Ecological Applications, 10(1), 2000, pp. 269-282
© 2000 by the Ecological Society of America

GREEN TURTLE SOMATIC GROWTH MODEL.:
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Abstract. The green turtle, Chelonia mydas, is a circumglobal species and a primary
herbivore in marine ecosystems. Overexploitation as a food resource for human populations
has resulted in drastic declines or extinction of green turtle populations in the Greater
Caribbean. Attempts to manage the remaining populations on a sustainable basis are ham-
pered by insufficient knowledge of demographic parameters. In particular, compensatory
responses resulting from density-dependent effects have not been evaluated for any sea
turtle population and thus have not been explicitly included in any population models.

Growth rates of immature green turtles were measured during an 18-yr study in Union
Creek, a wildlife reserve in the southern Bahamas. We have evaluated the growth data for
both straight carapace length (SCL) and body mass with nonparametric regression models
that had one response variable (absolute growth rate) and five potential covariates: sex,
site, year, mean size, and recapture interval. The SCL model of size-specific growth rates
was a good fit to the data and accounted for 59% of the variance. The body-mass model
was not a good fit to the data, accounting for only 26% of the variance. In the SCL model,
sex, site, year, and mean size all had significant effects, whereas recapture interval did not.

We used results of the SCL model to evaluate a density-dependent effect on somatic
growth rates. Over the 18 yr of our study, relative population density underwent a sixfold
increase followed by a threefold decrease in Union Creek as a result of natural immigration
and emigration. Three lines of evidence support a density-dependent effect. First, there is
a significant inverse correlation between population density and mean annual growth rate.
Second, the condition index (mass/(SCL)%) of green turtles in Union Creek is positively
correlated with mean annual growth rates and was negatively correlated with population
density, indicating that the green turtles were nutrient limited during periods of low growth
and high population densities. Third, the population in Union Creek fluctuated around
carrying capacity during our study and thus was at levels likely to experience density-
dependent effects that could be measured.

We estimate the carrying capacity of pastures of the seagrass Thalassia testudinum, the
major diet plant of the green turtle, as a range from 122 to 4439 kg green turtles/ha or 16—
586 million 50-kg green turtles in the Caribbean. Because green turtle populations are
probably regulated by food limitation under natural conditions, carrying capacity can serve
as a baseline to estimate changes in green turtle populations in the Caribbean since pre-
Columbian times and to set a goal for recovery for these depleted populations.

Finally, we compare the growth functions for green turtle populations in the Atlantic
and Pacific oceans. Not only does the form of the size-specific growth functions differ
between the two regions (monotonic declining in the Atlantic and nonmonotonic in the
Pacific), but also small juvenile green turtles in the Atlantic have substantially higher growth
rates than those in the Pacific. Research is needed to evaluate the causes of these differences,
but our results indicate that demographic parameters between ocean basins should only be
extrapolated with great caution.

Key words: Australia; Bahamas; carrying capacity; Chelonia mydas; demography; density-de-
pendent effect; green turtles; growth models; growth rate; marine turtles, nonparametric regression;
sustainable use.

INTRODUCTION Council 1995). Sustainable management of marine re-
sources has proven to be difficult and fraught with pop-
ulation collapses of target and nontarget species as well
as extensive habitat degradation (Dayton et al. 1995,
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The conservation of marine biodiversity is recog-
nized as a critical need (Norse 1993, National Research
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ploitation. The drastic decline in one such species—
the green turtle, Chelonia mydas, the ‘‘world’s most
valuable reptile”” (Parsons 1962:1)—has recently been
highlighted (Jackson 1997). The decline in the number
of green turtles in the Caribbean since the arrival of
Columbus has been estimated to be as high as 99%
(Bowen and Avise 1995, Jackson 1997). How many
green turtles inhabited the Greater Caribbean when Co-
lumbus arrived? Much of the decline occurred before
green turtle population levels were recorded, making
it difficult to assess early population levels and thus to
identify appropriate goals for recovery of green turtle
populations in the Caribbean.

