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Captivity affects behavioral physiology: Plasticity in signaling sexual identity
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Summary. Little is known about the link between captivity, physiology, and behavior in wild-caught vertebrates.
Anecdotal evidence suggests that hormonal changes are responsible for behavioral changes in wild animals brought
into captivity. Studying the effects of captivity on reproduction is hampered because wild animals often fail to exhibit
sexual behavior under captive conditions. In weakly discharging electric fish, field studies have reported sex differ-
ences in electric organ discharges which are rarely seen in the laboratory. I now report the results of a series of
laboratory investigations which show that Grathonemus petersii exhibits seasonal, hormone-dependent, phase-
specific sex differences in electric organ discharges. Captivity dramatically alters and may even reverse these sex
differences as a result of rapid changes in endogenous plasma hormone levels. These findings have broad implications
for research on animal physiology and behavior performed in laboratory settings.
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Introduction

Laboratory research performed on wild animals is typi-
cally generalized to naturalistic settings with little regard
to the effects of captivity upon the phenomena under
investigation. While it is known that captivity has pro-
found effects on both behavior and reproductive physiol-
ogy in most vertebrates ¥ 19-25727-29-38 the physiologi-
cal causes underlying the behavioral differences found in
field versus laboratory settings have only been surmised.
The fact that animals often do not show sexual behavior
under captive conditions 1° 2 2% has made it particularly
difficult to study the mechanisms by which reproduction
may be inhibited in wild-caught species.

Here I report on a series of laboratory investigations
which show robust and replicable captivity effects on the
communication of sexual identity in a weakly discharg-
ing electric fish, Gnathonemus petersii. Newly imported
fish exhibit clear hormone-dependent sex differences in
the duration of specific phases of their electric organ
discharges (EODs). In the laboratory, these sex differ-
ences are dramatically altered and may even reverse as a
function of profound changes in plasma gonadal steroid
hormone levels. Together, these studies provide the first
direct evidence of how captivity alters reproductive be-
havior and its underlying physiology, and explain numer-
ous discrepancies concerning signaling of sex differences
in the weakly discharging electric fish.

Laboratory and field studies suggest the EOD of weakly
discharging electric fish is used in social communication,
species and sexual identification, and possibly as warning
signals analogous to the alarm calls of other verte-
brates 13713:18.22724 Tield studies employing relatively
small samples have reported largely descriptive, non-
statistical accounts of natural sex differences, with con-
siderable variability and overlap between the sexes, in
EOD waveform, duration, or pattern of discharge for
several species of African mormyrid and South American
gymnotiform electric fish species 21 1! These field-re-
ported sex differences are rarely observed in the labora-
tory. Both laboratory and field studies have employed
hormone manipulations to induce male- or female-like
EODs?3 ¢, indicating that these sexual characters are
steroid sensitive.

In a previous laboratory study '®, we found a sex differ-
ence in EODs of Gnathonemus petersii, with males ex-
hibiting shorter EODs and higher peak power spectral
frequencies (PPSFs) of the Fourier transformation
(fig. 1a). This was surprising because field reports sug-
gested that males of several other mormyrid species have
longer-duration EODs and lower PPSFs than fe-
males > ¢ and G. petersii administered male hormones
exhibited increases in EOD duration and decreases in
PPSF !7. The present studies were designed to further
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Figure 1. The EOD and Fourier transformation obtained from oscillo-
scope and spectrum analyzer, respectively, and external sexual character
in the mormyrid G. petersii. a Left: The four phases of the EOD. (1) Phase
1: a slightly negative initial phase, (2) phase 2: a relatively long duration
high amplitude positive phase, (3) phase 3: a long duration high negative
amplitude phase, (4) phase 4: a slightly positive amplitude phase of highly
variable duration. Right: Fourier transformation. Arrow points to peak

investigate the endocrine basis for the EOD sex differ-
ence in G. petersii and to experimentally address captivity
as a possible confound in laboratory research.

