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Life-History Variation in Marine Turtles
JosH Van Buskirk aNp Larry B. Crowner
L it

We studied correlations among traits related 1o body size and reproductive
behavior in marisg turtles, using data from 96 different populations representing
seven species. Our analyses focused on patterns of phenotypic covariation among
species and among populations within species. At the species level, bady size
correlated positively with several reproductive traits, incloding egg size and
overall reproductive offort, A trade-off between clutch size and egg size was
confirmed for marine turiles, after factoring out the efects of body size. Paiferns
of variation within species were different from thoss among species. For example,
in five out of slx species there was a positive relplionship between adult body
size and clutch size, although this correlation was not found at the interspecific
bevel. We also found important differences among species in the way life-history
traits correlated with one another. Four specles baving # sufficient number of
samples exhiblied congruent worldwide patterns of body size variation. A coms
parative approach may prove useful for extending demographic models devels
oped for loggerhead turthes 1w lese well-known species, even though many of the

model parameters have not been estimated for other species,

OMPARATIVE study of life-history vari-
ation is an important component of evo-
lutionary and ecological research (Harvey and
Pagel, 1991). Interest in the evolutionary ori-
gins of life histories stems from their close con-
nection Lo fitness and their sensitivity to natural
selection (Smith, 1991), Demographers include
lite-history traits such as age-specific fecundity
and survival in life tables used for predicting
changes in populatson size {Cole, 1954}, Thus,
lite-history comparisons among populations or
specics may support predictions about popula-
tion dynamics and provide insight into re-
spomEes (o evolurion,

Marine turtles (Cheloniidae and Dermoche-
lyidae) are well-suited for comparative analysis
of life-history variation. Many studies have heen
carried out on nesting beaches around the world,
and comparable measurements have been mide
from nesting females in each locality, Abso, life-
history traits of sea turtles differ in intriguing
ways from those of freshwater and terrestrial
turtles: marine species produce relatively large
clutches of small egys, in each of a large number
of discrete nesting episodes (Wilbur and Marin,
198R). Finally, all marine turtbes are endan-
gered or threatened by human exploitation and
environmental change, lending urgency o the
effort wo understand their biology.

All marine turtles share a similar life cvcle,
Hatchlings have a pelagic maturation period of
poorly known duration (Carr, 1987}, during
which they feed and grow into the juvenile stage
commonly encountered in shallow coastal wa-
ters, The time from hatching until first repro-
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duction varies among species and populations
but probably ranges from 7-30 years or more
{National Research Council, 1990). Once they
nitiate breeding, mature females ravel
breeding beaches every 2-5 years to lay from
2=10 clurches of eggs, 9= 15 days apart. In many
populations, males apparently make the journey
a3 well, because mating is commonly reported
in the waters adjacent to the breeding beaches
'i__F-|'lr]'|a.r|:J 19E2). The 2-5 year interval between
reproductive episodes is considered an adap-
tation to the energetic costs of migrating be-
tween spatially distinet feeding and nesting lo-
cations (Hendrickson, 1980), although the
pattern is retained in populations that show Lit-
tle migratvon {e.g., Limpus ec al., 1984),

All species of marine turtle have large adule
body size and long maturation period and lay
large clutches of small eggs relative v other
aquatic turtles, even after correcting for body
size differences {Wilbur and Morin, 1983} Pre-
sumably, sea turtles evolved this reproductive
pattern in response to high and unpredictable
mortality during the egg and hatchling stages.
Laving many small eggs in several different
clutches avoids allocating a large praportion of
a female's reproductive effort 1o any single off-
spring, which would be undesirable because sach
inclividual offspring has & high probabliey of
perishing,

Within the sea turile life-history plan, there
i variation among species and populations in
tost reproductive traits. Our goal is to describse
patterns of variation among species and BITOTE.
populations within species and to evaluate pos-
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sihle evolutionary consequences of life-history
differences among species, In addition, we ex-
amine the consequences of life-history variation
for determining appropriate conseTvation mea-
sures for marine turtles,

METHODS

Dt collechiene, —We reviewed the Iterature and
mailed personal ingquiries to gather reproduc-
tive data on all species of sea turtles on their
nesting beaches, We considered a population of
turtles nesting on a particular beach or island
to be the appropriate unit for comparison, and
we combined results from separate spudies of
the same population.