To design effective management plans to reverse the
population decline of green turtles, demographic pro-
cesses must be quantified, and the potential for density-
dependent effects on these processes needs to be eval-
uated. The density dependence of demographic param-
eters is critical for modeling population growth, for
understanding recovery of depleted populations, and
for estimating the extent to which natural populations
can be harvested on a sustainable basis (Dempster
1975, Robinson 1993, Getz 1996, Hixon and Carr
1997). One of the avenues of research highlighted in
the Sustainable Biosphere Initiative (Lubchenco et al.
1991) was the degree to which processes that control
population growth are density dependent. Over the 18
yr of our study, the population of green turtles in Union
Creek, Great Inagua, Bahamas, underwent an approx-
imate six-fold increase in relative population density,
followed by an approximate three-fold decrease as a
result of immigration and emigration. These substantial
changes in relative density allowed us to evaluate den-
sity-dependent effects on somatic growth rates.

A major challenge to the study of demography and
life history patterns of green turtles is the juvenile
stage, which lasts several decades (Bjorndal and Zug
1995, Limpus and Chaloupka 1997) and is character-
ized by obscure and wide-ranging movements (Carr
1980). Upon leaving their nesting beach, green turtle
hatchlings disappear into what has been termed the
“lost year,”” a lifestage of unknown duration, which
we believe is passed in pelagic habitats, but the location
or any aspect of the biology of this stage in green turtles
has never been discovered (Bolten and Balazs 1995).
When green turtles attain a size of 25 to 35 cm carapace
length, they appear on benthic foraging grounds in rel-
atively shallow waters and adopt an herbivorous diet
(Bjorndal 1985). During this stage, green turtles are
more amenable to study. However, long-term studies
of natural populations are difficult, due to the extensive
developmental migrations undertaken by green tur-
tles—movements among foraging areas that are trig-
gered by unknown cues and may involve travel over
thousands of kilometers—and high human-induced
mortality that can extirpate a study population in a short
time.

Because of the difficulty in obtaining quantitative
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demographic data, it is tempting to extrapolate values
measured for a green turtle population in one region
to populations in other regions. For example, Crowder
et al. (1994) used survivorship estimates for a relatively
unexploited loggerhead population in Australia to pre-
dict the impact of turtle excluder devices on loggerhead
populations in the southeastern USA. They explicitly
stated the risk of such extrapolation, but no data were
available for Atlantic populations. Comparisons of pa-
rameters among regions to evaluate the validity of such
extrapolations are lacking.

In this paper, we use nonparametric regression mod-
eling to analyze growth rates of immature green turtles
in a wildlife reserve in the southern Bahamas. We eval-
uate not only the form of the growth rate function, but
also the effects of both continuous and discrete or nom-
inal covariates (body size, sex, site of capture, year,
and duration of growth interval) on growth rates. As-
sessment of these covariates leads to new insights into
density-dependent regulation of growth rates in im-
mature green turtles. We compare the mean size-spe-
cific growth function of the turtles in our study to the
very different mean size-specific growth function of
Australian green turtles (Limpus and Chaloupka 1997).
Finally, we calculate a range of estimates for the car-
rying capacity of seagrass pastures in the Caribbean
for green turtles to provide population estimates for
pre-Columbian populations and thus goals for popu-

lation recovery.

METHODS
Growth data

This analysis is part of an ongoing study conducted
on green turtle foraging grounds in Union Creek on the
north coast of Great Inagua, the southernmost island
in The Bahamas (21.17° N, 73.57° W). Union Creek
Reserve is a Protected Area within The Bahamas Na-
tional Park system, and green turtles within its bound-
aries are protected from exploitation. In The Bahamas,
a creek is a saltwater bay or passage, not associated
with freshwater, as the name would suggest in other
countries. Union Creek is ~20 km? in area, is sur-
rounded by and interspersed with mangroves, and has
pastures of the seagrass Thalassia testudinum, which
is the primary diet plant of green turtles in the Greater
Caribbean (Bjorndal 1997). Union Creek can be divid-
ed into two areas: the Upper Sound and the Lower
Sound. The Lower Sound is characterized by shallower
water and Thalassia pastures that sometimes show
signs of stress (brown leaf tips and narrower leaf
blades) compared to the deeper waters and healthy
stands of Thalassia in the Upper Sound.

