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ABSTRACT

DEVELOPMENT AND APPLICATION OF A MODEL
FOR SIMULATING ALLIGATOR POPULATION DYNAMICS

By

James Dale Nichols

A model was constructed to simulate the dynamics of a
commercially harvested alligator (ALLigator mississippiensdis
(Daudin)) population inhabiting the privately owned coastal
marshland of Cameron and Vermilion parishes, Louisiana. 1In
the model, nesting effort, nest flooding, desiccation mor-
tality, and predation on alligator eggs and young were all
determined as functions of monthly water depth averages.
Cannibalism was considered to be the major density dependent
factor operating on the population and was determined as a
function of total population density and marsh water depth.
The model contained a freeze mortality which was based on
minimum winter temperatures. In addition, the model in-
cluded a harvest option which resulted in alligator hunting
mortality.

Comparison of simulation results with 1970-1973 nest
count results demonstrated reasonably close agreement be-
tween simulated and observed data. Simulations of a severe
summer drought and an August hurricane produced drastic popu-
lation declines, although rapid recoveries were made in sub-
sequent years. Environmentally stochastic simulations pro-
duced extremely irregular population response curves and

resultant age structures. Examination of simulation results
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James Dale Nichols

led to the suggestion that alligator life history patterns
correspond closely to an hypothesis extended by Murphy (1968).

Theoretical arguments and simulation experiments were
used to compare two possible harvest strategies for the
modeled population. The differential strategy involved
application of unequal harvest rates for different size
and age classes, while the alternative proportional strategy
resulted in equal harvest rates for all sizes. Comparison
of observed differential hunting rates and alligator re-
productive values indicated that the differential strategy
resulted in higher harvest rates for females of greater
reproductive value. Simulation experiments confirmed that
proportional hunting was superior to the differential al-
ternative with respect to effect on population growth and
harvest yield. Proportional hunting was thus recommended
for the studied alligator population.

The use of egg collection and restocking programs in
the management of crocodilian populations was discussed.
It was argued that the key to the biological and economic
feasibility of such programs results from certain behavior-
al characteristics and mortality patterns of crocodilians.
Simulations demonstrated that alligator population growth
rates can be greatly increased through the use of restock-
ing programs. A method of crocodilian harvest management
was described in which harvesters are required to collect
and hatch crocodilian eggs and release young animals in

numbers which are directly proportional to the number of
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harvested females. Simulations demonstrated that the use
of such restocking quotas can produce elevated finite

rates of increase. Examination of simulated harvest yields
demonstrated that restocking quota management is economi-
cally feasible. This form of management was recommended
for harvested crocodilian populations currently persisting

at low densities.
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INTRODUCTION

The American alligator (Alligator mississippiensis

(Daudin)) is native to the southeastern portion of the
United States and occurs in Louisiana, Florida, Georgia,
South Carolina, Texas, Arkansas, Mississippi, Alabamé, and
North Carolina. Reports of early settlers and explorers

in the southeastern part of the country emphasized the abun-
dance of alligators, and in the early 19th century the rep-
tile was apparently present in tremendous numbers (Chabreck
1967a) .

Commercial harvesting of alligators began in the mid-
19th century (Smith 1893). Peak harvests were realized in
the late 1800's (McIlhenny 1935). Stevenson (1904) esti-
mated that the alligator populations of Florida and
Louisiana were reduced by 80 g between 1880 and 1904.
Heavy harvests continued and by 1960 the alligator had been
practically eliminated from most of its original range
(Chabreck 1967a).

Despite a continuous decline in numbers since 1950, no
significant effort was made to protect the alligator until
the 1960's when protective legislation was enacted by all
states within the animal's range. In 1966 the alligator

was placed on the federal list of rare and endangered

1
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species. 1In 1970 the United States Congress established the
Endangered Species Conservation Act and an amendment to the
1906 Lacey Act which prohibited interstate shipment of il-
legally taken alligators (Palmisano 1972). The combined
effect of this federal action and various state laws was
sufficient to largely curtail illegal killing of alligators
(Chabreck 1971a).

Alligator numbers in the southeastern United States
have increased in recent years (Powell 1971; Bara 1971;
Schemnitz 1972; Palmisano 1972; Joanen and McNease 1972a,
1972b; Palmisano et al. 1973). These increases resulted in
the transfer of the American alligator from the "critically
endangered" category to the "recovered" category in 1971
(Bustard 1971).

In 1958, the Louisiana Wildlife and Fisheries Commis-
sion initiated an intensive alligator research program,
the results of which have been summarized by Chabreck
(1971a) , Joanen and McNease (1973a) and Palmisano et al.
(1973) . The Commission also initiated various management
procedures including strict harvest control, restocking,
and increased law enforcement efforts against poaching.
These management efforts resulted in dramatic increases in
alligator numbers until, by the late 1960's, high alligator
densities existed in the coastal marshes of southeaétern
Louisiana. In 1970, the Louisiana state legislature estab-
lished the framework for an open alligator season, and in

1972, 1973, and 1975, experimental harvests were conducted
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in the marshland of Cameron and Vermilion parishes. Pre-
liminary results indicate that the 1972 and 1973 harvests
had no detrimental effect on the alligator population of
these parishes (Palmisano et al. 1973, Joanen et al. 1974).

The management of any wild animal population is an
extremely complex task. While the wildlife biologist often
has a number of different management options at his dis-
posal, the selection of an optimal or even a "good" option
is difficult. As a result, biologists have begun to use
computer simulation models as means of examining management
alternatives.

The use of computer simulation models in the planning
of management programs is of greater potential importance
to alligators than to many other wildlife species. This
increased importance results, in part, from the high vul-
nerability of alligators to hunting. Because of this ex-
treme vulnerability, experimental harvest manipulations in-
volving wild populations are potentially more dangerous to
alligators than to many other more resilient wildlife spe-
cies. Computer simulation pro?ides a means of conducting
harvest experiments without jeopardizing natural populations.

Another reason for the particular importance of com-
puter simulation to alligator management involves the long
time period required to reach sexual maturity. Female al-
ligators in Louisiana typically reach sexual maturity at an
age of 9 years (Kleibert pers. comm.). Selective harvest-
ing of large, mature alligators can thus result in popu-

lations that require long time periods for recovery.
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4
Again, this argues for the use of computer experimentation
rather than actual harvest experiments that may have long-
lasting detrimental effects.

Considerable time lags can also occur between the im-
plementation of beneficial management practices and their
eventual effects on population growth rates. For example,
simulated alligator management programs employing egg col-
lection and the restocking of young animals produce in-
creases in population érowth rates which are not fully real-
ized for 8-10 years. Computer simulation permits us to
avoid the time lag which would accompany the evaluation of
such a program in the field and to make immediate predic-
tions about the eventual effects of management practices.

A final reason for the advocation of the use of com-
puter simulation for alligators involves the large number
of possible management options which exist for these ani-
mals. For example, restocking programs, which have proven
to be ineffective for many wildlife species, appear to hold
considerable potential for alligators (Chabreck 197l1la), and
can be employed either alone or in conjunction with harvest
programs. A high degree of harvest selectivity is also
possible for alligators, and various combinations of size-
and sex-specific harvest rates can be achieved. There are
notable sex-specific differences in movement patterns and
habitat preferences among alligators (Chabreck 1965; Joanen
and McNease 1970a, 1972b). 1In Louisiana, these differences

have been employed in the development of regulations that
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increase the proportion of males in the harvest (Palmisano
et al. 1973). In addition, different alligator harvest
methods result in different harvest size distributions
(Palmisano et al. 1973). Regulations specifying particular
harvest methods can thus be imposed in order to achieve a
desired size distribution. 1In cases of organisms such as
alligators for which numerous possible management options
exist, computer simulation is especially valuable as a means
of examining various combinations of management practices
and of developing overall programs which are both biologi-
cally and economically desirable.

This paper concerns the development and application of
a model for simulating alligator population dynamics. The
first objective of the study was to assemble all available
information on the natural history and population dynamics
of alligators and to use this information to construct a
simulation model. The general approach to model construc-
tion was to sacrifice statistical rigor, when necessary, in
order to obtain a reasonably complete model. The model was
intended to represent a preliminary hypothesis about alli-
gator population ecology, and about the interaction between
alligator survival and fecundity rates and certain environ-
mental parameters. The second objective of the study was
to use the model to project the consequences of this hypo-
thesis and to examine population response to various sets
of environmental conditions. The third objective involved

using the simulation model to investigate the consequences
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of various alligator management strategies. Predictions
about management strategies were developed from general
principles of population dynamics and were conditionally

tested via simulation experiments.



DESCRIPTION OF STUDY AREA

The model was constructed to simulate the alligator
population inhabiting the privately owned marshland of
Cameron and Vermilion parishes, Louisiana. This area com-
prises 1,144,600 acres of marsh (Joanen and McNease 1973b)
and includes the land on which both the 1972 and 1973
Louisiana alligator harvests were conducted. The 1972
Louisiana alligator harvest was restricted to 278,168 acres
of Cameron parish marshland (Joanen et al. 1972, Palmisano
et al. 1973), and the 1973 harvest was conducted on 541,361
acres in Cameron and Vermilion parishes (Joanen et al. 1973).

The Louisiana coastal region has been divided into
three major physiographic zones: the chenier plain, the sub-
delta and the active delta (O'Neil 1949). The study area
was located in the chenier plain marsh zone of southeastern
Louisiana, which contained the largest alligator population
of the three zones. The chenier plain marsh zone borders
the Gulf of Mexico, extends inland approximately 32 km (20
miles), and consists of coastal marshland interlaced with a
network of bayous, canals, and lakes. The surface is rela-
tively flat and elevations average about 30 cm (1 foot)
above mean sea level; consequently, drainage in the area is
slow. The only relief features are spoil deposits along

7



canals and stranded beach ridges, locally called
cheniers.

The Louisiana coastal marshes have been subdivided
into four primary vegetative types: fresh, intermediate,
brackish and saline (Penfound and Hathaway 1938, Chabreck
1972). The study area included fresh, intermediate and
brackish marsh types. Recent descriptions of these types
have been provided by Chabreck (1972). The fresh marsh was
preferred by nesting female alligators to the other marsh
types (Joanen and McNease 1972a).

Water depth in the marsh appeared to be an environmen-
tal parameter of extreme importance to alligators, and 9
years of water level data were obtained for April through
October from stations within the study area (Table 1). Ex-
treme fluctuations in water levels are associated with per-
iods of prolonged drought, with levels declining to as much
as 61 cm (2 feet) below the marsh surface (Nichols 1959) or
hurricanes with water inundating the marsh to a depth of 91
to 274 cm (3 to 9 feet). 1In the construction of various
water level functions in the model, 15 cm (.5 foot) was gen-
erally considered to be the mean annual marsh water depth

value (after Chabreck 1960).
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ALLIGATOR POPULATION ECOLOGY

Size-Age Relationship

Alligator growth rate data have been presented by Reese
(1915), Neill (1971), Chabreck (1965), Hines et al. (1968)
and McIlhenny (1934). McIlhenny (1934) marked and released
38 alligator hatchlings on Avery Island, Louisiana, and
followed their growth for 11 years. I derived curves from
McIlhenny's data and projected them beyond the last data
points through 21 years (Fig. 1). It should be noted that
these curves are not actually continuous throughout each
year. Alligator growth slows during winter months and in-
creases during spring, summer and fall. These curves were
used to establish a general size-age relationship table which
applies to alligators in the late summer of the specified
years (Table 2). Table 2 was used in all conversions of
size-specific to age-specific data. Although McIlhenny's
(1934) data are considered adequate for the model, addition-
al research on alligator growth rates is needed.