Twelve measurements were extracted [or each
population, when available [(Appendix). The
carapace length of nesting females was mea-
sured as either the straight-line distance or the
curved distance from the foremost point on the
nuchal scute to the most posterior projection
of the carapace, The Appendix gives the mea-
surement originally reported, but we have used
only straight carapace length in statistical anal-
yaes, caleulated from known relationships be-
tween curved and straight measurements for
each species from literature sources,

Clutch size was measured as the number of
vidked eggs deposited by a female per nest, Egg
diameter was the maximum diameter measured
with calipers, Egg weight [wet mass} was mea-
sured immediately after oviposition, Egg vol-
ume was caloulated by sphercal volume : radius
ratics, 3 good approximation for most species
(e.g., Finckney, 1900}, Egg survival was the pro-
portion of individuals that survived from ovi-
position until the harchlings reached the beach
surface, not including clutches ransplanted 1o
hatcheries. Reporting methods for egg survival
were often ambiguous, but we anempred po ex-
clude data from clutches lost to predators as-
sociated with human development, such as swine,
dogs, and racoons,

Incubation period was the number of days
from oviposition until the first hatchlings
reached the beach surface, Hatchling carapace
length and hatchling weight wers measured on
the day the hatchlings emerged from the sand,
Clutch frequency was the number of dutches
of eggs laid by a single female during one active
breeding season. Remigration interval was the
number of years that elapsed between active
breeding seasons for an average female. We de-
fine an estimate of reproductive effort, which
i the potal volume of eggs produced by a female
per vear. Our method of calculation was as fol-
lows: reproductive effort = (egg volume) =

67

{rhurch size} % clucch frequency)Aremigration
imeerval}.

We gathered information on the quality amd
amount of data associated with each study. The
Appendix gives sample sizes associated with es-
timates of female carapace length and clurch
size, which reflect our level of confidence in
those estimates, We rejected estimates that were
presented without evidence of supporting data,
which was especially common for statements
about elutch frequency and remigration inter-
val. We recognize that estimates of clutch fre-
quency, remigration interval, and reproductive
effort may be biased by tag loss and incomplete
beach coverage, but we uwie the published data
as the best available estimates for these repro-
ductive trais. References for all studies in the
Appendix are available upon request.

Data analysis—We judged two values to be er-
roneous because of their inconsistency with oth-
er results and, therefore, omiced them from
analvsis. Egg diameter for the Ascension Island
Chelomia mydns population (54,6 mm; Carr and
Hirth, 1962) and egg weight of Caretta caretta
from Dalyankoy Beach, Turkey (20.5 g: Geliday
etal., 1982} both qualified as significant outliers
Erom regressions on correlated traits (P < 0.01;
Grubbs, 1964),

The results include a large number of stacs-
tical eests of significance, and we provide ac-
ceprable alpha-levels adjusted for multiple com-
parisons. In general, though, our analyses
comprise a search for overall patterns of co-
variation among life-history traits rather than
hypothesis teses for which conservative conclu-
sions are necessary. Throughout this paper we
interprec P-values as rough indicators of the
degree of association between variables. Cone-
seTvative significance tests for many of the pat-
terns we discuss await better field data and ex-
perimental tests using other taxa.

Patterns of covariation among life-history
traits are discernibie at several levels, and dif-
ferent kinds of insight can be obtained at each
level, We began at the level of the species by
caleulating species means for each reproductive
parameter and then compuring the correlations
apong traits. This level of comparison was used
eo stwdy the way that body size infuences re-
productive traits and 1o uncover correlations
reflecting constraints on pawerns of diversifi-
cation. Mext, for species with a sufficient num-
ber of breeding localities, we used population
means reported in the licerature wo calculate
correlations among characters at the level of
the population. This level of comparison illus-
trated the way reproductive traits vary on a geo-
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graphic scale in response to environmental vari-
ation. Analyses at the level of individuals within
populations are also possible in the concext of
detailed population studies (e.g., Pinckney,
19940) but are not covered in this report,

