TED am'i ‘the r'imc to lalr-'ge 11‘1‘—wa]1'er1p‘cjls l}(}'.ilay
Ruiz (1980). The shortest submersion duration  reach the surface after exiting the TED. ‘l"urlles als tobialmtli ‘arc b;m]w c
in the original study was under 2.7 minutes, and were immediately rct‘urncd to the trawling ves- “[‘"?- . (;0‘- T‘?I?P_es wcre]ju
the maximum time any turtle spent underwater  sel for collection of postsubmergence blood after a‘u bmergence. Ye'ar- r
was 7.3 minutes. This included the time to get ~ samples. Blood pH and Pco, were a'nalyzed loggerhead tubrlles exhibi
the turtle to the headrope, the maximum expo-  with a commercial blood gas analyzer with elec- pre- to postsubmergence (




trodes thermostatted at 37°C. The data were ad-
justed to turtle body temperature with requisite
correction factors for sea turtle blood (Stabenau
and Heming,*1993). Blood and plasma lactate
andNa™*, K", and Cl- were analyzed as described
above.

As a result of these experiments, it soon be-
came apparent that even TEDs did not fully al-
leviate the physiological impacts of trawling on
sea turtles. Short-term involuntary submer-
gence of Kemp's ridley turtles in TED-equipped
nets produced significant blood respiratory and
metabolic derangements. Specifically, submer-
gence stress produced significant decreases in
blood pH and significant increases in blood lac-
tate, Pco,, and plasma K'. Although recovery
from the acid-base disturbance was not mea-
sured in these studies, subsequent experiments
in 1993 and 1994 revealed that a period of at least
3 hours was required for recovery of blood vari-
ables to prestress levels. The physiological data
collected during the TED certification trials in-
dicated that short-term (i.e., 7.5 minutes or less)
forced submergence of Kemp's ridley turtles ex-
ceeded the animals’ aerobic capacity. It is un-
clear, however, if there were long-term conse-
quences to forced submergence. For example,
no information is available on whether turtles
become more susceptible to repeated submer-
gence in TED-equipped nets or whether turtles
resume normal diving and feeding behaviors fol-

lowing forced submergence (for a description of

wild Kemp's ridley diving submergence dura-
tion and swimming speed, se¢ Renaud [1995]).

In 1994, additional TED certification trials
were conducted with yearling Kemp's ridley and
loggerhead turtles. The objective was to assess
whether loggerhead turtles could be used as sur-
rogates for Kemp's ridley turtles in annual TED
tests and certification trials and to determine the
physiological stress of smaller turtles during
TED-test forced submersion. Forced submer-
gence experiments (submergence duration = 7.5
minutes) were conducted as described above,
with the exception that the turtles were held in
large in-water pens 30 days before the TED tri-
als to simulate semiwild conditioning. In addi-
tion, blood samples were collected 3 and 6 hours
after submergence. Yearling Kemp’s ridley and
loggerhead turtles exhibited nearly identical
pre- to postsubmergence changes in blood pH
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and lacrate. Presubmergence pH in Kemp'’s rid-
ley and loggerhead turtles was 7.53 £ 0.06 (mean
+ SD) and 7.57 * 0.05, respectively. The post-
submergence blood pH measured immediately
after the turtle surfaced decreased to 7.06 = 0.03
in ridleys and 7.16 * 0.11 in loggerheads. Three
hours after submergence, the blood pH was 7.55
1 0.04 and 7.52 £ 0.04 in ridley and loggerhead
turtles, respectively. No differences in blood pH
were detected 6 hours postsubmergence when
compared to that measured in presubmergence
samples, suggesting that turtles exhibited a full
recovery from the forced submergence. These
data, in combination with comparable blood lac-
tate loads following submergence, indicated that
yearling loggerhead turtles could serve as surro-
gates for yearling Kemp's ridley turtles during
TED testing and certification. However, extend-
ing this species comparison beyond yearling tur-
tles has not been investigated. More importantly,
no study has examined the physiological effects
of forced submergence in TED-equipped nets as
a function of turtle size.

Recently, Stabenau and Vietti (2003) exam-
ined the physiological effects of multiple sub-
mergences on the blood respiratory, acid-base,
and ionic status of 6- to 7-kg loggerhead tur-
tles. The purpose of these experiments was to
determine whether repeated forced submer-

gence induces progressive, significant blood

acid-base disturbances. Experiments were con-
ducted initially under laboratory conditions by
confining turtles in weighted canvas bags for
three 7.5-minute submergences with a 10-, 42-,
or 180-minute “rest” interval between succes-
sive submergences. Field experiments were also
conducted by exposing turtles under TED-test
conditions, with the exception that divers held
the exit door closed for 5§ minutes. Thus, the to-
tal time underwater for each turtle was 7.5 min-
utes. Blood samples were collected before and
immediately after each submergence and 3
hours after the last submergence. No turtles died
during the course of these studies. The data re-
vealed that (1) the initial submergence produced
a severe metabolic and respiratory acidosis in all
turtles, (2) successive submergences produced
significant changes in blood variables (e.g., lac-
tate, pH, Pco,), although the magnitudes of the
imbalances were reduced as the number of
submergences increased, (3) significant water
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movement into and out of red blood cells oc-
curred during and after multiple forced sub-
mergence, (4) increasing the interval between
successive submergences permitted greater re-
covery of blood homeostasis, (5) similar changes
were not observed in nonsubmerged control
turtles that had the same serial blood sampling
regimen, and (6) repetitive submergence in TED-
equipped nets (assuming proper installation and
use) would not cause death provided that the an-
imals had an adequate rest interval at the surface
between submergences (Stabenau and Vietti,
2003). Comparable information is not available
for any other size of turtle or any other sea tur-
tle species and warrants investigation.

Additional Physiological Studies

Much of the information described above was
concerned with the physiological effects of forced
submersion, but additional experiments have
been conducted with blood and other tissues
from Kemp's ridley turtles. The following section
summarizes the results of these studies.

Red Cell lon Transport

The presence of erythrocyte anion-exchange
protein (i.e., Band 3) permits membrane HCO,
transport in a number of species primarily
through Na-independent HCO_/Cl" exchange.
Erythrocyte HCO,, in many species plays a crit-
ical role in CO, transport and regulation of
plasma and intracellular pH. Although the mech-
anism of HCO,/CI" exchange has been described
in a wide variety of vertebrates, less information
is available on HCO;/CI” exchange in reptilian
red blood cells. In turtles, the presence of Band
3 protein for erythrocyte HCO,/Cl™ exchange
has been demonstrated in the slider turtle
Pseudemys scripta (Drenckhahn et al., 1987) and
the Kemp's ridley (Stabenau et al., 1991b). In the
latter study, it was determined that Kemp's rid-
ley turtle erythrocytes contain 4 X 10° copies of
Band 3 protein per cell, or 8,000 copies of Band
3 per square micrometer (Stabenau etal., 1991b).
For comparison, human and trout erythrocytes
possess approximately 7,000 and 30,000 copies
of Band 3 per square micrometer, respectively
(Knauf, 1979; Romano and Passow, 1984). Kinetic

analysis of. the HCO,/CI" transporter revealed
that erythrocyte anion exchange in Kemp's rid-
ley turtles may be a potentially rate-limiting step
for capillary CO, exchange (Stabenau et al.,
1991b). This limitation may be directly related to
the results of the previous studies that showed
that short- or long-term forced submersion of
Kemp’s ridley turtles leads to substantial in-
creases in blood Pco, from normal values of
35-40 mm Hg to values well above 100 mm Hg
(Table 7.1). If capillary HCO,/CIl" exchange is
rate-limiting in the elimination of elevated blood
CO, following submersion stress, then post-
capillary erythrocyte anion exchange would con-
tinue and produce significant changes to arterial
blood Pco, and pH (Stabenau et al., 1991b).
More recently, Stabenau and Vietti (2003) pro-
posed that loggerhead turtle erythrocyte HCOS/
Cl” and Na™/H" exchangers function as rugtﬂa—
tory volume-increase mechanisms. Na ™ and Cl

enter osmotically shrunken erythrocytes through
the respective transporters, while H" and HCO;
leave the cells as the countertransported ions.
Extracellular H* and HCO; then combine to
form CO, and H,O. The net resultis osmotically
obliged water entry into the shrunken erythro-
cytes, which causes the cells to swell. It is possi-
ble that similar ion transport mechanisms are
present in Kemp's ridley turtle erythrocytes.

HENDERSON-HASSELBALCH CONSTANTS.
A common theme in many of the studies men-
tioned thus far is the measurement of blood
Pco, or plasma HCO . However, it is not always
possgb{e to measure plasma HCO; concentra-
tion or to utilize blood gas analyzers with pH,
Pco,, and Po, electrodes thermostatted to tur-
tle body temperature. Thus, temperature cor-
rection factors of known physiological constants
are required for dealing with cold-blooded ani-
mals. Mammalian constants are commonly used
in analyses of the acid-base status of nonmam-
malian species despite evidence that these prac-
tices produce misleading results (Stabenau and
Heming, 1993). Stabenau and Heming (1993)
determined the constants of the Henderson-
Hasselbalch equation, tico, and pK_, over a 20~
30°C temperature range for Kemp's ridley rurtle
blood and plasma. These constants are typically
used in the Henderson-Hasselbalch equation,
pH = pK_ + log (HCO,/0ico, - Pco,) to calcu-

late blood pH, Pco .
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late blood pH, Pco,, or HCO, or to back-correct
values based on temperature differences. It was
found that use of classical mammalian-derived
values of Gico, and pK_ was not appropriate for
Kemp's ridley turtle plasma. Specifically, mam-
malian-derived constants would confound analy-
ses of the effects of temperature or pH on sea
turtle blood and plasma.