Phase-specific sex differences in EODs

Methods. In an attempt to replicate our previous sex
difference findings, I recorded EODs from 27 male and
32 female adult, gonadally ripe (determined by female
egg size and color and by testis size and consistency) G.
petersii on the day they were received from Nigeria dur-
ing the rainy breeding season. Males were identified by
the distinct, hormonally-controlled indentation at the
dorsal margin of the anal fin (fig. 1b). EODs were record-
ed while fish were at rest in a porous ceramic shelter at
the bottom of their individual aquaria. The same pair of
Ag/AgCl electrodes was used for all subjects to ensure
that variability in EODs between subjects and studies
was not a function of different input impedances. The
stationary electrodes were located approximately 8 cm
from head and tail of the fish when at rest in its porous
ceramic shelter. EODs were fed directly into an oscillo-
scope (Tektronix, model 455, input impedance = 1M
ohm, high frequency bandpass filter) which triggered a
spectrum analyzer (Hewlett-Packard, model 3582A,
range: 025 kHz, resolution: 100 Hz}.

power spectral frequency (PPSF). b External morphology of adult male
and female fish. Arrowheads point to sexually dimorphic indentation in
the dorsal margin of the anal fin. ¢ Androgen-dependence of external
sexual dimorphism. Note dorsal margin of the anal fin in juvenile fish
(arrowheads) before (top) and 30 days following treatment with implant-
ed T or DHT (bottom). Estradiol did not induce this indentation in
juveniles or adult females.

Results and discussion. EODs of G. petersii have four
phases (fig. 1a). One-way ANOVAs were computed to
assess for sex differences in EOD parameters. Large sex
differences were obtained only in the durations of phases
2 and 3 (fig. 2A), with males (means + SEMs: phase
2=10.26 + 0.01 ms, phase 3 =0.169 + 0.005 ms) ex-
hibiting longer phases than females (means + SEMs:
phase 2 = 0.22 4+ 0.01 ms, phase 3 = 0.146 + 0.003 ms)
[F(1,57) = 12.24, p<0.001, and F(1,57)= 1191,
p < 0.001, respectively]. These sex differences in phase
are reflected in the Fourier transformations with males
(mean + SEM = 2.875 + 0.047 kHz) exhibiting signifi-
cantly lower PPSFs than females (mean + SEM =
3.120 £+ 0.037 kHz) [F(1,57) = 16.86, p < 0.0001] (fig.
2A). These findings are opposite those reported in our
earlier sex difference study '8, but are in accord with the
effects of androgens on the EOD in this species !’

Hormonal control of EOD sex differences

Methods. To investigate the hormonal control of these
sex differences, testosterone (T), dihydrotestosterone
(DHT), estradiol 178 (E,), or DHT + E, in silastic cap-
sules were implanted into gonadectomized juvenile G.
petersii. Following pre-implant data collection, fish were
anesthetized (buffered tricaine methane sulfonate,



Reviews Experientia 47 (1991), Birkhduser Verlag, CH-4010 Basel/Switzerland 33
A B
, O—O T (h=9)
—~ 02771 - _®—@® DHT (n=5)
3 7 0427a—a £ () o—70
c E — I DHT + £y (nmt) [ — | l
= L c | A—A Chol (n=5)
g 025 S 0.38 O0—10 Intact (n=7) 1 I l
a o —
~ a — \i
2 o023 ~ 0307 / — 1 T
T o é
o
g I I £ 0241 ]
= o £ é A—éé i
2 Q—t———1{—
0.18 + + + ¥ + {
Pre 1 2 3 4
o~ 0.18 .- & 0307
E | £ (I)
5 o7t 8 0251 (T)/ L
- e =
g B &1 1
: : !
w 016 o 0201 /
: 2 —
£ o015 2 sl /
£ o -
2 om g i\D:6 ="
= 0.10 } + —
Pre 1 2 3 4
4.2-"
3_2[. * /D\ __—D\D
— S
- I 3 a8 =%
£ 314 X 1 i
X
E,.' E 3.04 l\l I
4 3.0 a '\. I
o C \.\.
5 e g i 1 \
2 23 3 247 *
9\0\0
2.8 1.8 + + + + 1
Pre 1 2 3 4
Male Female ix—
@ (a2) Six—Day Blocks

