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Abstract. Compensatory growth (CG, accelerated growth that may occur when an
organism that has grown at a reduced rate as a result of suboptimal environmental
conditions is exposed to better conditions) is considered an adaptation to variable en-
vironments. Although documented thoroughly under captive conditions, CG has rarely
been studied in wild populations. In their first years of life, oceanic-stage |loggerhead
sea turtles (Caretta caretta) have relatively little control over their geographic position
or movements and thus have an extremely stochastic lifestyle with great variation in
food availability and temperature. This environmental variation results in variable
growth rates. We evaluate somatic growth functions of oceanic-stage loggerheads from
the eastern Atlantic based on skeletochronology that allowed us to assign age and cohort
to each individual. We demonstrate CG in these turtles based on three different analytical
approaches: changes in coefficients of variation in size-at-age, generalized additive
model regression analyses of somatic growth, and linear regression of age-specific
growth rates. As aresult of CG, variation in size-at-age in these juvenile loggerheads
is substantially reduced. Thus, size is a better predictor of age than expected based on
variation in growth rates. CG decreases with age, apparently as loggerheads gain greater
control over their movements. In addition, we have evaluated for the first time in wild
sea turtles the time-dependent nature of somatic growth by distinguishing among age,
year, and cohort effects using a mixed longitudinal sampling design with assigned-age
individuals. Age and year had significant effects on growth rates, but there was no
significant cohort effect. Our results address critical gaps in knowledge of the demog-

raphy of this endangered species.
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INTRODUCTION

Compensatory growth (CG), or ““catch-up’ growth,
occurs when an organism that has experienced reduced
growth rates as a result of limited food resources or
low temperatures (in ectotherms) is exposed to an im-
proved nutritional or thermal environment (Wilson and
Osbourn 1960, Hayward et al. 1997, Mangel, in press).
After shifting to improved conditions, the organism
grows at a more rapid rate than that exhibited by con-
specifics of the same age that have enjoyed the better
conditions throughout life. After a period of time in
improved conditions, the organism that had been re-
stricted may catch up to the size of the continuously
well-fed conspecifics. CG has important implications
for population dynamics (Nicieza and Metcalfe 1997,
Mangel, in press) and demographic models (Whitledge
et al. 1998). In populationsin which individual s exhibit
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CG, size will be a better indicator of age, and variation
will be less in the age of individuals undergoing size-
dependent transitions, such as recruitment or repro-
ductive maturity in many ectotherms. For example, CG
decreased deviation from the optimal length at smolting
in wild Atlantic salmon (Salmo salar) (Nicieza and
Brafa 1993). In populations with size-dependent mor-
tality or foraging, CG will lessen variation in these
parameters within age classes. However, there may be
a cost to individuals that undergo CG; their future pro-
ductivity and survivorship may be reduced (Metcalfe
and Monaghan 2001). CG has been reported in plants,
invertebrates, and vertebrates (Mangel, in press) and
is considered an adaptation to a lifestyle with wide
fluctuations in food availability (Broekhuizen et al.
1994).

During their first years of life, North Atlantic log-
gerhead seaturtles (Caretta caretta; see Plate 1) inhabit
extremely stochastic environments. The duration and
path of the journey undertaken by loggerhead hatch-
lings from western Atlantic nesting beaches to eastern
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PLaTE 1. An oceanic-stage loggerhead with a curved carapace length of 17.3 cm. The sharp projections on the vertebral
scutes are characteristic of this life stage. Photograph by Skye White.

Atlantic oceanic foraging areas are determined largely
by chance (Witherington 2002, Bolten, in press). Each
year along the east coast of the United States, logger-
head hatchlings emerge from >1500 km of nesting
beaches from Florida to North Carolina between late
June and early November. Thus, as hatchlings leave the
beach and enter the ocean, they encounter habitats that
vary greatly in temperature, wind, and current condi-
tions, and distance to offshore currents. Hatchling log-
gerheads swim actively for the first 24 h after entering
the ocean (Wyneken 1997) and maintain a straight-line
course that will carry them away from shore (Salmon
and Wyneken 1987, Witherington 1991). This *‘ swim-
ming frenzy’’ helps the hatchling traverse the inshore
waters, reach offshore currents, and become incorpo-
rated into the North Atlantic Gyre. Loggerhead hatch-
lings can orient to the magnetic field of the Earth, and,
if hatchlings are exposed to magnetic fields with in-
clination angles corresponding to either the northern
or southern boundaries of the North Atlantic Gyre, they
swim to the southeast or northeast, respectively—ori-
entations that would tend to maintain their position
within the Gyre (Lohmann et al. 2001, Lohmann and
Lohmann, in press). However, the swimming strength
and orientation abilities of loggerhead hatchlings are
easily overwhelmed by waves, winds, and currents, and
these forces largely determine the path that a hatchling
follows. While crossing the Atlantic and in the first
years of life in the waters around the Azores and Ma-
deira, loggerheads are primarily surface-living *“float-
and-wait’’ predators (Bolten, in press). Because oce-
anic-stage loggerheads feed largely on epipelagic in-
vertebrates with patchy distributions, this lifestage ex-
periences alternating periods of food abundance and
limitation (Bjorndal 1997, in press). Therefore, during

their early years, loggerheads are exposed to a wide
variety of water temperatures and food resources that
would be expected to yield a wide range of growth
rates.

