Chapter 16

Population Models for Atlantic Loggerheads:

Past, Present, and Future

—Selina S. Heppell, Larry B. Crowder, Deborah T. Crouse,
Sheryan P. Epperly, and Nat B. Frazer

Populatdon models can be useful tools for deci-
sion makers because they can quantify the rela-
tive effectiveness of different management
options (FHeppell et al. 2000b). This is particu-
larly critical for long-lived species such as sea
turtles, where a scientist’s entire career may only
span one or two turtle generations. Researchers
have modeled the dynamics of a wide range of
species and have addressed a variety of manage-
ment applications, from simple biomass-based
models in fisheries (Hilborn and Walters 1992)
to population viability analysis (Beissinger and
Westphal 1998; Boyce 1992) for endangered
species. In all cases, the models serve as
hypothesis-testing tools, where a series of
potentdal cutcomes is assessed based on a set of
parameters and assumptions. While some mod-
els attempt quantitative predictions of popula-
tion dynamics, such as the extincdon
probabilities in many population viability analy-
ses, these models also serve as heuristie tools to
compare the relative magnitude of population
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changes, even when quantitative predictions are
not possible (Groom and Pascual 1998).
Quantitative demographic models require
large amounts of data on life-stage—specific sur-
vival, growth and fertility, migration, and effects
of environmental variability on these parameters
{Groom and Pascual 1998). Long-term mark-
recapture studies, such as those conducted in
Australia (Chaloupka, Chapter 17 this volume),
have allowed the construction of statistically
based models that can test quantitative hy-
potheses. But data sets of this quality and
magnitude are relatively rare for sea turtles.
Population demography for Atlantic logger-
heads, which began in the 1970s, continues to
suffer from a lack of long-term data on critical
demographic rates. These limited data have re-
quired simpler models that generally produce
qualitative, rather than quantitative, predictions.
Although results from analyses of such models
require qualitative interpretations due to uncer-
tainty in parameter estimates and simplifying
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assumptions, they have provided important
insights into the relative effects of various
management actions and have guided sea
turtle management policies in the United
States (Heppell et al. 2000b).

Models of the Past

Frazer’s Life Tables

Frazer (1983a) constructed a life table for
loggerheads for several reasons, First, the life
history of loggerheads had never been fully de-
scribed. He expected that management could
be improved if scientists’ understanding of the
loggerhead’s demographic characteristics were
synthesized. Second, he believed that the effec-
tiveness of conservation efforts could be evalu-
ated only by comparing future changes with
detailed information on the loggerhead’s cur-
rent status. Thus, it seemed prudent to describe
thelr present life-history characteristics in con-
ventional terms so that any subsequent changes
might be easily recognized and assessed using
standard models. Third, Frazer felt that esti-
mates of age at maturity, survivorship, and fe-
cundity were of intrinsic interest to students of
life-history evolution, irrespective of their utility
in management and conservation plans. As
Witbur (1975) pointed out, the analysis of long-
lived, iteroparous species constituted one of the
most serious deficiencies in the study of life-
history tactics. Thus, Frazer’s (1983a) goal was
simply “to describe the loggerhead’s life history
as completely as possible” by compiling all data
available at the time for the western Atlantde. Of
necessity, Frazer’s (1983a) analyses were fraught
with assumptions, as we shall see below.

The most reliable inputs to Frazer’s (1983a)
analyses were the empirical estimates of adult fe-
male survival and fecundity, which were based
on a 17-year project at Little Cumberland Is-
land, Georgta, where the beach was patrolled at
approximately hourly intervals from dusk until
dawn each night of the nesting season. Frazer
(1983a, 1983b) estimated adult female survival
with and withour adjustments for tag loss. The
howrly patrols allowed researchers to identify
and mark most individual females so clutch fre-
quency could be accurately assessed. Because
the researchers transferred eggs from natural
nests into a fenced locadon in a natural sand

dune, they also counted eggs to determine
clutch sizes (Frazer 1983a; Frazer and Richard-
son 1985). By eliminating the first five years of
tagging data, Frazer (1983a)} was able to esti-
mate the reduced clutch size, reduced clutch
frequency and smaller body size of “neophytes”
(first-time nesters). After five years of saturation
tagging on the beach, Frazer assumed that turtleg
arriving at the site without tags or tag scars were
nesting for the first ime. Tagging data also al-
lowed Frazer to estimate return or remigration
intervals, which were important for assessing age-
specific survival and fecondity because not all fe-
males appear on the beach each year.

These estimates of adult female survival and
fecundity also allowed Frazer to estimate the
overall survival rate, from egg to maturity, nec-
essary to maintain either a stable population or
a population declining at the observed rate of
approximately 3% per year at Little Cumberland
Island (Frazer 1983a, 1986). Once this estimate
was available, the remaining tasks were to esti-
mate juvenile survival and, hence, determine the
shape of the survivorship curve between hatch-
ing and adulthood.