The study population comprises only immature green
turtles that enter Union Creek and then emigrate to
other habitats elsewhere in the Caribbean prior to the
onset of sexual maturity. Our studies of the ecology of
this population began in 1975; growth data presented
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here were collected from 1979 through 1996. Each year,
except 1981 and 1995, green turtles were captured dur-
ing a one- to two-week interval by jumping on them
from the bow of a motorboat following a brief chase.
Turtles were tagged with flipper tags bearing an iden-
tification number, return address, and offer of a reward
for the return of the tag. Site of capture (Upper or
Lower Sound) was recorded. Turtles were measured
with anthropometer calipers (GPM model 101, Swit-
zerland) to the nearest 0.1 cm. The linear metric used
in this study is straight carapace length measured from
the anterior midpoint of the nuchal scute to the pos-
terior tip of the longer of the pair of posterior marginal
scutes. The precision of this measurement, determined
as mean discrepancy between repeated measurements,
is 0.046 cm (Bjorndal and Bolten 1988). Turtles were
weighed on either a 20-kg capacity spring scale to the
nearest 0.1 kg or, if the mass of the turtle was >20 kg,
on a 225-kg capacity spring scale to the nearest 0.5 kg.
In some years, blood samples were collected for sex
identification, using circulating levels of testosterone
and/or for mtDNA sequencing for haplotype determi-
nation (Bolten et al. 1992, Lahanas et al. 1998). A strip
of pink flagging was attached to the turtle before release
to avoid capturing the same individual again and to
allow for population estimates based on numbers of
turtles seen with and without flagging at the end of the
sampling period.

A condition index (CI = body mass/SCL?*) was cal-
culated for all green turtles with SCL <70 cm (n =
701) captured in Union Creek from 1979 through 1987
and in 1998, the years in which mass was recorded for
all turtles. By evaluating only turtles with SCL <70
cm, CI was not significantly correlated with SCL
(Spearman’s rho = 0.073, P > 0.05), and size ranges
were the same among years. Therefore, CI values could
be compared among years (Bolger and Connolly 1989).

Sampling design and statistical modeling approach

The implicit sampling design in this study was mixed
longitudinal sampling (sampling with partial replace-
ment) with 41% of the 333 individual green turtles
recaptured two or more times. Age was unknown
(Bjorndal et al. 1998), as in most sea turtle studies, so
that the implicit sampling design here confounds the
year and cohort effects. A discussion of time-dependent
demographic sampling designs in relation to sea turtle
studies is found in Chaloupka and Musick (1997).

Capture-recapture profiles for each of the 333 turtles
in the Union Creek study included the following: (1)
straight carapace length (cm SCL) at first capture and
at each recapture, (2) sex determined from blood sam-
pling where possible or coded as unknown, (3) date of
first capture, and (4) time at large since first capture or
previous recapture. Body mass (kg) was also recorded
at first capture and at each recapture for 179 of the 333
turtles in the study.

Only green turtles with recapture intervals >11 mo

GREEN TURTLE GROWTH MODEL

271

were included to minimize errors in growth rate esti-
mation for turtles yet to undergo a full year of growth
(Chaloupka and Musick 1997). Absolute growth rates
were derived from these capture-recapture profiles,
with both negative and zero growth rates included in
the analysis since there is no valid reason to do oth-
erwise (Bjorndal and Bolten 1988, Chaloupka and Lim-
pus 1997).

The usual approach used for analysis of sea turtle
growth with unknown age has been size-based ana-
logues of age-based parametric growth curves, which
has several shortcomings (Chaloupka and Musick
1997). The two-stage modeling approach of Chaloupka
and Limpus (1997) and Limpus and Chaloupka (1997)
was adopted in the current study to overcome these
problems associated with modeling growth for animals
of unknown age. The approach comprised: (1) a robust
nonparametric statistical model of growth rates for sea
turtles of unknown age to derive the expected size-
specific growth rate function conditioned on the co-
variates followed by (2) numerical integration of that
size-specific growth rate function to derive the ex-
pected size-at-age growth function. Numerical differ-
entiation can then be used to derive the age-specific
growth rate function from the expected size-at-age
growth function (see Limpus and Chaloupka 1997).
The expected size-at-age and age-specific growth func-
tions were therefore derived without recourse to size-
based growth analogues.