Food intake and temperature are variables which can af-
fect alligator growth rate (Coulson et al. 1973), but no ac-
curate data regarding these relationships are available for
wild populations. McIlhenny's (1934) data were obtained in
the coastal marshland of southwestern Louisiana, and I

10
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Figure 1. Relationship between total length and age in
alligators. Years begin September 1 and end
August 31.
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Table 2. Estimated relationship between size and age for
alligators inhabiting the coastal marshland of
Cameron and Vermilion parishes, Louisiana.?
Body 1length

Age (years) Males Females
—————— Meters (feet) - - - - -
1 «3- .6(1-2) .3- .6(1-2)
2 .6- .9(2-3) .6- .9(2-3)
3 .9-1.2(3-4) .9-1.2(3-4)
4 1.2-1.5(4-5) 1.2-1.5(4-5)
5 1.5-1.8(5-6) 1.2-1.5(4-5)
6 1.5-1.8(5-6) 1.5-1.8(5-6)
7 1.8-2.1(6-7) 1.5-1.8(5-6)
8 2.1-2.4(7-8) 1.5-1.8(5-6)
9 2.4-2.7(8-9) 1.8-2.1(6-7)
10 2.4-2.7(8-9) 1.8-2.1(6-7)
11 2.7-3.0(9-10) 1.8-2.1(6-7)
12 2.7-3.0(9-10) 2.1-2.4(7-8)
13 3.0-3.4(10-11) 2.1-2.4(7-8)
14 3.0-3.4(10-11) 2.1-2.4(7-8)
15 3.4-3.7(11-12) 2.4-2.7(8-9)
16 3.4-3.7(11-12) 2.4-2.7(8-9)
17 3.7-4.0(12-13) 2.4-2.7(8-9)
18 3.7-4.0(12-13) 2.4-2.7(8-9)
19 3.7-4.0(12-13) 2.4-2.7(8-9)
20 3.7-4.0(12-13) 2.4-2.7(8-9)
21 3.7-4.0(12-13) 2.4-2.7(8-9)

a

b

Basically derived from McIlhenny (1934).

Sizes generally apply to alligators at the beginning

(September) of the designated year class.
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assumed that the general temperature regime and the types

of alligator prey species available were much the same as
those existing on the study area. Alligators utilize a wide
variety of food sources, and are probably not subjected to
food shortages as frequently as other more specialized pred-
ators. Alligators exposed to saline conditions consume less
food than animals inhabiting fresh water areas (Chabreck
1971) . The study area for the simulated population, however,
included virtually no saline areas, and this variable was

thus ignored.

Reproductive Biology

Courtship and nesting

Courtship and breeding occur between May 18 and May 31
in southwestern Louisiana (Joanen and McNease 1970a). Court-
ship activity during this time is apparently restricted to
open water areas including bayous and canals, and marsh lakes
and ponds greater than one acre in size (Joanen and McNease,
1970a). After courtship adult females travel to dens in the
interior marsh to construct nests and lay eggs. Details of
alligator nest construction have been provided by Reese
(1907) , Kellogg (1929), Arthur (1931), McIlhenny (1934),
Bellairs (1969), Joanen (1969) and Neill (1971).

In southwestern Louisiana the peak alligator nesting
period varies between June 15 and June 28 (Joanen 1969).
Joanen correlated these peak nesting periods with average

March, April and May temperatures. However, he found only a
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13-day difference between dates of peak nesting activity,
and the temperature-nesting period relationship was thus
ignored in the model. 1In the model, nesting was allowed to
occur at the end of June in each year.

The mean number of eggs per nest is 38.9 with a range
of 2 to 58 (Joanen 1969). This mean was incorporated in
the model as a constant. The incubation period for alli-
gator eggs is approximately 63 to 65 days (Chabreck 1967b,
Joanen 1969). In the model, hatching thus occurred at the

end of August.

Age at sexual maturity

The female alligator reaches maturity at 1.8 meters
(6 feet) (see Chabreck 1966, Giles and Childs 1949, Joanen
1969) . Females generally begin nesting at age 9 (Kleibert
pers. comm.) corresponding to the beginning of the year
during which females move to the 1.8 to 2.1 meter (6 to 7
feet) size class (Table 2). In the model, I assumed that
female alligators become sexually mature at age 9 and con-
tinue breeding throughout the remainder of their lives.

All 1.8-4.0 meter (6-13 feet) male alligators examined
by Joanen and McNease (1973a) were found to be physiologi-
cally capable of reproduction. Because of the usual surplus
of males in adult alligator populations (Chabreck 1966) and
because of the ability of individual males to breed with |
more than one female per season (Chabreck 1965), the number
of adult males was considered to be unimportant for the

computation of nesting females.



15

Nesting effort

Chabreck (1966) cited data from Sabine Refuge (south-
western Louisiana) kill survey records indicating that
68.1% of a sample of 69 adult females nested during one
year. Also, Joanen and McNease (1973a) indicated that
67% of the adult female segment of an alligator population
is capable of reproducing during any given year.

In 1971, alligator nest counts in southwestern
Louisiana indicated that nesting had decreased by 39.5%
from the previous year (Joanen and McNease 1972c). Joanen
and McNease felt that the decreased number of nests was
due to dry nesting conditions rather than to a decrease
in the mature female segment of the population. They fur-
ther stated that "nesting success may be proportional to
the amount of surface water accrued during the spring on
until actual egg deposition" (Joanen and McNease 1972c).
This 1971 nesting decline has also been attributed to dry
nesting conditions in later reports (Joanen and McNease
1973b, Palmisano et al. 1973), and Schemnitz (1972) has
cited low water levels as the reason for a 1971 decline in
alligator nesting in the Florida Everglades. 1In addition,
Joanen and McNease (1970a, 1972a) have stressed the need of
female alligators for open water during courtship.

The nesting effort-water depth relationship appears to
be extremely important to population growth and was thus in-
cluded in the model. The average of the water depths for

May and June, the months of alligator breeding and nesting,
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was assumed to be the environmental parameter of importance
(Chabreck pers. comm.). Changes in nesting effort reported
by Joanen and McNease (1972c) for the sub-delta and chenier
plain marsh zones were used to compute nesting percentages
for 1970 and 1971. A summary of nesting percentages and
corresponding May-June marsh water depth averages is present-
ed in Table 3.

I assumed a minimum nesting percentage of 33.5% (a 50%
decrease from years of normal water depth). This minimum
nesting percentage was set to correspond to a marsh water
depth of 0 cm. A curve (Fig. 2) representing the nesting
percentage-water depth relationship was derived from the
various data sources of Table 3. In the model, the percent-
age of mature females nesting was determined from the curve,
and this percentage was then applied to the number of mature
females in the population at the end of June for each year.

Variation in breeding percentages in response to var-
iable environmental cues has been observed in numerous or-
ganisms (e.g. Conley et al. 1976, Nichols et al. 1976).

Such variation can have profound demographic effects and is
an important component of an organism's life history strat-
egy. In the case of alligators, one evolutionary inter-

pretation of this variation involves nest site availability.
After breeding, mature female alligators travel to den ponds
in the interior marsh to begin nest construction. Since

these ponds are among the first areas to dry up in times of

drought, I hypothesize that decreased nesting percentages
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Table 3. Computed percentages of females nesting as related
to marsh water depths during May and June.

Water depth

Percent mature

Marsh zone Year [cm (feet) ] females nesting
Chenier Plain 1970 32 (1.05)°2 67.0
Sub-Delta 1970 20 ( .65)P 67.0
Chenier Plain 1971 8 ( .25)°2 40.5°
Sub-Delta 1971 15 ( .50)° 63.0C

@From Joanen et al. (1971).

b

In the absence of sub-delta water depth measurements, these

data were derived from a rainfall-marsh water depth plot.

cCom.puted from percent changes in nesting success reported
by Joanen and McNease (1972c).



18

Figure 2. Relationship between the percentage of mature
female alligators nesting and marsh water depth
(May-June average).



] ] 1

Q Q
o 0

ONILSIN 1N3IDH3d

15 20 25

10

WATER DEPTH (cm)



19

constitute a response to decreased nest site availability.

Nest flooding

Alligator nests are vulnerable to flooding during times
of high water. Flooding loss was reported to be a major
source of egg mortality in the Florida Everglades (Hines
et al. 1968) and can also cause considerable damage in the
Louisiana coastal marshland during certain years (Ensminger
and Nichols 1957, Chabreck 1965).

Egg incubation generally occurs during the last week of
June and during the entire months of July and August. In
the model, the percentage of nests lost to flooding was
determined as a function of the highest monthly water depth
average of the months June, July, and August. A variety
of sources was utilized in the construction of the nest
flooding-water depth relationship (Table 4). The maximum
flooding percentage listed in Table 4 is 93.3, corresponding
to all nests constructed in the marsh itself. Joanen (1969)
reported that 6.7% of the nests he observed were con-
structed on levees, above normal flood levels. I assumed
that even these levee nests would be lost at water depths
of 122 cm (4 feet) and greater, levels representative of
flood conditions associated with hurricanes. The derived

nest flooding-water depth relationship is shown in Fig. 3.

Levee nesting

Levee nests apparently have different probabilities of

being flooded and destroyed by predators than do marsh nests.
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Table 4. Selected marsh water depths and corresponding
nest flooding percentages.

Maximum water depth of Percent
June, July and August nests lost
cm (ft.)
24 ( .8) 0.02
34 (1.1) 8.0
37 (1.2) 46.7°
46 (1.5) 93.3%

aComputed from egg cavity measurements of alligator nests
(Joanen 1969).

bComputed from nest flooding data of Joanen (1969).

cComputed from nest flooding data of Flemming (1974).
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It has been suggested that adult females tend to use margins
of ridges as nesting sites when marsh water levels are
abnormally high (Giles and Childs 1949, Ensminger and Nichols
1957) . However, Chabreck (1965) did not observe a relation-
ship between nest location and water depth. Nesting alli-
gators are very territorial and tend to nest in the same
vicinity each year (Joanen 1969, Joanen and McNease 1970a).
Joanen's (1969) 6.7% figure for levee nests was thus assumed

to remain constant.

Nest predation

Nest predation can be an important source of egg mor-
tality. Joanen (1969) followed 266 nests during a 4-year
period and reported that 16.5% of these nests were des-

troyed by raccoons, Procyon lotor. Joanen (1969) found

that 50% of the levee nests which he followed were destroy-
ed by raccoons. Palmisano (pers. comm.) observed that
18-20% of all marsh nests are generally destroyed by rac-
c-ons, while approximately 50% of levee nests are des-
troyed.