Figure 2. Androgen-dependent phase-specific sex differences in EODs in
G. petersii. A Data were collected on the day fish arrived from Nigeria
during the local rainy breeding season. Top: Phase 2; males exhibit signif-
icantly longer mean durations than females. Middle: Phase 3; males
exhibit significantly longer phase 3 durations than females. Bottom:
PPSF; multiple regression analyses [males: F(4,22) = 11.81, p < 0.0001;
females: F(4,27) = 31.48, p < 0.00001] indicated that only phases 2 and
3 contribute significantly to PPSFs. Both phases are inversely relat-
ed to PPSF [r(n=59) = —0.83, p <0.0005 and r(n = 59) = —0.66,
p < 0.0005, respectively]. Thus, the mean male PPSF is significantly low-
er than the females’. “p < 0.001 *™"p < 0.0001.

1:20000) and implanted with one or two silastic capsules
(Dow Corning 0.065 inch 0.d. and 0.03 inch i.d.) contain-
ing a total of 1 mm/1 g b.wt (0.4 mm/1 g b.wt for E,
because of its greater potency in producing behavioral
effects) packed T, DHT, E,, DHT + E,, or cholesterol.
The gonad was removed and implant(s) inserted into the
gut cavity through a 1.5-cm incision on the left ventral
surface, approximately 5 mm posterolateral of the ven-
tral fins. The incision was sutured, and each implanted
fish was returned to its aquarium and treated with chlor-
amphenicol (Sigma, 1:100000), an antimicrobial agent.
EOD data were recorded and then analyzed with two-
way ANOVAs for mixed designs (hormone x 6-day
blocks), followed by the Newman Keuls test for multiple
comparisons. After 30 days of EOD data collection,
blood was collected into heparinized microcapillary

B Time-course of effects of implanted hormones on phases 2, 3 and on the
PPSF in juvenile gonadectomized and non-implanted intact controls over
six-day mean blocks. Top: Phase 2; only androgens increased the dura-
tion of this phase by the first 6-day post-implant block [F hormone x 6-
day blocks (20,124) = 22.32, p < 0.00001]. Middle: Phase 3; only andro-
gens increased the duration of this phase by the second 6-day
post-implant block [F (20,124) = 20.71, p < 0.00001]. Bottom: PPSF;
only androgens decreased the PPSF by the first 6-day post-implant block
[F (20,124) = 32.62, p < 0.00001].

tubes from the caudal vein of subjects, centrifuged for
S5min at 2000 rpm, and the plasma stored for future
analyses. E, and T were measured by radioimmunoassay
(RIA) techniques ** validated for measurement in G. pe-
tersii plasma. The T antiserum cross-reacted 1.5% with
11-keto T, but not with E, (< 0.002%). The E, anti-
serum was highly specific for E, showing less than 1%
cross-reactivity with estrone, estriol, and 16-ketoestradi-
ol. The estradiol antiserum did not cross-react with T or
other androgens. 25—100 ul plasma were extracted with
2ml hexane/ethyl acetate (70:30). The extracts were
dried under nitrogen and reconstituted in 375 pl of assay
buffer. Recovery of labeled hormone carried through
the extraction procedures ranged from 76 % to 95%. 10-,
25-, 50-, and 100-pl aliquots of the reconstituted samples
were measured in each RIA to test for parallelism. The
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unchromatographed T RIA procedure was validated by
chromatography of plasma samples on Sephadex I.H-20
columns using iso-octane/toluene/methanol (62:20:15)
to elute T. The T values obtained by the unchro-
matographed and chromatographed procedures were in
good agreement (variation 11.2%). The intrassay coeffi-
cients of variation were 7.5% for E, (N = 13) and 7.5%
for T (N = 16).