REsuLTs

The Appendix gives values of re clive
traits for 96 populations of sea wrtles that we
located in the literature. Mean values of repro-
ductive meters for each species confirm
widely held beliefs about marine turtle hi«uhg}'
(Table 1). Dermechelys sorfacea (leatherback
turtle] is the largest species and lays the largest
eggEs; but its clurch size is small, and number of
clutches per year is high. Body sizes and clutch
sizes of Careita caretta (loggerhead turtle) and
Chelonia mydas (green turtle) are intermediate.
Natatar depressa (flatback wirde) has a small
clutch of relatively large eggs. Eretnochelys im.
fricata (hawkshill turtle) has a relatively small
but variable body size and lays many eggs of
smitll size. The two Lepidechelys (Kemp's ridley
and olive ridley turtles) are the smalles species,
and they lay small eggs.

Variakion among specier, —Species-level correla-
tions illustrate that many reproductive traits vary
with body size (Table 2). Large species tend 1o
tay large eggs, which give rise to large hatch-
lings. Large species also lay more clutches per
year and expend a greater reproductive effort
than do small species. Interestingly, there is no
correlation between clutch size and body size
among the seven sea wurtles (Fig. 1}, although
i strong positive relationship exists among all
turtles (Wilbur and Morin, 1938), Species that
lay large clutches have small eggs and small
hatchlings. It is noteworthy that high repro-
ductive effort is correlated not with large clutch
size or large eggs or rewurning to breed more
frequently but with higher frequency of clutch-
es within a season (Table #),

The correlations in Table 2 can be summa-
rized by arranging the seven species along three
independent axes derived from a principal com-
ponents amalysis of life-history traits (Fig. 2, Ta-
ble 3). Reproductive effort was not included
becanse it is a product of ather traits, The first
axis explains G3% of the varkance in the original
six variables and correlates primarily with size,
clutch frequency, and clutch size. Dermochelys
eoviaced and N, depresie stand apart from other
species on this axis because they have large body,
egg, and hatchling sizes; high clutch Fregquen-
cies; and relatively small clucches, The second

axis correlates with remigration interval and —
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Tasle 2, Prenorync CORRELATIONS AT THE SPECIES LeveL amowc REreonucTIVE TRAITS OF Mause
Tuwrries. The upper-right half of the table shows correlations among traits not correcied for hady size; the
bwerett half shows correlations among residuals from regressions of reproductive tralts againse carapace
size. Fach entry gives the Peareon correlation coefficient (ahove) and Povalue (below). no= 7 species. In this
vabde and all other correlation analyses thar follew, significance vabues >0,001E should be viewed with caution

because of the multiple comparison approach

o
Female carapace X —D4% 0835 LT .77 0.96 {59 0,42
0.540 0.0zl .954 (.02 o.0m] 0477 0.003%
Clurch siae .0 X —{LEk =L -0.88 —{1.54 —0.02 — A0
1.0 rok4 0.554 0,004 04 5l 0.5962 0500
Eggr vahume 0.0 —0.99 X 0.24 0.99 0.74 0.22 0,69
1.0 0,00 0598 0,000 (057 (L34 0083
Egir survival 0.0 -[1.30 038 x 041 {15 064 — {25
1.0 L] | b, SHRH 0,494 RSy 0118 5546
Hatchfing carapace 0.0 ={.06 0.98 0,44 X .65 0,26 (.50
1.1F (.03 1 IR 0.319 {115 0.57% 163
Clurch Frequency 00 =078 —0.58 — .60 —1LEL X 0.25 .08
1.0 LR . 945 0.156 0.2 0,586 {h.0dr]
Bemigration imerval 0,0 14 —0.09 0.67 D0z 0.24 X —{.0]
1. 0773 0.844 o.100 LB6T (a09 LRl
Reproductive eforr 0.0 hit4 =050 =ik T —i.45 064 —{L.EZ X
1.0 054 0.52% ogE f.332 0.118 024
clutch size and distingushes N. depressa and the =
Lepidochelys from other species because of their
small clutches and short remigration intervals, -
The third axis correlates with remaining vari-
ation in remigration interval and clutch fre-
quency; Dermochelys coriacea and the Lepidochelys e
score on one end of this axis, with M. degressa
at the opposite end, -
Similarities among species in life-history traits ﬁ -
are reflected in a dendrogram derived from the !
PCA resules (Fig. 3A). The two Lep:d'ﬂrﬁef:.-up:- g 100
cied are very similar to one another in body size
and reproductive behavior, Carsila caretla, O, 1
tigdas, and E. mbricata form s separate cluster W —
on the basis of their similar body size, large
clutch size, and relatively long remigration in- 1
terval. Nalalar depressa and [0, corfacea are both n -
distinct from each other and from all other sea |
turtles.
These analyses suggest thae body size is con- e R RN s n R RS RERRE