The raccoon is by far the most important alligator
nest predator, and it was the only predator considered in
the model. Nest predation by raccoons occurs just after the
eggs begin to crack along the longitudinal axis, usually
after seven weeks of incubation. After locating a nest,
raccoons generally return every few days for three or four

visits until all eggs have been eater (Joanen 1969). A
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raccoon which located a nest after 49 days of incubation
and periodically returned to the nest every few days, would
probably finish with the nest at approximately the time of
hatching. Therefore, it is unlikely that a raccoon would
ever prey upon more than one nest per year, and certainly
never more than two. Because of this temporal limitation
of nest availability, I hypothesized that the predation rate
would not increase as a function of alligator nest density.
Raccoon density must certainly affect the rate of nest
predation. Raccoon density in the Louisiana coastal marsh
varies from approximately one raccoon per 5 acres to one per
10 acres (Palmisano, pers. comm.). Unfortunately, raccoon
density data were not available for years in which raccoon
predation rates on alligator nests were known and thus this
relationship could not be incorporated into the model.
Flemming (1974) felt that nest predation is possibly
related to marsh water depth, with higher predation rates
occurring in dry years. He believed that raccoon predation
on nests is linked to food availability, and that more food
is available to raccoons during wet years. Unpublished data
on annual 1965-1968 predation rates were made available by
Joanen (pers. comm.), and these rates were compared with
August marsh water depths. Percent predation was plotted
against August marsh water depth and three points were taken
directly from Joanen's (pers. comm.) data. The lowest ob-
served nest predation rate was 1.7%, which was re-

ported in 1965 when the August marsh water depth averaged
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6 cm (.2 foot). This predation rate seemed extremely low
(Chabreck pers. comm.), and the 1.7% value was arbitrarily
doubled to obtain a minimum predation rate of 3.5%.
Flemming (1974) observed no nest predation on 20 nests
which he followed in 1973. The August marsh water depth
during that year was 37 cm (1.2 feet). Therefore, the
minimum predation rate of 3.5% was also set to correspond
to this water depth.

These data were plotted and a general nest predation-
water depth relationship was derived (Fig. 4). The portion
of the curve lying above 24 cm (.8 foot) follows the pattern
predicted by Flemming (1974), with predation rate increas-
ing as water level decreases. Below 24 cm (.8 foot), how-
ever, the relationship is contrary to what was expected.

If low predation rates do actually occur at low water
levels, then such a relationship could be explained in sev-
eral possible ways. The majority of alligator nests are
built in the marsh interior, and perhaps during times of
severe drought raccoons are less likely to leave large, per-
manent water sources and venture into the dry marsh in
search of food. 1In times of drought, numerous raccoon prey
species would probably be concentrated in any available
bodies of water. Such a situation would eliminate the rac-
coon's need to venture into the interior marsh. Finally,
most alligator nests are constructed near the female's hole
or den, and females tend to remain near the den site during

periods of drought (Chabreck 1965). In a telemetric study
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of nesting females, Joanen and McNease (1970a) also noted
that female movement was restricted during the period of the
year exhibiting the lowest water levels. By remaining in
the proximity of the den and nest site during times of
drought, females are probably better able to defend the nest
against raccoons.

The relationship graphed in Fig. 4 was used in the
model, despite some doubts regarding the nature of the func-
tion. The inability to incorporate raccoon density into the
model was unfortunate, and it is essential that the raccoon

density-nest predation relationship be studied in the future.

Hatching success

Total hatching success and predation and flooding loss
values from Joanen (1969) were used to compute a hatching
success of 76.8%. This value was incorporated in
the model as a constant and was applied to all eggs surviv-

ing predation and flooding.

Alligator Population Structure and Mortality Relationships

Average annual mortality and survival rates

Before investigating alligator population structure and
specific mortality functions, it was necessary to obtain
average annual mortality rates for the different age classes
in the alligator population. Alligator population dynamics
have never been adequately studied, however, and no reliable

mortality rate estimate could be found in the literature.



27

Chabreck (1966), presented night count results which indic-
ated the size structure of the Rockefeller Refuge alligator
population at the time of his study. This size structure
could theoretically be used to construct a time-specific
life table, and mortality rates could be obtained in this
manner. Time-specific life tables, however, require the
assumptions that the environment does not change from year
to year and that the population is at equilibrium (Krebs
1972), and neither of these assumptions could be met for
the Rockefeller Refuge alligator population.

Harvest data were available for the 1972 and 1973 ex-
perimental seasons, and these data were manipulated to ob-
tain one annual mortality estimate for 7-year-old males.
This specific age and sex class was used because both 7 and
8-year-old males occupy single size classes, and mortality
estimates for these animals are thus not confused by the
existence of more than one age class per size category.

The calculations iﬂvoked the assumption that 7-year-old
males in 1972 and 8-year-old males in 1973 were harvested
in proportion to their relative abundance in the sample
population each year.

Two methods were used for taking alligators during the
experimental harvest seasons, "fishing" with baited hook
and line, and shooting. The fishing method was selective
for larger animals (Palmisano et al. 1973), and the mortal-
ity estimate was calculated based on the total samples of

fished animals in both seasons. The percent (25.30) mature
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male alligators caught by hook and line in the 1973, 2.1-2.4
meter (7-8 feet) size class, was subtracted from the per-
cent (32.11) mature male alligators caught by hook and line
in the 1972, 1.8-2.1 meter (6-7 feet) size class. This dif-
ference of 6.81% was divided by 32.11% (again representing
the 1.8-2.1 meter males in the 1972 sample) and a mortality
rate of 21.2% was obtained.

After age 2, alligators are relatively free of preda-
tion. Therefore, I assumed that mortality rates are the
same for the alligator age classes 3-21, and the 21.2%
annual mortality rate was considered to apply to all of
these classes. After reaching maturity, female alligators
move into the marsh interior, and their mortality rates
probably decrease at this time (Chabreck 1965). Adult
males, however, travel extensively (Joanen and McNease
1972b) and are subjected to a variety of hazards. There-
fore I assumed that adult males have twice the annual mor-
tality rate of adult females (after Chabreck pers. comm.).

The 21.2% annual mortality rate was separated into
seven equal monthly survival rates (corresponding to
the number of months during which alligators are active)
and a .967 monthly survival rate was thus calculated. The
.967 rate was applied to males and females aged 3 through é
years. Assuming an adult sex ratio of 60.1% males (Chabreck
1966), differential annual survival rates became .750 per
year for males and .875 per year for females. The male mor-

tality rate is therefore twice as high as the female rate.
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Annual survival rates reduce to .960 per month for males
and .981 per month for females, and were applied to animals
9 through 21 years old.

Based on field observations of alligator populations,
Chabreck (pers. comm.) estimated an averaade 65% mortality
rate for l-year-old animals and a 40% mortality rate for
2-year-olds. Both sexes are equally vulnerable at these
ages, thus average monthly survival rates were .861 for
one-year-olds and .930 for two-year-olds. Average annual
and monthly survival rates are summarized in Table 5. As
previously mentioned, all annual survival rates were divided
into seven monthly rates. I assumed that all alligator mor-
tality sources other than freezes occurred during the months,
April through October. Alligators are semidormant during
the five months, November through March, and few mortality

sources probably operate during this period.

Population age structure

A general knowledge of the age structure of the alli-
gator population was necessary before various mortality
functions could be calculated. Chabreck (1966) presented
results of night count surveys indicating size structure of
the Rockefeller Refuge alligator population (Table 6).
Chabreck believed his night count sample was representative
and combined these results with nest count data to estimate
the total alligator population of Rockefeller Refuge.

Chabreck's (1966) night count data indicated the size

structure of the alligator population at approximately the
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Table 5. Survival rate estimates for alligators inhabiting
the coastal marshland of Cameron and Vermilion
parishes, Louisiana.?

Annual survival rate Monthly survival rate

Age Male Female Male Female
1 .350 .350 .861 .861
2 .600 .600 .930 .930
3 .788 .788 .967 .967
4 .788 .788 .967 .967
5 .788 .788 .967 .967
6 .788 .788 .967 .967
7 .788 .788 .967 .967
8 .788 .788 .967 .967
9 .750 .975 .960 .981
10 .750 .875 .960 .981
11 .750 .875 .960 .981
12 .750 .875 .960 .981
13 .750 .875 .960 .981
14 .750 .875 .960 .981
15 .750 .875 .960 .981
16 .750 .875 .960 .981
17 .750 .875 .960 .981
18 .750 .875 .960 .981
19 .750 .875 .960 .981
20 .750 .875 .960 .981
21 .750 .875 .960 .981

aSee text for discussion.
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Table 6. The results of night counts and total population
computation for alligators on Rockefeller Wildlife
Refuge, 1966.2

Total length

size classes Number Percentage Total number
[meters (feet)] seen composition on refuge
«3- .6 (1-2) 45 25.3 1339
.6- .9 (2-3) 33 18.5 979
.9-1.2 (3-4) 30 16.8 888
1.2-1.5 (4-5) 24 13.5 714
1.5-1.8 (5-6) 18 10.1 534
1.8-2.1 (6-7) 13 7.3 386
2.1-2.4 (7-8) 8 4.5 238
2.4-2.7 (8-9) 4 2.3 122
2.7-3.0 (9-10) 2 1.1 58
3.0+ (10+) 1 .6 32
Total 178 100.0 5291

aSource: Table 2 of Chabreck (1966).
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end of May and the beginning of June, 1966. However, my
calculations required a knowledge of September age struc-
ture, and because of the differential mortality rates oper-
ating on the population, the September size structure is
expected to differ from the June size structure. It was
therefore necessary to back calculate from June, 1966 to
September, 1965. This was accomplished by dividing the num-
ber of animals comprising each size class, by the monthly
size-specific survival rate taken to the fourth power (there
are four months involved). These calculations yielded a
new size structure characteristic of the beginning of
September.

The September population size structure was then sep-
arated using size-specific sex ratios (Table 7). These
ratios were obtained from 1816 alligators captured alive in
Louisiana during the period 1959-1966. It is virtually im-
possible to accurately determine the sex of alligators less
than .6 meters (2 feet) in length, and the average adult
value of 60.1% males (Chabreck 1966) was thus used for these
small animals. The 60.1% male value was also used for size
classes in which an insufficient number of animals was ex-
amined.

The assumption of a sex ratio deviating from 50% male
at hatching implies either differential energy expenditure
by parents or differential pre-hatching survival rates (see
Fisher 1958, Kolman 1960, Pianka 1974). While there is no

direct evidence supporting the action of either of these
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Table 7. Size-specific sex ratios used in the construction
of alligator population structures.?a

Total body length Males Females
--Meters (feet)-- = e—ececcccec-- Percent-=-======~-
.3- .6 (1-2) 60.1° 39.9
.6- .9 (2-3) 64.6 35.4
.9-1.2 (3-4) 62.8 37.2
1.2-1.5 (4-5) 53.5 46.5
1.5-1.8 (5-6) 52.4 47.6
1.8-2.1 (6-7) 64.1 35.9
2.1-2.4 (7-8) . 60.1 39.9
2.4-2.7 (8-9) 60.1°€ 39.9
2.7-3.0 (9-10) 60.1°€ 39.9
3.0-3.4 (10-11) 100.0 0.0
3.4-3.7 (11-12) 100.0 0.0
3.7+ (12+) 100.0 0.0

qUnless otherwise indicated, sex ratio data were obtained
from 1816 alligators captured alive in Louisiana from
April, 1959, to December, 1966 (Chabreck unpubl. data).
bAverage adult sex ratio (Chabreck 1966) was used because
of inability to sex young alligators.

cAverage adult sex ratio (Chabreck 1966) was used because
of insufficient data (small sample sizes).
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mechanisms in alligators, available data do suggest the
existence of an excess of males of hatching. For example,
the sex ratio of a sample of 305 alligators in the .6 - .9
meter (2-3 feet) size class was 64.6% male (Table 7). If
the sex ratio at hatching was 50% male, then the preponder-
ance of males in the succeeding agé class would imply dif-
ferential sex-specific survival rates during the first year
of life. However, immature males and females exhibit simi-
lar movement and activity patterns (Chabreck 1965), and the
operation of differential survival rates is thus not likely.
Additional support for the existence of a high proportion
of male hatchlings is provided by the low relative survival
rates of adult males (Table 5), which necessitate a prepon-
derance of male hatchlings for maintenance of observed adult
sex ratios (Table 7). It should finally be noted that data
are available on hatchling sex ratio, although sample size
is extremely small. Nichols and Chabreck (unpubl. data)
dissected 16 alligators which had been artificially hatched
and reared for 10 months. This group of animals was com-
prised of 13 males and 3 females. If the actual sex ratio
at hatching was 50% male, then the probability of randomly
obtaining such a sample would be less than .0ll.