Results and discussion. Figure 2B shows the time-course
of steroid effects. By the end of the first 6-day post-im-
plant block, both T and DHT caused significant increas-
es in the duration of phase 2 (both p < 0.05) [fig. 2B].
DHT + E, had effects similar to DHT alone, while E,
implanted fish did not differ from either the cholesterol-
implanted or nonhandled controls. Testosterone and
DHT also significantly increased phase 3 by the end of
the second post-implant block (both p < 0.05). Again,
the effects of DHT + E, were similar to DHT alone,
while neither E,- nor cholesterol-implanted fish differed
from the nonhandled controls. The PPSFs for both T-
and DHT-implanted fish decreased during the first post-
implant block (both p < 0.05). DHT + E, had similar
effects to DHT alone. The PPSFs of E,- and cholesterol-
implanted fish did not differ from the controls’. By the
second 6-day post-implant block, androgen-treated fish
exhibited phase 2 and 3 durations and PPSFs compara-
ble to adult males (compare figs 2A and 2B). Removal
of the implants for only 24 h following 18 days of treat-
ment resulted in reversal of androgen-treated fish® EODs
to pre-implant phase durations (phase 2: from means
+ SEMs: 038 +0.01ms to 0.234+0.02ms, N = 3;
phase 3: from means + SEMs: 0.25 +0.01 ms to
0.14 + 0.01 ms, N = 3) and PPSFs (from 2.2 4+ 0.1 kHz
to 3.2 + 0.2 kHz, N = 3), indicating that the effects of
androgens on the EOD in G. petersii are rapidly re-
versible. Finally, only T and DHT induced the adult
male-like indentation in the dorsal margin of the anal fin
(fig. 1¢). In other studies (data not shown), juveniles were
implanted with lower hormone doses (1 mm/2.5 g b.wt).
The effects of this lower dose treatment were equivalent
to the higher dose effects for T shown for phase 2, but
slower and less profound for phase 3, suggesting that
phase 3 is less sensitive to low androgen doses. Compet-
itive RIAs on pooled plasma samples from high-dose
subjects revealed plasma T levels ranging from 5.77 ng/
ml, comparable to levels found in sexually mature adult
males on the day they were received by the importer (see
fig. 4A), to 40.87 ng/ml, both well within the range re-
ported for other fish species during reproductive sea-
son 28, High-dose E, implants resulted in pooled plas-
ma estrogen levels ranging from 1.34 ng/ml to 5.55 ng/ml
compared to 0.579 ng/ml of estrogen found in a newly
imported, sexually mature, adult female.

These results indicate that there are natural sex differ-
ences in morphology and in two phases of the EOD in
adult G. petersii and that exogenous treatment with an-
drogens induces these sexual characters in juveniles. The
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Figure 3. The effects of laboratory maintenance on sex differences in
EODs in G. petersii. Means + SEMs for male and female (top) phase 2
and (middle) phase 3 durations, and (bottom) PPSFs for fish maintained
in (A) individual or (B) group aquaria. The lines connecting the day-0 and
day-37 data points are included only to highlight EOD changes and may
not accurately reflect the time-course of change. Stars between male and
female symbols at day-0 or day-37 indicate significant sex differences and
stars on lines indicate significant differences between the day-0 and
day-37 means for each sex. *p < 0.05; **p < 0.01; ***p < 0.005;
**xkp < 0.0005.

effects observed were androgen specific and not at-
tributable to aromatization of the hormones, since the
non-aromatizable androgen, DHT, caused similar re-
sponses to T, while E, was without effect. Similar andro-
gen effects were also obtained in gonadectomized adult
males and females (data not shown). However, in the
adults, E, caused a slight, but significant increase in PPS-
Fs. This is the first report of a phase-specific, androgen-
dependent sex difference in phase duration in EODs of
weakly discharging electric fish.

Effects of laboratory captivity on the EOD

Stress manipulations in vertebrates including fish result
in alterations in plasma levels of adrenal and gonadal
hormones !-21:25%:26:3032.34 The data from the fish in
the presently reported sex difference study were collected
on the day of arrival, whereas the fish in our earlier sex
difference publication *® were maintained in the labora-
tory in isosexual groups for approximately 3 weeks for
adaptation purposes prior to data collection. This sug-
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gested that changes over time since the fish were caught,
imported, and maintained under laboratory conditions
could have altered the EOD sex differences.