The relationship between absolute growth rates re-
corded for each turtle and specific growth rate covar-
iates was modeled statistically in the first stage of the
current study using a generalized additive modeling
approach (GAM, Hastie and Tibshirani 1990) applied
to sea turtle growth studies by Chaloupka and Limpus
(1997) and Limpus and Chaloupka (1997). GAM en-
ables robust analysis of regression models with non-
linear covariate functional form and a range of non-
normal error terms (Hastie and Tibshirani 1990).

The specific GAM regression model used here com-
prised: (1) an identity link, (2) a robust quasi-likelihood
error function, and (3) flexible cubic smoothing splines
to model the nonlinear functional relationship between
the response variable (growth rate) and the continuous
covariates (year, mean carapace size, recapture inter-
val). A quasi-likelihood error function is general, de-
pending only on an empirical mean-variance relation-
ship derived from the data (Hastie and Tibshirani
1990). Unlike a parametric error function, a quasi-like-
lihood error function requires no prior knowledge of
the error distribution and is also useful for accounting
for potential correlated error inherent in mixed longi-
tudinal data sets. The GAM fit summary (Table 1) com-
prises: (1) an estimate of the contribution of each co-
variate to the overall model fit using # ratio statistical

- inference, and (2) an estimate of the nonlinearity for

each continuous covariate (nonparametric term) using
a nonparametric F ratio test. A more detailed expla-
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TABLE 1.
immature green turtle growth rates.
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Summary of GAM models (identity link, quasi-likelihood error, cubic smoothing splines) fitted to Union Creek

Asymptotic ) )
Standard Nonlinear effects (nonparametric)
Parameter Estimate error t P df F P
Absolute growth rate metric = cm SCL/yr (see Fig. la—e)T
Constant 10.4001 1.5392 6.757
Sex (M vs. F) —0.8006 0.2085 —3.839 < 0.001
Sex (M vs. Unknown) —0.1219 0.1783 —0.684 NS
Site (1 vs. 2) —0.1628 0.2223 -0.732 NS
Site (1 vs. 3) —0.4845 0.2013 —2.406 < 0.02
Year 0.0471 0.0159 2.968 < 0.01 3.0 8.278 < 0.0001
Mean size (SCL) —0.2002 0.0077 —26.145 < 0.001 4.9 2.664 < 0.02
Recapture interval 0.0907 0.0794 1.141 NS 3.0 1.081 NS
Absolute growth rate metric = kg body mass/yr (see Fig. 1f—j)i
Constant 18.0159 6.8910 2.614
Sex (M vs. F) —-0.5925 0.4404 —1.345 NS
Sex (M vs. Unknown) —0.4503 0.3738 —1.205 NS
Site (1 vs. 2) -0.1567 - 0.2608 —-0.601 NS
Site (1 vs. 3) —0.6588 0.3026 -2.177 < 0.05
Year —0.1576 0.0787 -2.004 < 0.05 2.9 0.428 NS
Mean size (mass) —0.0489 0.0101 —4.838 < 0.001 4.9 3.509 < 0.005
Recapture interval 0.2617 0.1427 1.834 NS 3.0 0.276 NS

Notes: 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 ¢ test for a covariate is not significant (Ns) then the nonparametric
F test for nonlinearity is irrelevant. Site codes are defined in Fig. 1.

1 Null deviance = 2499.1, null df = 538, residual deviance

parameter = 1.69, R? = (2499.1-1013.6)/2499.1 = 0.59.
f Null deviance = 677.9, null df = 238, residual deviance
parameter = 1.89, R? = (677.9-505.03)/677.9 = 0.26.

nation of the GAM approach, its relationship to stan-
dard general linear regression modeling approaches,
and the GAM summary format used here is presented
in Chaloupka and Limpus (1997).