This stochastic environment makes oceanic-stage
loggerheads excellent candidates for CG. Most studies
of CG have involved controlled studies in captive an-
imals; few studies have evaluated CG in wild popu-
lations (Nicieza and Brana 1993, Whalen and LaBar
1998, Whitledge et al. 1998). Our study of growth in
assigned-age oceanic loggerheads provided an oppor-
tunity to evaluate CG in this species in the wild. We
have used skeletochronology to assign ages and esti-
mate annual growth rates for loggerheads in oceanic
habitats around the Azores and Madeira. Skeletochron-
ology, or the use of incremental growth marks in ver-
tebrate bones and hard structures to estimate age of
individuals, has been used for many years to generate
size-at-age curves in a variety of species (Castanet et
al. 1993).

The loggerhead seaturtleis along-lived, slow grow-
ing species that is listed as threatened or endangered
throughout its global range (Hilton-Taylor 2000). Be-
cause of the great concern for the management and
conservation of sea turtles, efforts have been made to
develop effective management plans based on sound
population models (Crowder et al. 1994, Crouse and
Frazer 1995, Heppell et al. 1996, in press, Chaloupka,
in press). Development of models is hampered by gaps
in our knowledge of the biology of loggerheads (Hep-
pell et al. 1999, in press) particularly in the early, oce-
anic life stage (National Research Council 1990). In
addition, models of somatic growth in wild sea turtles
have had to assume no significant age or cohort de-
pendence because the longitudinal and mixed cross-
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sectional sampling designs of growth studies have pre-
cluded distinguishing among the time-dependent ef-
fects of age, year, and cohort (Chaloupka and Musick
1997; M. Y. Chaloupka, unpublished manuscript).
However, growth is a time-varying function with three
sources of temporal variation: age, year, and cohort
(Hagen and Quinn 1991; M. Y. Chal oupka, unpublished
manuscript).

Our retrospective analysis of growth in assigned-age
individuals has allowed us to go beyond analyses of
population-level patterns of growth and size-at-age in
juvenile loggerheads to evaluate individual-level tra-
jectories that create these patterns. We have assessed
whether loggerheads respond to their stochastic envi-
ronment and variable resource base by exhibiting CG
and the extent to which CG moderates variation in size-
at-age in the oceanic lifestage. In addition, we have
evaluated for the first time in wild sea turtles the time-
dependent nature of somatic growth by distinguishing
among age, year, and cohort effects.

MATERIALS AND METHODS
Sample collection and processing

We collected data from 44 loggerheads: 40 oceanic-
stage loggerheads from the waters surrounding the
Azores (n = 9) and Madeira (n = 31) and 4 hatchlings
from Cape Canaveral Air Force Station, Florida. Sam-
ples from Azores and Madeira were combined because
they represent the same population, and Florida hatch-
lings are appropriate for this study because oceanic-
stage loggerheads in the Azores and Madeira are pri-
marily derived from southeast U.S. nesting beaches
(Bolten et al. 1998). No turtles were sacrificed for this
study. Turtles from the Azores and Madeira were either
stranded carcasses or dead from incidental capture in
longline fisheries. The hatchlings were salvaged from
a study of sex determination (Mrosovsky and Provan-
cha1992). Body size was measured as curved carapace
length from anterior edge of the nuchal scute to the
posterior notch at midline between the supracaudals
(£0.1 cm), and date of death was recorded or estimated
for all turtles. One humerus was removed from each
turtle and preserved in 70% ethanol. A cross section
of bone was removed just distal to the deltopectoral
crest (Zug et al. 1986), decalcified, embedded in par-
affin, sectioned at 8-10 pm thickness, and stained with
Ehrlich’s hematoxylin.

Stained sections were examined under a dissecting
scope. Humerus radius was measured from the focus
of the medullary cavity to the ventral edge of the bone
perpendicular to the long axis of the medullary cavity,
and distances from the focus to each growth mark (GM)
were measured along the same line. GM were clearly
visible along all four axes, but GM were most consis-
tent along the ventral axis, as reported by Parham and
Zug (1997). Measurements were made with Optimas 6
software (Optimas Corporation, Bothell, Washington,
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USA). Precision of measurements was evaluated by
repeating measurements for 10 turtles on successive
days and calculating the absolute difference between
pairs of repeated measures.