Methods. Initial (day-0) EOD data were collected from
17 female and 18 male newly imported adult fish. Day-0
data were collected within 2 h following arrival of the fish
at the importers, and fish were then weighed, fin-clipped
for later identification, and assigned to either 189-1 iso-
sexual (n = 7 for males and females) or heterosexual
(n = 4 males and 3 females) gfoup tanks, or to 26.50-1
individual aquaria (n =7 males and 7 females). All
group and individual aquaria contained live plants
(Cryptocoryne griffithii and Echinodorus intermedius),
gravel, ceramic shelters, and corner filters.

Results and discussion. Figure 3 shows the effects of lab-
oratory maintenance in individual (fig. 3A) and group
(fig. 3B) aquaria on sex differences in EODs. At the end
of 37 days of captivity, all sex differences were abolished
in group-maintained subjects, and the sex differences in
phase 3 duration and PPSF were reversed in subjects
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Figure 4. Simultaneous effects of laboratory captivity on plasma andro-
gen levels and EODs. 4 Mean ( + SEM) plasma T and 11-keto T levels
in sexually mature adult male G. petersii obtained from Nigeria during
the rainy breeding season. 5-, 10-, and 15-day plasma T (top) and 11-keto
T (bottom) levels were lower than the 0-day levels (*p < 0.001 and
*p < 0.005, respectively) regardless of whether maintained in groups with
uncontrolled water conductivity or individually with conductivity main-
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maintained in individual aquaria. Both sexes exhibited
significant changes in phase durations; however, only
the mean male PPSFs changed significantly between
days 0 and 37, from (means + SEMs) 2.69 + 0.05 kHz
to 3.22 + 0.06 kHz [t (df = 10) = —6.67, p < 0.0005]
(group) and from 2.82 + 0.04 kHz to 3.81 + 0.14 kHz [t
(df = 6) = —6.89, p < 0.0005] (individual), causing the
sex difference in PPSF to disappear (fig. 3B) or reverse
(fig. 3A). Clearly, captivity has dramatic effects on the
phase-specific EOD sex differences in G. petersii, either
eliminating or reversing them, depending on housing
conditions.

Effects of captivity on behavioral physiology

Methods. The profound effects of laboratory captivity on
the male EOD along with the sensitivity of the EOD to
androgens suggested that changes in endogenous testos-
terone levels might be responsible for the behavioral ef-
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tained between 100 and 120 pS/cm. B EODs collected from the individu-
ally-housed fish. Top: Phase 2 was not significantly affected by the decline
in androgen levels over the 15-day study. Middle: Mean Phase 3 dura-
tions on day-10 and day-15 were significantly shorter than the mean
day-0 duration. Bottom: The mean day-15 PPSF was significantly higher
than the day-0 mean PPSF. *p < 0.05, **p = 0.02.
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fects of captivity in G. petersii. To investigate this possi-
bility, EOD data were collected and plasma T and
11-keto T (another major androgen in fish) levels deter-
mined in breeding season males within 2 h of arrival at
the importers, and after 5, 10, and 15 days in the labora-
tory. EOD behavior was recorded first from all but two
fish in the day-0 and one fish in the day-15 groups. Fish
were fed tubifex worms ad libitum. Blood was collected
into heparinized micro-capillary tubes (Sigma) from the
caudal vein, and fish sacrificed on the day they were
received (day-0) or following 5, 10, or 15 days in the
laboratory. Testosterone and 11-keto T were analyzed in
the same extracts in two blocks. Radioimmunoassay
(RIA) techniques?® were validated in G. petersii using
column chromatography, and 50- and 100-ul aliquots
from the reconstituted samples were measured in each
RIA to test for parallelism. The T antiserum cross-react-
ed 1.5% with 11-keto T. The 11-keto T antiserum did not
cross-react with testosterone. The detection limits were

1.25 pg per assay tube for both androgens. Recovery of .

labelled hormone carried throughout the extraction pro-
cedures ranged from 76 % to 95%. The intrassay coeffi-
cients of variation (CVs) were less than 8.0% for both
blocks for both the T and 11-keto T assays. The interas-
say CVs were 7.19% for T and 7.48% for 11-keto T.