At the time there were no reliable means
available for aging loggerheads, Frazer (1983a;
Frazer and Ehrhart 1985) used information on
growth rates of juvenile and adult loggerheads
in Florida waters to construct length-at-age
growth curves for loggerheads. Unfortunately,
no data were available for juveniles smaller than
50 cm in carapace length. Frazer (1983a) re-
jected the practice of using the size of the small-
est known nesting female as indicative of typical
size at maturity for the population. In the ab-
sence of other data, he had little recourse other
than to assume that loggerheads matured at a
size slightly smaller than the mean size of nest-
ing females (1.¢., the mean size of nesting females
minus one standard deviation). This yielded an
estimate of 22 years for age at maturity,

Frazer (1983a, 1987) also used the growth
curve to assign ages to two groups of juvenile
loggerheads: 607 carcasses washed ashore on
Georgia beaches and 196 juveniles caught in
shrimp trawls in waters off the Atlantic coast of
Florida. After assigning ages to the turtles with
the growth curve, Frazer (1983a, 1987) con-
ducted a catch-curve analysis to estimate survival
of juvenile loggerheads from 8 to 16 years old.
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Once estimates were available for logger-
heads 8-16 years of age and for nesting females,
alt that remained was to connect up the sur-
vivorship curves by interpolation for those
turtles for which no empirical information was
available (i.e., from hatchling to age 8 and from
age 16 to 22). Prazer (1983a) did this under
two scenarios: (1) a stable population and (2) a
population declining at a rate of 3% per year,
which was the average rate of decline in nesting
females appearing on Little Cumberland Island,
Georgia, in 1963-1980.

Three major issues merit mention. The first
two are vagaries introduced into the life table
due to Frazer’s simplifying assumption that all
loggerheads reach maturity at the same age:

(1) the estimate of average fecundity atr age 22
is inflated because all females are assumed to
nest in the year they attain maturity, and (2) few
Little Cumberland loggerheads ever return to
nest at an interval of only one year, so the per
capita fecundity at age 23 seems unnaturally low
(four female hatchlings per year). Lastly, most
modern readers will question the wisdom of
combining information from the Florida and
Georgia loggerhead populations in the western
Atlantic. While researchers now know that log-
gerheads in Florida and those in Georgia proba-
bly represent two distinct breeding aggregations
(Bowen et al. 1993), the genetic data were not
sufficient to discriminate between loggerheads
nesting in the two areas when Frazer (1983a)
constructed his life tables.

Matrix Models

While Frazer’s life table provided the first model
for loggerhead life history, it was not clear how
it might be used to help managers reverse the
declines in loggerhead populations. Various
management actions were in place or had been

. praposed, including nest protection, hatcheries,
and fishing gear modification to reduce large
turtle mortality in shrimp trawls. Modifications
of trawls to release sea turtles were highly con-
troversial among conservationists, managers,
and the shrimping industry because it was not
clear if these modifications were truly necessary
to promote population recovery.

To assess this, Crouse et al. (1987) ¢ol-

lapsed Frazer’s 54 age-class life table into 2 7 x 7

stage-classified transition matrix. This modeling
strategy recognized the uncertainty in ages asso-
ciated with each stage class and the underlying
size-based structure of Frazer’s life table. In the
stage-based model, each row and column of the
matrix represented one of Frazer’s seven life
stages: eggs/hatchlings, small (oceanic) juve-
niles, large juveniles, subadults, novice breeders,
first-year remigrants (the small proportion of
fernales that return to nest in the year following
their first nesting migraton}, and mature breed-
ers. The matrix included three parameters for
each stage: P, the annual probability of surviv-
ing and remaining in a stage; G,, the annual
probability of surviving and growing into the
next stage; and F,, the per capita annual produc-
tion of daughters (Equation 1). To read the
transition probabilities of the matrix, think of
individuals growing from a column {j) to a row
{i). Reproduction, the production of eggs and
hatchlings by females in each stage, occurs in
the top row of the matrix. For example, column
3 of the Crouse et al. matrix indicates that, in a
given year, 1.5% of large juvenile female turtles
grow to become subadults while 66% of them
survive but remain in the large juvenile stage
(Equation 2). Turtles that die (100 ~ 66 — 1.5 =
32.5%) “disappear” from the model. Large ju-
veniles do not reproduce, so a zero appears in
the top row of the large juvenile column.

[p, F E F E E F|
G P O 0 0 0 0
0o G P 0 0 0 0
0o 0 G P 0 0 0 (1
0o o o0 G P 0 0
0 0 0 0 G B 0
o 0 0 0 0 G P
) 0 0 0 127 4 80|
0.675 0737 @ 0 0 0 0
0 0049 0661 0 O 0 0
0 0 00150691 0 0 o (@)
0 0 0 0052 0 0 0
0 0 ) 0 0809 0 0
0 0 0 0 0 0809 0.809

Caswell (Caswell 2000; Caswell and Werner
1978) has illustrated many advantages to pre-
senting fife table information in matrix form.
The eigenvalues and eigenvectors of a transition
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matrix reveal the asymptotic population growth
rate (A, where In[A] = r, the population’s intrin-
sic rate of increase), stable age distribution (w)
(the constant proportion of individuals in each
stage once the model has reached the equilib-
rium growth rate, A, and stage-specific reproduc-
tive values (v) (the relative value of current and
fature reproduction by females in each stage).