Finally, it was necessary to determine the number of
animals in each age class, within a given size and sex
class. This was accomplished by assuming a stable age dis-
tribution within each size class and by establishing the

following equality:
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z .
1) N= I (p)* n
i=0
and then solving for n:
z i
2) n = N/ z (p)
i=0

where z-1 is the number of age classes in the given size
class, p is the annual survival rate, N represents the total
number of animals in the size class, and n equals the number
of animals in the youngest age class within the size class.
The numbers of animals in subsequent age classes were then
obtained by multiplying the number of animals in the young-
est age class by the appropriate power of the survival rate.
A sample age structure derived from these calculations
is shown in Table 8. This particular age structure was ob-
tained starting with the June, 1973, population estimate of
71,897 animals (Palmisano et al. 1973). The derived age
structure contains 96,918 alligators and represents the

September, 1972, population.

Specific mortality functions

After obtaining general estimates of population age
structure and average mortality rates, it was possible to
examine specific mortality relationships. Drought can in-
crease mortality from desiccation, predation, and cannibal-
ism in alligators (Hines et al. 1968, Spotila et al. 1972,
Truslow et al. 1967). A severe drought can be characterized

by a marsh water level of -61 cm (-2.0 feet) for a period
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Table 8. Calculated age structure for the alligator
population of Cameron and Vermilion parishes,
Louisiana, September, 1972.

Age Males Females
1l 19876 13196
2 11487 6295
3 8680 5141
4 5942 2888
5 2435 2276
6 1919 1642
7 3315 1294
8 2043 1019
9 609 1059

10 479 834

11 528 657

12 415 652

13 174 514

14 137 406

15 93 209

16 74 166

17 11 130

18 8 103

19 7 81

20 6 64

21 4 50
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of 2 months, and such a drought can increase normal mor-
tality by an estimated 20% (Chabreck pers. comm.).
An estimated 60% of such a drought loss would be suffered
by one-year-old animals, 30% by two-year-olds, and the re-
maining 10% by females and other immature males (Chabreck
pers. comm.). Adult males inhabit large bodies of permanent
water and would be relatively unaffected by drought. Using
these estimates and a September age structure (Table 8),
monthly drought mortality rates were calculated for the
specified age classes. These drought mortality rates indi-
cated the percentages by which normal mortality rates are

increased during periods of drought.

Desiccation. Alligators have high rates of evaporative

water loss and are threatened by desiccation during times of
drought (Spotila et al. 1972). It was estimated that 50% of
the total drought mortality results from desiccation, while
the remaining 50% results from predation and cannibalism
(Chabreck pers. comm.). Monthly drought rates were thus
divided by two to obtain desiccation mortality rates for a
month of -61 cm (-2.0 feet) marsh water level. Because of
the probable relationship of alligator size to mobility and
desiccation vulnerability, the estimated minimum water levels
at which no desiccation mortality occurs, differ among the
three affected age classes. The hypothesized desiccation
mortality-water depth relationships have been plotted in

Figs. 5, 6 and 7.
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Figure 7. Relationship between desiccation mortality and
marsh water depth in female alligators aged
3-2]1 years and male alligators aged 3-6 years.



L ] 1 i

(LN3DH3d)
ALITVLIHOW NOILVDIS3a

o

-60 -50 -40

WATER DEPTH (cm)

=70



41

Cannibalism. Instances of alligator cannibalism have

been reported by Kellogg (1929), Giles and Childs (1949),
Valentine et al. (1972), and Truslow et al. (1967). This
mortality source is probably the major density dependent
factor operating on Louisiana alligator populations. During
years of normal water level cannibalism results in an esti-
mated 2% annual mortality at present pre-saturation popu-
lation densities, and in a 6% annual mortality rate at car-
rying capacity densities (Chabreck pers. comm.).

Carrying capacity estimates for the coastal marshland
of Cameron and Vermilion parishes are one alligator per five
acres of fresh marsh, one alligator per eight acres of inter-
mediate marsh, and one alligator per 20 acres of brackish
marsh (Chabreck pers. comm.). These represent population
densities on wildlife refuges in the study area where long
histories of rigidly protected alligator populations exist.
The total acreage of each marsh type in the study area was
divided by the appropriate carrying capacity (acres-per-
alligator) figure. Then, the carrying capacity populations
for each marsh type were summed, and a total carrying capac-
ity figure of 147,590 alligators was obtained for the
1,144,600 acre study area.

Assuming that 60% of all cannibalism mortality is suf-
fered by one-year-olds, 30% by two-year-olds, and 10% by
three-year-olds (Chabreck pers. comm.), monthly cannibalism
mortality rates were calculated for present population den-

sities and carrying capacity densities at average water



42

depths. Present population density was assumed to be about
71,900 (Palmisano et al. 1973), and carrying capacity den-
sity was again assumed to be 147,590 animals. The density-
cannibalism relationship was then plotted (Fig. 8). I
assumed that cannibalism would not decrease to 0, and a
minimum cannibalism rate was thus arbitrarily set at .001l.

Alligators become concentrated as water levels decline
and, during years of severe drought, 5 and 15% can-
nibalism mortality rates were estimated for present density
and carrying capacity density populations, respectively
(Chabreck pers. comm.). A monthly cannibalism increase for
months of severe drought was calculated using annual aver-
age water and severe drought cannibalism rate estimates,
and a September age structure.

Age-specific cannibalism rate increases for months of
severe drought were calculated for the three affected age
classes using a September age structure and the previously
calculated cannibalism rates for average water depth and
present densityf These age-specific rate calculations in-
voked the assumption that severe drought cannibalism in-
creases are proportional for the three affected age classes.
In this manner, it was calculated that normal monthly can-
nibalism rates are increased by a factor of 4.65 during
months of severe drought. A cannibalism rate multiplier
was then plotted by setting 4.65 to correspond to a water
level of -61 cm (-2.0 feet), and setting the value 1 to

correspond with the average water depth of 15 cm (.5 foot)
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(Fig. 9). A minimum value for this multiplier was ar-
bitrarily assumed to be .25, because the cannibalism rate
probably does not decrease to 0.

In the model, monthly cannibalism mortality rate was
determined as a function of density. This rate was then
multiplied by the cannibalism rate multiplier, which was
determined as a function of monthly water level. The re-
sulting product constituted the increase in mortality due

to cannibalism.

Predation. Alligator young are preyed upon by a wide
variety of predators (Neill 1971). Because of this variety
it was impossible to incorporate predator densities into
the model. Predation rates are probably also a function of
alligator density, but again this relationship was not in-
cluded in the model because of insufficient data. I esti-
mated that during years of average water depths, one-year-
old alligators would suffer approximately a 60% loss to
predators and two-year-old animals would lose 15% annually
due to predation, following Chabreck (pers. comm.). These
annual age-specific predation rates were converted to month-
ly rates in the manner previously described.

During times of drought, alligator young and predators
are concentrated in remaining water bodies, and alligators
suffer high predation rates (Hines et al. 1968). I prev-
iously estimated that 50% of the total alligator mortality

suffered during a severe drought (water level at -61 cm
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for 2 months) could be attributed to predation and canni-
balism. The drought cannibalism rates were determined for
each affected age class as previously described, and the
drought predation rates were obtained by subtracting the
cannibalism rates from the total predation plus cannibalism
rates. The predation rate-water depth relationships have
been plotted in Figs. 5 and 6. I assumed that predation
would never decrease to 0, and minimum monthly predation
mortality rates of .05 and .01l were thus set for one and

two-year-old alligators, respectively.

Natural mortality. In the model, natural mortality is

simply an age and sex-specific constant which includes all
mortality sources in addition to those already separated
from the average mortality values. "Natural" mortality in-
cludes such mortality sources as animals being shot as pests,
poaching, accidental kills, and animals dying from physio-
logical mortality sources unrelated to drought. These mor-
tality rates were obtained by subtracting age and sex-spec-
ific cannibalism and predation mortality rates (for months
of average water depth) from average total mortality rates.
These age and sex-specific rates were then incorporated into

the model as constants (Table 9).

Freeze mortality. Chabreck (1965) reported finding

dead alligators ranging from .6 to 3.0 meters (2 to 10 feet)
in length which had suffocated under ice during a severe

freeze in January, 1962. Climatological records indicate
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Table 9. Natural mortality rates for alligators inhabiting
the coastal marshland of Cameron and Vermilion
parishes, Louisiana.?

Natural
Age class Males Females
1 .011 .011
2 .044 , -044
3 .031 .031
4 .033 .033
5 .033 .033
6 .033 .033
7 .033 .033
8 .033 .033
9 .043 .020
10 .043 .020
11 .043 .020
12 .043 .020
13 .043 .020
14 .043 .020
15 .043 .020
16 .043 .020
17 .043 .020
18 .043 .020
19 .043 .020
20 .043 .020
21 .043 .020

3see text for explanation.
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that in January, 1962, the maximum temperature for Lake
Charles, Louisiana, was below 0°C. for a period of be-

tween 2 and 3 days. It was assumed in the model that any
drop in maximum temperature below 0°C. for a period of 2
days or more would cause alligator freeze mortality. Such
a freeze was set to produce a 5% loss from the total popu-
lation and was considered to be neither age nor sex-specific

(Chabreck pers. comm.).

Hunting mortality. A major objective of this study

was to investigate the effects of hunting mortality on alli-
gator populations, and I included an optional harvest rate
which could be applied to the population in September of
each year. The optional harvest rate was used in either of
two types of calculations of relative age- and sex-specific
harvest rates. The first set of calculations produced har-
vest rates which were similar to those observed in the 1972
and 1973 Louisiana seasons. These calculations involved

the use of size and sex-specific harvest percentages which
were obtained by summing all wild animals taken in the two
Louisiana seasons (from Joanen et al. 1972, Palmisano et al.
1973, Joanen et al. 1973, McNease pers. comm.) and determin-
ing the percent composition of this total for each size and
sex class (Table 10). The actual computation of these
harvest rates in the model is described under the heading

"The Simulation Model".
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Table 10. Percent composition of the combined 1972 and 1973
Louisiana alligator harvest.?2

Total body length Males Females
--Meters (feet)-- = ——mecme—e- Percent-========--
1.2-1.5 (4-5) 5.93 3.77
1.5-1.8 (5-6) 13.68 6.87
1.8-2.1 (6-7) 14.34 10.30
2.1-2.4 (7-8) 12.99 7.03
2.4-2.7 (8-9) 9.14 1.93
2.7-3.0 (9-10) 6.36
3.0-3.4 (10-11) 4.64
3.4-3.7 (11-12) 2.49
3.7+ (12+) .53

8pata used to calculate these percentages were taken from
Tables 3 and 5 of Palmisano et al. (1973), Table 1 of

Joanen et al. (1973) and a table provided by McNease (pers.
comm.). Data on total size composition of harvests were
corrected to eliminate farm alligators from the computations.
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Harvest regulations for the 1972 and 1973 seasons were
designed to protect mature female alligators. A lower size
limit of 1.2 meters (4 feet) total body length was also es-
tablished to protect young animals. Regulations governing
these two seasons are discussed by Joanen and McNease (19724)
and Palmisano et al. (1973). Since the Louisiana hunters
apparently selected for large animals (Palmisano et al. 1973),
the observed harvest rates will subsequently be referred to
as "differential" rates (i.e.differential with respect to
size and age).