Results and discussion. Plasma levels of both androgens
dramatically decreased by the fifth day in the laboratory
[F(5,54) = 47.15, p < 0.00001 for T; F(5,54) = 5.44,
p < 0.0001 for 11-keto T, and remained at the new low
levels for the subsequent 10 days (fig. 4A). The effects
were the same whether fish were maintained in group or
individual aquaria (means + SEMs day-0 vs day-5 plas-
ma T levels: individually-housed: 5.84 +'0.59 ng/ml vs
0.41 + 0.05 ng/ml; group housed: 5.84 + 0.59 ng/ml vs
0.22 + 0.05 ng/ml); means + SEMs day-0 vs day-5 plas-
ma 11-keto T levels: individually-housed: 0.55 + 0.08
ng/mi vs 0.27 £+ 0.06 ng/ml; group-housed: 0.55 + 0.08
ng/ml vs 0.14 + 0.02 ng/ml). Figure 4B shows the effects
of these decreases in plasma androgen levels on the EOD.
Although there were no phase 2 effects, the duration of
phase 3 decreased from (means + SEMs) 0.203 + 0.015
ms to 0.158 + 0.008 ms [F(3,39) = 3.63, p = 0.02] over
15 days in the laboratory. The PPSF showed a corre-
sponding increase from (means + SEMs) 2.50 + 0.08
kHz on day-0 to 2.79 + 0.05kHz [F(3,39) = 2.88,
p < 0.05] by day 15 in the laboratory. These findings
explain the loss of EOD sex differences in the laboratory.

As androgen levels fall, it is only a matter of time before -

the hormonally-dependent male EOD phases decrease in
duration (fig. 3) and the sex differences disappear (fish
recorded on day of import are probably already hor-
monally-altered because of handling and transport
stress 2131+ 34) The fact that the duration of phase 2 did
not decrease with the decline in androgen levels is not
surprising as even low-dose androgen implants caused
rapid and profound increases in phase 2 duration equal
to those resulting from the high-dose implants (fig. 2B).
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Thus, low levels of circulating T may be sufficient for
maintaining the duration of phase 2.

However, females under laboratory conditions also ex-
hibit statistically significant changes in phases 2 and 3 in
the male direction (fig. 3). Plasma T levels were analyzed
in 2 males and 2 females following 37 days of laboratory
maintenance. Both females exhibited longer phase 2
(0.29, 0.26 ms) and phase 3 (0.15, 0.15 ms) durations, and
lower PPSFs (2.8, 2.9 kHz) than the males (both phase 2:
0.24 ms; phase 3: 0.13 ms; and 3.6 and 3.5 kHz, respec-
tively). Plasma T levels were higher in both females (1.66,
1.44 ng/ml) than in the males (0.42, 0.94 ng/ml). These
data suggest that females in captivity may actually exhib-
it increases in androgens affecting EODs. These findings
can account for our previously reported laboratory sex
difference in G. petersii in which males had shorter dis-
charges and higher PPSFs than females 8.

Seasonal sex differences in the EOD of G. petersii

Figure 5 shows seasonal variations in phases 2 and 3 and
in the PPSF over the five months in 1988 during which
adult fish were available from importers. EOD record-
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Figure 5. Seasonal sex differences in phase 2 (top), phase 3 (middle) and
PPSF (bottom). Numbers (top) indicate sample sizes. **p < 0.00%;
**+p < 0.0001.
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ings were taken within 2 h of arrival of the fish at the
importers. These data imply that there are seasonal
phase-specific duration sex differences in EODs of G.
petersii.