Because the model did not incorporate
annual variability in vital rates and included a
number of uncertainties, using it to predict
population size was inappropriate. Instead,
Crouse et al. (1987) ran a series of “what if”
scenarios to examine the relative impacts of in-
creasing or decreasing the survival rate of each
life stage. They found that increasing the annual
survival rate of eggs and hatchlings to 100% had
virtually no effect on population growth; in
spite of an increase in the number of survivors
in each annual cohort, the population contin-
ued to decline. Increasing the survival rate of
small juveniles, large juveniles, subadults, and
mature breeders did result in positive popula-
tion growth. Relative to changes in other model
parameters, population growth rate was in-
creased most from a proportional increase in
large juvenile annual survival, Thus, through
simulation, Crouse et al. (1987) determined the
sensitivity of population growth to changes in
stage-specific annual survival.

Analytical methods for obtaining similar
results were developed by Caswell et al. (1984)
and further explored by de Kroon et al. (1986),
A proportional sensitivity analysis, called elas-
ticity analysis, is used to calculate the propor-
tional changes in A expected from proportional
changes in each model parameter of a matrix
(A). Elasticities (E,;) are easily calculated vsing
the stable age distribution and reproductive
value vectors of A:

(3)

where (v,w) is the scalar product of the two
eigenvectors, or Zv,w, (Caswell 2000). This
analysis was applied to the Crouse et 2l. (1987)
model and has been used in subsequent logger-
head models (Crowder et al. 1994; Heppell et
al. 1996a). It is one of the most useful results

obtained from a deterministic (i.e., non—time
varying) matrix model without density depend-
ence {de Kroon et al. 2000). For management
applications, A is treated as an index, and it is
assumed that perturbations that cause large
changes in A are more effecdve than perturba-
tions that cause small changes in A.
Stage-classified models are very usefil when
life stages are based on size or shifts in diet or
habitat over the developmental period, but they
do not capture population responses to time
lags. Late age at maturity in sea turtles makes it
particularly important to use an age-classified
matrix for population projections, as perturba-
tions that affect one life stage may take years to
manifest themselves as population changes in
subsequent life stages. An age-based model
presented in Crowder et al. (1994) showed that
nesting female abundance would not increase
exponentially with an increase in survival due to
small cohorts that experienced years of heavy
shrimping. Transient “waves” in abundance can
be expected as cohorts of different sizes reach
maturity, even without the added variance ex-
pected from environmental stochasticity. Thus,
sea turtle population growth rates are notori-
ously difficult to measure, particularly when
censuses are limited to nests and nesting fe-
males, and results of conservation actions may
not be readily apparent for many years.
Misinterpretations of Matrix
Model Results

Unfortunately, model results can be misinter-
preted in spite of careful notation of assump-
tions and caveats. The low elasticities calculated
for hatchling loggerheads give the wrong im-
pression that egg and hatchling survival has no
impact on population growth, Elasticities are
relative measures; what the results actoally say is
that a proportional increase in egg survival, say
5%, will have a much smaller impact than a 5%
increase in large juvenile annual survival
(Caswell 2000). These results do not say that
eggs are unimportant; obviously, egg survival
must be maintained at a high enough level to
assure that there will be recruitment to the
adult population (Heppell 1997), It may well
be that management efforts can increase egg
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survival and large juvenile survival by different
percentages, but the results of Crouse et al.
(1987) also show that an increase in egg sur-
vival, no matter how large, will fail to prevent
population decline in the model. However, an
increase in cohort size will increase the popila-
tion size, at least over the short term. Once
the primary anthropogenic mortality sources
that are the causes of population decline have
been eliminated, boosting the population
through larger cohort sizes can be highly
beneficial. For example, the current rapid rate
of increase observed in Kemp’s ridley nests is
likely due to a combination of reduced mor-
tality through turtle excluder devices and a
much higher egg survival rate than would be
expected in an unmanaged population
(TEWG 1998).

The life history of loggerheads and other
sea turtles gives rise to a common pattern of
low hatchling elasticity, high juvenile or
subadult elasticity, and somewhat lower adult
elasticity (Heppell 1998). In the loggerhead
model, the large juvenile stage is eight years in
length, whereas the egg/hatchling stage is only
one year in length. Thus, an increase in large
juvenile survival affects several age classes. In a
long-lived, late-maturing species, adults make
up a small proportion of the population; thus,
a proportional change in the survival rate of
adults will have a smaller effect on population
growth. This says nothing about the relative
value of individual adults versus juveniles. Adult
longevity is of critical importance in logger-
heads because females must, on average, survive
to reproduce several times in order to replace
themselves. The “value™ of adults is about 600
times that of hatchlings according to the repro-
ductive values calculated by Crouse et al.
(1987) and Crowder et al. (1994). The adult
reproductive value is also about 100 times that

“of large juveniles, so the loss of a single adult
has a much greater overall effect than the loss of
a single juvenile. However, because elasticities
measure the proportional effect of a change in
the survival rate, which affects all individuals in
a stage on a proportional basis, the elasticity of
population growth to a change in large juvenile
survival is much greater than that expected for
the same change in adult survival.