BLOOD AND MUSCLE O,-CARRYING PROP-
ERTIES. Although substantial information is
available in the literature on the blood O, stor-
age properties of green, loggerhead, and leather-
back (Dermochelys coriacea) turtles (Lapennas and
Lutz, 1982; Lutcavage et al., 1990), less is known
about these variables in Kemp's ridley turtles.
Stabenau and Heming (1994) determined that
the blood O, dissociation curves from Kemp's
ridley turtles exhibited a classic sigmoidal shape
with a P_ of 31.2 £ 0.3 at a hematocrit of 29%.
The Kmﬁp's ridley turtle P, was similar to that
reported for green turtles (Lapennas and Lutz,
1982) but was considerably less than that mea-
sured for loggerhead turtles (Lapennas and
Lutz, 1982). Nevertheless, the blood hemoglo-
bin concentration is similar among Kemp's rid-
ley, loggerhead, and green turtles (Stabenau and
Heming, 1994; Lapennas and Lutz, 1982) and is
significantly less than that of leatherback turtles
(Lutcavage et al., 1990). The muscle myoglobin
concentration is 3.1 £ 0.84 mg - g ' of tissue in
the Kemp's ridley turtle (Stabenau and Heming,
1994)and 2.9 and 4.9 mg - g ' of tissue in the log-
gerhead (Lutz and Bentley, 1985) and leather-
back (Lutcavage et al., 1990) turtles, respectively.
These studies revealed that O stores in Kemp's

ridley turtle muscle, blood, and lung were 3.6-"

4.7%, 24.8-35.0%, and 60.3-75.2%, respectively.
For comparison, Lutz and Bentley (1985) re-
ported that O, stores in the loggerhead turtle
were 3.6% in the muscle, 24.8% in the blood, and
71.6% in the lung. Taken together, these results
indicate that the diving capacity of shallow-
water coastal sea turtle species, such as the
Kemp's ridley and loggerhead turtles, is limited
by low blood and tissue O, stores as compared
to deep-diving leatherback turtles and that
these animals have a reliance on lung O, stores
(Stabenau and Heming, 1994). The authors also
found that Kemp's ridley turtles possess a non-
bicarbonate buffer capacity of 19.7 slykes. Many
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reptile species have significantly higher blood-
buffering capacities (Butler and Jones, 1983).
The relatively low buffer capacity in Kemp’s rid-
leys may reveal why this species exhibits such
substantial and significant changes in blood pH
following forced submergence, even for rela-

tively short periods. It is unknown, however, if

significant changes in blood pH are observed fol-
lowing voluntary diving by Kemp's ridleys.

ANESTHESIA. Although Butler et al. (1984)
and Shaw et al. (1992) utilized the inhalational
anesthetics halothane and isoflurane in green
and loggerhead turtles, respectively, limited in-
formation was available on the anesthetic man-
agement of Kemp's ridley turtles. Thus, Moon
and Stabenau (1996) examined the anesthetic
and postanesthetic management of Kemp’s rid-
ley turtles undergoing a fairly invasive surgical
procedure. Anesthetic induction with isoflurane
(3.4 0.3% in 2 L of carrier gas/min) followed
orotracheal intubation, Induction occurred rap-
idly in 7+ 1 minutes. The carrier gases during in-
duction were either 100% O, 5% CO,:95% O,,
or 21-40% O, (79% or 60% N, respectively). No
differences in induction time were detected with
the various carrier gases. The right carotid ar-
tery was occlusively cannulated with polyethyl-
ene tubing during anesthesia, and a second sur-
gery was performed 7-10 days later to remove
the cannula. Pulse rate was monitored through-
out the study with an ultrasonic Doppler flow
probe (Parks Medical Electronics, Cherry Hill,
NJ) placed over the femoral triangle, thoracic in-
let, caudodorsal aspect of the front flippers, or
dorsal cervical sinus (Moon and Stabenau, 1996).
The preoperative pulse rate was 34 £ 3 beats/
min, 15 & 1 beats/min intraoperatively and dur-
ing initial recovery, and 50 & 2 beats/min when
awake. Sudden tachycardia was an excellent
predictor of the “awake” state in Kemp’s ridley
turtles. Blood pressures (systolic/diastolic in mm
Hg) were 31 £6/20+4,40+£4/25+3, and 46 +
4/39 + 2, respectively, during the intraoperative,
recovery, and awake phases. The turtles became
significantly acidotic as a result of an elevated
blood lactate concentration during the early and
late recovery phases. The duration of the recov-
ery phase (e.g., time of unresponsiveness before
being classified as awake) was 241 + 31 minutes.
This study revealed that inhalational anesthetics
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could be used for safe and rapid anesthetic in-
duction of Kemp's ridley turtles, and the authors
also provided previously unavailable intraopera-
tive vital signs.

ENTANGLEMENT NET CAPTURE STRESS.

It must be mentioned that all of the physiologi-

cal respiratory and acid-base studies described

in this review thus far utilized captive-reared

Kemp's ridley turtles. More recently, Hoopes et

al. (2000) examined the physiological effects of
capturing wild Kemp’s ridley turtles in entan-

glement nets. In this study, turtles captured in

entanglement nets were placed into in-water

cages or on-shore holding tanks. Recovery from

capture was then monitored via blood samples

collected from turtles immediately postcapture,

and at 1, 3, 6, 10, 24, and 48 hours postcapture,

depending on turtle size. Larger turtles had
more blood samples collected as a result of in-

creased availability. Blood lactate and catecho-

lamine concentrations were measured from

each turtle in addition to plasma Na™®, K*, and
Cl" concentrations. The data revealed that cap-

ture in entanglement nets produced a substan-
tial blood metabolic disturbance as indicated by
elevated plasma lactate concentrations. Increased
plasma norepinephrine, epinephrine, and K*

concentrations were also detected in capture
samples. Although it may have been anticipated
that entanglement netting would produce sig-
nificant changes in blood parameters, an unan-
ticipated result was that the recovery protocol
had a significant influence on blood parameters.
Specifically, placement of captured turtles into
on-shore holding tanks resulted in additional sig-
nificant increases in the plasma lactate concen-
trations, whereas turtles in the in-water cages
exhibited no changes to the plasma lactate after
capture. In addition, the lactate concentrations
declined to less than 1 mM by 6 and 10 hours
postcapture for turtles in the in-water cages and
holding tank treatments, respectively. The de-
cline in lactate over time suggests that repetitive
serial blood sampling of wild Kemp’s ridleys did
not adversely affect results. Thus, Hoopes et al.
(2000) clearly showed that sea turtle biologists
must be cognizant of physiological disturbances
caused by capture protocols and that recovery of
blood homeostasis is influenced by postcapture
holding protocols.

Summary

The availability of captive-reared Kemp's ridley
sea turtles has provided respiratory and repro-
ductive physiologists with ample opportunities
to perform many valuable experiments that
otherwise would not have been possible. In fact,
other than the study by Hoopes et al. (2000),
there are no studies on the respiratory and
acid-base status of blood and other tissues from
wild Kemp's ridley or olive ridley turtles. The
data from the present review indicate that rid-
leys have a remarkable ability to tolerate severe
acid-base disturbances. In the forced submer-
gence studies, a drop in blood pH of almost 1 full
unit and an increase in blood Pco, to values
over 150 mm Hg were measured. However, the
long-term physiological consequences of ex-
tended forced submergence are unknown. Sur-
viving an extended forced submergence is only
part of the battle. The turtle must also have the
capacity to resume normal activities such as
feeding, diving, and reproduction, in a timely
fashion. Importantly, turtles must not be sub-
jected to resubmergence. Finally, comparable
physiological information is unavailable for wild
Kemp's ridley and olive ridley turtles and war-
rants investigation.

Endocrinology

Endocrinology, the study of the synthesis, se-
cretion, and physiological actions of hormones,
has historically focused on model species that
are readily available for experimental study. Hor-
mones are stored in endocrine glands and circu-
late in the blood in minuscule amounts. There-
fore, large numbers of animals generally are
needed to supply adequate tissue for extraction
and purification of hormones as well as for bio-
chemical studies of hormone actions at target
cells. Because blood hormone concentrations
change dynamically over minutes to hours, fre-
quent blood sampling from captive animals is
necessary to most effectively describe hormone
response to experimental manipulations. Sea
turtles, comprising rare and endangered species
living in remote locations with limited availabil-
ity in captivity, would thus seem to represent a
poor choice for studies of endocrine physiology.
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It is therefore surprising that sea turtles are
among the best-studied reptiles in terms of their
endocrinology. This has been motivated in part
by the importance to conservation of the un-
derstanding of the regulation of reproduction,
metabolism, and stress responses (Owens, 1997).
Additionally, the large body size of sea turtles
facilitates collection of blood samples (Owens
and Ruiz, 1980), which are readily obtained from
nesting females and captive-reared animals. Cap-
tive rearing programs have served as a source of
blood samples for hormone measurement and
pituitary tissue for hormone purification. Ani-
mals from the Cayman Turtle Farm, for exam-
ple, have provided tissue as a source for purifica-
tion of pituitary hormones (Licht and Papkoff,
1985; Yasuda et al., 1989, 1990), leading to major
advances in our understanding of the regulation
of growth and reproduction in both marine and
freshwater turtles. They have also served as sub-
jects for studies of behavioral endocrinology
(Rostal et al., 1998). Development and applica-
tion of endocrine techniques have thus pro-
gressed more rapidly for sea turtles of the fam-
ily Cheloniidae than for other reptilian families.
However, their status as threatened or endan-
gered species and the remote location of many
natural populations have limited application of
the invasive techniques of endocrinology pri-
marily to measurement of circulating hormones,
particularly in ridley turtles. Because animals are
generally unavailable for surgical ablation, hor-
mone administration, or tissue collection for in
vitro studies, no information is available on hor-
mone biosynthesis, metabolism, or geceptor
“physiology.