founded with other traits, so that the relation-
ships among life-history measures must be stud-
ied by first accounting for size. We corrected
far size by regressing each trait separately against
female carapace length and saving the residuals
for further analysis. The new variables repre.
sent the magnitude of the traits after frst fac-
toring out the apparent influence of body sze.

Correlations among size-specific reproduc-
tive traits {lustrate patterns of covariation that
are independent of adult body size {Table 2).

50 75 L] 126 150 e

Carapace Length (cm)

Fig, . Relatiomship between clutch size and fe-
male carapace sl for seven species of sea trtle, Each
poine represents the mean value of a single popubs-
b, Lines were fitved by least-squares regression. Ab-
breviated species symbols are as follows: © = logger-
hegd worthe, F = Rathack wordle, G = preen wrebe, H
= hawkshill uribe, B = Kemp's thdley wirtle, L =
leactherback turtle, and O = alive ri.rl.l-::.l tere
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the space defined F:l:f the first two principal compo-
nents derived from six measures of sive and repri-
ductive behavior (Table %) Species gmbols are #s
fodlows: Cr = loggerhead turde (Coretin coreila), Md
= Hathack purtbe {Nateirr defreisa), Cm = green artle
{Chelomia wydad), E1 = hawkshill tertle (Eniwekelys
imérienda], Lk = Kemp's ldley tumle (Lepidochel v be-
Jaj, Do = leatherack rurtle (Derwockelys soniwaen], amad
Lo = alive ridley morde (L. ofawonr).

For example, species that lay relatively large
clutches have relatively small eggs and hawch-
hings (Fig. 4). Nafelor depressa has the smallest
clutch and the largest eggs relative Lo s size;
E. imbricate, C. eavells, and C. wmydas have the
Bargest clutches and the smallest eggs relative
t body size. These data confirm a fundamental
vrade-ofl in allotment of resources o either many

Tame 5 RBmsours or A Friecran. CoMrosenTs

Amarvas ofF Six Lise-Hisrosy Trarms of MARINE

Tourries, Snowse The First Taeme EicenvecTors

AND THE PERCENMT OF THE VARIANCE EXPLAINED BY
Each ComronesT.

Torwaic | pC2 PC3
Female carapace 045 028 3G
Clutch size -0.38 LIS 3b
F.gg werime 049 —0.18 —{L0%
Hazchling carapace 048 -0.18 -0.0b
Clurch Frequency 0.4l 0191 .50
HRemigration interval 016 0.7 -G8
% of toral variance a5 1 18.4 126

Clismmkalive B varmance fid, 1 eI 1N |

A. Life History Tralts

Natatar deprasss
Lepideokalye alivaces
o il _E Lopidecheiye komp!
—— Erelmochelys fmbriceis
Chelenis mydes
E Cavalle caretis

Dermochalys corisces

B. Corrslation Among Traits

Mafalar depresss
Dermochelye corisces
Cavaife caretis
Eratmochalys Imbricaln
Chelonis mydes
Lepidochelys oliveoesr

Fig- 5. Dendrograms expressing similarioy among
seq turehes in rﬂpmdu:ri'-‘-.- rraits (A) and in the sorse-
ture af their phenorypic correlation marrices (Bl The
cluster analysix in A was based on the firss thres coms
ponents of a princigal components amalysis of six char-
acters [ Tabde 3 The PCA eliminated covariation be.
tween variabdes betore clustering. In panel B, distance
brtween species 18 mexsured as the mean squared dif-
ference berween the elements of tseir correlation ma-
ricee.

small or few large offspring (5mith and Fretwell,
1974).

