CHAPTER 17

Population Models and
Crocodile Management

James D. Nichols!

IN this chapter, population models and their
relationship to the management of crocodile popu-
lations are discussed. A brief conceptual framework
for population management is provided, followed
by a discussion of the different classes of population
models, refating the different structures to relevant
aspects of crocodilian biclogy whenever possible. As
a conclusion, the potential utility of these different
models for addressing questions about crocodile
management is discussed, along with the research
needed to supply key information “needs” of the
models.

POPULATION MANAGEMENT

The goals of managing natural animal populations
can generally be expressed in terms of population
size and, in the case of exploited populations,
harvest levels, With respect to population size,
management efforts can be directed at one of three
possible goals:

1. Increasing the size of desirable populations thar
are either declining or persisting at low numbers;

2. Maintaining the size of populations judged to be
at desirable levels; or,

3. Decreasing the size of populations for which
density or population growth rate are judged ta
be undesirably high.

For exploited populations, these goals must be
considered in conjunction with the additional goal
of.

4. Maintaining harvest levels cansistent with com-
mercial or recreational interests.

Effective management requires knowledge of
factors that bring about changes in population size,
At avery general level, all changes in population size
can be expressed in terms of four fundamental
demographic variables: mortality, reproduction or
recruitment, fmmigration and emigration. A basic
expression for. population change can then be

written, for example, as in the following difference
cguation:

N, 5, =N MR-l (1)

where N_denotes the number of animals in a popu-
lation at time 1, M, denotes the number of deaths
occurring in the time interval {t, t+ At), R denotes
the number of new animals recruited into the popu-
lation via reproduction during the interval (¢, t+ At),
and [ and E are the numbers of animals migrating in
and out of the population, respectively, during the
interval (1, t+ At). Any management action designed
to bring about changes in population size must
operate on one of these fundamental variables.
Frequently, the location and geographic distribution
of animals in a population of interest make it
unnecessary to consider immigration and emigra-
tion, in which case the manager must accomplish his
goals by influencing survival and reproduction.

POPULATION MODELS

Models can be defined as simplifications or
abstractions of real systems. There are many
different kinds of models, and any system ¢an be
modelled in a number of different ways. The key to
the effective use of modelling is to construct a model
which is consistent with the intent or goal of the
modelling effort (see discussion in Conley and
Nichols 1978). Because models do represent
simplifications and abstractions, they cannot include
all the features of the systems being modelled. How-
ever, the modeller must try to ensure that the model
does contain those features of the real system that
are essential to the questions being addressed by the
modelling effort.

The population models to be considered here arc
simply equations or sets of equations that project
population change over time. Equation (1) is a popu-
lation model, but it is too simplistic for many uses
because it includes no subdivisions of demo-
graphically distinct groups (e.g., age-sex classes) and
because it utilizes numbers of deaths (Ml) and
recruits (R ) rather than treating mortality and repro-
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duction as functions of population size. We could
write a potentially more useful medel as follows:

e a1 2 for 0=x=k-1, (2)
k
HO.l =x§1 I]x‘t ITIM, (3)

where n_ denotes the number of females in age
class x at time t, k is the number of age classes in the
population or the maximum possible age, m_ is the
reproductive rate or the expected number of new
(age 0) females produced at time t by each female of
age x in the population at that time, and p_ is the
survival rate or the proportion of females aged x at
time t that survive to enter age class x+1 attime t+1.

Standard Projection Models

Determiinistic models. Tf we restrict equations (2)
and (3) by assuming that survival and reproductive
rates are constant over time (ie., P, =P.m, =m_},
then our model is similar to those initially investi-
gated by Leslie (1943, 1948} and, in continuous time,
by Lotka (1956) and Fisher (1958). These models
have now been well-studied, and synthetic summaries
appear in L. Goodman (1967, 1968), Kevlitz (1968},
Pollard (1973), and D. Goodman (1982). These
models are very general and have been applicd to
problemns and questions about a number of different
vertebrate species (e.g., see Darwin and Williams
1964; Lesliec 1966; Mertz 1971; Fowler and Smith
1973; Jensen 1974; Eberhardr and Siniff 1977; Lenarz
and Conley 1880, Nichols et edd. 1980; Eherhardter al.
1982; Nelson and Peek 1982, Watts and Conley 1984).