Techniques, primarily radioimmunoassay
(RIA), have been developed for the purifica-
tion or measurement of six sea turtle pituitary
hormones: the neurohypophyseal peptide hor-
mone arginine vasotocin (AVT) and its asso-
ciated carrier protein neurophysin (NP; Licht
et al., 1984; Figler et al., 1989), the three glyco-
protein hormones, follicle-stimulating hormone
(FSH), luteinizing hormone (LH), and thyro-
tropin (TSH, MacKenzie et al., 1981; Licht and
Papkoft, 1985), and the two peptide hormones,
growth hormone (GH; Yasuda et al., 1989) and
prolactin (PRL; Chang and Papkoff, 1985; Ya-
suda et al., 1990). Of these six, only the RIA for

AVT was developed specifically for ridley turtles.
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The other RIAs (developed for Chelonia of Chely-
dra hormones) can detect hormones in blood or
pituitary tissue of several turtle genera (both
freshwater and marine species), presumably be-
cause of the structural similarity of the pituitary
hormones among turtles (Licht, 1978). The RIAs
for FSH and LH have been used to study en-
docrine regulation of sea turtle reproduction
(Rostal, Chapter 8). The dynamic changes in cir-
culating levels of these hormones associated
with ovulation appear conserved in all sea turtle
species examined, including ridleys (Owens,
1997; Rostal, Chapter 8). Although an RIA for
turtle GH has been successfully employed in the
study of the regulation of GH secretion from pi-
tuitaries of freshwater turtles (Denver and Licht,
1989, 1990), comparable studies have not been
performed in sea turtles. Likewise, the PRL as-
say can be used to detect in vitro PRL secretion
from adult (but not juvenile) freshwater turtle pi-
tuitaries (Preece and Licht, 1987; Denver and
Licht, 1988) but has not been applied for sea tur-
tle blood or tissues. These studies have demon-
strated the practicality of development of tech-
niques for pituitary hormone measurement in
sea turtles. With the advent of modern molec-
ular approaches, it should be possible to de-
velop methods for the measurement of pitu-
itary hOI‘ﬂl()nCS usiﬂg minute amounts (Jf tissue
from any sea turtle species.

Fundamental studies of pituitary hormone

function may benefit from an examination of

unique aspects of sea turtle physiology and be-
havior. As an example, the mass nesting behav-
ior of ridley turtles (arribada) has provided an
ideal opportunity to examine the endocrine reg-
ulation of egg laying in reptiles. Because a large
number of olive ridleys nested within 24 hours
on a single beach, Figler et al. (1989) were able
to obtain replicated blood samples from nine de-
fined stages of oviposition. These samples were
used to demonstrate that AVT undergoes a tran-
sient elevation in the blood coincident with its
proposed physiological action, oviductal con-
traction (Figler et al., 1989). This study produced
such a clear picture that it is included in a lead-
ing textbook of endocrinology (Hadley, 1999) as
an illustration of the function of AVT in ovi-
position. The longevity of sea turtles makes
them particularly intriguing for the examination
of the role of GH in the regulation of growth in
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reptiles, whereas unique aspects of their repro-
ductive biology (migration, high fecundity, nest
site fidelity, mass nesting behavior) make them
of interest in the study of the evolution of the
role of PRL in reproduction. PRL has been
implicated in the regulation of the behavior as-
sociated with nesting in precocial bird species
(Goldsmith, 1983), suggesting it as an intriguing
candidate in the regulation of mass nesting be-
havior in ridleys. PRL has also been implicated
in the regulation of ion transport and water per-
meability of membranes. The endocrine regula-
tion of salt and water balance, including the
regulation of calcium metabolism, is unknown
in sea turtles (Lutz, 1997). Studies of the osmo-
regulatory endocrinology of sea turtles, when
compared to marine birds that share similar salt
excretory organs, would be of interest in identi-
fying common endocrine adaptations to the
marine environment.

Techniques for measurement of protein hor-
mones have been limited in their application to
sea turtles because of their requirement for col-
lections of fresh tissues and laborious biochem-
ical purification, but other hormones that are
conserved in structure across vertebrate classes
are more easily measured using commercially
available reagents. Specifically, techniques devel-

Fig. 7.1. General model for the
hypothalamic-pituitary-adrenal and

oped for the measurement of steroid hormones,
produced by reproductive organs and the adre-
nal gland, and thyroid hormones, from the thy-
roid gland, have been employed for sea turtle
blood following relatively simple validation. Re-
productive steroid hormones in ridley turtles are
discussed in detail in Chapter 8. Here, we focus
on two endocrine glands, the adrenal and thy-
roid, that represent the only nonreproductive
peripheral endocrine glands examined to date
in ridley turtles. Studies in diverse vertebrate
species, including freshwater turtles, indicate
that these two endocrine glands are controlled
by similar endocrine pathways, initiating with
neurohormones produced in the hypothalamus,
that regulate production and secretion of pitu-
itary hormones (Fig. 7.1).

Adrenal Physiology

STRESS SYSTEM AND STRESS RESPONSE.
Survival of a species is dependent on the ability
of the individuals to monitor changes in the en-
vironment and respond adaptively. In vertebrates,
monitoring of environmental changes is under
strict control of a well-developed and complex
central nervous system (CNS). The CNS is ca-
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pable of sensing changes in the external as well
as in the internal environment, integrating this
information, and producing an appropriate re-
sponse. Frequently, environmental changes dis-
rupt the homeostasis of the organism, requiring
modifications in cellular activity to ensure ap-
propriate continued function. Thus, CNS out-
put, manifested through the activation of pe-
ripheral effectors such as the adrenal medulla
and cortex, has as its primary objective the reg-
ulation of homeostatic mechanisms that allow
the organism to respond adaptively to environ-
mental changes. The disruption of homeostasis
is termed “stress,” and the specific stimuli that
elicit such disruption are termed “stressors.”

Before we engage in a discussion of ridley
stress endocrinology, it is important to generate
an appropriate perspective by describing the
broader stress response of vertebrates, much of
which is known from mammalian studies. In the
past two decades the field of stress endocrinol-
ogy has seen substantial conceptual advances
that allow us to better understand the physio-
logical and adaptive significance of the stress re-
sponse. One such advance is the concept of the
“stress system.” The stress system comprises
specific brain areas and peripheral effectors that
elicit adaptive behavioral, neuroendocrine, and
physiological responses aimed at promoting
adaptation and survival (Chrousos and Gold,
1992). When a stressor is perceived, a specific
cascade of neural networks is activated. Neural
activation in response to a stressor has been
demonstrated by the increased transcription of
immediate early genes, such as the proto-ongo-
genes c-fos and c-jun, among others (Senba and
Ueyama, 1997). Activated brain areas include di-
encephalic and brainstem nuclei, of which the
hypothalamic paraventricular nuclei play a cen-
tral role in regulating the activity of the hypo-
thalamo-pituitary-adrenal (HPA) axis (Fig. 7.1).
The HPA axis, along with the brain-adrenal
medulla (catecholamine) branch, is one of the
most important peripheral components of
the stress system.

In classical stress endocrinology, the HPA axis
is activated by a broad array of internal and
external environmental variables. The unifying
factor that stimulates the activation of the
axis is the disruption of systemic homeostasis
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(Chrousos and Gold, 1992). Homeostatic disrup-
tors constitute a stressor and induce glucocorti-
coid release. Glucocorticoids exert multiple ef-
fects in the organism given the ubiquitous

presence of their receptors. A simplified list of

these effects includes antiinflammatory, anti-
immune, antireproductive, and hyperglycemic
functions (Widmaier, 1990; Sapolsky et al., 2000).
On the basis of these actions, it has been sug-
gested that glucocorticoids suppress the general
stress response to prevent the organism from
overreacting in a pathological fashion to the
stressor (Munck et al., 1984; Sapolsky et al., 2000).
Aside from how glucocorticoids achieve their ef-
fects, it is widely accepted that one of their main
functions is the promotion of survival (Darling-
ton et al., 1990; Sapolsky et al., 2000; Wingfield
and Kitaysky, 2002). Thus, increases in blood
concentration of glucocorticoids represent a sig-
nal that the organism has triggered its adaptive
mechanisms in response to a stressor.,

As one of the first neuroendocrine signals
during the stress response, hypothalamic corti-
cotropin-releasing hormone (CRH) is secreted
into the hypothalamo-pituitary portal circula-
tion (Fig. 7.1). Here CRH stimulates pituitary
corticotropes to synthesize and release adreno-
corticotropic hormone (ACTH) into the Sys-
temic circulation. ACTH then stimulates the re-
lease of glucocorticoids from the adrenal cortex
(Fig. 7.1). In most mammals and fish, cortisol is
the main glucocorticoid, whereas in rodents,
birds, amphibians, and reptiles, corticosterone
appears to be the main glucocorticoid (reviewed
by Sandor et al., 1976). First attempts to identify
glucocorticoids in ridley turtles were inconclu-
sive (Chester Jones etal., 1959), and more recent
attempts to measure cortisol in sea turtle blood
have been unsuccessful (A. Aguirre, personal
communication). However, corticosterone is well
established as the primary corticosteroid in
reptiles (Sandor et al., 1976) and has now been
measured in response to a variety of putative
stressful stimuli in ridley turtles.

STRESS AND RIDLEY TURTLES. Because
the genus Lepidochelys includes the most, as well
as the least, abundant populations of sea turtles,
it is striking that so little is known of their stress
endocrinology. It is important that we under-
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stand how these turtles adapt to stress not only
to advance our knowledge of their biology but
also to develop more complete and effective ap-
proaches to protecting these reptiles. One rea-
sonable approach would be to conduct stress
studies on the more abundant olive ridley for
comparison or extrapolation to the more en-
dangered Kemp's ridley. Fortunately, the avail-
ability of juvenile Kemp's ridleys at the NMFS
Galveston Laboratory used in the head-start
experiment has provided rare opportunities for
studies of adrenal physiology in this species as
well. The following pages review our current
knowledge of the ridley endocrine stress physi-
ology based on published and unpublished re-
ports and data. Reviewed accounts on ridley
stress physiology, combining field and labora-
tory-based approaches as well as captive-raised
and wild sea turtles, have produced an interest-
ing but as of yet incomplete picture of this field.