The second method for calculating harvest rates in the
model produced rates which are termed "proportional". The
proportional option produced equal harvest rates for all
sizes within a given sex (the 70:30 observed male to female
harvest ratio was maintained). Proportional rates assume
that animals are harvested in proportion to their relative
abundance in the population.

In the model, it was assumed that alligator populations
do not adjust to hunting mortality with compensatory reduc-
tions in natural mortality. This assumption was made be-
cause of a lack of contrary evidence and because of the ob-
served vulnerability of alligators to hunting. It may very
well be false. Because of the nature of this assumption,
simulated hunting produced maximum detrimental effects on

the population.



THE SIMULATION MODEL

Description

A mechanistic mathematical model was constructed to sim-
ulate the behavior of the population over time. The modeled
system was defined as the alligator population existing in
the study area, and was divided into components according to
sex and age. The state variables of the model were defined
as the elements of the population matrix, AGEINIT. . with

v 3
4 = 1,21 representing the age classes and § = 1,2 correspond-
ing to males and females, respectively. The structure of
the model incorporated the use of state equations for each
component describing its behavior in terms of stimulus and
state variables. Initial values for the state variables were
chosen for experimental simulations from a set of initial
age structures. Response variables for each population com-
ponent were chosen to be the number of deaths (mortality),
the number of nesting females (reproduction), and the number
of animals leaving the component (growth). The only endog-
enous stimulus feature was the number of animals'entering
each population component through birth or growth. Stimulus
variables exogenous to the system were average monthly water
levels, temperature, and a harvest rate equal to the per-
centage of animals taken by hunters.

51
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The model was primarily deterministic but was modified
in some experimental simulations to include stochastic func-
tions for environmental factors. Stochastic variables were
monthly water levels and temperature. Values for water
levels (in feet) were randomly generated from normal dis-
tributions defined by the mean and standard deviation for
each month (from Table 1). Temperature was considered only
through the use of a factor representing a freeze during
winter, with probability of occurrence equal to .1 (once
every 10 years).

In order to observe the dynamics of the population over
a time period of several years, the month of September was
treated as the beginning of a new year (£=1 in the equations
below). September was chosen because of the assumption that
all eggs were hatched at the end of August, with hatchlings
then entering the population in September. The months No-
vember through March were treated as one time block desig-
nated as winter. All rates affecting the stimulus wvariables
were applied during the months April through October unless
otherwise designated.

State equations used to describe component behavior

were:

3) AGEINIT.

i, §,t+1 X SURNATM X HURSURV;

= AGEINIT,
4,9,%

for 4 =1,2,. . . 21; § =1,2; t=20,1,2

and t=17,8,. . .11
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4) AGEINIT . AGEINIT .

: i-1,4, ; for «=2,3,. ...21;

1,2; t =12

.,
]

5) AGEINITi it = HACHTOT X .601 ; for 4 = 1;

j=1; ¢t =12

6) AGEINITi i,z = HACHTOT X .399 ; for 4 = 1;

{ = 2; t =12

where AGEINIT was the state variable used to represent the
number of animals in each component (4,jf). After application
of equations 4-6 in month £ = 12, the year variable (NYR)

was incremented by 1 and £ was set equal to 0.

Monthly population changes during April through October

State variables were updated monthly by state equation
(3) . SURNATM was a total survival rate including survival
from all mortality factors with the exception of harvesting.
During the months April - October this rate was determined

by:
7) SURNATM = 1- (APRED+CANNAB+DESS+NATURAL)

where APRED was the predation factor for the young, CANNAB
was the cannibalism mortality factor, DESS was the desic-
cation mortality factor, and NATURAL was the natural ﬁor-
tality factor.

APRED and DESS were computed as functions of average
monthly water levels. CANNAB was considered to be the only

density dependent factor in the model. Therefore, a
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function (CANN) of the total population density was computed
and then multiplied by a factor (CANNMUL) which was deter-
mined as a function of the average monthly water level.
Cannibalism and predation rates were determined by linear
equations corresponding to the functions of Figs. 5-9. DESS
values were derived from Figs. 5-7 and were included in the
model in tabular form. 1In early simulations, values of the
independent desiccation function variable, WATER, were round-
ed and assumed only specified values. In a later version of
the simulation program, a linear interpolation subroutine
was utilized. 1In addition to these rates, NATURAL was ap-
plied to all age classes. The natural mortality constants
are presented in Table 9 and were calculated as previously
described.

HUNSURV was a survival rate obtained from harvest mor-
tality rates and was applied to age classes (4-21) during
the month of September only. Either differential or pro-
portional harvest rates were applied depending on the value
assigned to the control variable IDIFF. Briefly, differen-
tial rates were computed by first determining the total num-
ber of animals to be harvested (based on the overall hunting
rate control variable, HUNRATE), and then distributing the
harvest among the various sex and age classes according to
the harvest composition of Table 10. Computation of pro-
portional rates also began with the use of HUNRATE in the
calculation of the total number of animals to be harvested.

Sex-specific harvest rates were then computed based on the
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70:30 male to female ratio, and equal harvest rates were

assigned for all sizes within each sex.

Monthly population changes during November through March

At the beginning of winter, £ was automatically in-
cremented by 4 to give the value £ = 7, which represented
the end of March, and the state variables were then updated.
It was assumed that the only rate affecting the population
components during this time period was a freeze mortality,
and equation 7 was thus not applicable in winter months.

If the freeze factor was applied, SURNATM was set equal to
.95 for each component. If no freeze occurred, there was

no change in the population.

Yearly population changes

State equation 4 was used to update the state variables
for age classes 2-21 at the end of each year. The number of
animals leaving one component became the number of animals
entering the next component. The last age class was simply
"dropped" under the assumption that no animals survived past
age 21.

State equations 5 and 6 were used to compute the number
of male and female hatchlings, respectively. HACHTOT repre-
sented the total number of eggs hatched and was defined by

the following expression:

8) HACHTOT = EGGS X (1-NESTFLD) X (1-PRED) X .768

Rates utilized in this expression were applied at the end of
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August. EGGS represented the total number of eggs laid,
NESTFLD was the egg mortality rate attributable to nest
flooding, and PRED was the raccoon nest predation rate. A
survival constant of .768 was applied to all eggs as a hatch-
ing success rate. EGGS was computed by summing the eggs pro-
duced by each adult female age class (classes 9-21), and was
dependent upon the population component size (AGEINIT) and
nesting effort (NESTEFF). NESTEFF represented the percent-
age of females nesting and was determined as a function of
the average water depth for May and June (see Fig. 2).

This rate was applied to the adult female segment of the
population at the end of June in order to obtain the total
number of nesting females in each population component
(REPRATE) . REPRATE was then multiplied by the mean number
of eggs laid per female, 38.9, to obtain the total number of
eggs produced by the population component. The percentage
of eggs lost to nest flooding (NESTFLD) was determined as

a function of the maximum of June, July, and August water
depths (Fig. 3). The raccoon predation rate (PRED) was
determined as a function of August marsh water depth (Fig.
4). In early simulations, the independent variable (WATER)
of the nesting effort and nest flooding functions assumed
only specified values. In a later version of the computer
program, a linear interpolation subroutine was used in the
calculation of nesting effort, while the nest flooding func-
tion was expressed in the form of linear equations. Raccoon

predation rate was determined using linear equations.
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The number of male hatchlings was assumed to be 60.1%
of the total, and the number of females was assumed to be
39.9%. These constants were multiplied by HACHTOT to give
the number of males and females entering the first age class.
The new age structure resulting at the end of the simulated
year became the new initial age structure for the start of

the next year.

Implementation

The simulation model was written in F@RTRAN IV and
simulations conducted on the CDC 6500 computer system at
Michigan State University. General block diagrams for the
computations involved state equations 3, 5 and 6 are pre-

sented in Fig. 10.
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Figure 10. Block diagram of model state equations.
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RESULTS AND DISCUSSION

Alligator Population Structure

Preliminary simulations of population growth were con-
ducted using a September initial age structure (Table 8)
calculated from Chabreck's (1966) observed May-June size
structure. Results of one such 20-year simulation with con-
stant 15 cm (.5 foot) water depths are shown in Fig. 1l1l.
Irregularities in this population growth curve (Fig. 11l) re-
sulted from inadequacies in the initial age structure. The
high population growth rate for year 1 can be directly at-
tributed to the introduction of a "normal" complement of
hatchlings at the end of that year. The other major irreg-
ularity in the population growth curve occurred during year
9, the year during which hatchling females from the initial
age structure reached sexual maturity. Simulation results
thus suggested an inadequate representation of animals in
the first age class of the initial age structure. Analysis
of Chabreck's (1966) field data provided additional support
for the contention that hatchlings were underestimated in
the derived September age structure. Calculations assuming
(1) average egg mortality rates and hatching success (from
Joanen 1969), (2) equivalent hatchling mortality rates from
September to May and from June to September, and (3) a

59
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stationary age distribution (this had probably not been
achieved), yielded an unrealistically low number of one-
year-old survivors for September, 1966.

Because of this apparent underrepresentation of hatch-
lings, the use of the Table 8 age structure in experimental
simulations would have caused problems in interpreting popu-
lation response curves. For example, it would have been
difficult to separate effects of the irregular age structure
from effects of experimental manipulations (such as varia-
tions in hunting pressure or environmental parameters) in
such response curves. Therefore, the initial proportions
of animals in each age and sex class for all subsequent com-
puter runs were based on the population structure generated
by the 20-year simulation of 'Fig. 1l1. An example of this
computer-generated age structure for an initial population

of 100,000 is shown in Table 11.

Model - Field Data Comparison

Nest counts conducted during 1970-1973 provided an op-
portunity to compare simulation results with observed field
data. This comparison was not intended to constitute model
"validation". Validation procedures can involve attempts
to reproduce past system behavior, providing that components
of this past behavior were not used in the construction of
the model. Data from 1970 and 1971 were included in the
percent nesting function, and data from 1973 were used in

the construction of the nest flooding and nest predation
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Table 11. Computer-generated initial age structure for an
alligator population of 100,000.

Age Males Females
1 30551 20283
2 8962 5950
3 4733 3142
4 3587 2382
5 2777 1844
6 2140 1421
7 1660 1102
8 1289 856
9 996 661

10 710 557

11 504 467

12 353 386

13 273 353

14 201 306

15 138 248

16 100 214

17 73 183

18 53 158

19 39 136

20 29 118

21 12 53

Total 59180 40820
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functions. Nevertheless the 1970-1973 nest count surveys
provided the only available density estimates, and com-
parisons with model output were thus considered appropriate.
A computer-generated initial age structure was con-
structed such that the number of nests produced the first
year (using observed 1969-1970 marsh water depths) closely
approximated the 1970 aerial nest count (error = .08%).
The simulation was then run for three additional years with
observed 1970-1973 water depth inputs (Table 1), and the num-
bers of nests generated were compared with field observations
for 1971, 1972, and 1973, as reported in Joanen and McNease
(1970b, 1972c, 1973b) and Palmisano et al. (1973) (Fig. 12).
The errors between simulated and observed data for these 3
years were 3.13, 9.92, and 22.70 percent, respectively.
Recently, an additional summary of nest count survey
data appeared in Joanen et al. (1974). 1In this report, popu-
lation estimates based on nest count surveys are presented
for an area including a small portion of Calcasieu parish as
well as all of Cameron and Vermilion parishes. The numbers
of nests counted in 1970 and 1971 are slightly larger than
the previoﬁsly published Cameron and Vermilion counts, pro-
bably indicating the slightly larger survey area. However,
the numbers of nests reported for 1972 and 1973 (2903 nests
in 1972; 2662 nests in 1973) are much lower than indicated
in previous reports. This discrepancy occurred in the two
years for which my simulation "error" was greatest. The

1972 and 1973 errors between simulation results and these
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Figure 12. Comparison of simulated nests (dashed line)
with observed nest count data, 1970-1973
(solid line). Nest count data source:
Palmisano et al. (1973).
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new data (Joanen et al. 1974) were 6.13 and 4.40 percent,
respectively, indicating a closer correspondence between

model output and actual nest counts.