Effects of Model Resulis on Policy

The loggerhead models provided managers with
new insights with which to prioritize manage-
ment and research activities. Prior to devel-
opment of the 1987 loggerhead model,
management and research tended to focus on
the most obvious problems (losses of nests and
hatchlings to predators and erosion) cr the
most accessible life stages (nesting behavior,
fecundity, and hatch success). Researchers knew
that turtles were caught and drowned inciden-
tally to various fisheries, including shrimp trawl
fisheries, but measures to reduce turtle mor-
tality had been unpopular with the industey.
Because researchers lacked information on the
relative importance to population growth of
mortality at different stages, most management
efforts focused on the mitigation measures that
were easiest to implement: protection of nests
and eggs. But this focus relied on the tacit
assumption that protecting nests would be ade-
quate to mitigate for incidental losses to fisheries
as well as for erosion and nest predation.

The results of Crouse et al. (1987) suggested
that this assumption was invalid and provided
key information contributing to the National
Marine Fisheries Service (NMFS) decision to
require turtle excluder devices (TEDs) in cer-
tain shrimp trawls at certain times of the year.
This decision was tested, first in the conrts
{Louisiana vs.Verity 681 F. Supplement 1178
and 853 B, 5th Circuit Court 1988) and then in
Congress {Public Law 100-478-October 7,
1988; Weber et al. 1995). In each case the
science, including the findings of Crouse et al,
(1987}, was affirmed. A National Research
Council panel, mandated by Congress specifi-
cally to reevaluate the decision to require turtle
excluder devices, noted that “. . . analyses of
populations and reproduction {Crouse et al.
1987) are especially useful for making decisions
about conservation of sea turtles, because they
help to identify life stages in which reduced
mortality can have the greatest influence on the
maintenance or recovery of endangered or
threatened sea turtle populations” (National
Research Council 1990:61}).

In addition to 2 new emphasis on reduction
of mortality in the older life stages, the models
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suggested that increasing the survival of the ear-
licst stages (eggs and hatchlings) may be a less ef-
fective conservation technique than was previously
assumed (Crouse et al. 1987; Crowder et al.
1994; Heppell et al. 1996b). In 1994, the U.S.
Fish and Wildlife Service (USFWS) and NMES
reoriented a long-term Kemp’s ridley head-start
program from rearing hatchlings for release to
determining the relative survival of head-started
to wild juveniles as a measure of the true effec-
tiveness of head-starting (Eckert et al. 1994).

Finally, while still in the eatly stages, re-
searchers and agencies have begun document-
ing and, to some extent, addressing mortality in
other life stages, For example, longline fisheries
are known to incidentally catch oceanic juvenile
loggerheads, which have the second highest
elasticity in the original loggerhead models.
Pelagic longline takes of loggerheads and other
sea turtles occur globally (Aguilar et al. 1995;
Johnson et al, 1999; Nishimura and Nakahi-
gashi 1990; National Marine Fisheries Service
2001; Witzell 1999), and the cumulative take of
multiple longline fisheries that capture turtles
from several life stages may be very high
{Crouse 1999; NMFS 2001). Preliminary re-
search has begun to investigate gear modifica-
tions that may reduce longline capture rates
(Bolten et al. 1994; Ito and Machado 1999),
but few changes have been required in the fish-
cries as yet. Recent court decisions have led to
large spatial and temporal closures in the North
Pacific to protect sea turtles from bycatch in
Hawaii-based longline fisheries (Center for
Marine Conservation et al. vs. National Marine
Fisheries Service et al. Civil No. 99-00152).
Although this case was driven primarily by con-
cerns for the status of Pacific leatherbacks
(Crowder 2000; Spotila et al. 2000), the clo-
sure will protect loggerheads and three other
species of sea turtles as well.

New Information on U.S. Loggerheads

Research over the past 20 years has revealed
new information on genetics, growth, the effects
of turtle excluder devices, and other aspects of
U.S. loggerhead biology. This information has
important implications for existing and future
population models.

Genetics

Based on mitochondrial DNA, there are at leagt
four genedically distinct loggerhead nesting
subpopulations in the western North Atlantic
(Bowen 1995; Bowen et al. 1993; Encalada et
al. 1998), and possibly there are more (Fran-
cisco et al. 1999; TEWG 2000):

1. The northern nesting subpopulation, occur-
ring from North Carolina to northeastern
Florida, above 29° N (with approximately
7,500 nests in 1998).

2. The southern Florida nesting subpopulation
occurring from 29° N on the eastern coast
to Sarasota on the Guif coast {with approxi-
mately 83,400 nests in 1998),

3. The Florida panhandle nesting subpopula-
tion, occurring at Eglin Air Force Base and
the beaches near Panama City, Florida (with
approximately 1,200 nests in 1998),

4. The Yucatin nesting subpopulation
{Miérquez-M. 1990), occurring in Quintana
Roo on the eastern Yucatin Peninsula, Mex-
ico (with approximately 1,000 nests in 1998).