The negative relationship between egg sur-
vival and reproductive effore (Table 2, Fig. 5}
suggests that species with high egg morcality
expend more on reproduction relative to their
by size, Natetar defpressy and C, mydas exhibit
relatively high egg survival and low reproduc-
tive effort, whereas the species with the poorest
egg survival (L. olivacea) has high reproductive
effort relative to its body size,

Interspecific variation in seespecific repros
ductive effort results mostly from adjustment in
the number of clutches per season and the re-
migration interval [Table 2}, In proporiion o
their body size, I corfacea, L kempe, and L. ofi-
vases have high reproductive effore (average
vedume of eggs per year}, which they accomplish
by returning to breed after relatively shore ab-
sences and depositing many clutches during the
breeding season. Clutch size and egg size show
ng clear relationship with reproductive effort
{Table 2). ==
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Fig. 4. “Trade-off berween epg volume and cluich
size ino seven species of sea turtle. Species with large
clurches by comparaively small eggs, Each polnt rep-
resents the mean value of the residieals afier TEgres-
simn ag:'tnsr 'hncl:,' size for a :ingh? :prriq-.:. Spn:i:-.s
symhbals are defined in Figure 2.

Virialion within sproes —The geographic distri-
bution of body size shows similar patterns in
cach of four species (Fig. 6}, Dermeochelys moriares
nesting in the eastern Pacific are small com-
pared with Caribbean turtles, Eastern Pacific
mydas are much smaller than those anywhere
else in the world, whereas those in the Carib-
bean are large. There are siriking size differ-
ences among C. wivdes within the Indian Ocean:
those in the north are small whereas those on
coeanic islands surrcunding Madagascar are
Iarge, Evelmochelys imbricara in Australia and the
Indian Ovean are small except for those on
Cousin Island; Caribbean populations are com-
posed of large turtles. Finally, colonies of large
€. caretin in the southeastern United States con-
trast with four colonies of small turtles in the
Mediterranean. South African loggerheads are
smaller than average, and Avstralians are a bit
larger than average. We sorted nesting popu-
lations into six geographic regions and checked
for correlations among species in the mean car-
apace size in these regions (western Facihc, Ha-
waii and caitern Pacific, Carribean and western
Adlantic, Mediterranean, Gulf of Chnan and
northern Indian Cheean, western Indian Ooean).
Al gix pair-wise correlations among species wene
positive, with correlation coefficients ranging

Fig. & MNegative relatiomsbhip between egg survival
and reprodisctive effort 1o seven species of sea turthe,
Each point represents the mean salue of the residuals
after regression against body size. Speches symbaolsare
defined in Figure 2.

from 0.21 wo 0.94. The probability of all six
tests giving cocfficients with the same sign o
0.031 {two-tailed sign test). The general partern
i all four species is that Caribbean and western
Atlantic populations contain large individuals,
whereas eastern Pacific and northern Indian
Owean populations have smaller turtles (Fig. ).
All species except L. Eempi had a sufficient
number of studies to calculate correlations
amaong reproductive traits at the population bev-
el, and the four most complete matrices are
shown in Tables 4-5. There 15 a postive rela-
tionship between clutch size and carapace size
in five of six species (Fig. |, Tables 4-5; M.
depressa: r = — 25, P = 0.71; L. olowces: ¢ =
0.60, F=0.10). Populations with large females
produce larger eggs and larger harchlings in O
enreftn (Table 5} bur not in any other species.
Tables 4-5 express some of the important
differences among species in life-history cor-
relations, but the degree of similaricy in the
overall structure of these matrices is not clear
From casual inspection. We caleulated the
agreement between  matrices as the mean
scquared difference between corresponding pairs
of unique elements. If no elements were missing
From two species’ phenotypic correlation ma-
trices, the measure of comgruence between their
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Dermochelys corlacea
N =11

Fig. fi. Geographic distributions of nesting colonies and female body shees for four species of marine turthe,
Symbols signify the average size of nesing runles open cirche = bottom 20% of all colonies, open donue =
20-4FF of the colonies, dotred drcle = 40-80%, split circle = G0-80%, flled circle = largess 200 of all
COlOanbes,
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marrices was based on 28 poins, We assigned
o statistical significance to the differences be-
tween matrices because the correlation coeffi-
cients within each matrix are not independent
ohservations. Nevertheless, a dendrogram rep-
resenting the similarity among species illus-
rrates that several different patterns of life-his-
rory covariation are found in marine urtles (Fig.
AB). Nadwlar depressn shows a distinet pattern of
correlation among reproductive traits, in part
because of a negative correlation between body
size and clutch size. Evefmochelys imbricats and
. aydas have similar patcerns of life-history co-
variation, as do O crretta and I coriacsa (Tables
4-5),