We obtained histological cross sections that could
be evaluated for GM from 35 of the 40 oceanic-stage
loggerheads. Sections from the other five turtles were
damaged during processing and, because the location
of cross sections along the longitudinal axis of the hu-
merus affect the relationship of humerusradii to curved
carapace length, additional sections would not provide
comparable data. We could not assign a date of death
(and thus cohort year) to 1 of the 35 oceanic-stage
loggerheads. Because of the relatively young age of
the loggerheads in our study, few GM had been lost as
a result of remodeling of bone tissue at the inner or
endocortical edge of the cortical bone as the medullary
cavity expands during growth. Because of the consis-
tency of GM radii among turtles, we could identify
turtles that had lost GM to bone remodeling because
the radius of the medullary cavity was greater than the
radius of first and second year GM. We assigned two
additional GM to one turtle and one additional GM to
seven turtles; these GM were only used to assign age
and cohort to individual turtles, not to calculate growth
rates. We thus avoided use of GM loss correction pro-
tocols, which are problematic (Parham and Zug 1997).
To determine the possible effect of error in our as-
signment of the nine GM lost from eight turtles, we
deleted the eight turtles with remodeled GM from the
data set and reran the analyses described below. These
analyses yielded the same results and the same con-
clusions about compensatory growth.

Sampling design and statistical modeling approach

We modeled somatic growth statistically using gen-
eral additive models (GAM). These regression models
comprised an identity link, a robust quasi-likelihood
error function, and cubic smoothing splines. The fit
summary for all models includes an estimate of the
contribution of each covariate to the overall model fit
using t ratio statistical inference and an estimate of the
nonlinearity for each continuous covariate (nonpara-
metric term) using a nonparametric F ratio test. The
use of general additive modelsin the analysis of growth
ratesisdiscussed in more detail in Chaloupkaand Lim-
pus (1997).

The main regression analysis had one response var-
iable (absolute growth rate) and four potential growth
covariates, of which three were continuous (initial size,
initial age, and year) and one was a nominal factor
(cohort). Initial size and initial age are the size and age
at the beginning of the growth increment, respectively.
To evaluate compensatory growth (CG), the regression
analysiswas repeated with mean size (the mean of sizes
at the beginning and end of the growth increment) re-
placing initial size. In organisms experiencing CG, size
at the beginning of a growth increment is a better pre-
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TaBLE 1. Age-year—cohort data structure for analysis of effect of these time-varying param-

eters on growth in loggerhead sea turtles.

Initial age (yr)

Year 0.7 1.7 2.7 3.7 4.7

5.7 6.7 7.7 8.7 9.7 10.7
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Note: Initial age is the age at the beginning of the growth increment, year is the year of
growth (1987 = 1 May 1987-30 April 1988), and each cell contains cohort number.

dictor of growth rate than mean size (for explanation,
see Results).

We also evaluated CG by comparing the relationship
of growth rate to initial size for initial ages from 0.7
to 4.7 yr. Within this age range the rel ationship between
growth rate and initial size was linear, and the sample
size of each year class was sufficient for analysis. If
loggerheads in our study exhibited CG, the regression
lines of the individual age classes should decline more
steeply (that is, smaller turtles within an age class
would grow faster) than that of the combined age clas-
ses. We compared slopes as described by Zar (1984:
292). To test for autocorrelation in the regression anal-
ysis of the combined age classes because multiple
growth estimates were derived from individual turtles,
we regressed the residuals of age, against the residuals
of age.,, for al individuals. The slope was not signif-
icantly different from O (F = 0.144, df = 64, P =
0.706), giving no evidence of autocorrelation. To avoid
using the same data when comparing slopes of indi-
vidual age classes with the slopes of combined age
classes, the data for the individual age class in each
comparison were not included in the combined age
class data. That is, the slope for age 0.7-yr turtles was
compared against the slope for age 1.7—4.7 yr turtles.

The sampling design in this study was mixed lon-
gitudinal sampling, which allowed us to model growth
as a time-varying process using an age-year—cohort
approach (M. Y. Chaloupka, unpublished manuscript).
For analysis of time-dependent effects, datawere struc-
tured as shown in Table 1, in which columns are ages,
rows are years, and diagonals are cohorts. Cohorts 1—
8 corresponded to loggerheads that hatched in 1984
and 1988 through 1997, respectively. The regression
analysis had one response variable (absolute growth
rate) and three potential growth covariates, of which
two were continuous (initial age and year) and one was
a nominal factor (cohort).

All general additive regression analyses were re-
peated with thetails of year and age distributions (years
1987-1990, ages eight and above, or both) excluded
to determine whether these changes significantly af-
fected the models. These changes in the analyses had
no effect on any of the models (Table 2a—c; analyses
of deviance, P > 0.05).

We used S-Plus software (S-Plus 2000 Professional
Release 2, Insightful, Seattle, Washington, USA) for
all statistical analyses. For all analyses, alpha = 0.05.

REsuULTS
Growth marks

Loggerheads in our study ranged from 4.5 to 59.2
cm curved carapace length (Fig. 1). All loggerheads
other than the hatchlings (n = 35) exhibited growth
marks (GM, Fig. 2), which we interpreted as repre-
senting periods of slow or no growth just prior to or
after hatching (natal lines) or during annual periods of
colder water temperatures. Mean precision of mea-
surements of humerus radii was 0.0011 mm (sp =
0.00017; repeated measures for 10 turtles), which is
0.04% of the mean of the radius measurements (2.7624
mm, n = 185, range = 0.4932-6.1481). Natal lines
have been recorded from several reptile species (de
Buffrénil and Castanet 2000) and would be expected
in loggerheads because growth slows substantially be-
fore hatching and just after hatching as yolk stores are
consumed (Ackerman 1981). We identified natal lines
in eight of the smallest loggerheads. Thisidentification
of natal linesis supported because the mean radiusfrom
focus to designated natal lines in the eight loggerheads
(0.56 mm, sb = 0.01) was not significantly different
(t test, t = 1.079, df = 10, P = 0.306) from the mean
humerus radius in hatchlings (0.55 mm, sp = 0.03).