Discussion

Together, the results of these studies can explain large
discrepancies in the results of sex-difference studies in
weakly discharging electric fish species. Westby and
Kramer '* failed to find a sex difference in the EOD
waveform of G. petersii, while Landsman, Jou and
Moller '® reported that males of this species exhibited
shorter EODs and higher PPSFs than females. These
previous findings were incongruent with the present re-
sults in which males had longer durations in specific
phases of the EOD and lower PPSFs than females. Hop-
kins !2 reported that mature female Eigenmannia vires-
cens (gymnotiform) discharged at higher frequencies
than mature males while Westby and Kirschbaum *® re-
ported a sex difference in the opposite direction. A sex
difference in the preceding negative wave of the EOD in
the mormyrid Pollimyrus isidori®® could not be replicat-
ed 37, Further, while Liicker and Kramer 2° failed to find
any EOD waveform sex difference in P. isidori, Westby
and Kirschbaum *7 reported a “clear and unambiguous
sexual dimorphism within the major phases of the EOD
itself”” (p. 400). Hormonally-controlled sex differences in
EODs are extremely sensitive to environmental perturba-
tions, particularly the stress of captivity. This can ac-
count for the failure to find EOD sex differences'¢ as
well as for the non-reproducibility of sex differences in
this and other electric fish species in the laborato-
ry *2:20:35737 "and identifies a possible confounding fac-
tor in all electro-communication studies performed un-
der captive conditions in field and laboratory.

This is the first report to provide evidence that weakly
discharging African mormyrid fish could use phase-dura-
tion cues of the EOD, as opposed to the entire duration
of the EOD, to communicate sexual identity. We have
just found in another mormyrid species, Brienomyrus
brachyistius, that T and 11-keto T elongate only phases
2 and 3 of the EOD, and have no effect on the duration
of phases 1 and 4 (Landsman and Moller, unpublished),
suggesting that like G. petersii, this species may also ex-
hibit sex differences only in specific EOD phases. Finally,
a hormone-dependent sex difference was also reported in
EOD symmetry of the two phases of the diphasic EOD
in a gymnotiform species ' . Phase-specific EOD plastic-
ity suggests that individual EODs can communicate
much about current motivational and endocrine status of
the fish. Steroid hormones appear to exert their effects
peripherally by altering membrane properties in the elec-
tric organs of mormyrid and gymnotiform species* * 7.
Communication of sexual identity in these fish appears
to be seasonal, abolished by captivity, and based on
phase-specific components extremely susceptible to labo-
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ratory manipulation and internal hormonal milieu.
Therefore, an understanding of electro-communication
can only be attempted through interdisciplinary labora-
tory and field studies examining behavioral processes,
physiology, and biochemistry.

Together, these new findings explain why behavioral sex
differences in the electro-communication systems of
weakly discharging electric fish, as well as hormone-de-
pendent sexual behaviors exhibited by other animals in
the wild, are seldom, if ever, observed in captivity 2°.
Even institutionalized humans exhibit behaviors that are
similar in many respects to the aberrant behaviors exhib-
ited in captive primates in zoos and laboratories ¥, sug-
gesting that the effects of captivity cross a wide spectrum
of vertebrate species. When wild-caught animals are
brought into the laboratory, rapid and profound physio-
logical and behavioral changes occur which may inter-
vene in the processes being studied.
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Multiple prismatic calcium phosphate layers in the jaws of present-day sharks (Chondrichthyes; Selachii)

G. Dingerkus, B. Séret and E. Guilbert

Laboratoire d’Ichtyologie Générale et Appliquée, Muséum National d’Histoire Naturelle, 43 rue Cuvier, F-75231 Paris
Cedex 05 (France)
Received 26 March 1990, accepted 22 June 1990

Summary. Jaws of large individuals, over 2 m in total length, of the shark species Carcharodon carcharias (great white
shark) and Isurus oxyrinchus (mako shark) of the family Lamnidae, and Galeocerdo cuvieri (tiger shark) and
Carcharhinus leucas (bull shark) of the family Carcharhinidae were found to have multiple, up to five, layers of
prismatic calcium phosphate surrounding the cartilages. Smaller individuals of these species and other known species
of living chondrichthyans have only one layer of prismatic calcium phosphate surrounding the cartilages, as also do
most species of fossil chondrichthyans. Two exceptions are the fossil shark genera Xenacanthus and Tamiobatis.
Where it is found in living forms, this multiple layered calcification does not appear to be phylogenetic, as it appears
to be lacking in other lamnid and carcharhinid genera and species. Rather it appears to be functional, only appearing
in larger individuals and species of these two groups, and hence may be necessary to strengthen the jaw cartilages
of such individuals for biting.

Key words. Chondrichthyes; sharks; jaws; prismatic calcium phosphate.