The Lotka-Leslic modelling approach can be used
to provide some general inferences of interest about
crocodilian  populations. These models are
especially useful for examining the importance of
age structure to population dynamics, a topic of
special relevance to crocodiles because of their rela-
tively long lifespans. For example, we might be
interested in the following ype of question: “What
will be the effect on population growth rate if we
bring about specified changes in the survival or
reproductive rates of individuals in age-class x?"
Analvtical approaches to addressing this question in
the context of Lotka-leslie models have been
developed by Demetrius (1969), Goodman (1971),
and Caswell (1978), and these methods may be use-
ful for crocodile populations for which age-specific
survival and reproductive rate estimates are avail-
able,

Reproductive value {Fisher 1958; Goodman 1982)
is a concept which emerged from the study of Lotka-
Leslie models and which is potentially useful in
considering  crocodile  management  strategics.
Reproductive value can be thought of as the con-
tribution of an individual in a particular age class to
population growth, and is thus essentially a currency
by which individuals in different age classes can

be evaluated. The concept is very relevant to
age-specific (or size-specific; see later discussion)
harvesting strategies (e.g., see MacArthur'1960). In
programmes which consider rearing and restocking
as a means of compensating for animals removed by
egg or hatchling collection (Blake 1974; Blake and
Loveridge 1975) or even harvest, reproductive value
provides a currrency which can be useful in estab-
lishing restocking quotas (Nichols et al. 1976b).

Reproductive value is also related to colonization
potential  (MacArthur and Wilson 1967), with
colonizing individuals of high reproductive value
often conferring higher probabilities of colony
establishment (sce Williamson and Charlesworth
1976 for a detailed treatment). This consideration
would be of interest when crocodiles are introduced
into new habitats or areas from which they have
becn eliminated. Age-specific survival and repro-
ductive rates are needed to compute reproductive
value. The computing forms of Goodman (1982)
should be used because, as he pointed out, virtually
all other discrete-time formulations appearing inthe
¢cological literature are incorrect.

Stochastic models. By far the majority of the work
with Lotka-Leslie models has been with the standard
deterministic versions discussed above. However,
two different forms of random variation or stochas-
ticity have been introduced into these models (see
Kendall 1949; Pollard 1966, 1973; Sykes 1969; Cohen
1979, Tuljapurkar and Orzack 1980) With demo-
graphic stochasticity, the underlying probabilities of
an individual dying or giving birth to differemt
numbers of offspring remain constant over time, but
account is taken of sampling variation or variation in
the actua! proportions of individuals dying or giving
birth 10 different numbers of offspring. For example,
assume that 100 individuals are each exposed to an
underlying mortality probability of 0.40 for a
specified time interval. The actual number of
individuals that die in this sitvation will be a random
variable with a binomial distribution. Even though
the expected value of the number of deaths is 40, the
observed number of deaths in any specific situation
will likely be some other number. Environmental
stochasticity, on the other hand, refers to the situa-
tion in which the underlying probabilities associated
with death and births vary from one time period to
the next according to some probability distribution
related to environmental change or something
similar. For example, the underlying mortality prob-
abilities for three different vears might be 035, 0.43,
0.39, fluctuating about an expected value of 0.40.