We interpret the GM other than natal lines as annual
based on the following evidence. First, the GM were
deposited at regular intervals as demonstrated by the
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TaBLE 2. Summaries of general additive regression analyses for loggerhead sea turtles (identity link, robust quasi-likelihood

error function, cubic smoothing splines).

Nonlinear effects
(nonparametric)

Parameter Estimate ASE t ratio Prob(t) df F P

a) Size-at-age model t

Constant 7.2909 0.1896 38.452

Age 5.8829 0.0687 85.575 <0.001 7 28.412 <0.001
b) Somatic growth model with initial sizef

Constant —292.69 105.64 -2.771

Initial size —0.3428 0.0599 -5.726 <0.001 2.9 0.390 0.756

Initial age 1.4685 0.3047 4.820 <0.001 3.0 4.908 0.003

Year 0.1516 0.0530 2.862 <0.01 3.0 2.420 0.072
¢) Somatic growth model with mean size§

Constant —329.86 120.29 —2.742

Mean size 0.0112 0.0692 0.162 NS 3.0 2.850 0.042

Initial age —0.2623 0.3455 —0.759 NS 3.0 0.352 0.786

Year 0.1683 0.0604 2.787 <0.01 3.0 2.747 0.048
d) Time varying somatic growth model||

Constant —319.25 96.636 —3.304

Initial age —0.2619 0.0571 —4.587 <0.001 3.0 1.596 0.204

Year 0.1631 0.0485 3.365 <0.002 3.0 4.608 0.007

Notes: ASE is asymptotic standard error, initial size is curved carapace length at the beginning of the growth increment,
and mean size is the mean of the curved carapace lengths at the beginning and end of the growth increment. Probabilities

(P) reported for F values are based on nonparametric df and

residual deviance df. A significant nonparametric F means that

the covariate was nonlinear. If the t test for a covariate is not significant (Ns) then the nonparametric F test for nonlinearity
isirrelevant. R? = (null deviance — residual deviance)/null deviance.
T Null deviance = 919.33, null df = 149, residual deviance = 21.74, residual df = 141, quasi-likelihood dispersion

parameter = 0.15, R? = 0.976.

f Null deviance = 340.97, null df
parameter = 1.67, R? = 0.430.

8§ Null deviance = 340.97, null df
parameter = 2.15, R? = 0.310.

106, residual deviance

106, residual deviance

194.34, residual df = 94.2, quasi-likelihood dispersion

235.17, residual df = 94.1, quasi-likelihood dispersion

[ Null deviance = 99.17, null df = 53, residual deviance = 48.14, residual df = 45.1, quasi-likelihood dispersion parameter

= 0.98, Rz = 0.515.

Humerus radius (mm)

0 T T T T T T
20 30 40 50 60

Curved carapace length (cm)

Fic. 1. Relationship of curved carapacelength (CCL) and
ventral humerus radius (HR) at time of death for 44 logger-
heads (four hatchlings from Florida and 40 oceanic-stage |og-
gerheads from Azores and Madeira). The relationship be-
tween CCL and HR is symmetrical: solid line is linear re-
gression with HR as dependent variable (P < 0.001, R? =
0.984, df = 42); dashed line is linear regression with CCL
as dependent variable (P < 0.001, R? = 0.984, df = 42).

significant positive relationship between the curved
carapace length and the number of GM for the log-
gerheads in our study that had at |east one annual GM
(linear regression, df = 27, P < 0.0001, R? = 0.925).
The regression equation is

GM = 0.2002(CCL) — 2.6562 (1)

where GM is number of GM and CCL is curved car-
apace length (cm). If GM were not deposited at regular
intervals, there would be greater variance in the number
of GM with increasing size (age) as a result of an
accumulation of spurious additions or omissions over
time. Inspection of the residuals indicated that there
was no increase in variance.

Second, we demonstrate that GM are deposited an-
nually based on recapture of tagged oceanic-stage At-
lantic loggerheads. Of the recapture data reported in
Bjorndal et al. (2000b), capture and recapture sizes of
six of the loggerheads (19.3-52.0 cm) spanned the size
range of the turtles upon which Eg. 1 was based. The
duration of the interval between capture and recapture
for each of the six turtles was accurately predicted by
Eqg. 1 if each GM represents one year. The predicted
number of GM that would have been deposited during
the capture-recapture interval equaled the number of
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complete years in the actual duration (range 2-5 yr).
This demonstrates that GM are annual.