2

Genetic analyses indicate that turtles from sev-
eral subpopulations mix on foraging grounds.
Table 16.1 summarizes the estimated propor-
tional contributions of the four identified sub-
populations to foraging-ground assemblages as
well as the proportional contributions of
Mediterrancan haplotypes. '

Qceanic Stage Turtles

Loggerhead hatchlings originating from west-
ern Atlantic nesting beaches swim offshore into
the currents and eddies of the Narth Atlantic
gyre (reviewed by Bolten, Chapter 4 this vol-
ume). Small loggerheads have been found in
the eastern Adantic {Bjorndal et al, 1994;
Bolten et al. 1994; Carr 1986, 1987; Maigret
1983) and in the Mediterranean Sea (Laurent
etal. 1998), After 7-12 years in the oceanic
immature life stage (Bjorndal et al. 2000),
western Atlantic Joggerheads return to near-
shore waters and eventually settle into coastal
habitats as neritic immatures. This ontogenetic
shift is recorded in the growth layers of the
humerus bone (Snover et al. 2000),
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Growth

Growth rates may be specific to subpopulations
(i.e., genetically different groups) and undoubt-
edly vary by foraging ground. Growth rates of
loggerheads in the Bahamas and Florida are re-
ported to be greater than growth rates of log-
gerheads to the north, where the northern
subpopulation is disproportionately represented
(Bjorndal and Bolten 1988; Braun-McNeill et
al., in review; Klinger and Musick 1995; Men-
donca 1981). In the scasonally temperate wa-
ters, these animals must migrate, but individual
animals repeatedly return to the same develop-
mental habitats in subsequent years. The slower
growth rate of northern loggerheads may mean
that they mature at a later age than their south-
ern counterparts, and thus the northern sub-
population may be stower to recover than
subpopulations with faster individual growth
rates (Braun-McNeill et al., in review). Based on
growth rates obsetved in North Carolina (Braun-
McNeill et al., in review) and Virginia (Klinger
and Musick 1995), the duration of the neritic
stage (45-92 cm) would be nearly 25 years,
which is much longer than would be estimated
based on growth rates observed to the south.

Turtle Excluder Device Effects

The authors have generally assumed that mor-
tality Factors affect both juveniles and reproduc-
tive adults in proportion to their occurrence in
near-shore and inshore neritic habitats; much
less is known about the movements and habitats
of nonreproductive adults, While turtle excluder
devices have likely reduced near-shore morrality
in shrimp traw! fisheries in the southeastern
United States (Crowder et al. 1995}, signs of
recovery in the population remain mixed
(TEWG 2000). New analyses indicate that cur-
rent turtle excluder device openings in the
southeastern United States are not adequate to
release large loggerheads, including all repro-
ductive animals (Epperly and Teas 1999).
Turtle excluder devices are now required sea-
sonally in the summer flounder trawl fishery
south of Cape Charles, Virginia (61 FR 1846,
January 24, 1996), but trawls are also used to
fish for other species in waters where logger-

heads occur (flynet trawls, trawls north of Cape
Charles, crab trawls, scallop trawls, etc.), and
there is no reason to assume they are not taking
turtles; limited data suggest some are ($. Ep-
perly, pers. comm.). Likewise, bottom trawl
fisheries for shrimp and other target species in
other parts of the world are likely to incidentally
capture and drown loggerheads and other sea
turtle species wherever they coincide.

Updating the Models

Clearly, the “old” models of Frazer, Grouse,
Crowder, and Heppeli are lacking this new
information. There are two alternatives to
improving population models for Atlantic log-
gerheads: (1) use the same basic construct pro-
moted by the carlier matrix models, but update
the matrices with new information, or
(2) start from scratch, building completely dif-
ferent models that incorporate information that
cannot simply be added to the existing models.
For this review chapter, the authors decided to
examine the effects of increased stage length
and potential “turtle excluder device effects” on
modified matrix models. The updated models
are still Jargely based on information gathered
by Frazer (1983a, 1983b) and therefore best
represent the northern nesting subpopulation.
The authors looked at two models with dif-
ferent stage lengths based on new growth rate
information (Table 16.2). Model 1 includes the
neritic immature stage lengths nsed in previous
loggerhead models but adds one year to the
oceanic stage, as preclicted by growth estimates
from young animals tagged in the Azores (Bjorn-
dal et al. 2000). The age at first nesting in Model
1 is 23 years. Model 2 in composed of longer
stage lengehs than Model 1. A 10-year oceanic
stage is predicted by the outer tail of the growth
rate distributions calculated by Bjorndal et al.
{2000). The longer neritic immature stages are
based on newly calculated growth curves from
tagged turtles in North Carolina (Braun-McNeill
et al., in review). The age at first nesting in
Mode! 2 is 35 years. The authors feel that the
likely range of ages at first nesting for northern
loggerheads has been bracketed by these two
models, although additional research is needed
to improve stage-length estimates.
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Table 16.2.