The GAM models for growth in carapace length and
growth in body mass each had one response variable
(absolute growth rates) and five potential growth co-
variates (sex, site, year, mean size, and recapture in-
terval). Sex was coded as males, females, or unknown
sex. The site covariate was included in the models to
evaluate the effect of location within Union Creek.
Three site codes were assigned: intervals with the same
location at capture and recapture (‘‘stayers’’ in the Up-
per Sound and ‘‘stayers’ in the Lower Sound) and
intervals during which the turtle had moved from the
Lower Sound at first capture to the Upper Sound at
recapture (‘‘movers’’). No turtles moved from the Up-
per Sound to the Lower Sound.

Year is the calendar year of the growth record and
was included to account for the implicit time-dependent
sampling design. The year of recapture was assigned
to each growth interval. This approach introduces little
error in calendar year assignment because most (77%)
of the growth records were for recapture intervals of
<2 yr. The year covariate accounts for variation in
growth resulting from variation in environmental fac-
tors and/or cohort (age class) effects. Because the ages
of the turtles were not known, the effect of annual
variation in environmental factors cannot be distin-
guished from cohort effects. Despite this confounding

1013.6, residual df = 520.1, quasi-likelihood dispersion

505.03, residual df = 220.2, quasi-likelihood dispersion

of environmental and cohort effects, the year covariate
must be included in the models because it is a constraint
of time series sampling design inherent in all mark—
recapture studies.

Mean size (either mean SCL or mean mass) is the
arithmetic mean of size at first capture and size at re-
capture. Mean size is the best approximation of size
for a growth interval, particularly if the intervals are
sufficiently short so that growth during the interval is
linear. The recapture-interval covariate was included
in the models to account for any bias introduced by
variable lengths of recapture intervals.

RESULTS
Growth data

From 1979 through 1996, 539 growth increments for
straight carapace length (SCL) were measured over in-
tervals of at least 330 d for 333 individual green turtles.
Of these increments, 69 were recorded for males, 104
for females, and 366 for turtles of unknown sex (sex
cannot be identified from external characteristics in im-
mature sea turtles). The data included growth records
for turtles spanning the postrecruitment developmental
phase from 25.3 to 82.3 cm SCL. Growth rates varied
from 0.1 to 10.8 cm/yr, with a mean of 4.2 cm/yr and
a median of 4.3 cm/yr. Recapture intervals ranged from
330 d to 6 yr, with a median interval of 1.3 yr; 77%
were between 330 and 730 d in duration.

From 1979 through 1989, 239 growth increments for
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-F1G6. 1. Graphical summary of GAM analysis of growth covariates summarized in Table 1: annual SCL growth in panels
(a)-(e); annual mass growth in panels (f)—(j). The response variable (mean annual growth rate) is shown on the y-axis as a
centered smoothed function scale to ensure valid pointwise 95% confidence bands. The covariate is shown on the x-axis: (a,
f) sex (1 = male, 2 = female, 3 = unknown); (b, g) site (I = stayer in Upper Sound, 2 = stayer in Lower Sound, 3 =
mover from Lower Sound to Upper Sound); (c, h) year; (d, i) mean size between first capture and next capture; (e, j) recapture
interval in years. For (a), (b), (f), and (g), width of the mean covariate response is proportional to sample size with the 95%
confidence interval shown by cross bars. Solid curves in (c)—(e) and (h)—(j) are the cubic smoothing spline fits for each
continuous covariate conditioned on all other covariates in the GAM model (see Table 1). Dotted curves are pointwise 95%
confidence curves around the fits.

body mass were measured over intervals of at least 330  ferent from each other (Table 1, Fig. 1a). For the site
d for 179 individual green turtles. Of these increments, covariate, turtles that remained in the Upper Sound had
17 were for males, 28 for females, and 194 for turtles size-specific growth rates significantly faster for a giv-
of unknown sex. Most of these growth increments were  en size than turtles that moved from the Lower Sound
recorded before 1987, because few turtles were tothe Upper Sound. There was no significant difference
weighed after that year. Mass of the turtles ranged from in growth rates between turtles that remained in the
2.0 to 73.5 kg. Growth rates varied from —1.7 to 9.1 Upper Sound and those that remained in the Lower
kg/yr, with a mean of 3.5 kg/yr and a median of 3.6 Sound or between turtles that remained in the Lower
kg/yr. Of the growth intervals, 84% were between 330 Sound and those that moved from Lower to Upper

and 730 d in duration. Sound (Table 1, Fig. 1b). The two continuous covar-
iates (year and mean SCL) were significant nonlinear