Further support for annual GM is provided by a pre-
vious study (Bjorndal et al. 2000b) in which we used
length—frequency analysesto assign agesto size classes
of oceanic-stage loggerheads in the Azores. That study
yielded a size-at-age function similar to that of this
study when GM are assigned to annual increments (Fig.
3). Thus, two completely different analytical approach-
es (skeletochronology and length—frequency) based on
two nonoverlapping data sets have assigned the same
ages to similar size ranges of turtlesin this population.

Finally, the thermal environment of loggerheads in
our study would be expected to yield seasonal changes
in growth rates and thus annual GM. Loggerheads in
our study are primarily surface living in a seasonal
habitat with a marked annual temperature cycle. Sur-
face water temperature varies from ~16°C in winter to
~25°C in summer (M. Alves, unpublished data). Log-
gerheads (summer residents in Chesapeake Bay, Vir-
ginia) in neritic habitats over the same range of lati-
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Fic. 2. A cross section of humerus stained
with Ehrlich’s hematoxylin showing seven an-
nual growth marks (indicated by arrows). Ven-
tral periosteal surface is on the left, and the
medullary cavity is on the right.

tudes and water temperatures as the turtles in our study
have been shown to deposit annual growth marks (Klin-
ger and Musick 1992, Coleset al. 2001). A temperature
of 16°C is the coldest generally encountered by Ches-
apeake Bay loggerheads (Keinath et al. 1987, Musick
and Limpus 1997).

Size-at-age

We estimated the size of each loggerhead at each
annual GM using the constant proportional relationship
between humerus radius (HR) and curved carapace
length (CCL) over the size range in our study (Fig. 1,
P < 0.001, R? = 0.984, df = 42) with the equation

CCL = (HR — 0.0191)/0.0989. )

Ricker (1992) cautioned that the relationship between
body length and size of the skeletal element must be
symmetrical, a condition met in our study (Fig. 1). In
our estimates, we assume that the relationship between
somatic and skeletal growth rates does not vary over

Fic. 3. Size-at-age function for Atlantic
oceanic-stage loggerheads based on curved car-
apace lengths measured for four hatchlings (age
= 0) and curved carapace lengths estimated
from humerus radii measured from focus to na-
tal lines (age = 0) and to annual growth marks
using Eqg. 2 (n = 146 size-at-age values for 35
oceanic-stage loggerheads). The solid lineisthe
cubic smoothing spline (df = 8, Table 2a);
dashed lines indicate +2 sg; open circles are
data from this study; solid squares are estimates
for the same population based on length—fre-
quency analyses (Bjorndal et al. 2000b); solid
triangles are estimates for oceanic-stage log-
gerheads in the Pacific (Zug et al. 1995).

0

5 6 7
Age (yr)

N
w 4
N A

8 9 10 11 12
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time; this assumption should be tested (Chal oupka and
Musick 1997).

To assign ages to each of the annual GM, the age of
the turtle at the first GM must be estimated. The mid-
point in the emergence of loggerhead hatchlings from
Florida nesting beaches is approximately 1 September
(Bjorndal et al. 2000b), and if we assume that the first
annual GM is laid down during the first winter, the
loggerhead would be <1 year old. The size of logger-
heads at the first annual GM is 12.6 = 1.7 cm (mean
+ 1 spb, n = 21), and the mean size of hatchlings is
4.7 cm (Bjorndal et al. 2000b). Based on sizes of the
smallest stranded loggerheadsin the Azores and growth
rates of posthatchlings off the coast of Florida (B.E.
Witherington, personal communication), Bjorndal et al.
(2000b) estimated that loggerheads grow an average of
1 cm/mo during their first months of life. A growth
rate of 1 cm/mo yielded an age of 8 mo (or 0.7 yr with
time of hatching = age 0) at the first GM. Therefore,
we assigned 1 May as the first day of the growth in-
terval year.

Ages (0, 0.7 yr, 1.7 yr, and so on) were assigned to
each size value estimated from each GM including natal
lines (n = 150 including size of 4 hatchlings). Size and
age were significantly related (P < 0.001; Table 2a;
Fig. 3), with age accounting for most of the variation
in size (R? = 0.976; Table 2a). Data beyond 7.7 yr are
based on a single turtle and should be viewed with
caution. The results did not change significantly when
thedatafor >7.7 yr were omitted (analysis of deviance,
df = 4, P ~ 0.996).

Somatic growth models: compensatory growth and
age-year—cohort effects

We calculated 107 annual growth increments (1-9
increments per turtle) from increases in estimated
curved carapace length between successive annual GM
(Fig. 1) for 28 turtles of assigned age and cohort during
the years 1987-1999. These 28 turtles had at |east two
annual GM so that a growth increment could be cal-
culated. Growth rates varied from 2.2 to 11.0 cm/yr
with a mean of 5.4 cm/yr (sp = 1.8) and a median of
5.4 cmlyr.