Water Level Fluctuations

Environmental variability is an important component of most
hypotheses pertaining to the evolution of life history
strategies (e.g.Cohen 1966, 1967, 1968; Conley et al. 1976;
Gadgil and Bossert 1970; Giesel 1974; Hairston et al. 1970;
Hirshfield and Tinkle 1975; MacArthur and Wilson 1967;
Murphy 1968; Nichols et al. 1976; Pianka 1970, 1972; Schaffer
1974; Wilbur et al. 1975; Williams 1966). In this system,
marsh water level is quite variable and is the most impor-
tant environmental parameter affecting the modeled alligator
population. Therefore, several sets of simulations were de-
signed specifically to examine the potential effects of water
level variability on alligator population dynamics.
Initially, a series of 2-year simulations was conduct-
ed using varied water depths for specified months (Fig. 13).
In each of these simulations, water depth in a selected month
during the first year was set at either 0 or 30 cm (1 foot),
with water depths for other first year months and all second
year months held constant at 15 cm (.5 foot). The differ-
ence between the two September runs can be attributed to
higher predation, cannibalism and desiccation rates in the
low water run. Zero water level in Jurie resulted in a sub-

stantial population decrease as a consequence of low nesting
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percentages, although a recovery was made in the following
year. Thirty cm (1 foot) water depths in July and August
resulted in population declines attributable to nest flood-
ing. Zero water level in August caused a large population
increase as a consequence of lowered nest predation and a
resultant high number of September hatchlings. Normal pre-
dation and increased cannibalism the following year reduced
the population, however, primarily by removing large numbers
of first-year animals.

Population response to hurricane (100% nest flooding)
and severe drought (increased cannibalism, predation and
desiccation) are shown in Fig. 14. The hurricane was simu-
lated with 122 cm (4 feet) water depths in August, and the
severe drought was represented by -61 cm (-2 feet) water
levels in both June and July. In these 5-year deterministic
simulations, the severe weather conditions occurred in year
1, and all water depths were held at 15 cm (.5 foot) for the
remainder of each run. The rapid population recoveries from
both drought and hurricane were of particular interest.

The effects of weather were further investigated with
stochastic simulations. In these runs, monthly water depths
were generated from a normal distribution about the mean
level for each month (from Table 1). The stochastic modi-
fications also included the 0.1 probability of a winter
freeze each year. Results of two stochastic and one deter-
ministic [monthly water depths set at 15 cm (.5 foot), no

winter freezes] simulation are shown in Fig. 15.
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Figure 14. Simulated population response to August
hurricane (plot B) and severe summer drought
(plot C). A constant water depth simulation
(plot A) is provided for comparison.
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Population response to variable environmental conditions
can be quantified through the computation of mean finite
rates of increase (Giesel 1974a, 1974b). The finite rate of

increase, A is defined as:

tl

2) M = NNy

where t is time (in this case expressed in years), and N is
total population size. The geometric mean of a sequence of

realized finite rates of increase is given by:

10) T = o al/m

where n is the total number of years over which the mean is
calculated. The X values produced by the simulations in
Fig. 15 were 1.0352 for plot A, 1.0374 for plot B, and
1.0238 for plot C.

As indicated by the plots of Fig. 15, simulated popu-
lation size in a stochastic environment is highly variable.
Annual realized finite rate of increase, At , provides one
measure of population growth or decline. From a randomly
selected 20-year stochastic simulation, At values for the
total population ranged from .5648 to 1.2291. However, the
range of At values for the adult female segment of the
population was .9749 to 1.1046. Similar patterns were ob-
served in all stochastic simulations, with total population
size exhibiting high variability and mature female numbers

maintaining fairly constant growth rates. The relative lack

of variability in the breeding female segment of the
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population can be attributed to the buffering effect pro-
duced by the large number of breeding age classes and to the
relatively low adult female mortality rates, which are not
greatly affected by environmental extremes. This examination
of simulated population response provides insight to general
alligator life history patterns, which correspond closely

to an hypothesis extended by Murphy (1968). Murphy (1968)
predicted that natural selection for long life, late sexual
maturity, and repeated reproductions should occur in environ-
ments in which survival of pre-reproductives is highly vari-
able. Alligator life history patterns conform to this pre-

diction.

Alligator Harvest Strategies

Another major objective of this study was to evaluate
alligator management strategies through the use of computer
simulation. This evaluation included consideration of the
two described alligator harvest alternatives. The differen-
tial strategy was employed in the 1972 and 1973 Louisiana
alligator harvests and involved the application of unequal
harvest rates for different size and age classes. The pro-
portional strategy is believed to be a feasible harvest al-
ternative and involves application of equal harvest rates

for all size classes within a given sex.

Theoretical development

An appropriate way to begin the evaluation of age-

specific harvest strategies is with consideration of Fisher's
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(1958) reproductive value approximated by:

11 v = A1z 2 Yinm
) v,/ /x=x vy

where x denotes age, A is the finite rate of increase of
the population, and 1x and m  are age-specific survival and
birth rates, respectively. The reproductive value, Vyr Tep-
resents the expected contribution of a female of age x to
future generations, expressed relative to the contribution
of a female of age 0 (where Vo = 1l). Réproductive value can
also be thought of as the diminution of future population
increase caused by the removal of a female of age x. The
importance of reproductive value to harvest strategies can
be most readily appreciated from this definition.

Since reproductive value for individuals of a particular
age class expresses relative importance of these individuals
to future population growth, proper management should attempt
to remove individuals of low reproductive value and leave
individuals of high value. Utilization of such a strategy
serves to minimize detrimental effects of harvesting on popu-
lation growth. If all ages are of equal value to the har-
vester, selection of individuals with low reproductive values
results in optimal yields being obtained from a population
for a given rate of increase, A. However, in such species
as alligators in which individuals of different age classes
are of different economic value, the optimal strategy con-
sists of removing individuals of ages for which the ratio,

value to harvester/reproductive value, is maximum
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(MacArthur 1960). This brief discussion of reproductive
value and optimal harvest strategy is analogous, and in some
cases equivalent, to discussions of prudent predation in the
theoretical ecological literature (eg. Slobodkin 1961, 1968,
1974; MacArthur 1960).

Instead of using Fisher's relative reproductive value,
I have chosen to use absolute reproductive value (Ricklefs

1973) defined by:

12) v, = l/lx

X l1.m

Yy

N~ 8

y=X

This value is similar to Fisher's reproductive value, but is
not expressed relative to the equivalent value for an in-
dividual of age 0 and is thus not weighted for population
growth. Absolute reproductive value for a female of age x
is equivalent to the expected number of offspring that will
be produced by the female throughout the remainder of its
life. This value has been chosen over Fisher's relative re-
productive value because it can be used to illustrate the
same concepts with respect to harvest strategies and because
it is more easily interpreted and computed.

Absolute reproductive values were computed for the
modeled alligator population. Absolute reproductive value
calculations assume constant 1x and m_ schedules, and this
assumption is certainly false for the modeledrpOpulation.
Therefore, absolute reproductive values were computed assum-
ing constant marsh water depths of 15 cm (.5 foot), con-

stant population density equal to that of 1973 (71,900
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animals), and no severe winter freezes. Estimated survival
and fecundity rates corresponding to these assumptions were
combined to produce theoretical lx and m. values (Table 12).
These data were then utilized to calculate absolute repro-
ductive values (Fig. 16). The m, values and absolute re-
productive values are expressed in the currency of newly-
hatched alligators rather than eggs. Therefore, under the
stated survival and fecundity assumptions, the expected num-
ber of future hatchling offspring for female alligators
entering age classes 1 and 9 are 5.2 and 39.5 respectively.
It is the general shape of Fig. 16, rather than the actual
reproductive values themselves, which should be emphasized.
It is important to note that reproductive value steadily
increases from age 1 to age 9, the age of first reproduction,
and then steadily declines.

Given the reproductive values in Fig. 16, relative ef-
fects of differential and proportional hunting rates can be
predicted. Age-specific differential female harvest rates
based on the observed 1972 and 1973 harvest composition
(Table 10) were calculated for an overall harvest rate of
7% (Fig. 17). Egquivalent proportional female harvest rates,
calculated for the same overall harvest rate of 7%, are
also presented in Fig. 17. As previously noted, the pro-
portional rates were calculated using the same approximate
harvest sex ratio (30% females) as in the observed differ-

ential rates.
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Table 12. Theoretical ly and my values for female alligators
inhabiting the coastal marshland of Cameron and
Vermilion parishes, Louisiana.?@

b c
Age class (x) lx m
1 .350 0
2 .210 0
3 . 165 0
4 .130 0
5 .103 0
6 .081 0
7 .064 0
8 .050 0
9 .046 6.01
10 .040 6.01
11 .035 6.01
12 .031 6.01
13 .027 6.01
14 .023 6.01
15 .021 6.01
16 .018 6.01
17 .016 6.01
18 .014 6.01
19 .012 6.01
20 .011 6.01
21 .009 6.01

8These theoretical values were calculated assuming constant
marsh water depths at 15 cm, constant population density
equal to that of 1973 (71,900 alligators), and no severe
winter freezes.

bThe 1, values were calculated using survival rates from

Table 5.

CThe my values were calculated using clutch size and hatching
success data of Joanen (1969) combined with sex ratio,
percent breeding, and egg predation rate information
previously synthesized.
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A comparison of Figs. 16 and 17 leads to the prediction
that the proportional harvest rates should be much less det-
rimental to population growth than the observed differential
harvest rates. The differential rates are lower for age
classes of low reproductive value and higher for age classes
of high reproductive value than the equivalent proportional
rates.

This concentration of hunting effort on size classes of
high reproductive value constitutes poor management strategy.
If alligators of all age classes were of equal value to har-
vesters, then the optimal strategy would be to remove only
very young and very old animals (i.e. only animals of low
reproductive value), assuming that harvest methods permit-
ting such selection were practical. However, the economic
value of an individual alligator is an increasing function
of total body length (Table 13). Therefore, optimal harvest
strategy involves concentration of hunting effort on age
classes for which the ratio (value to harvester/reproductive
value) is maximized (MacArthur 1960). However, as previous-
ly stated, the calculation of relative reproductive value
requires constant 1x and m, schedules, and this assumption
.is unrealistic for the modeled population. Therefore, the
analytic approach to the yield problem was discarded in
favor of stochastic simulations in which survival, fecundity,
age distribution, and population growth rate were allowed

to vary in response to environmental conditions.
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Table 13. Two schedules of prices paid to hunters for
alligator hide.