Growth model effects (Table 1, Fig. lc, d).
For growth in carapace length, the GAM regression For growth in mass, the GAM regression analysis

analysis indicated that sex, site, year, and mean size identified site, year, and mean mass as significant co-
all had significant effects, whereas recapture interval variates (Fig. 1g—i); sex and recapture intervals were
did not have a significant effect (Table 1, Fig. la—e). not significant (Table 1). The effect of site was the same
For the sex covariate, females had significantly slower as for SCL growth—that is, the only significant dif-
growth rates than did males and turtles of unknown ference was between turtles that remained in the Upper
sex; the latter two groups were not significantly dif- Sound and turtles that moved from the Lower Sound
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FiG. 2. Estimated size- and age-specific growth rate functions derived from the GAM model fit that was conditioned on

all the covariates (Table 1): SCL growth in panels (a)-(c); mass growth in panels (d)-(f). (a, d) Expected or mean size-
specific growth rate function extracted from the GAM results with growth rates on original scale rather than on the GAM
scale. Extraction was by cubic B-spline smooths to fitted GAM values. (b, e) Numerical integration of the expected size-
specific growth functions in Fig. 2a and 2d, to derive the expected size-at-age functions, where age is years at large since
recruitment. (¢, f) Numerical differentiation of the expected size-at-age functions (Fig. 2b and 2e) to derive the expected

age-specific growth rate functions.

to the Upper Sound (Table 1, Fig. 1g). Year has a sig-
nificant linear effect, as opposed to a significant non-
linear effect in the SCL model (compare Fig. 1c, h).
Mass data, however, were available only for the earlier
years of the study, so the downward trend for the year
effect in the mass model (Fig. 1h) is similar to the trend
over the same years for the year effect in the SCL model
(Fig. 1¢). Mean mass has a significant nonlinear effect
(Table 1, Fig. 1i).

Covariate function plots for a GAM model fit (Fig.
1) are centered on the response scale by subtracting a
weighted mean to ensure valid pointwise 95% confi-
dence bands (Hastie and Tibshirani 1990). Although
essential for analyses, these plots are more difficult to
decode on the original response (i.e., growth rate) scale.
To assist evaluation of the SCL-specific growth func-
tions, a cubic B-spline smooth was extracted from the
GAM results for Fig. 1d and plotted on the uncentered
growth rate scale to highlight the underlying nonlinear
function on the original growth rate scale (Fig. 2a).
The curve is a monotonic declining function.

The expected SCL-at-age function (Fig. 2b) was de-
rived by numerical integration of the expected SCL-
specific growth function (Fig. 2a). It is important to
note that ‘““‘age’’ is expressed as years since recruitment,

because the age at recruitment and the form of the
growth curve prior to recruitment are unknown. Al-
though green turtles as small as 25 cm SCL have been
captured in Union Creek, the smallest mean size of a
green turtle measured at the beginning and end of a
growth interval was 30 cm. It is apparent from Fig. 2b
that growth from mean size at recruitment (30 cm) to
maximum size (82 c¢cm) observed in Union Creek re-
quires ~30 yr. However, because growth at the largest
sizes is very slow in Union Creek, nearly half of that
time interval represents the time required to grow the
last few centimeters. Most green turtles (98%) have
left Union Creek before they reach 75 cm SCL; growth
from recruitment (30 cm) to 75 cm, by which size most
turtles have left Union Creek, would require only ~17
yr (Fig. 2b).

The expected SCL-at-age function (Fig. 2b) appears
in this form to be a von Bertalanffy curve, but there
is actually a very early rapid growth spurt that can be
seen in the expected age-specific growth rate function
(Fig. 2c), which was derived by numerical differenti-
ation of the expected SCL-at-age function (Fig. 2b).
This difference in interpretation illustrates why eval-
uations based on size- or age-specific growth rates are
preferable to evaluations of just size-at-age, which can