Stage Lengths Used in Updated Loggerhead Matrix Models

Oceanic Small Neritic Large Neritic
Immature Immature Immature Ageat
5-45 cm 45-72 cm 72-92 cm 92 cm
Model 1 8 years 6 years 8 years 23 years
Model 2 10 years 11 years 13 years 35 years
Methods and 3%, respectively. Variable remigration inter-

The model framework, as illustrated by the life
cycle graph (Figure 16.1), is an adaptation of
the five-stage model given by Crowder et al.
{1994). Three major changes have been made.
Eggs and hatchlings are no longer a separate
stage—the survival rate from nest laying to
entry into the ocean {0.6747 per year; Frazer
1986) is now included in the fertility term. The
model has a prebreeding census, where turtles
are “counted” just prior to nesting, requiring
that fecundity be muitiplied by survival at sea
to age one to calculate the fertility term for the
matrix (Caswell 2000):

T = nests x eggs x sex ratio x (4)
survival from egg to age one

Reproduction parameters are the following:
nests per female = 4.1; eggs per nest = 115
(TEWG 1998); and sex ratio = 0.5. Survival to
age one Is a fitted parameter, described below.
The second major change in the model is in-
corporation of a variable remigration interval,
based on tag returns at Little Cumberland Is-
land (Richardson et al. 1978). The proportion
of females returning to nest after one, two,
three, four, or five years is 3%, 56%, 31%, 7%,

vals can have a major impact on nesting female
abundance through time (M. Chaloupka, pers.
comm.). All nesting females, regardless of remi-
gradon interval, produce the same number of
one-year-old female offspring. Finally, the size
classes covered by each life stage have been
changed from the original models to reflect
those size classes defined in an analysis of turtle
excluder device effectiveness, where Epperly
and Teas (1999) found that larger neritic imma-
tures and adults were probably too large to fit
through turtle excluder device openings.

The models are age classified, rather than
stage classified, to allow for long time lags in
population responses that are caused by delayed
maturity and long stage lengths (Crowder et al.
1994, The annual survival rates for each mode]
are based on Frazer (1986) and a mode! “fit”
for oceanic immature annual survival to obtain a
pre-1990 population growth rate of -5% per
year (Crowder et al. 1994) (Table 16.3). The
annual survival rates of each life stage had to be
increased somewhat in Model 2 in order to ob-
tain a “reasonable” oceanic survival rate, that is,
< 95% per year. The original models by Crouse
etal. (1987) and Crowder et al. (1994) used a
primary sex ratio of 0.5. Foraging ground stud-

hatchling survivat to age 1 included in fertility term

neritic
juveniles
40-72 cm

oceanic
Juveniles

neritic
Juveniles
72-92cm

non-
breeding
adults

breeding
adults

Figure 16.1. Lifc cycle graph of updated loggerhead matrix models.
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Table 16.3.
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Annual Survival Rates for Each Stage Used in Updated Loggerhead Matrix Models

Oceanic Small Neritic Large Neritic Nesting Nonnesting
Immature Immature Immature Females Females
5-45 cm 45-72 cm 72-92 cm 92 cm 92+
Model 1 (.745 0.6758 0.7425 (.8091 0.8091
Model 2 0.875 0.7 0.8 0.85 0.85

ies indicate there is a female bias along the
Atlantic coast (Braun-McNeill et al. 20002,
2000b; Wibbels et al. 1987), but because they
are composed of multiple subpopulations, it is
difficult to know the sex ratio of any individual
population. It is likely that the proportion of
females in the southern Florida subpopulation is
higher than in the northern subpopulation and
that the southern Florida subpopulation domi-
nates the foraging ground studies. To be con-
servative in their model runs, the authors
retained a primary sex ratio of 0.5, which
probably more closely approximates the ratio
of the northern subpopulation, although no
dara are available to confirm this.

The authors applied four different turtle
excluder device (TED) effectiveness scenarios
to the two models: (1} no TEDs (initial popu-
lation growth = -5% per year), (2) TED-
reduced mortality of small neritic immatures
only, (3) TED-reduced mortality for smalt and
large neritic immatures, and (4) TED-reduced
mortality for neritic immatures and adults (both
nesting and nonnesting). In previous models, it
was assumed that all neritic turtles would have
the same reduction in mortality due to turtle
excluder devices { Crowder et al. 1994), Accord-
ing to an analysis of South Carofina strandings
by Crowder et al. (1995), the number of dead
turtles that stranded on beaches after turtle ex-
cluder devices were put in place was reduced by
30—40%. For this analysis, the authors used a
mortality (= 1 minus annual survival) reduction
of 30% for each affected stage.

Results

Elasticity analysis is a method that compares the
potential proportional change in population

growth given a proportional change in each an-
nual survival rate (de Kroon et al. 1986, 2000).
Elasticities also reveal the proportional contribu-
tion of each matrix entry to the population
growth rate. The elasticities in an age-based ma-
trix can be added to get the total proportional
contribution of survival for a given life stage
(Figure 16.2). In age-structured models, the
elasticity of A to changes in immature stage sur-
vival is dependent on the number of age classes
included in the stage (Caswell 2000; Heppell et
al. 2000a). Thus, in Model 1, oceanic imma-
tures and farge neritic immatures have the same
elasticity, which is higher than those of the
other stages. In Model 2, small and large neritic
immatures have longer stage lengths than the
oceanic stage and, hence, higher elasticities. So
stage length is an important factor when com-
paring the relative contributions of stage-
specific survival rates.