An important first step in piecing together the
endocrine stress response in ridleys was the char-
acterization of basal circulating glucocorticoid
concentrations in the wild. Because cortico-
sterone plays an important role in the control
of metabolic functions and undergoes daily fluc-
tuations in response to endogenous rhythms
(Mizock, 1995), adrenal output may change sig-
nificantly in a dynamic fashion. To prevent mis-
interpretation of cxpcrimental outcomes, it is
also essential to determine basal fluctuations in
blood corticosteroid concentration in each par-
ticular species. To address this concern, daily
basal corticosteroid concentration was mea-
sured in adult, free-ranging olive ridleys off
Nancite, an arribada nesting'beach in Costa Riga
(Valverde et al.,, 1999). In this initial study, 10
females were captured in the water at each of
four times during the day: 0600, 1200, 1800, and
2400. Mean corticosterone concentration re-
mained below 0.2 ng/ml throughout this 24-
hour period, with no indication of daily vari-
ability. These results were further supported by
the sampling of over 100 female olive ridleys
randomly captured off Nancite Beach at differ-
ent times during the peak nesting season. Nearly
all turtles exhibited blood corticosterone con-
centration under 0.6 ng/ml (Fig. 7.2). These data
are in agreement with basal blood cortico-
sterone concentration measured in green turtles

during the nesting process (Jessop et al., 1999).
Interestingly, these basal values for ridley and
green sea turtles are well below those described
for the gopher tortoise, Gopherus polyphemus
(Ott et al., 2000), and suggest a hypoactivity of
the ridley and green HPA axes. It is important to
note that only few published studies provide evi-
dence for, or of lack of, a daily cycle in basal cir-
culating corticosteroid in sea turtles.

The first study of adrenal corticosteroids in
the context of the stress response in wild olive rid-
leys is that by Schwantes (1986). In this study
conducted at La Escobilla Beach, in Oaxaca,
Mexico, three to eight females were sampled at
each of nine different stages of nesting: strand-
ing, beginning nest, body pit, egg chamber, first
egg, midclutch, last egg, covering, and return-
ing. Circulating corticosterone concentration
remained below assay detectability (<1 ng/ml)
throughout the nesting process. These results are
similar to basal concentration of corticosterone
in the green during the same nesting phases ( Jes-
sop et al., 1999). In addition, Schwantes (1986)
provided the first demonstration of the func-
tionality of the ridley HPA axis by sampling wild
adult olive ridleys held at the former slaughter-
house in San Agustinillo in Oaxaca. Males and fe-
males held at the slaughterhouse exhibited mean
corticosterone concentrations ranging from 4
to 10 ng/ml, 3- to 50-fold greater than those con-
centrations observed in animals nesting, mating,
or basking offshore. Circulating corticosterone
was significantly higher in mating males than in
mating females, and in stressed males relative to
stressed females held at the slaughterhouse.
However, sexual differences were not apparent in
basking animals. It is important to point out that
it was not possible to determine whether males
and females had been exposed to the same treat-
ment at the slaughterhouse. This makes it diffi-
cult to ascertain whether differences in corticos-
terone concentration found in these turtles
represent a form of sexual dimorphism. Never-
theless, these results suggest that stress, but not
nesting, is an effective activator of the ridley
HPA axis.

A contrasting study (Valverde et al., 1999) in-
dicated that nesting may also induce a stress re-
sponse in female olive ridleys. Circulating basal
corticosterone was significantly elevated in a
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group of nesting arribada females randomly
sampled at Nancite after completion of nesting,
compared to basking females at the same loca-
tion (Valverde et al., 1999). This may be attrib-
uted to AVT, a neurchormone secreted by the
neurohypophysis, which has been shown to in-
crease sharply in blood concentration in olive
ridleys at the beginning of the nesting process,
reaching a peak at the time of oviposition and re-
turning to basal levels on the return of the tur-
tles to the ocean (Figler et al., 1989). The role of
AV'T is presumably to regulate oviductal con-
tractions by which eggs are forced out of the
oviduct. It is possible that secretion of neuro-
hypophyseal hormones such as AVT, which is
also known to potentiate CRH-induced ACTH

2

pituitary release in many vertebrate species
(Fryer and Leung, 1982; Lilly et al., 1989; Harvey
and Hall, 1990), may activate the pituitary-
adrenal axis during nesting, resulting in the ob-
served rise in corticosterone in nesting female
turtles. If true, this evidence would support the
idea that the ridley pituitary gland is sensitive to
hypothalamic CRH during arribada nesting.
More recently juvenile Kemp's ridleys were
shown to respond to the stress of capture and
handling with increased corticosteroid output
and increased blood glucose (Gregory and
Schmid, 2001). In this study, wild juvenile Kemp’s
ridleys were captured by entanglement nets.
Blood samples were taken at 0, 30, and 60 min-
utes after release from the nets. Both circulating
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corticosterone and glucose concentrations in-
creased over time following capture. The con-
centration of corticosterone at time zero in this
study was 10-fold higher than basal levels mea-
sured in other studies of juvenile Kemp’s ridleys
and adult olive ridleys (Valverde et al., 1999;
Ortiz et al., 2000). This suggests that concentra-
tions observed at time zero after net capture
were already well above basal values. The actual
time that turtles spent in the net was not known,
with a reported maximum possible time of 15
minutes before samples were taken. Because the
HPA axis of other reptiles has been shown to be
significantly activated within 10 minutes after
capture (Moore et al., 1991; Dunlap and Wing-
field, 1995), and the adrenal gland can respond
more robustly to stimulation after ACTH prim-
ing by prior stress (Ehrhart-Bornstein et al.,
1998), it is possible that the HPA axis of juvenile
ridleys also was rapidly activated by capture
stress.

A comprehensive study on the stress response
of arribada olive ridleys at Nancite Beach, Costa
Rica, was undertaken by Valverde (1996). Dur-
ing arribadas, females tend to concentrate in a
relatively small area, often encountering many
physical obstacles including their conspecifics
and beach debris. In spite of such high interac-
tion frequency, turtles complete their nesting
successfully. This has led to the hypothesis that
arribada ridleys might have evolved a central
mechanism that increases their sensory thresh-
old, resulting in a lower response to environ-
mental stimulation (Valverde, 1996; Valverde
etal., 1999). This hypothesis predicted that nest-
ing arribada turtles would exhibit a hyporespon-
sive HPA axis. To test the hypothesis, nesting
arribada turtles were captured and turned on
their backs for blood sampling over the subse-
quent 6 hours, after the completion of egg lay-
ing. Solitary nesting and basking females, as well
as males, were also captured as controls and
subjected to the same restraint and sampling
protocol. The “turning stress” was very instru-

mental in the stimulation of the ridley HPA axis;
turtle groups exhibited a corticosterone response
to turning. However, males responded more
rapidly (significant increase over basal levels by
20 minutes) than any female group, with the ar-
ribada turtles responding at the slowest rate (sig-

nificant increase by 120 minutes). By the end of
the 6 hours, all groups had reached similar cir-
culating mean corticosterone concentration of
approximately 4 ng/ml (Valverde et al., 1999).
These data support the hypothesis that the ar-
ribada females undergo an inhibition of their
HPA axis.

Two aspects of interest in this study are that

solitary turtles tended to exhibit a slightly higher
adrenal response than arribada and basking tur-
tles, indicating that solitary turtles were more
sensitive to the physical stressor. The other in-
teresting aspect is that a subgroup of the female
turtles in every group studied exhibited no de-
tectable responsiveness to turning stress (refrac-
tory females) (Valverde et al., 1999). The former
data suggest the interesting possibility that soli-
tary turtles may be too sensitive to physical stim-
ulation to nest at the high densities that charac-
terize arribada events, The latter data suggest
that a subpopulation of nesting females at
Nancite is experiencing active inhibition of their
HPA axis, an inhibition that was not observed in
any male olive ridley. A caveat in the latter ob-
servation is that the males included in the study
were mating at the time of capture. It has been
shown that mating olive ridley males exhibit
higher circulating corticosterone concentration
than mating females (Schwantes, 1986). It is
therefore possible that the sensory systems of
mating males must remain alert to environmen-
tal stimulation because other males may try to
dislodge them during the mating process (Booth
and Peters, 1972; Alvarado and Figueroa, 1989).
Nevertheless, in general these results support
the hypothesis that inhibition of the arribada
female HPA axis allows them to complete the
nesting process in spite of extensive physical
contact with and disturbance from conspecifics
during arribadas.

An important question related to this hypoth-
esis is whether the sea turtle HPA axis exhibits
periods of higher and lower activity during key
life history events, such as reproductive and mi-
gratory activities, as has been amply demon-
strated in birds (the so-called “adrenal modula-
tion,” e.g., Wingfield and Kitaysky, 2002). To this
effect it has been shown that female green and
hawksbill sea turtles exhibit a depressed adrenal
response to a physical stressor during reproduc-
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tive periods with respect to animals that are not
reproductively active (Jessop, 2001). It has been
suggested that this reduced adrenal response
may play an important role in ensuring that re-
production will indeed carry on in spite of envi-
ronmental stressors (Wingfield er al., 1998).

In an attempt to identify possible mechanisms
responsible for the inhibition of the HPA axis in
arribada females, several experiments were per-
formed. To test the hypothesis that a steroid hor-
mone from the developed ovary suppresses the
HPA axis, circulating testosterone concentra-
tions were measured in the same turtles (Valverde
et al., 1999). Testosterone production in female
ridleys has been shown to be maximal in fully de-
veloped ovaries and minimal in the quiescent
ovary (Rostal et al., 1997, 1998). Testosterone
concentration did not differ between responsive
and refractory females, indicating that refrac-
toriness was not related to ovarian testosterone
production or to clutch number.

To test the hypothesis that ridley pituitary
sensitivity was suppressed, basking and nesting

turtles were subjected to turning for 3 hours (to

identify potentially refractory females) (Valverde,
1996) and then injected into the cervical sinus
with an approximate average dose of 1.22 g
ovine CRH/kg body mass; control turtles re-
ceived saline. Blood samples were obtained 0, 2,
and ,6 hours postinjection. Adrenal response
showed that all animals responded to turning
stress with increased blood corticosterone (Fig.