Price per linear foot

Total body length Schedule 12 Schedule 2b

--Meters (feet)-- = | mccmccmceea—- Dollars-======—=—e--
1.2-1.5 (4-5) 14.00 7.50
l1.5-1.8 (5-6) 14.00 12.00
1.8-2.1 (6-7) 14.00 12.00
2.1-2.4 (7-8) 15.00 12.00
2.4-2.7 (8-9) 15.00 12.00
2.7-3.0 (9-10) 16.00 12.00
3.0-3.4 (10-11) 16.00 12.00
3.4-3.7 (11-12) 16.00 12.00
3.7+ (12+) 16.00 12.00

3price schedule 1 corresponds to prices paid for alligators
taken during the 1973 harvest season (Mirandona Brothers,
pers. comm.) .

b

Price schedule 2 corresponds to predicted future hide
prices (Mirandona Brothers, pers. comm.).
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Harvest simulation experiments

Simulation experiments were conducted in order to test
the predictions regarding population growth under the two
harvest strategies, and to examine expected harvest yields
using differential and proportional hunting rates. 1In order
to compare population response to these two harvest strat-
egies, five 30-year simulations were conducted for each
strategy using a 7% overall harvest rate. Simulations
within a given pair (differential vs. proportional) were
conducted using identical sets of randomly generated water
depths and winter temperatures. Thus, the effects of dif-
ferential and proportional hunting were compared for five
sets of fluctuating environmental conditions similar to those
actually observed in coastal Louisiana. Total population
density and adult female density for one pair of simulations
are plotted in Fig. 18. Mean finite rates of increase for
these simulations provide a measure of population response
to the two harvest strategies (Table 14). The overall X
values were .9879 for the differentially harvested popula-
tions and 1.0042 for proportional harvesting. This differ-
ence between the X values is quite important, as reflect-
ed by plots of total population density exhibiting these
rates of increase (e.g. Fig. 18). I conclude that propor-
tional hunting rates allow higher X values than equivalent
differential rates similar to those observed for the two
Louisiana seasons. This conclusion supports the prediction

that differential harvesting, in which hunting effort is



81

*SUOTITPUOD TPIUSWUOATAUS poO3RIdUSDL ATwopuex JO S38S TROTIUSPT
Jopun (1T ®1qedl) suortjzerndod TeT3TUT TedorIjusapTt 03 paridde aixom
s@3ex Teuotrixodoad pue TeT3ua193ITA °So3ex 3saaxey Truorizxodoad
pue TET3USIDIITP %L O3 dsuodsax uotieTndod z03ebTITTe pPa3IRTNWIS

*gT @anbta



(501 x) Aisusq ajowad 4inpy

(saDap) ewil

0

ol r

ool

L

(o]]]

o2i-

Og 82 92 v2 22 02 8l 9l

vl 2l

oo 8 9 ¢ 2 O

v v

Kusuap a|owaj Jinpy

p 9686=Y
/,\_o:ceo:_o
\

A

U4
A

Hoo'l= X
jouoijsodoid

Kyisuap uoijojndod |ojo)

0]

o
(o))

(o]0}

Oll

02l

(go|x) Kusuag uoljoindod |biog



82

‘sunia OT3SeYoo3ls ¢ 9Y3 I03J pajeInored axsm saniea Y TTeIdA0,

*S929813 I93UTM pue syijdep asjem pajeasuab Ajwopuex Jo
39s oT3109ds e 03 si93zax Ardutrs (g-1) 2ouonbss aanjexsdwal pue yjzdop ao3jem paxsaqunu zommn

*1T 9T9el UT UMOYS ST SUOT3IRINWTIS TI® JIO0F aan3zonxys uorzeindod TeT3TUI,

6L86° v686° TL86° 9686° 7686 ° ¢886° TeTluaxaziTp %L
c¢voo°T 0L00°T T€00° T T100°T GG00°T €EVO0°T Teuot3xodoad gL
|||||||I||||||||k.||||||||||||||||'
oSuoTIeTnuts S : v € z T authax 3saaaeq
1I1v

nmocmsvmm aanjexadwe3 pue yidop I93em OT3ISeEYD03S

e’'Seo3ex burjuny Teuotrixodoad pue TeTIUSISIITIP
$, UY3Tm suoTleTnUIS OT3ISeydols Iealk-Qg¢ woxy bur3iTnsax sanfea Y uorizerndod p1 dT1qel



83

concentrated on age classes of high reproductive value, is
more detrimental to population growth than proportional har-
vesting.

I utilized experimental simulations to compare yields
for differential and proportional harvest rates producing
equivalent A values. These comparisons involved five pairs
of 30-year simulations, with each pair using a common set of
randomly generated environmental conditions. Each pair of
simulations consisted of one population subjected to a 5%
differential harvest rate and an identical population
subjected to the proportional harvest rate (expressed to the
nearest 1%) which produced an equivalent 2. Total
population density and adult female density are plotted for
a representative pair of simulations (Fig. 19). In four of
the five pairs of simulations, a 7% proportional harvest
rate produced X values which were equivalent to those of
the differentially hunted populations, while an 8% propor-
tional rate was equivalent to the 5% differential rate in
the remaining pair. Mean yields, expressed in linear feet
of hide and in dollars under two possible hide price sched-
ules (see Table 13), are shown in Table 15. Proportional
harvesting resulted in an average annual yield increase of
either $11,000 or $21,000 (depending on the price schedule
used) over the equivalent differential procedure. I con-
clude that, for a given population growth rate, proportional
hunting produces greater harvest yields than the observed

differential harvest rates.
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Discussion and recommendations

I have demonstrated in the simulations that proportion-
al harvest rates are less detrimental to population growth
than equivalent differential harvest rates similar to those
observed in the 1972 and 1973 seasons. Experimental simu-
lations of differential and proportional harvest rates,
equivalent with regard to effect on alligator population
growth, indicated that higher annual yields of hide and re-
sultant income can be produced by proportional hunting. The
observed differential harvest procedure resulted in the ex-
penditure of a higher portion of the hunting effort on young,
sexually mature females; i.e., the individuals expected to
produce the largest number of future offspring and thus to
make the largest contribution to future population growth.
The proportional harvest strategy resulted in the expenditure
of equal hunting effort on all harvestable size classes and
thus produced equal harvest rates for females of all ages.

It is important to note that the foregoing demonstration
involved only a comparison between two possible harvest strat-
egies and that a true optimal strategy was not derived. Simu-
lation experiments could be used to predict yields resulting
from the selective removal of all possible combinations of
alligator sizes, and a theoretically optimal harvest strat-
egy could thus be obtained. However, it is possible that
only two basic alligator harvest strategies can be feasibly
employed in the southwestern Louisiana marshland. 1In both

1972 and 1973, Louisiana hunters selected large animals
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(Palmisano et al. 1973, Joanen et al. 1974). This selection,
which produced the size distribution shown in Table 10, was
implemented by the intentional placement of baited hooks
(used to "fish" for alligators) high above the water surface
(Palmisano et al. 1973, Joanen et al. 1974). I suggest that
a proportional harvest strategy could be imposed by intro-
ducing regulations to lower the heights of baited hooks above
the water surface, thus giving animals of all sizes an equal
opportunity to strike.

Alligators harvested by shooting during 1972 and 1973
seasons were generally in the smaller size classes (Palmisano
et al. 1973, Joanen et al. 1974) and were probably taken in
porportion to their abundance in the population. Therefore,
it is probable that no additional regulations would be re-
quired to insure the proportional harvest of alligators by
shooting.

If necessary, additional requlations could be imposed
to implement proportional hunting. Alligator harvest rates
in the 1972 and 1973 seasons were controlled by issuing a
designated number of tags to hunters, who were required to
tag each alligator taken. Proportional harvest could be
insured by issuing tags on a basis of size classes as well
as total numbers of animals. In order to make the propor-
tional harvest more attractive to hunters, the issuance of
bonus tags for a predetermined number of alligators with

low reproductive values should be considered.
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In addition to the observed differential and the pro-
posed proportional harvest strategies, it is possible that
any combination of sizes could be selected using the live-
trapping techniques of Chabreck (1963). However, these
methods are less efficient than the shooting and fishing
methods normally employed, and I do not consider them econ-
omically viable alternatives. Thus, for practical reasons,
the observed differential and the proposed proportional har-
vest strategies are believed to be the most reasonable alli-
gator harvest options for southwestern Louisiana. Until
other alternatives are introduced, a proportional strategy

is recommended.

Egg Collection and Restocking Management

In this section, the potential use of egg collection
and restocking programs is examined as a means of managing
populations of alligators and crocodilians in general. His-
torically, restocking programs have been regarded as inef-
fective tools in the continued management of wildlife popu-
lations (Allen 1974). Despite this history of limited suc-
cess, however, restocking holds considerable potential for
crocodilian management. Recently, successful hatching and
rearing programs have been reported for numerous crocodilians
including the American alligator, (Chabreck 1967b, 1973;

Joanen and McNease 1971), the Nile crocodile, Crocodylus

niloticus, (Pooley 1966, 1969b, 1971; Atwell 1973; Blake

1974), and several other species (Yangprapakorn et al. 1971,
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Downes 1973, Honegger 1973). The restocking of areas with
artificially hatched and reared young has also been gener-

ally successful (Chabreck 1971a; Pooley 1971, 1973a).

Crocodilian characteristics and restocking management

The feasibility of egg collection and restocking pro-
grams results directly from certain specific characteristics
of crocodilian populations. One such characteristic is the
behavior and viability of artificially reared animals. Un-
like individuals of many wildlife species, artificially
reared crocodilians respond as wild animals when released
into natural populations (Chabreck 1971la). This qualitative
similarity between wild and artificially reared animals is
essential to the success of any restocking program.

In addition, crocodilians exhibit little maternal care
relative to many other commercially important wildlife spe-
cies, and artificial rearing and restocking programs are
thus relatively inexpensive and simple to operate. Although
crocodilians do show some forms of maternal care (Cott 1971;
Kushlan 1973), such behavior is primarily directed at pro-
tection of the nest and at release of hatchlings from the
nest. Crocodilians do not actively incubate eggs or feed
hatchlings; forms of parental care which require expensive
techniques in restocking programs.

Survival patterns of crocodilian populations form the
basis for the applicability of restocking management. 1In
the wild, crocodilian survivorship curves typically approx-

imate the Type III theoretical curve of Deevey (1947).
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Crocodilian eggs and young generally suffer very high mor-
tality rates, while adult animals exhibit high survival rates
(Cott 1961; Pooley 1962, 1966, 1969a; Cott and Pooley 1972;
Guggisberg 1972). Artificial hatching and rearing programs
can greatly reduce mortality rates of crocodilian eggs and
young, and animals can be reintroduced to natural populations
at a size and age of low vulnerability. For example,
Chabreck (pers. comm.) has obtained a 75% hatching rate for
collected and artificially incubated alligator eggs. First
and second year annual mortality rates for artificially-
reared young were estimated to be 10% and 5%, respectively,
(Chabreck pers. comm.) .

As an illustration of the effect of egg collection and
restocking programs on survivai patterns, hypothetical fe-
male survivorship curves have been plotted for the modeled
alligator population (Fig. 20). These two 1x schedules cor-
respond to: 1) natural conditions and; 2) artificial incu-
bation with 2 years of rearing young. The 1x values were
calculated assuming constant marsh water depths at 15 cm
(.5 foot), constant population density equal to that of 1973,
and no severe winter freezes. These lx values were calcu-
lated for freshly-laid eggs and thus represent the prob-
ability that a new egg will produce an alligator which enters
age class x. The 1l values include both egg mortality and
mortality of hatchlings during their first year of life. A
comparison of the two survivorship curves in Fig. 20 illus-

trates the great increase in survival which can be achieved
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through the use of artificial incubation, rearing, and re-
stocking methods. The finite rate of increase of a popu-
lation (A) is determined by the lxmx schedule. Assuming a
common m. function, restocking management thus serves to in-
crease the population A, by increasing 1x values. Because
of the unrealistic assumptions of constant and favorable en-
vironmental conditions, I do not wish to emphasize the lx
values themselves, - but the magnitude of the difference be-

tween the two 1 schedules is worthy of note.