Population growth rates, given in propor-
tional change per year, were similar between the
two models for each of the four turtle excluder
device effectiveness scenarios (Figure 16.3),
although greater population growth rates were
predicted for Model 1. If turtle excluder devices
only reduce the mortality of small neritic imma-
ture loggerheads, the population is not ex-
pected to increase over the long term. This is
likely even if the mortality of small neritic im-
matures is reduced by a larger percentage, be-
canse mortality rates of large neritic immatures
and adults would be too high ro resultin a
population increase. Crowder et al. (1994) opti-
misticaliy applied the same mortality reduction
to all neritic stages, represented here by the
fourth turtle excluder device effectiveness sce-
nario. As with the original model, a 30% reduc-
tion in mortality of neritic immatures and adults



Figure 16.2. Elasticity analy-
sis of two updated loggerhead
matrix models, showing the
relative proportional contri-
bution of each survival rate to
population growth. Stage
lengths and survival rates for
the two models are given in
tables 16.2 and 16.3.
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does result in a population increase for both
Model 1 and Model 2, but the rate of increase population of 2,000 nesters (1990 estimate;
is not large (1-2% per year). The later age at
maturity and the longer generation dme of
Model 2 result in slower population growth.
Using the models given by the tartle ex-
cluder device effectiveness scenarios outlined
above, the authors plotted the trajectories of
nesting female population size through time to dict actual population sizes through time. In
show the effects of time lags caused by long

Figure 16.3. Population
growth rates with four turtle
excluder device cffectivencss
scenarios, Turde excluder de-
vices reduce morrtality by 30%
for each stage affccted: small
neritic immature turtles; small
and large neritic immatures;
and small and large neritic
immatures plus adubts. None
is no turtle exclnder devices.
Growth rate is expressed as
proportional change per year

(A-1).

Population growth rate with 30% mortality reduction

0.03

Oceanic Small Large Nesting Non-
neritic neritic nesting

stage lengths, All simulations started with a

TEWG 1998) and the rematning population at
a stable age distribution given by the baseline
madels (population growth = —5% per year).
Because of uncertainties in population distribu-
tion and survival rates, these trajectories should
be compared qualitatively and not used to pre-

both models, the change in nesters exhibits
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jectory predicted by Modet 1
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5000 - shown in Figure 16.3.
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long amplitude “waves” in the population that
are caused by shifts in the age distribution fol-
lowing perturbation (turtle excluder device im-
plementation in year 0) (Figures 16.4 and 16.5).
The longer time lag of Model 2 (25 years) de-
lays the positive impact of decreased neritic stage
mortality, but significant increases in nesting fe-
males are predicted after the 40-year simulation
period if small and large neritic immatures

—e— All neritic + adults —L+Sm. + Lg. neritic —k—3Sm. neritic =*—None

4500 -
4000 -

3500 |

K - ]
b

v 10
SRy AL

Nesting females
L]

benefit from turtle excluder devices, or if all
three stages benefit.

Conclusions from the Updated Models

The survival rates of the oceanic immature stage
and neritic immature stages have a large impact

on overall population growth in both of the up-
dated models. Thus, small increases or decreases

Figure 16.5. Population tra-

jectory predicred by Model 2
with the four turtle excluder
device effectivencss scenarios
shown in Figure 16.3.
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in the annual survival of either of these stages
can have a dramatic effect on long-term popula-
don growth rates. The relative contribution to
population growth of each immature stage de-
pends on its stage length. Elasticity analysis
should not be used to simply identify the “most
sensitive™ life stage, particularly if management
policy is based purely on this result (Heppell et
al. 2000c). The current estimate of an 8~10-year
oceanic stage would make this the “most scnsi-
tive stage” in the original matrix models (as
shown here in Model 1), but neritic immature
growth rates also appear to be slower than pre-
viously estimated (Model 2). Until these uncer-
tainties are further researched and a model that
incorporates true growth rate variance can be
constructed for U.S. loggerheads, updated
models like these can only provide a rough
comparative analysis of potential turtle excluder
device effectiveness,

Time lags caused by late age at first repro-
duction and a long neritic immature stage wil
reduce the chances of observing an increase in
nesting females for many years. Increases in re-
cruitment to the neritic population are likely to
be derected much sooner.

Discussion—Do We Need More Models
and Why?

Conservation Concerns

Atlantic loggerheads continue to experience
mortality due to human activities at all life
stages. Because the loggerhead models have
highlighted reductions in survival of both
oceanic and neritic juveniles as serious manage-
ment concerns, identification and reduction of
mortality factors for these stages has taken on
increased importance. These factors have re-
cently been reviewed for loggerheads in U.S.
Atlantic waters (NMFS 2001; TEWG 2000).
All of the loggerhead modeling to date points
to the oceanic juvenile stage as the first or sec-
ond most sensitive to increases in mortality.
Pelagic longlines, marine debris, and Sargassum
harvesting are the major known threats. For
neritic immature and adult turtles, shrimp, fish,
and crab trawls; gill nets; pot lines; incidental
hooking; takes by dredges and power plants;
collisions with boats; and ingested debris are the

major known threats. While the loggerhead
models suggest that population dynamics are
most sensitive to increased mortality of juveniles
and adults, populations cannot withstand sus-
tained high losses of eggs and hatchlings either,
Itis unclear from the current models at exactly
what point these losses become unsustainable,
but by the time they are expressed as reduced
adult nesting it may be too late to reverse
25-35 years of such impacts. Clearly the pru-
dent alternative is to protect a significant
amount of high quality nesting habitat now.
The recovery plan for the U.S. nesting popula-
tion of Atlantic loggerheads calls for 25% of
coastal nesting habitat in public ownership
(NMFS and USFWS 1991). While the logger-
head models and this discussion are focused
primarily on North Atlantic loggerheads, the
general principles and lessons iearned should
be applicable everywhere.