[Dhscossion

The results of our survey confirm earlier de-
scriptions of the natural history of marine tur-
tles (Hirth, 1980; Ebrhare, 1982; Mational Re-
search Council, 1990), Figures 2 and 34
illustrate the close similarity in reproductive
traits of the two Legidochedys turtles, which were
considered subspecies until recently (Loveridge
and Williams, 1957), Chefonia mydas is distinct
from other marine turtbes in its herbivorous
feeding ecology but is similar to ©. raretta and
E, pmbricata in its size and reproductive ecology,
Dermoshelys corfacea B ecologically specialized as
a pelagie jelivhsh-feeder and s distinet from
cther sea turthes in its reproductive traits as well;
N, depreiss stands apart because of is compar-
atively few and large eggs and havchlings.

We find it interesting that the three species
with the greatest guantity of reproductive data
alse have similar life hisvories. Chelonin nvdas,
E. fmbricata, and C. envelln apparently share a
number of traits that permit investigators Lo
carry out nesting beach studies, in addition to
their similar life-history traits. These features
may include worldwide distribution and season-
al, colonial nesting on accessible beaches,

Our approach emphasizes phenotypic cor-
relations among species and populations, In
general, thess analyses do not permic conclu-
sions ahout the underlying causes of relation-
ships, which could arise in two ways. First, a
phenotypic correlation could be caused by a ge-
netic correlation, produced by natural selec-
tion, pleictropy, or drift. IF this were the case,
wie could make statements about constraines an
future evolutionary change in the two trais,
which must follow the pattern established by
the genetic correlation. Alternatively, pheno-
typic correlations could be caused by variation
in external factors that cause the traits to co-

vary, inm which case conclusions about evolu-
tionary constraints would not be possible,

The underlying causes of phenotypic corre-
lations in sea wurtles will abways remain uncer-
tain, because of our inability to perform exper-
iments {Seearns, 1976). Mevertheless, patterns
of covariation of life-history traits do permit
speculation about the evolution of those rans
and become increasingly convincing as they are
confirmed in other taxa,

Interspecific comparisons —Body size is correlat-
ed with life-history traits in many organisms (Pe-
ters, 1983} Owr findings for marine wrtles il
lustrate which reproductive traits are correlaved
with size and may in some sense be caused by
body size and which traits are unrelated to size,

Two traits that may have causative relation-
ships with body size are egg size and reproduc-
tive efforr. Large species lay large eggs, in part
because the ovaries and oviducts scale positively
with body size, all ebie being equal. In this case,
then, the interspecific phenotypic correlation
between body siee and egy size may reflect a
positive genetic correlation and a constraint on
turtle design.

The positive relationship bevween body size
and reproductive effore may abio reflect a ge-
netic correlation between size and life history.
Larger specics can devobe more resources bo
reproduction in absolute terms and are physi-
cally capable of carrving larger quantities of
cggs. Indeed, large species produce more
clutches within a breeding season than do small
species, which implies a larger and more ex-
tended energetic commitment to breeding, The
Earge clutches carmied by small species are not
nearly sufficient to compensate for their low
clutch frequency and the small size of their eggs.
Large species have larger epgs, and the egp vol-
ume within each clutch & larger {r = 0,957, F
= LM0T), as expected if clutch volume s lime-
ited by the size of the carapace.

The mechanism by which some species achieve
high reproductive effort relative to their body
sze involves shoreening the interval between
remigracion events and, oo some extent, baving
more clutches, Cur resulis show that variation
in egg volume or cluich size s not related o
reproductive effort. It is tempting to conclude
that future increases in size-specific reproduc-
tive effort of marine turtles could be achieved
only by reducing the remigration interval or
increasing clutch frequency, We look forward
to the more reliable estimates of remigration
interval and clutch frequency that will resul
from improved tagging techniques and more
intensive beach coverage. —