The general additive regression analysis with one
response variable (absolute growth rate) and four po-
tential growth covariates (initial size, initial age, year,
and cohort) indicated that cohort effect was not sig-
nificant. When the analysis was repeated, omitting co-
hort as a covariate, the resulting model (Table 2b) was
not significantly different from the original model
(analysis of deviance, df = 9, P ~ 0.32). Initial size,
initial age, and year had significant effects on growth
and accounted for 43% of the variation in growth rates
(Table 2b). To enhance evaluation of the size-specific
and age-specific growth functions, cubic spline
smooths were plotted on uncentered growth rate scales;
error bands cannot be plotted on the uncentered scales
(Fig. 4). Both growth functions are monotonic. Data
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Growth rate (cm/yr)

Growth rate (cm/yr)

o

Initial age (yr)

Fic. 4. The (a) size-specific and (b) age-specific growth
rate functions for Atlantic oceanic-stage loggerheads (n =
107 growth increments for 28 turtles). Initial curved carapace
length and initial age are the size and age at the beginning
of the growth increment, respectively. Solid lines are cubic
smoothing splines (df = 3) of fitted values from general ad-
ditive regression analysis (Table 2b); open circles are data
from this study; solid squares are estimates for the same pop-
ulation based on length—frequency analyses (Bjorndal et al.
2000b).

for initial size >48 cm and initial age >7 yr are based
on a single turtle and should be viewed with caution.
However, repeating the analysis without those data did
not change the model significantly (analysis of devi-
ance, df = 10, P ~ 0.42) or the shape of the splines
for size <48 cm or age <7 yr.

The substantial variation in growth rates reported
here (Fig. 4) is consistent with the great variation in
food resources and temperatures experienced by young
oceanic-stage loggerheads. The variation does not re-
flect genetic differences among individuals in the ca-
pacity for growth because changes in growth rates ex-
hibited by individual turtles between successive annual
growth increments are quite large (Fig. 5a). For ex-
ample, the turtle with the most rapid growth in the 0.7-
yr age class exhibited the slowest growth rate in the
1.7-yr age class. Nor does the variation in growth rates
simply reflect annual environmental variation (Fig. 5b).
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Fic. 5. (&) The trajectories of age-specific growth rates for individual loggerheads. The solid thick line is mean growth

rate at each age; solid thin lines are individuals whose first measured growth rate was at age 0.7 or 1.7 yr and above the
mean; dashed lines are individuals whose first measured growth rate was at age 0.7 or 1.7 yr and below the mean. Note that
at successive ages, most individuals exhibit growth rate inversions; successive growth rates fall above and below the mean.
(b) The trajectories of year-specific growth rates for individual loggerheads. The solid thick line is mean growth rate for
each year; solid thin lines are individual s whose first measured growth rate was above the mean; dashed lines are individuals

whose first measured growth rate was below the mean.

The variable growth rates would not be expected to
yield the relatively low variation in size-at-age (Fig.
3) or decreasing coefficients of variation in size for
each age class (based on the 16 turtles that lived to at
least an age of 4.7 yr to correct for any size-biased
mortality; Table 3). Trajectories of size-at-age for in-
dividuals reveal how the population pattern of rela-
tively low variation in size-at-age is maintained (Fig.

6). The annual variation in the individual growth-rate
trajectories (Fig. 5a) caused the individual size-at-age
trajectories to fluctuate above and below the size-at-
age curve for the population (Fig. 6), resulting in re-
duced variation in size-at-age. Of the turtles with at
least two size-at-age values, the trgjectories of only
three turtles were completely above or below the
smooth.
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TaBLE 3. Coefficients of variation (cv) for initial curved
carapace length in each age group for the 16 turtles that
were at least 4.7 years of age at time of death to correct
for possible size-biased mortality.

Turtles at least 4.7 years of age

Age (yr) n cv
0.7 9 11.4
1.7 15 8.8
2.7 16 7.1
3.7 16 7.2
4.7 16 55
5.7 13 4.6
6.7 5 18
7.7 4 2.6

Note: n = sample size.

Results of our analyses indicate that CG occurs in
oceanic-stage loggerheads. In organisms exhibiting
CG, for a given age class, initial size for a growth
interval is abetter predictor of growth rate than ismean
size because individuals that are smaller at the begin-
ning of the growth increment grow faster. By the time
mean size is attained, because of faster growth, smaller
individuals will have caught up with, or may even have
surpassed, the individuals that were larger at the be-
ginning of the growth interval, and thus mean size will
not be as good a predictor of growth rate. Our results
conform to this pattern. Initial size was a significant
covariate in our growth model (Table 2b), but when
mean size was substituted for initial sizeintheanalysis,
the model changed substantially, and mean size was
not a significant covariate (Table 2c). The difference
in the relationships between growth and initial size or
mean size is illustrated in Fig. 7 (covariate function
plots centered on the response scale to ensure valid
95% confidence bands [Hastie and Tibshirani 1990]).