Incorporating Subpopulation
Differences

The large contribution of the southern Florida
subpopulation (10 times that of the northern
subpopulation) is likely affecting sex ratios and
the genetic distribution of loggerheads on for-
aging grounds. It is also possible that the south-
ern Florida jnput is “masking” the lack of
population recovery in the northern nesting
populations. The authors speculated on the
general structure of a population model that
would take subpopulation differences into ac-
count (Figure 16.6). But parameterizing such
a model to include this effect would require
much more information about the relative pro-
portions of different subpopulations that occur
in different geographical areas.

Potential for More Insfructive Models

With the rise of modern computers, the infor-
mation contained in life tables allows the con-
struction of mathematical models to examine
the consequences to an imaginary population of
altering its survival or fecundity schedules. One
can employ a variety of methods from aggre-
gated stage- or age-based models to individual-
based and even spatially explicit models



Population Models for Aflantic Loggerheads 269

S. Florida

subpop

Nesting Beaches

Figure 16.6. Conceptual
model for loggerheads that
includes subpopulation differ-
ences. Arrows denote transi-
tions between life stages and
habitats (i.e., migration).
Arrow widths denote relative
contributions of differene
feeding areas to nesting
populations, determined
through genetic analysis. Ad-
ditional arrows denoting
adult migration to and from
the nesting beaches are ex-
cluded for clarity. NE: north-

sealy Buipas4 anueN

Yucatan
subpop

east; NC: Noreh Carolina;
8C: South Carolina; GA:
Georgia; FL: Florida; Gulf =
Gulf of Mexico.

(DeAngelis and Gross 1992; Tuljapurkar and
Caswell 1997}. Even simple models have allowed
researchers to ask questions about the relative
importance of having precise and accurate infor-
mation about the survival and fecundity of each
life stage. That is, one can conduct sensitivity
analyses and ask, “For which of the mode] in-
puts is it imperative to have more precise or
more accurate information?” The models have
also allowed researchers to examine the proba-
ble outcomes of various management scenarios.
Unfortunately, the models will never be better
than the information that is put into them. Until
new information is gathered and synthesized on
the demographic characteristics of loggerheads
in the Western Atlantic, little progress will be
made in developing more predictive models.
For exaraple, most loggerhead biologists
assume that loggerhead hatchlings from the
western Atlantic beaches migrate to and inhabit
eastern Atlantic areas as developmental habitat
before returning to the western Atlantic at
about half their adult size. Researchers already
know from the work of Bjorndal et al. (2000)
that growth rates of juvenile loggerheads in the
eastern Atlantic are slower than predicted by
the von Bertalanffy growth model, Thus, the
age at maturity estimated by Frazer (1983a)
and Prazer and Ehrhart (1985) for loggerheads
might be much too low. This also calls into
serious question the accuracy of the estimates of

juvenile survival rates that were based on using
the von Bertalanffy equation to assign ages to
juveniles in Frazer’s (1983a, 1987) catch-curve
analysis. Before further progress can be made
with modeling Atlantic loggerhead populations,
rescarchers need information on survival rates
for juveniles at sea and new estimates of age at
maturity and of adult survival since the initia-
tion of turtle excluder devices.

There is little to be gained from construct-
ing complex models if most of the parameters
have no measured means or variances, and
results obtained from such models can give a
false sense of precision (Caughley 1994). Even
heuristic models with a large number of un-
knowns may produce a myriad of results that
are difficult to interpret. TEWG (2000) has
made a number of research recommendations,
many of which are aimed directly at resolving
uncertain model parameters, including sub-
population differences, variable growth rates,
and updated survival rate estimates. NMFES
recognizes that new and better models can aid
population recovery through improved manage-
ment, but only if the models are based on
sound empirical data.

Conclusions

Early sea turtle models by Frazer, Crouse, and
Crowder provided important insights, but the
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fact that research funding has not been available
to improve these models is a canse for deep
concern. The authors’ minor efforts here to
improve the existing models are merely adding
bells and whistles. While some new data on
growth and genetic composition of Atlantic
loggerhead stocks have been collected, there
have been no efforts to calculate new survival
rates through mark-recapture studies. This is
especially critical today, as turtle excluder de-
vices are thought to have decreased mortality
rates, but by an unknown proportion. As the
Crouse et al, (1987) model clearly showed,
model resuits can have a positive impact on
policy and population recovery, Although the
results from the early models are likely to be
qualitatively robust, researchers should not be
relying on heuristic analysis of possible popula-
tion changes today based on survival rates cal-
culated for a single subpopulation 30 years ago.
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