7 COPELA. 1994, NO. |

Several other traits are not consequences of
body size at the species level, For example, one
expects egy survival to vary with conditions on
the nesting beach rather than becauwse of the
size of the female, and as expected we found no
correlation between egg survival and female size.
Remigration interval was also unrelaced oo size,
suggesting that the unknown nutritional and
behavioral factors that control remigration do
not include body size,

We tound that clutch size was uncorrelaved
with body size, although this relationship is
strongly positive in more inclusive groups of
reptiles (Maoll, 1979; Dunham et al, 1988} In
general, when egp and hatchling survival rates
are low, selection will result in a small resource
allocation to each of a large number of young
(Smith and Fretwell, 1974; Brockelman, 1975;
Wilbur, 1977). Sea turtles possess several alter-
native strategies for overcoming high juvenile
maortality, all within the context of relatively
large clutches i comparnson with other turtles
(Wilbur and Morin, 1988). Dermiochelys coriares
compensates for it small cutch by laying many
clucches per yvear, posaibly to spread risk in the
face of unpredictable all-or-none egg mortality
iMrosovsky, 1983} Lepidechelss urtles have large
chuches relative to their body size {Fig. 1) but
lay only abour owo clutches per active vear of
Teproduction,

A different allocation pattern is exhibived by
N, depresia, unigue among sea turtles in that ic
has a small clutch that is compensated by egg
size rather than remigration incerval or clucch
Frequency., Natader depressa laye only half as many
s per year as maost other species, The wsual
explanation for the large eggs in V. depressa is
that marsupials do not prey upon turtle eggs in
Australia, where this species nests, so the risk
of losing the large and valuable eggs is low.
Allocation to offspring in N, depressa may be
designed instead to maximize escape of hatch-
lings from bird and crab predators, which ex-
perience difbculty killing large hatchlings (Lim-
pus, 197 1; Bustard, 1972). In fact, some support
for this hypothesis comes from data on egg sur-
vival, which is higher in N, dépressa than in any
other marine wirtle. Harchling survival data are
not avaitable,

Ttraspeeific comparisons.—Analyses of life-his-
Loy variation among populations of marine tur-
tles yielded several unexpected results: (1) phe-
noLypic correlations among traits were different
at the popularion level than at the species level:
12} there were important differences among spe-
cies in the pattern of correlation; and (3} geo-
graphic patterns in body size were similar in
four species.

Most sea urrles show a significant positive
correlation between body size and clutch size,
whereas no such pattern exists among speches.
This situation might develop if variation arises
from different sources at the intra- and inter-
specific levels, Perhaps body size variation with-
in species is caused by environmental and nu-
trithonal differences, whereas body size variation
among species 5 the result of selection for a set
of interrelated traits, including size, behavior,
and resource allecation, According to this hy-
pothesis, turtles that experience a nutritional
advantage grow large and realize their in-
creased reproductive potential by kaying more
cggs, rather than by adjusting behavioral tras
such as remigration interval. In contrast, species
differences in body size have evolved simulta-
neously with adjusements in many other traits.
Thus, there is licde reason o expect only clutch
sige 1o change with body size, at least within
such a small ser of similar species.

Cur findings suggest that the covariance
structure of life-history traits cannot be pre-
dicted based on the life-history pattern iself.
Species that show similar patcerns of correlation
among traits may not be the same species that
show similar average values of those traits (Fig.
3 In particular, & corfaces is different From
other species in its morphometric and repro-
ductive measurements, but its phenotypic cor-
relation matrix is most similar to that of C. ca-
retle. There s clearly a distinction between a
species’ ife-history trams and the way those traits
COVATY.

There may be evolutionary implications of
the different patterns of life-history covariation
in different species. To the extent that pheno-
typic correlations reflect underlving genetic
correlations, the different species may respond
differently vo similar selective regimes, For ex-
ample, selection favoring incressed egg size
would cause an increase in the size of adule fe-
males in G, eareria but a decrease in size in E.
imbricafa, In ruth, environmental and genetic
causes for life-history correlations are equally
plausible, and the evolutionary consequences of
species differences in associations among traits
must Temain speculative.