Further evidence of CG is that the decline of growth
rates with increasing initial size within an age classis
greater than for age classes combined, particularly at
young ages. For the combined age classes (0.7—4.7 yr),
there is a significant decline in growth rate with in-
creasing size (linear regression, P = 0.042; Fig. 8).
However, for initial age classes of 0.7 and 1.7 yr, the
declines were significantly steeper than those of the
combined age classes (for 0.7 yr, P < 0.001, combined
did not include 0.7-yr turtles to avoid using the same
data in the two regressions; and for 1.7 yr, P < 0.01,
combined did not include 1.7-yr turtles). When we re-
placed initial size with mean size in the linear regres-
sion analyses, no slope was significantly different from
0, and the slopes of the individual ages were not sig-
nificantly different from the slopes of the combined
age classes. Thus, loggerheads apparently compensate
for the great variation in resources or ambient tem-
peratures in early years through CG, with the result
that the variation in size-at-age decreases with age (Ta-
ble 3).
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We distinguished among age, year, and cohort effects
to evaluate the time-dependent nature of somatic
growth. The analysis of time-varying covariates (age,
year, and cohort; Table 1) indicated that cohort was not
significant. Repeating the analysis without cohort
yielded a model that was not significantly different
from the original (analysis of deviance, df = 9, P ~
0.20); year and age were significant covariates, and the
model accounted for 51.5% of the variation in growth
rates (Table 2d).

DiscussioN
Size-at-age and duration of the oceanic stage

Few studies have evaluated growth in oceanic log-
gerheads. The size-at-age function in our study (Fig.
3) falls slightly lower than earlier estimates for Azores
loggerheads based on length—frequency analyses
(Bjorndal et al. 2000b) and slightly higher than the
estimates for oceanic-stage loggerheads in the Pacific
Ocean (Zug et al. 1995).

Loggerhead hatchlings that emerge from nesting
beaches in the southeastern United States spend their
first years of life in oceanic habitats in the eastern At-
lantic before they recruit to neritic habitats in the west-
ern Atlantic over a size range of 46—-64 cm curved
carapace length (Bolten et al. 1993, Bjorndal et al.
2000b). Does this wide size range at recruitment rep-
resent a narrow age range of individuals that have at-
tained awide range of sizes, or is size arelatively good
indicator of age and loggerheads recruit to neritic hab-
itats at arelatively wide range of ages? Our study sup-
ports the latter.

50

Curved carapace length (cm)

0 T T T T
1 2 3 4 5 6

Age (yr)

Fic. 6. Trajectories of size-at-age for individual logger-
heads (solid lines). The dashed line is smooth from Fig. 3.
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FiG. 7. Graphical summaries of general additive regression analyses of growth covariates of (a) initial size and (b) mean
size. The response variable (annual growth rate) is shown on the y-axis as a centered smoothed function scale to ensure valid
pointwise 95% confidence bands. The solid lines are the cubic smoothing spline fits for each covariate conditioned on all
other covariates in the analyses (Table 2b,c). Dashed lines are pointwise 95% confidence lines around the fits. Solid circles

are residuals.

Bjorndal et al. (2000b) estimated the duration of the
oceanic stage in Atlantic loggerheads to range from 6.5
yr (for turtles that recruited to neritic habitats at 46-
cm curved carapace length) to 11.5 yr (for turtles that
recruited at 64 cm). From the present study, we estimate
a duration of 7.0 yr for loggerheads at 46 cm. This
longer estimate (by 0.5 yr) is not unexpected. Bjorndal
et al. (2000b) stated that more data for turtles <2 yr
old, which our present study provides, would improve
the size-at-age model from the length—frequency anal-
yses and probably lengthen the duration estimates. We
cannot reevaluate the 11.5-yr estimate for 64-cm log-
gerheads because that size is beyond the size range of
our present study.

12 7

10

Growth rate (cm/yr)

Time-dependent growth rates:
age-year—cohort effects

A better understanding of the time-dependent nature
of growth rates is attained if age, cohort, and year ef-
fects can be distinguished (M. Y. Chaloupka, unpub-
lished manuscript). Previous studies of time effects on
growth rates in wild seaturtles have confounded cohort
effects (largely genetic or density dependent) with year
effects (largely environmental) because either the ages
of the turtles were not known or the authors of studies
with assigned-age animals did not evaluate age, year,
and cohort effects on somatic growth (Chaloupka and
Musick 1997).

Fic. 8. Relationship of annual growth rate
and initial curved carapace length for oceanic-
stage loggerheads with initial ages of 0.7, 1.7,
2.7, 3.7, and 4.7 yr. Symbols vary with initial
age class: solid circles, 0.7 yr; open circles, 1.7
yr; solid triangles, 2.7 yr; open triangles, 3.7
yr; solid squares, 4.7 yr. The solid line is the
regression line for combined age classes;
dashed lines are regression lines for each age
class. Slopes of regressions for combined ages,
age 0.7, age 1.7, and age 3.7 are significantly
different from 0 (P < 0.05). The slope of age
0.7 is significantly different from the slope of
the combined age classes excluding age class
0.7, and the slope of age 1.7 is significantly

15 20
Initial curved carapace length (cm)

different from the slope of the combined age
classes excluding age class 1.7 (P < 0.001 and
P < 0.01, respectively).
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Year had a significant effect in our original somatic
growth model (Table 2b), but year was confounded with
cohort in that analysis. Because we can assign age and
cohort to each growth increment, we were able to dis-
tinguish between year and cohort effects in our age—
year—cohort model. Of the time-dependent covariates
in our study, both age and year had a significant effect
on growth (Table 2d), but cohort effect was not sig-
nificant. Lack of a significant cohort effect may be
attributed to the highly variable lifestyle of oceanic
loggerheads and to the different source rookeries that
contribute to the oceanic population. The great varia-
tion in ambient temperatures and quantity of food re-
sources experienced by individuals within each cohort
during each year may well overwhelm any cohort ef-
fect.