7.3). Although this confirms the functionality of

the ridley HPA axis, the lack of refractory fe-

oCRH/basking (N = 6)
SAL./basking (N =4)
oCRH/nesting (N = 3)
SAL./nesting (N =4)

Turning stress

Corticosterone (ng/ml)

Respiration and Endocrine Physiology

males precluded a full testing of the hypothesis.
However, these data do suggest a lack of sensi-
tivity of the HPA axis to ovine CRH, but it is pos-
sible also that the CRH did not reach the pitu-
itary or that the system was already maximally
stimulated by the turning stress alone. The lack
of sensitivity of ridleys to CRH would be in con-
trast to the human pituitary, which is capable of
responding to intravenous CRH injections in
a dose as low as 0.03 lg/kg body mass (Coiro
et al., 1995). Further study, ideally utilizing a
dose-response approach, is required to address
the issue of the role of CRH in regulating ridley
ACTH secretion.

Finally, to test the hypothesis that the adrenal
gland was refractory to ACTH stimulation in
nesting olive ridleys, arribada females were first
subjected to turning stress for 4 hours, then in-

jected with either porcine ACTH (0.6 IU pACTH/

kg of body mass) or saline solution. Turtles were
held in a special corral for 24 hours postinjection
in which they were able to move freely. Results
showed that all turtles responded to turning
stress with equivalent increased blood cortico-
sterone, again precluding testing the refractory
HPA axis hypothesis. However, ACTH-injected
females did show a significant increase in corti-
costerone with respect to controls at all times af-
ter injection. Thus, although hypothalamic con-
trol of pituitary ACTH has yet to be established,
the ridley adrenal gland is capable of rapid acti-
vation by exogenous ACTH of greater magni-
tude than elicited by turning stress. This sup-
ports the suggestions that the ridley pituitary is

Fig. 7.3. Adrenal response to turning and
ovine corticotropin-releasing hormone
(CRH) or saline injections in nesting and
basking olive ridley sea turtles. At time 3
hours, animals were turned on their backs;
at time 0, animals were turned on their
plastrons, injected in the cervical sinus, and

Time (hours)

then allowed to wander in an enclosure for
the remainder of the experiment. Figure
shows mean corticosterone values + SEM.
Single arrow indicates time of injection.
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not producing enough ACTH to effectively con-
trol the adrenal gland and that the HPA axis is
centrally inhibited during nesting.

From the previous discussion, at least two ex-
periments are suggested. First, it would be nec-
essary to test the hypothesis that only breeding
olive ridleys undergo inhibition of their HPA
axis, as has been shown for green turtles (Jessop,
2001). This hypothesis was addressed by search-
ing for olive ridleys in international waters of the
eastern tropical Pacific Ocean, away from nest-
ing grounds (Owens, 1993), to capture only re-
productively inactive adult olive ridleys (based on
blood testosterone concentrations <20 pg/ml)
(Plotkin et al., 1995). Two mature males and one
female (testosterone = 35 pg/ml with small de-
veloping follicles) were captured and subjected to
turning stress, with blood sampling for a period
of 6 hours (Fig. 7.4). Males were further subjected
to laparoscopy for gonadal examination and sub-
sequently blood-sampled. Data showed that all
animals responded to capture and turning stress
with increased blood corticosterone, in a manner
similar to animals near or at the nesting beach
(Valverde, 1996). Males responded with higher
production of corticosterone than the female,
but the small sample size precluded statistical
analysis. Thus, it was not possible to test ade-
quately the hypothesis that reproductively quies-

—C— Females (N =1)
—{}— Males (¥ = 2)

(=B B ]
T

Corticosterone (pg/ml)
W &

cent turtles would exhibit a more robust stress re-
sponse. Further work in this area is needed.

The second suggested experiment would be
important to determine whether only arribada
species, which are subjected to much greater dis-
turbance on nesting beaches, exhibit diminished
adrenal responsiveness. To address this hypoth-
esis, nesting loggerhead turtles were also sub-
jected to turning stress and compared with soli-
tary nesting olive ridleys (Valverde, 1996; Valverde
et al., 1996). If HPA axis inhibition was exclusive
to ridleys, loggerheads (a solitary nesting species)
should exhibit a robust response to turning, How-
ever, loggerheads not only responded sluggishly
to the turning stress, as do olive ridleys, but also
exhibited a lower magnitude of response than
the solitary olive ridleys by the end of the experi-
ment (Fig. 7.5). Interestingly, it has been shown
that green sea turtles do not exhibit increased
adrenal output in response to increased nesting
density (Jessop et al., 1999). This suggests that
green turtles may also be hyporesponsive to
physical stimulation during nesting. Thus, the
hypothesis of the exclusiveness of the hypo-
active ridley HPA axis is not supported.

The data discussed up to now suggest that the

HPA axis of the olive ridley, and perhaps that of

sea turtles in general, responds sluggishly to
physical stress. This is particularly clear in com-
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Fig. 7.4. Mean circulating corticosterone levels (£ SEM) in two male and one female olive ridleys captured in the open
ocean and subjected to turning stress, Last mean value for males represents corticosterone levels measured in samples

obtained after laparoscopic surgery.
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Fig. 7.5. Mean circulating corticosterone levels (= SEM) in nesting female olive ridley and loggerhead sea turtles subjected
to turning stress. Asterisk indicates significant differences between mean corticosterone levels of loggerhead and olive ridley
females at 360 minutes from initiation of the experiment (P = 0.008).

parison to other vertebrates, such as birds, fish,
and lizards, that exhibit significant elevations
within 10 minutes in response to capture and
handling (Dunlap and Wingfield, 1995; Kaki-
zawa et al., 1995; Wada and Shimizu, 2004). The
ridley adrenal gland, however, does not appear
to be insensitive to stimulation, suggesting that
the sluggishness of the system is likely the result
of a central mechanism that operates to increase
sensoryrthresholds of the turtles during nesting.
Recently, an evolutionarily ancient CRH binding

protein was detected in the hypothalamus of

the turtle (Seasholtz et al., 2002). This protein
has been characterized in vertebrates as a high-
affinity binding protein, capable of modulating
the bioactivity of CRH and, presumably, the ac-
tivity of the HPA axis. It is possible that the
production of this protein is elevated during re-
production in the female turtle, which would in

turn prevent fast activation of the HPA axis. If

supported, this mechanism may be linked to the
high disturbance threshold (HDT), a trance-like
behavior that all nesting sea turtle species ex-
hibit, particularly during egg laying (Valverde,
1996). This HDT behavior has been described in
the literature as a period when turtles appear to
be quiescent, oblivious to physical (visual, audi-
tory, tactile) stimulation (Hughes and Richard,

1974; Ehrenfeld, 1979). Such a common link
could explain why the HPA axis of the logger-

head sea turtle may respond similarly to that of

the olive ridley.

GLUCOSE AND STRESS. Blood glucose con-
centration has also been used to assess the im-

pact of a stressor on the systemic homeostasis of

the organism (Widmaier, 1990; Chrousos and
Gold, 1992). Thus, circulating glucose measure-
ments may be used as a diagnostic tool for stress
in ridleys. Indeed, wild juvenile Kemp's ridleys
have been reported to respond to capture and
handling with elevated blood glucose within 1
hour of capture (Gregory and Schmid, 2001), in-
dicating that ridleys can exhibit a hyperglycemic
response to a stressor. However, it is not known
whether glucose increases are caused by adreno-
corticosteroid activity or another factor, such as
catecholamine hormones. Interestingly, blood
glucose has been shown to remain unchanged in
the face of variations in the external osmotic en-
vironment in captive juvenile Kemp's ridley sea
turtles (Ortiz et al., 2000). This, and the lack of
adrenal responsiveness to osmotic changes, sug-
gest that the external osmotic environment does
not represent a stressor to the ridley’s physiol-
ogy. However, it is important to keep in mind
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that glucose concentration can vary indepen-
dently as a result of carbohydrate metabolism,
which is not well understood in sea turtles.

In contrast to juvenile ridleys, free-ranging
adult male and female olive ridleys did not re-
spond to capture and turning stress with in-
creased concentration of blood glucose within 6
hours (Valverde et al., 1999). In a subsequent
study, arribada olive ridleys subjected to turning
stress for 4 hours exhibited basal glucose levels
similar to those observed in the 6-hour study
(Valverde, 1996). However, when these animals
were injected with saline or ACTH and subse-
quently held in captivity on land for a period of
24 hours, blood glucose dropped significantly to
about half initial levels. Thus, the results of these
two studies do not support a hyperglycemic role
for glucocorticoids in reproductively active male
and female olive ridleys. An interesting aspect of
this study is that basal blood glucose concentra-
tions of these turtles were significantly below
those of turtles captured in feeding areas for
the population in the eastern tropical Pacific
Ocean. It has been suggested that sea turtles do
not feed actively during the reproductive months
(Owens, 1976, 1980). Evidence for this hypoth-
esis has recently been reported (Tucker and
Read, 2001). Tt is possible that this hypophagia
might limit the energy stores of the turtle. This
energy limitation may in turn impact not only
the gluconeogenic capacity of glucocorticoids
by decreasing the availability of noncarbohy-
drate substrates but also the hyperglycemic ef-
fect of other stress hormones such as catecho-
lamines. From the above discussion, it seems that
the use of blood glucose is not a reliable tool ta
describe the stress response of the actively repro-
ductive ridley turtle.