Demographic and cnvironmental stochasticity
can be incorporated separately or together in Leslie-
type models. When both forms of stochasticity are
incorporated in the same model, environmental
stochasticity is often mote important (i.e., is respon-
sible for a larger portion of the total variation; see
pollard 1973), although demographic stochasticity
can also be important for small population sizes.
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Stochastic Lotka-Leslie models have not recefved
as much study as their deterministic counterparts,
but they have been applied 1o natural animal popula-
tions in at least two instances (Wu and Botkin 1980,
Coheneral 1983). These models may perhaps be of
some use in oblaining crude predictions of extine-
tion probabilities for very small crocodile popula-
ions and for generating general ideas about
expected levels of variation in rates of change of
crocodile populations,

Models based on size. In the Lotka-Leslie modcls,
and their stochastic analogs, discussed  above,
individuals are grouped by age class. In the mode} of
an American alligator (Alligator mississippiersis)
population developed by Nichols ef al (1976u)
animals were grouped by annual age class, 4 group-
ing common o many models of vertebrate popula-
tions. In retrospect, [ do not believe thar decision
was necessarily a good one, and T now recommend
that anvone developing a crocodile population
model consider the use of size, rather than age,
classes as state variables. There are two reasons [or
this suggestion:

1. Most data on crocodiles are generally collected
by size class and are only converied to age class by
application of growth curves which are them-
sclves difficult w estimate. This procedure
naturally introduces addirional sampling error
into the assignment of age classes.

[

Demographic variables of crocodiles seem more
likely to be functionally dependent on size than
age. Predation moreality, for example, seems very
likely to be a function of size, with larger size
classes being vulnerable o fewer potential
predators. Reproduction may also be more
closely ded 1o size than age in crocodilians. For
cxample, there is evidence that sexual maturity in
the Amcrican alligator is dependent on size,
rather than age (see Whitworth 1971, Joanen and
McNease 1975). The form of the data and the
underlying biology both seem to favour the use of
size-specific population models for crocodiles.
The mechanics of models based on size classes
differ little from those of age-class models. Tf we et
x denote size class, rather than age class, and define
x=0 as the smallest size class (e.g.. 0.0-0.6m),x=1as
the next larger size class (e.g., 0.6-0.9 m), up to x=k
representing the largest possible size class, then
equation (3) is still 4 reasonable representation for
the production of young animals. According to
cquation (2), however, all individuals in age class
x+1 at time t+1 are survivors from individuals in
age class x at time t. If we construct a very general
size- or stage-specific model we would replace
equation (2) with;

k
= § n D X =k (4)

nx.r+1_ iy v iv L

where n_ denotes the number of individuals in size
cluss x at time 1, k is the largest size class, and A is
a transition proportion representing the proportion
of individuals in size class v at time i that arc found in
size class x at time t+ 1. Equation (4) is very general,
allowing v to run from 0 to k Towever, for any
specific size class, x, most of the transiton pro-
portions, r, i would equal 0. For example, letx=2
denote the 0.9-1.2 m size class, and let x=3 denote
the 1.2-1.5 m size class. For American alligators, the
only non-zero trangition proportions in equation (4)
for x=3 would probably ber , ,, , denoting the pro-
portion of animals in the 0.9-1.2 m size class that
grow into the 1.2-1,5 m class, and LI denoting the
proportion of 1.2-1.5 m animals in year t that are still
in this class at time t+1. Note that these transition
proportions incorporate both the survival rate for t
to t+1 and the growth rawe over this period.

Stage distribution models have been swidied
primarily by ecologists interested in plant and in-
vertebrate population dynamics. Lefkovitch (1965)
generalized the Leslic matrix population model to
handle organisms grouped by any identifiable stage.
Examples of the use of size classes, or classes based
on some other indicators of morphological stage, as
state variables are found in Usher (19723, Werner
and Caswell (1977), Caswell and Werner (1978),
Hubbell and Werner {1979), and Hughes (1984).
The concept of reproductive value is still applicable
and can be computed using these models (e.g., see
Caswell and Werner 1978). In addition, Caswell
(1978) has developed a very general approach for
quantifying the sensitivity of population growth rate
to changes in demographic variables (e.g., repro-
ductive rates and trunsition proportions). Stochastic
versions of size-structured models could also be
produced. 1n a stochastic model, we would think of
underlying transition probabilities. These would
represent the product of the survival probability and
the conditional probability of being in size class x,
conditioned on having been in size class v in the
previous period and having survived,