Compensatory growth

Oceanic-stage loggerheads exhibit compensatory
growth (CG) apparently in response to their stochastic
environment in which food resources and temperature
regimes vary greatly. As a result of CG, variation in
size-at-age is less than would be expected from the
great variation in age-specific growth rates. The dif-
ferences in possible interpretations underscore the im-
portance of evaluating size-specific and age-specific
growth rates in addition to size-at-age (Bjorndal et al.
2000a). Growth rate inversions between consecutive
growth increments in individuals, such as those dem-
onstrated by loggerheads in our study (Fig. 5a), have
been noted in other species experiencing CG and result
in reduced variation in size-at-age (Nicieza and Braha
1993, Nicieza and Metcalfe 1997).

Population models for Atlantic loggerheads have, of
necessity, been stage-based models with stages defined
largely by body size (Heppell et al., in press) because
age cannot be readily determined in loggerheads. CG,
as a mechanism by which variation in size-at-age is
decreased, hasimportant implicationsfor these models.
Because Atlantic loggerheads exhibit CG, size is a bet-
ter indicator of age, ranges of age within the size-based
stages are decreased, and si ze-specific parameters, such
as mortality, arerelatively good approximations of age-
specific parameters.

Food availability early in life can have a dispropor-
tionate effect on an individual’s later growth trajectory;
this phenomenon has been reported in a number of
species and has been termed the ‘‘ silver-spoon’’ effect
(Grafen 1988). The extensive variation in growth rate
within individuals (Fig. 5a) indicates that, although in-
dividual loggerheads may have very different levels of
food resourcesearly inlife, they did not exhibit asilver-
spoon effect. In a 13-year study of somatic growth in
water pythons (Liasis fuscus), Madsen and Shine
(2000) reported that the snakes exhibited a silver-spoon
effect because the python cohorts that hatched in years
when prey were abundant grew more rapidly through-
out the study than did those that hatched in years when
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prey were rare. Madsen and Shine (2000) suggested
that this effect may be widespread in organisms.

The extent of CG declines with size in oceanic-stage
loggerheads as shown by the decreasing effect of initial
size on growth rate with age (Fig. 8). This decline in
CG corresponds to the period when loggerheads gain
increasing control over their movements and geograph-
ic position. A 2.7-yr loggerhead (~25 cm curved car-
apace length) has substantially increased swimming
strength and diving capacities compared to younger
turtles and thus may well have greater control over the
temperature regimes and food resources that it expe-
riences. Such decreased environmental variation would
lessen the need for, and occurrence of, CG.

We cannot assess the mechanisms for CG in log-
gerheads from our study. CG often results from in-
creased food intake, but can result from increased ef-
ficiency of conversion of ingested food to body tissue
or from both mechanisms (Wilson and Osbourn 1960,
Hayward et al. 1997, Nicieza and Metcalfe 1997). The
occurrence of CG in loggerheads therefore suggests
that loggerheads are capable of either increasing intake
or increasing efficiency of food conversion to com-
pensate for periods of low food availability. In an ear-
lier study (McCauley and Bjorndal 1999), posthatch-
ling loggerheads did not increase intake to compensate
for diets with diluted nutrient concentrations, but there
was a trend for the ability to increase intake to develop
with age. Studies underway (A. McCombe, K. A.
Bjorndal, and A. B. Bolten, unpublished data) on CG
under controlled conditions in two species of turtles,
the freshwater turtle Trachemys scripta and the sea
turtle Chelonia mydas, will yield insights on the mech-
anisms of CG in turtles.

Compensatory growth is known to occur in plants,
invertebrates, and vertebrates (Mangel, in press), and
is considered an adaptation to a lifestyle with widely
fluctuating food resources (Broekhuizen et al. 1994).
The lifestyle of oceanic loggerheads (float-and-wait
predators that may well go through alternating periods
of feast and famine) fits that pattern. The occurrence
of CG, however, may have negative ramifications.
Studiesin avariety of species have shown that animals
that have undergone CG may incur a variety of costs
over a range of time scales (Metcalfe and Monaghan
2001). Parameters that have been shown to be nega-
tively affected include survival, energy reserves, body
size, and reproductive success; these negative effects
may not occur until long after the period of CG (Met-
calfe and Monaghan 2001). Further studies of the ex-
tent and mechanisms of CG in sea turtles are needed
to evaluate the importance of these potential sublethal
effects and the consequences of poor early nutrition to
long-term fitness of sea turtles.
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