Salinity and Adrenocortical Response

Ridleys, like all other sea turtles, live in a hyper-
osmotic environment. In order to help maintain
ion homeostasis, these marine reptiles have
evolved a highly efficient salt gland (Reina et al.,
2002). Secretory activity of the sea turtle salt
gland is thought to be partially under the control
of adrenal steroids (Holmes and McBean, 1964).
Using captive-raised Kemp's ridleys, Morris (1982)

studied adrenal responsiveness to a change in

ambient salinity in the context of salt gland
function. In a series of experiments, 3-year-old
Kemp's ridleys were subjected to changes in
salinity. Turtles were transferred from salt water
at 34 parts per thousand (ppt) to either 34 ppt
(control), 17 ppt, or 0 ppt salinity. An hour after
transfer, all treatment groups showed signifi-
cant, equivalent elevations in circulating corti-
costerone (up to a mean of approximately 9 ng
ml), which then declined to basal levels (less than
2 ng/ml) by 6 hours. Two weeks after transfer,
all turtles were transferred back to 34 ppt. Fol-
lowing this second transfer, no increases in cor-
ticosterone were observed at 5 or 24 hours, al-
though, based on results of the first experiment,
this sampling interval would have missed acute
corticosterone changes in the first hour. In a sec-
ond experiment, Kemp's ridleys were intraperi-
roneally injected with 0.25 ml/kg of either 30%
or 0.9% (physiological) saline. Both groups of
turtles exhibited elevated corticosterone by 30
and 60 minutes, but no differences were found
between the two treatments. Although these
two sets of experiments do suggest activation of
the adrenal axis with handling or sampling, as
has been shown more recently for captive Kemp's
ridleys (Stephenson et al., 2000), they do not sup-
port a direct role of adrenal glucocorticoids in
the adaptation to osmotic challenges. To our
knowledge, the studies by Morris (1982) were
the first to demonstrate that the ridley HPA axis
can respond to physical stressors with robust
production of corticosterone.

In a similar study, Ortiz et al. (2000) examined
water flux and osmotic and adrenal responses to
acute salinity challenge in four juvenile, captive-
raised Kemp’s ridleys. Full-strength seawater-
acclimated animals were switched to fresh water
for 4 days and then back to full strength for an-
other 7 days. Rapid water changes (<6 minutes)
in the holding tank were achieved without han-
dling animals, and blood samples were taken at
2-day intervals for measurement of aldosterone
and corticosterone. No changes were found in
either hormone following transfers in spite of
significant changes in water flux, plasma ion
composition, and plasma osmolality. Although
these data suggest that these steroids do not play
an important role in the osmoregulatory re-
sponse of ridley turtles, it is again possible that
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more frequent sampling might have revealed
transient hormone changes. Both Morris (1982)
and Ortiz etal. (2000) suggest that acute changes
in ambient salinity do not constitute a stressor to
Kemp's ridleys.

Catecholamine Hormones
and Stress

Chromaffin cells of the adrenal medulla, a pe-
ripheral component of the sympathetic nervous
system, release the catecholamine hormones ep-
inephrine and norepinephrine (also known as
adrenaline and noradrenaline). In mammals, cate-
cholamine hormones induce rapid energy mo-
bilization as well as increased cardiac output and
blood pressure, which are thought to mediate
adaptation to acute stress (Chrousos and Gold,
1992). Studies in freshwater turtles have found a
significant (less than 1 hour) elevation of blood
epiniephrine, norepinephrine, and glucose dur-
ing diving hypoxia (e.g., Wasser and Jackson,
1991), consistent with a role for these hormones
in glucose mobilization. The only report on rid-
ley catecholamine hormones is that of Hoopes
et al. (2000). This study has been described in
more detail in the previous section on Entangle-
ment Net Capture Stress. Wild, juvenile Kemp's
ridleys were retrieved after spending less than 10
minutes in entanglement nets, and blood was
sampled for up to 48 hours while they were held
in in-water cages and on-shore tanks. Blood con-
centrations of both epinephrine and norepi-
nephrine were elevated at the initial sample and
then declined over 6-10 hours, reaching minimal
levels at 48 hours. Hoopes et al. (2000) suggest
that postcapture holding conditions influenced
the rate of recovery from stress because cate-
cholamine levels declined more rapidly in turtles
held in in-water cages than in turtles held in
on-land tanks. The only other study of cate-
cholamine hormones in sea turtles found no
change in circulating epinephrine and norepi-
nephrine in postnesting female green turtles re-
strained for up to 10 minutes (Hamann et al,,
2003). Hamann et al. (2003) suggest that this lack
of elevation may be a result of desensitization of
catecholamine production during nesting, simi-
lar to the situation discussed above for gluco-
corticoids. Although these two studies are difficult
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to compare because of differences in capture pro-
tocols, age, and reproductive condition of the tur-
tles, both suggest that further study of the dy-
namics of blood catecholamine hormones will
provide information on the sensitivity of sea tur-
tles to natural and human-imposed stressors. It
will be challenging to conduct such studies in
wild ridley turtles. To characterize the activation
of catecholamine release, initial blood samples
should be obtained from undisturbed animals.
Furthermore, repetitive sampling to character-
ize recovery will require restraint of animals, for
possibly as long as 24-48 hours.

Summary

Current available data indicate that ridley turtles
possess a functional HPA axis. Moreover, the
axis has been shown to function much like that
of other vertebrate species. Specifically, the axis
is activated by physical stressors and by pharma-
cological manipulation. Interestingly, the ridley
HPA axis of the adult turtle exhibits a higher ac-
tivation threshold than that of many other rep-
tiles, and that of vertebrates in general, in re-
sponse to physical stimulation. In addition,
some ridley turtles can exhibit nearly complete
endocrine (corticosterone) refractoriness to phys-
ical stressors. These aspects of the ridley HPA
axis may assist the animals during nesting, par-
ticularly at high densities. The nature of this
HPA axis modulation is not understood and war-
rants further investigation. In order to establish
whether this phenomenon is related to repro-
ductive condition or energy stores, it is impor-
tant to conduct experiments with smaller ridleys
located in the feeding grounds. The modulatory
phenomenon of the ridley HPA axis suggests the
possibility that these animals possess alternative
homeostatic mechanisms that allow them to
withstand the disruptive effects of stressors. To
understand the role of glucocorticoids in the
physiology of the ridley, the molecular and bio-
chemical characterization of the ridley gluco-
corticoid receptor would be most informative.
In addition, the evidence available on blood
glucose supports the idea that the adult ridley
effectively undergoes a period of hypophagia.
This phenomenon seems to be restricted to
the reproductive months and may impinge on
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the ability of glucocorticoids and other hyper-
glycemic hormones to promote an elevation in
blood glucose. More studies are required to elu-
cidate the relationship between energy balance
and the dynamic nature of the physiology of the
HPA axis.

Thyroid Physiology

The regulation of thyroid hormone secretion
and the actions of thyroid hormones at target
tissues are not well understood for most com-
monly studied reptilian species. Because thyroid
hormones consistently have been implicated as
playing a role in supporting energetically de-
manding processes such as nutrient assimilation,
growth, development, reproduction, and migra-
tion (Eales, 1979; McNabb, 1992), thyroid func-

tion in reptiles is of basic interest because of

their evolutionary position at the transition to
endothermy. More recently, reptilian ‘thyroid
glands have been studied because of the possi-
bility of environmentally induced endocrine dis-
ruption (Crain et al., 1998). Studies of thyroid
function in ridley turtles may thus contribute
both to our basic understanding of the evolution
of thyroid function and to a more practical un-
derstanding of the potential impact of anthro-
pogenic chemicals on threatened species.
Studies in diverse vertebrate species have led
to a consistent picture of the basic organization
of the hypothalamo-pituitary-thyroid axis (Fig,
7.1; McNabb, 1992; Hulbert 2000): hypothala-

mic peptide hormones regulate secretion of

pituitary TSH; TSH in turn activates the syn-
thesis and secretion of the thyroid hormopes
thyroxine (tetraiodothyronine or T, and 3,3",5-
triiodothyronine (T,) from the thyroid gland.
TSH stimulates unique processes in thyroid
cells, including iodide uptake and organification,
thyroglobulin synthesis, thyroid hormone syn-
thesis and cleavage from thyroglobulin, and thy-
roid hormone secretion. TSH also promotes
thyroid cell growth and differentiation. In most
vertebrates examined, T, is the predominant
hormone released to the circulation from the
thyroid gland (McNabb, 1992).

Data available for ridley turtles address rela-
tively few aspects of thyroid function. Indeed,
the first comprehensive review of reptilian thy-

e

roid function (Lynn, 1970) makes only a single
reference to the genus Lepidochelys. This is a de-
scription of the histological appearance of the
thyroid gland of the olive ridley (Yamamoto,
1960), which demonstrates the characteristic fol-
licular appearance consistent with the general
vertebrate structure supporting thyroid hor-
mone synthesis. More recent studies on circulat-
ing thyroid hormones, described below, lead us
to believe that thyroid function in Lepidochelys
resembles the generalized vertebrate model. Ad-
ditionally, comparative studies have confirmed
the existence of the basic elements of the hypo-
thalamic-pituitary-thyroid axis in turtles. A TSH
homologous to that found in other vertebrates
has been purified from the green turtle (MacKen-
zie etal,, 1981), and we expect that a similar pro-
tein exists in ridley pituitaries. This TSH has
been used for the development of an RIA capa-
ble of measuring TSH in blood and pituitary tis-
sue of freshwater and marine turtles. Use of the
RIA has confirmed that thyroid hormones exert
a negative feedback on pituitary TSH produc-
tion in green turtles (MacKenzie et al., 1981) and
in slider turtles (Denver and Licht, 1988). It has
also identified several hypothalamic peptides, in-
cluding thyrotropin-releasing hormone (TRH)
and others conventionally associated with the
regulation of pituitary hormones such as GH or
ACTH, capable of stimulating pituitary TSH se-
cretion in slider turtles (Denver and Licht, 1989,
1990). The ability of CRH to stimulate TSH re-
lease in slider turtles suggests a linkage between
the thyroid and adrenal systems (Denver and
Licht, 1989). Further study of hypothalamic reg-
ulation of TSH in sea turtles would thus provide
a broader comparative perspective on the regu-
lation of TSH secretion and a better under-
standing of their integrated endocrine response
to stress. Presently, no information is available
on the nature of TSH in ridley turtles or its hy-
pothalamic control.