The geographic distributions of body size in
marine turtle breeding colonies showed similar
patterns in each of the four species having ad-
equate sample sizes. We suggest several envie
ronmental and evolutionary explanations for this
result, which make different predictions about
geographic patterns of predation and oceanic
productivity. Colonies in the Caribbean and
western Atlantic tend o contain large turtles,
whereas those in the Mediterranean Sea, north—
Indian Ocean, and eastern Pacific are ypieally
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small, We suspect that the pattern is not caused
by size-biased methods of human harvesting,
although this explanation is difficult to elinmi-
mate. Some regions with small turtles (e.g., north
Austrzlia and the Mediterranean) are not known
Fosr their heavy explostation of adults, In other
regions with large turtles (e.g., parts of the Ca-
ribbean), adults are extensively harvested,

The pattern of body size distribution may arise
from nutritional differences that are consistent
across species. For example, juvenile growth
rates in O wypdas are consistently higher in the
Caribbean and wesvern Atlantic than in Auws
tralian and Hawaiian waters (Boulon and Fra-
zerT, 1990}, suggesting that populations with
large breeding females enjoy superior nutrition
int the juvenile stage. This mechanism would be
remarkable, however, because adulis of the four
species comsume different foods (Hendrickson,
1980} Thus, one might predict thar muritional
differences result from variation in overall pro-
ductivity within turtle feeding areas. Estimartes
of arganic production in the oceans do not con-
firm the expectation that large wrdles ocour in
regions of high productivity (Kennish, 1989).
Dpen tropical oceans typically show low pro-
ductivity (<50 g C/m? Syr); tropical nearshore
waters in the Carmibbean, Indian Ocean, and
near Australia arve slightly more productive (50—
100 g CAm? Ay and a region of high produc-
tivity oceurs where turtles are especially small
on the eastern Pacihe continental shelf {2040-
400 g C/m® Svr) Clearly, the congruent pattern
of body sizes in sea purtles cannot be explained
simply by marine primary productivity, but some
ather consistent environmental difference could
be responsible,

An alternative explanation for the body size
pattern is that all four species have shown sim-
ilar evolutionary responses to geographic vari-
ation in the environment. For example, heavy
beuch predation on eggs and hatchlings might
favor females that produce lairge numbers of
eggs, which could cause a correlated increass
in body siee, because body size s positively re-
lated to clutch size and chatch frequency within
st species. Samilarky, high predation on adults
would reduce the reproductive value of adule
females, causing an evolutionary shift toward
carlier reproduction at a smaller body size (Wil-
liams, 1966; Stearns, 1976). Under this model,
populations of large Carribean vurtles have faced
higher egg predation or lower adult mortality
thian fave populations of small wirtles in several
other parts of the world. It should be poasible
to exclude one or more of these hypotheses with
better comparative data on the geographic dis-
tribustions of survival during different life stages
and productivity of turtle food resources.

Tmepiications for demographic medels of marice fir-
Hes.—We believe that our comparative ap-
proach may prove uwseful for extending demo-
graphic models developed for ©, rarette (Crouse
et al., 1987) wo less well-known species. There
i5 interest in wsing population models oo eval-
uate competing conservation strategies for E
imbricate and L. kewpi, because £, imbricata has
been heavily harvested for the tortoise-shell in-
dustry and L. kewpi has only one nesting pop-
ulation at Rancho Nuevo, Mexico, At this poine,
the major impediment 1o progres: i that many
mode] parameters have not been estimated for
species other than C. caretfa. Our analyses focus
on a mixture of parameters, some of which are
not included in the demographic models (e,
female size and harchling size) and some of which
are incorporated in those models (e.g., clurch
siee, clutch frequency, and remigration rate).
Size- and age-based survivorship estimates would
be wseful for our analyses here as well as for
population modeling, but these data are difficult
Lo acquire.

We propose that the degree of similaricy
among species in demographic and morpho-
metric parameters summarized in Figures 2 and
3A may give a rough indication of the extent
to which conclusions drawn from specific pop-
ulation models can be generalized. If this proves
trug, then predictions derived from the O oa-
et model will be more appropriate for ©, my-
das and E. imbricata than for other species, Sim-
ilarly, insights for the management of L. banfi
migh best be obtained by collecting data and
formulating a population model for the more
commen L, offvaces, We hope thae further com-
parative studies such as ours will enhance our
ability to manage endangered species and pop-
ulations in the absence of complete informa.
L1,
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VAN BUSKIRK AND CROWDER—SEA TURTLE LIFE HISTORIES
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