Restocking simulations

Simulations were conducted to examine the potential ef-
fect of egg collection and restocking management on alligator
population growth. In these simulations, 10,000 eggs were
collected in early July, each year and the young alligators
released after either 1 or 2 years of rearing. A 75% hatch-
ing rate was assuﬁed'for the artificially incubated eggs
(Chabreck pers. comm.), and first and second year mortality
rates for reared young were assumed to be 10% and 5%, respec-
tively.

The simulated restocking program proved to be a highly
successful management strategy as indicated by the deter- -
ministic simulations of Fig. 21. The one and two year rear-
ing programs resulted in X values of 1.0449 and 1.0521,
respectively, while the A for the unmanaged population was
1.0352. The managed populations began to diverge rapidly
from the unmanaged population during year 9, the year in

which the first group of artificially raised females reached
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Figure 21. Simulated population response to egg collection
management programs. Plot A corresponds to
no management. Plot B corresponds to a manage-
ment program in which 10,000 eggs were col-
lected annually, and hatchlings were reared
for 1 year and released. Plot C corresponds
to a management program in which 10,000 eggs
were collected annually, and hatchlings were
reared for 2 years and released. In each
simulation water depths were held constant
at 15 cm (.5 foot) and no winter freezes
occurred.
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sexual maturity.

An egg collection program with one year of rearing young
was also simulated using the same set of randomly generated
water levels and winter freezes used for the unmanaged popu-
lation shown in Fig. 15, plot C. Under this particular set
of environmental conditions, the managed population exhibit-
ed a A of 1.0358, while the A of the unmanaged population
was 1.0238. This difference between managed and unmanaged
populations was somewhat larger than the difference indicat-
ed by the deterministic simulations. Thus, it appears that
the beneficial effects of an egg collection management pro-
gram are increased during periods of water level fluctuations.
This tentative conclusion was expected, since egg collection
management results in the protection of eggs and first year
animals, which suffer the greatest increases in mortality

during times of drought.

Restocking quotas and crocodilian harvest management

In many underdeveloped countries crocodilians are over-
hunted and persist at relatively low densities, with harvest
yields being achieved at the expense' of population growth.

In such low density situations, increased harvest rates re-
sult in temporary increases in yield and in decreased popu-
lation growth. Here, I examine the potential.ﬁse of restock-
ing programs as a means of reducing or eliminating the detri-
mental effect of harvesting on population growth, while still

maintaining harvest yields.
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The usual approach to wildlife harvest management is
to obtain some sort of population density or growth rate
estimate prior to each harvest season. Decisions are then
made regarding the number of animals which can be removed
from the population, and appropriate harvest regulations and
quotas are established.

Here, I propose a method of harvest management that can
be used to supplement the restocking program described above.
Basically, the method involves the requirement that harvest-
ers collect eggs and rear and release young animals in num-
bers which are directly proportional to the number of female
crocodilians harvested during the previous season. Specif-
ically, I suggest that eggs be collected during the first
nesting period following each harvest, and that young animals
be reared and reintroduced to the population two years sub-
sequent to.that time. As a practical consideration, it is
suggested that the actual egg incubation and rearing and
release of young be conducted by the appropriate management
agency and that the quota for harvesters take the form of
financial compensation for this service. The number of eggs
to be collected for each harvested female is specified by
the management agency and is dependent upon the desired rate
of increase for the harvested population. If annual harvest-
yields exceed annual restocking costs, then the proposed
system will succeed in accomplishing its objectives of pro-

moting population growth while maintaining harvest yields.
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Theoretical restocking quota calculation. As an ideal-

ized illustration, consider calculation of restocking quotas
necessary to maintain population growth rates similar to
those of unharvested populations. For each year subsequent
to a female's removal it is possible to calculate the number
of young which she would have produced had she lived. However,
this requires keeping extensive records, since young would
have to be released each year throughout the original expect-
ed lifespan of every harvested female. It is more practical
to assign single egg collection quotas immediately subsequent
to each season, and I thus demonstrate the calculation of
quotas for this management system.

Earlier, Fisher's reproductive value, Vyr Was defined

and discussed. Total reproductive value, V for the seg-

tl
ment of the population harvested at time t is:

13) V, = I n v
t x=0 Xx,t X
n, o+ denoting the number of females harvested in each age
’
class x, at time t. V_ is equivalent to the number of in-

t
dividual females of age 0 (new eggs) which should be added

to the population to compensate for the loss of the harvest-
ed animals and to restore to the population the total re-
productive value it exhibited immediately prior to the
harvest. If it is assumed (see MacArthur 1960) that popu-
lations with different age distributions which do not differ
in total reproductive value also do not differ in instanta-

neous rate of increase (r), then the addition of Vt new
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female eggs to the population will result in maintenance
of preharvest rates of increase.
The goal of this restocking program is to increase

the survival rates of eggs and young animals and then to
reintroduce animals which have passed the period of highest
mortality. For most crocodilians, a large reduction in
natural mortality can be achieved with a rearing period of
2 years. Therefore, if Yo denotes the number of 2-year-

old females to be introduced to the population in year t+2

then:
14) Y

where Ve is the total reproductive value of the female seg-
ment of the population harvested in year t, and 12 is the
probability that a new egg will survive to enter age class
2 under natural conditions.

Given Y » we must finally calculate the number of

t+2

eggs to be collected in year t, in order to obtain Yt+2

2-year-old females in year t+2. This is accomplished by:

15) E,P1. =Y + EtP1

t "2 t+2 2

where E, denotes the necessary egg collection quota for
year t, P represents the sex ratio for eggs (expressed as
proportion of females), and li is the 2-year-old survival rate

under artificial incubation and rearing conditions. EtPlz

compensates for the number of collected eggs which would

have survived to age 2 in the absence of egg collection.
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The final calculation of egg collection quotas is achieved

by rearranging equation 15:

16) E,. =Y ) /P (l2 - 12)

This expression stresses the importance of the difference
between artificial and natural survival rates (15 - 12).
The magnitude of this difference has previously been cited
as one of the primary reasons for the feasibility of cro-
codilian restocking management.

The above calculations unrealistically assume constant
lx and m, schedules. The described restocking calculations
also require assignment of exact ages to harvested individ-
uals. This is difficult for large, mature crocodilians.
It would be advantageous to assume a relatively constant
proportion of females of different age classes in the harvest,
and then to use one specific egg collection quota for all
females, regardless of age. 1In order to relax restrictive
assumptions, to test the applicability of a single quota
management system, and to examine the relationship between
harvest yields and restocking costs, various restocking
quotas have been investigated via computer simulation of

the Louisiana alligator population.

Restocking quota simulations. In the restocking manage-

ment simulations, harvests occurred in September of each year.
Egg collection occurred at the end of June and the first of
July, immediately after egg laying. Simulations were con-

ducted with different restocking quotas, expressed as number
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of eggs to be collected per female harvested in the previous
season. In the simulations it was assumed that a maximum of
50% of the nests produced by the population could be located
in a given year. 1In practice this percentage will be a
species- and population-specific variable depending on nest-
ing habits of the species (e.g. whether the species is a
"mound-nester" or a "hole-nester") and the nature of the
habitat occupied by the population. In the Louisiana coastal
marshland, a very high percentage of alligator nests can be
located each year (Chabreck 1966). However, the hole nests
of Nile crocodiles inhabiting swampland would be more dif-
ficult to locate.

During years of low breeding percentages, it is pos-
sible for the total egg collection quota to exceed the max-
imum number of eggs which can be located. 1In the simulations,
the negative quota balance was carried over to the next year,
and the normal harvest rate was reduced by a factor of .5
for that year and all subsequent years until the negative
quota balance was eliminated. Negative balances were ob-
served in only 3 of the 480 total years represented by the
simulations.

In the proposed management scheme, eggs are incubated
and young animals are reared for 2 years under artificial
conditions and then reintroduced to the wild population. In
the simulations, the number of animals introduced to the
population as 2-year-olds thus depended on the number of

eggs collected 2 years previous and on the 2 year survival
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rates (15) for artificially reared animals (Fig. 20).
Actual lé values were allowed to vary randomly (using a
uniform distribution) between + 5% of the expected value.
All experimental simulations were conducted for a period of
32 years. Harvesting occurred during years 1-30 of each
simulation, and restocking occurred during years 2-32.

Simulations were designed to evaluate the potential
utility of restocking quotas as a means of reducing the det-
rimental effect of harvesting on alligator populations, while
still maintaining harvest yields. In these simulations, har-
vest rates remained constant at 12% except during years of
negative egg collection quota balances. The stochastic mod-
ification was employed to obtain five sequences of randomly
generated marsh water depths and winter temperatures. A
Monte Carlo approach was used, and five simulations corres-
ponding to these different sets of abiotic factors were run
for each management option.

A summary of simulation results is presented in Table
16. Population responses to different management options
for one specific set of environmental conditions are plotted
in Fig. 22. 1In the absence of restocking, the 12% harvest
rate produced declines in the simulated population and re-
sulted in an overall X value of .9870. The simulated col-
lection of five eggs per harvested female and the intro-
duction of the artificially reared 2-year-old survivors
from these eqgs was sufficient to produce an overall X

value slightly greater than one. A collection quota of 15
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Figure 22.
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Simulated alligator population response to
various restocking management options: (A)
harvest rate = 0, egg collection quota = 0;
(B) harvest rate = 12%, egg collection quota
= 15; (C) harvest rate = 12%, egg collection
quota = 10; (D) harvest rate = 12%, egg col-
lection quota = 5; (E) harvest rate = 12%,
egg collection quota = 0.
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eggs per harvested female resulted in an overall X value
which was slightly greater than that of populations not
subjected to annual harvests (Table 16).

Mean annual yields of hide and costs of restocking
programs are also presented in Table 16. 1In all cases the
net yields of the restocking simulations (mean annual yield-
mean annual restocking costs) exceeded the mean annual yields
from the no-restocking simulations. Thus, the restocking
programs not only produced greater population growth rates
than the no-restocking simulations, but also resulted in
greater net monetary yields. It must be noted, however, that
restocking costs and hide prices are variable and that the

observed yield differences are subject to variation also.

Discussion and recommendations. The simulated use of

restocking quotas in conjunction with traditional harvest
management was successful in elevating mean finite rates of
increase for the harvested alligator populations. 1In
addition, the simulated restocking system produced increased
harvest yields, which exceeded restocking costs in all cases.
Restocking thus appeared to be successful in both maintain-
ing harvest yields and reducing the detrimental effect of
harvesting on alligator population growth.

With the exception of the American alligator in ce:tain
areas of coastal Louisiana, I know of no harvested croco-
dilian population which currently exists at high densities.

In fact, many populations of commercially valuable crocodilians
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are overhunted (Bustard 1971; Pooley 1973b). For such popu-
lations it would be highly desirable to enact restocking
programs designed to elevate rates of increase. Because of
the maintenance of harvest yields under restocking manage-
ment, such programs should be acceptable to harvesters. It
is thus suggested that the use of restocking quotas may be

a politically feasible method of promoting population growth

in overhunted crocodilian populations.
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