The slider turtle thyroid axis is now the most
intensively studied of any reptilian species. In
contrast, the limited availability of sea turtle
species for experimental or descriptive examina-
tion of thyroid function has hindered our un-
derstanding of how applicable slider turtle data
are to nonemydid turtles. In the case of thyroid
hormone blood transport, for example, emydid
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turtles appear quite unusual among ectothermic
vertebrates. Thyroid hormones circulate in the
blood bound to several binding proteins that
serve to facilitate their transport to distant tis-
sues (Fig. 7.1). In slider turtles, a unique vitamin
D binding protein binds T, with high affinity in
the circulation (Licht, 1994). Circulating T , stim-
ulates the production of this binding protein,
resulting in periods of the year when blood
binding capacity, and therefore circulating T ,, is
among the highest observed in any vertebrate,
including mammals (Licht et al., 1990). Phylo-
genetic studies of the distribution of this bind-
ing protein in reptiles show that it is not present
in nonemydid species, including olive ridley
(Lichtetal., 1991). This was confirmed by Haynes
(1990) in a detailed analysis of thyroid hormone
binding to sea turtle serum proteins. In compar-
ison to humans and Trachemys, serum from sea

turtles, including Kemp’s ridley, showed a di-
minished ability to bind both T, and T . Scat-
chard analysis of binding to Kemp’s ridley

serum demonstrated the presence of a single,
high-affinity, moderate-capacity T, binding site
with an affinity similar to the human thyroid
hormone transporter transthyretin (Table 7.2).

Binding affinity of T, in Kemp's ridley blood
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was about 10-fold lower than that of T ,. This
study concluded that Kemp’s ridley turtles pos-
sess a single, moderate-affinity thyroid hormone
transport protein in serum. Phylogenetic studies
of transthyretin (Power et al., 2000) have indi-
cated that it is not present in reptile blood,
suggesting that a different, unknown protein
functions as the primary thyroid hormone trans-
port protein in ridley turtles. Further studies are
needed to determine whether modulation of the
blood content of this protein serves to alter thy-
roid hormone delivery to peripheral tissues.

At peripheral tissues, T, enters target cells
and is converted to deiodinated metabolites by
intracellular deiodinase enzymes (Fig. 7.1). Outer
ring deiodinases (ORD) convert T, to T,, which,
because it generally has a higher affinity for the
nuclear thyroid hormone receptor, is considered
the active intracellular form of thyroid hormone
(McNabb, 1992; Hulbert, 2000). Inner ring deio-
dinases (IRD) can also convert T, to a variety of
deiodinated metabolites, many of which are
considered to be inactive breakdown products of
thyroid hormone (Hulbert, 2000). The T, gen-
erated by ORD can be made available to nuclear
thyroid hormone receptors to regulate the tran-
scription of specific genes, can be broken down

Table 7.2 Characteristics of thyroid hormone binding to serum

proteins in sea turtles

Species Site  Affinity®  Capacity® Affinity>  Capacity”

Lepidochelys kempit .855 2.43 6.29 2.48
0.604

Chelonia mvdas = 2.17 4.89 4.73
0.144 83.9

Caretta caretta 1.96 7.81

Trachemys scripta 0.188
0.096 255.7 0.0484

79 0.117 8.43

Homo sapiens
0.665

Note: Data from Haynes (1990), Serum samples were pooled, and endogenous thyroid hormone was re
moved using ion-exchange resin. Serum was then subjected to saturation analysis using radioiodinated
thyroid hormones on Sephadex minicolumns. All assays were performed at 20°C. Data were analyzed
using the LIGAND computer program to determine the number of thyroid hormone binding sites in
cach species, the affinity of each binding site for thyroid hormones, and the total binding capacity of the
serum for each thyroid hormone. Data for T. seripta and H. sapiens are included for comparison to sea

turtle serum
*Affinity units: 107 M~

PCapacity units: 107° M.
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further intracellularly to inactive products, or
can be released back to the blood, in consider-
able amounts in some species, where it presum-
ably is capable of activating additional thyroid
hormone receptors at distant targets (Fig. 7.1;
Eales and Brown, 1993). Eventually, thyroid
hormone metabolites are conjugated and ex-
creted by the kidney and the liver, although
evidence exists in some species for an active en-
terohepatic cycling system that may return sig-
nificant amounts of thyroid hormone to the
circulation through deconjugation by bacterial
tlora in the gut (Eales and Brown, 1993). We
have no information for any sea turtle species on
any of these peripheral processes critical to the
activation and reception of thyroid hormones at
their target tissues. The threatened/endangered
status of ridley turtles has Jprecluded directed or
opportunistic collection of fresh tissue needed
for in vitro enzyme and receptor assays. How-
ever, molecular biclogical techniques now per-
mit characterization of the expression of the
genes for these proteins in minute tissue samples
and could be applied to ridley turtle tissue to
confirm the existence of deiodination enzymes
and thyroid hormone receptors.

Currently, the most commonly used method
for evaluation of thyroid function in reptiles is
measurement of circulating thyroid hormone
concentrations. This can be achieved relatively
easily through the collection of blood samples,
followed by measurement of thyroid hormones
using a validated RIA. Although it gives a static
picture of the total thyroid hormone concentra-
tion in blood at a particular point in time, this
technique provides little information on the na-
ture of the binding of thyroid hormonés to
blood proteins or to the actual rate of delivery of
thyroid hormones to receptors in target tissues.
Nonetheless, this approach is useful in identify-
ing periods of hypothalamic-pituitary-thyroid
axis activation, potentially representing those
times at which thyroid hormone secretion or
hormone stimulation of target tissues is great-
est. This is normally the first step in initiating a
more detailed examination of thyroid function.
For example, a dramatic midsummer peakin T,
in slider turtles (Licht et al., 1985) suggested that
environmental temperature may activate the
thyroid axis and that thyroid hormones may be

involved in somatic growth, both later con-
firmed by laboratory experimentation (Licht
et al., 1989; Denver and Licht, 1991). The power
of hormone measurement is enhanced with an
increased frequency of sampling, giving a more
precise picture of the dynamics of activation of
the pituitary-thyroid axis. A common criticism
of blood measurement studies is that sampling
at one time of day may fail to detect dynamic cir-
cadian changes in blood thyroid hormones, as
has been noted for a number of fish species
(Leatherland, 1994). In this regard, it is impor-
tant to note that Moon et al. (1999) measured cir-
culating T, in seven blood samples taken over 48
hours from captive Kemp's ridleys, held at con-
stant temperature and light cycle, and detected
no evidence of a daily fluctuation. However,
thyroid hormones might not be as stable in the
wild, under conditions of variable temperature,
photoperiod, and feeding. Channel catfish, which
exhibit no daily changes in thyroid hormones
when held in the laboratory (Gaylord et al.,
2001), display dramatic increases in both T, and
T, in the afternoon when held in outdoor ponds
(Loter, 1998).

Several studies have described circulating thy-
roid hormones in ridley turtles (Owens, 1997).
Moon et al. (1998) have provided the only data
on T, in wild ridley turtles, reporting a mean of
6.7 ng/ml for nesting and 3.3 ng/ml for swim-
ming olive ridleys in Mexico. Although samples
can be collected easily during the brief period of
nesting in females, this limited perspective on
thyroid hormones in wild turtles is of minimal
value without comparative data from other times
or physiological conditions. Our most detailed
information on seasonal thyroid hormones in
ridley turtles comes from captive animals. Moon
et al. (1998) found seasonal changes in circu-
lating T, in adult female, but not adult male,
Kemp’s ridleys held in indoor tanks under
artificial simulated natural photoperiod and
natural temperature in Galveston, Texas. In fe-
males, the distinct annual cycle showed elevated
T, in March to May, as water temperatures were
increasing, followed by a decline in July to Octo-
ber, when temperatures were maximal. A sec-
ond peak in T, occurred in late November to
December. Mean T, in both sexes ranged from
5 to 13 ng/ml, substantially lower than that in
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slider turtles but at the higher end of the range
reported for most wild reptiles (e.g., Bona-Gallo
et al., 1980; John-Alder, 1984; Naulleau et al.,
1987; Kohel et al., 2001). Rostal et al. (1998) also
found seasonal changes in a captive population
of Kemp's ridleys held in large outdoor ponds
under natural photoperiod and temperature
at the Cayman Turtle Farm. Although the his-
tory and environmental conditions were quite

different for this group of animals, the range of

T, was similar to that in the Galveston ridleys.
Once again, males exhibited a low magnitude
of T, changes with the exception of a significant
elevation of T, (over 5 ng/ml) found only in
March. Females showed more dynamic annual
T, changes, with a major T, peak (near 11 ng/
ml) in December, followed by a smaller peak in
March and a gradual decline in summer.

The sexual dimorphism in T, cycles at both
locations suggests an interaction between re-
productive condition and thyroid function. A
reciprocal relationship between T, and testos-
terone, noted in prior reptilian studies (Bona-
Gallo et al., 1980; Licht et al., 1985; Naulleau
etal., 1987), was not apparent in Kemp's ridleys.
It is possible that the relatively low sampling
frequency (once every 1-3 months) may have
missed some transient T , elevations, yet similar-
ities between the two locations are intriguing. In
both groups of females, maximal T, was ob-
served at the time of initiation of ovarian re-
crudescence. This coincided with elevated blood
vitellogenin (as indicated by blood calcium)
(Rostal et al., 1998). A seccond T, elevation co-
incided with mating activity. The consistent re-
sults berween these two captive populations
suggest that T, participates in the energetically
demanding process of vitellogenesis, possibly
promoting the mobilization of lipid and protein
in the liver for vitellogenin synthesis. Alterna-
tively, changes in blood composition associated
with vitellogenesis may alter T, transport by in-
creasing thyroid hormone binding to blood pro-
teins. However, Heck et al. (1997) did not find
support for binding of T, or T, to vitellogenin
in Kemp's ridleys; pharmacologically elevated
blood vitellogenin had no effect on plasma thy-
roid hormone binding up to 75 days following
estrogen treatment. Elevated T, during vitello-
genesis, whether associated with vitellogenin or
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bound to other blood proteins, raises the possi-
bility that it can move into the yolk of ridley
eggs, as has been noted for avian and teleost
species (Wilson and McNabb, 1997; Tagawa and
Brown, 2001). Additional studies of thyroid hor-
mone transport and incorporation into yolk are
needed to establish a role for maternal hor-
mones in the regulation of sea turtle embryoge-
nesis. If thyroid hormones are incorporated into
ridley eggs and play a significant role in the reg-
ulation of embryonic development, as has been
proposed for slider turtle steroid hormones
(Bowden et al., 2002), disruption of maternal
thyroid function in wild populations may influ-
ence embryonic development. Such disruption
might include alteration of maternal thyroid
hormone secretion, deiodination, blood trans-
port, or receptor binding (Brucker-Davis, 1998;
Eales et al.,, 1999). Exposure of marine birds to
aromatic hydrocarbons has been found to alter
thyroid mass, circulating thyroid hormone lev-
els, and egg yolk composition (Rolland, 2000),
suggesting that animals living in contaminated
marine habitats may be vulnerable to endocrine
disruption.

Blood T, in captive or wild ridleys is normally
at or below the sensitivity of the RIAs used (<0.1
ng/ml) (Rostal et al., 1998; Moon et al., 1998,
1999). Low or nondetectable T, has been noted
in a number of reptilian species (John-Alder,
1984; Licht et al.,, 1990; Kohel et al., 2001). Cir-
culating T, reflects a combination of factors,
including rates of formation, blood protein
binding, and clearance (McNabb, 1992). Active
deiodinases have been characterized in a variety

“of tissues from slider turtles (H ugenberger and

Licht, 1999), a species with similar nondetectable
T,, demonstrating that low T, does not neces-
sarily reflect a lack of peripheral deiodination.
Low blood T, in Kemp’s ridleys is likely caused
in large part by a low affinity of T binding to
serum proteins (Table 7.2). In this regard, ridley
turtles resemble mammals, which exhibit simi-
lar low circulating T, in spite of active outer ring
deiodination in many peripheral tissues. Barely
detectable T, (up to 0.9 ng/ml) has been noted
in some captive Kemp's ridleys maintained on
constant warm temperatures and daily feeding
of a high-protein diet (Moon et al., 1998, 1999).
However, additional T, data from wild animals
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under a variety of physiological conditions are
clearly needed for a better understanding of the
significance of circulating T,.

Seasonal T, cycles in ridley turtles are likely
a result of multiple influences. One variable
that may seasonally modulate thyroid hormone
secretion and transport is body temperature
(Lichtetal., 1989). To determine if temperature
influences blood thyroid hormones in Kemp's
ridleys, Moon et al. (1997) subjected a group of
10 immature Kemp's ridleys to a controlled de-
crease in temperature. Although animals re-
mained active as temperature dropped from
25°C to 10°C, time of submergence increased
and food consumption decreased below 15°C.
A dramatic decline in"circulating T, also was
observed at all temperatures below 25°C (Moon,
1992). Because studies of slider turtles have
shown that alterations in thyroid status or envi-
ronmental conditions that diminish blood
binding protein capacity result in substantial re-
ductions in circulating thyroid hormone con-
centrations (Licht et al., 1990), we evaluated
these Kemp's ridley blood samples for thyroid
hormone binding to serum proteins at the ac-
climation temperatures of the rurtles, using a
Sephadex column index of total thyroid hor-
mone binding (Haynes, 1990). In Kemp's ridley
serum pooled from animals acclimated to 30°C,
both T, and T, binding were relatively stable
over the range of temperatures from 10°C to
40°C. In contrast, the blood samples taken from
turtles acclimated to low temperatures showed
significantly lower binding of T, but not T, at
15°C (Haynes, 1990). These studies support a
role for thyroid hormones in promoting erfergy
utilization during periods of elevated temper-
ature or increased activity in Kemp’s ridleys.
They also indicate that decreases in body temper-
ature may reduce thyroid hormone delivery to
target tissues (Haynes and MacKenzie, 1990).
Alterations in thyroid hormone delivery may
thus be one facet of the deleterious changes that
contribute to physiological impairment associ-
ated with cold temperature (e.g., cold stunning)
(Milton and Lutz, 2003).

Because turtles that are cold also cease feed-
ing, Moon et al. (1999) evaluated the possibility
that the decline of circulating thyroid hormones

might be caused in part by reduced food intake.

However, no changes in T, or T, were observed
in captive Kemp’s ridleys during 2 weeks of food
deprivation. In a reciprocal experiment, in which
feeding was increased 250%, satiated turtles also
showed no significant changes in T, or T, in
comparison to control (fed) turtles. The lack of
response to alterations in ration may be a species-
specific phenomenon in ridley turtles because
captive green sea turtles in the same experiment
did exhibit significant changesinboth T and T .
The thyroid response to food intake is complex,
and previous nutritional history may influence
the magnitude of response to food deprivation
(MacKenzie et al., 1998). Kemp's ridley studies
do not provide support for the activation of thy-
roid hormone production by nutrient intake, as
has been suggested for other vertebrates (Mac-
Kenzie et al., 1998). However, well-fed captive
animals maintain significant nutritional stores,
particularly fat (Owens, 1997), which may mini-
mize the effects of this relatively brief food
deprivation. Again, studies of thyroid function

in wild animals undergoing natural cycles of

food intake may help elucidate the significance
of these findings.

summary

The limited data available suggest that ridley tur-
tles have a thyroid gland capable of increased T,
production during times of anabolic activation.
Reproductive activity and increased temper-
ature may both enhance thyroid hormone se-
cretion and transport. Distinct annual T, cycles
have only been observed in captive female
Kemp's ridleys; further clarification of the role
of thyroid hormones in the physiology of ridley

turtles must await a more detailed evaluation of

wild animals. In addition, more information is
needed on the dynamics of thyroid hormone
secretion to determine whether relatively infre-
quent sampling protocols, often an unavoidable
limitation in sea turtle studies, provide repre-
sentative data. Because of the stability of thyroid
hormones in well-preserved serum, blood sam-
ples already stored in freezers could be analyzed
relatively easily for T, and T,. Such studies
would provide us with needed baseline data on
the normal range of thyroid hormones under
diverse physiological and environmental condi-
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tions. In particular, it would be of interest to de-
termine whether the elevation in circulating T
observed in captivity during vitellogenesis and
mating occurs in wild animals. The thyroid hor-
mone content of ridley eggs should also be de-
termined to establish whether maternal hor-
mones appear in yolk. Identification of the
location of deiodinases and receptors, useful for
establishing thyroid hormone targets and their
sensitivity to stimulation, could come from clas-
sical studies with tissue salvaged from animals
killed for other purposes or from molecular

studies of tissue biopsies. Further studies of

hypothalamic control of thyroid function, al-
though useful in establishing a linkage between
the pituitary-adrenal axis and thyroid, can be
achieved only with more invasive in vivo or in
vitro techniques. All of this information would

provide more effective tools for the evaluation of

the impact of human activities on an endocrine

gland that is likely involved in the regulation of

development and metabolism. Ridley rturtles,
as fully aquatic species often found near shore,
are potentially exposed to a number of anthro-
pogenic chemicals that may impact thyroid
function. To evaluate the effects of endocrine-
disrupting chemicals on adult, juvenile, or em-
bryonic animals, it is essential that thyroid
activity be characterized in populations from rel-
atively pristine habitats as well as in potentially
impacted wild populations.

Final Remarks

Despite the challenges of working with T‘idltf}i
turtles, significant progress has been made in the
examination of their metabolic and endocrine
physiology. Mass nesting behavior and captive
rearing programs have provided unique oppor-
tunities for investigations of stress, respiratory,
and endocrine physiology, which should serve as
the foundation for future investigations. Much is
left to discover that will help to fill the substan-

tial gaps in our knowledge of the biology of

these fascinating reptiles. Of special interest is
the arribada phenomenon, unique to the genus
Lepidochelys. These unexplained large aggrega-
tions may have played an evolutionary role in en-
suring the survival of the species by conferring
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individuals with the protection against preda-
tors inherent to a large group of conspecifics.
However, in modern times these same aggrega-
tions could lead to the decimation of the species
because animals are particularly vulnerable to
anthropogenic activities when on the beach orin
coastal waters. The proximity of such large
numbers of animals to nesting beaches provides
a rare opportunity for an examination of the
role of endocrine systems in the regulation of
behavior of wild reptiles. Because modern ana-
lytical techniques require minuscule amounts of
blood for hormone and metabolite measure-
ment, investigators collecting blood samples
from wild animals should seek out collabora-
tions that promote the broadest possible analy-
sis of sizable sea turtle blood samples.

It is our hope that the study of the physiology
of both species of Lepidochelys helps to enhance
our understanding of their life histories and to
facilitate the design and implementation of
improved conservation practices. For example,
an improved understanding of the respiratory
physiology of the Kemp's ridley may lead to ef-
fective protocols to help these animals recover
from capture in trawling nets of shrimp boats.
Similarly, understanding the role of thyroid hor-
mones in metabolism or thermoregulation may
contribute to our ability to assess the impact
of exposure to cold waters or to endocrine-
disrupting chemicals. In addition, characteriza-
tion of the endocrine stress response in ridley
turtles may help us understand the potential
impact of tagging programs, turtle-based tour-
ism programs, incidental fisheries, and egg-
harvesting practices on the reproductive biology
and behavior of these animals. Importantly,
we have no direct data on the relationship be-
tween reproduction and stress in ridley turtles.
Throughout these studies, it is important to bear
in mind the population status of these animals.
We must ensure that the need to protect the
species is never secondary to the need to under-
stand their physiology.
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