Finally, it should be noted that it is possible to
combine both age and size in a stage-distribution
maodel. For example, it may be that because of
parental care in many crocodilians (e.g, see review
by Cotr 1971}, survival may be tied more closely 10
age than size during the tirst one or two years of a
crocodile’s life. Such a sitvation could be incor-
porated in a general stage-distribution model, with
the first one or wo stages corresponding to age
classes and the remaining stages corresponding to
size classes. The main point to remember when
developing crocodile models is thar we need not
teel constrained by model structures that have been
used in the past or for other organisms; we should
instead trv to tailor the model as closely as possible
to the bivlogy of the species of interest.
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Incorporation of a Harvest

At first glance, the addition of 4 harvest to a model
such as that expressed in equations (2) and (3)
appears t be a simple mater. For example, let q,,
be the non-hunting mortality rate of individuals in
age class x ar time t. We define q as the proportion
of individuals in age class x at time t that would die
as a result of non-hunting mortality sources during
the time interval {eg., 1 vear) extending from t to
t+1 (write this interval as (1, t+1) ) in the complete
absence of hunting morality. Further, define b as
the harvest rate or the proportion ol animals in age
class x that would die as a result of hunting during (t,
t+1) in the complete absence of non-hunting
mortality, I these two mortality sources act indepen-
dently then we can write the total age-specific
survival rate for a population exposed to both hunt-
ing and non-hunting mortality as:

p =(1—q_)(1—=h_) (5)

b4
Expression (3) holds true regardless of whether
hunting and non-hunting mortality are temporally
distinct or act at the same time, providing the owo
sources act independently of each other.

The inverse relationship between total survival
and hunting mortality suggested by equation (3) is
used in many models of harvested animal popula-
tions. However, there have been very few tests of this
relationship (and therefore of the independence of
hunting and non-hunting morality) in natural
animal populations.  Evidence from  several
laboratory studies on various species (see review by
Anderson  and Burnham 1976) indicates chat
increases in hunting mortality (h_ ) often tend to be

compensated for by corresponding decreases in
non-hunting mortality. In these cases, hunting and
non-hunting mortality rates did not appear 10 be
independent, with the result that changes in hunting
mortality did not bring about corresponding
changes in total survival,

The most comprehensive investigations of the
relationship between hunting mortality and total
survival in a natural animal population involve North
American mallard ducks, Anas platyriynchos (c.g.,
see Anderson and Burnham 1976; Nichols ef al
1984). Results indicate rejection of the kind of
relationship expressed in equation (5) and suggest
that historical variations in hunting mortality rates
from year 1o year have not produced much corres-
ponding wvariation in annual survival rates of
mallards (Nichols et af 1984).

There are scveral possible ways of building
harvest into a population model, and selection of
one will depend largely on the manner in which the
relevant data and estimates are obtained. One
possibility involves modelling total annual survival
rate as a direct function of hunting mortality rate,
thus assuming that virtually all of the variation in

total mortality is auributable to hunting. Another
possibility is to model non-hunting mortalin: as a
function of hunting mortality and, possibly, other
cnvironmental  variables, For example, if the
compensatory mortaline hypothesis (Anderson and
Rurnham 1976; Nichols ef /. 1984) holds true for
crocodiles, as it appears to for some ather species.
then non-hunting mortality decreases as hunting
mortality increases. It is also possible to model non-
hunting mortality as 4 function of otal population
size {or number of individuals in particular sex, age
or size classes) at a particular time of the vear. For
species in which the compensatory mortalite
hypothesis applies, it is likely that non-hunting
mortality {at least during some portion of the vear)
acts in a density-dependent manner, with higher
non-hunting mortality rares occurring when popula-
tion size is high. Mechanisms might involve com-
petition for limited resources during critical periods
or even cannibalism, in the case of crocodiles. Under
such a model, hunting mortality would be an import-
ant determinant of the number of animals entering
the period of the vear during which non-hunting
mortalitv acts in a densitv-dependent manner. When
hunting mormality rate is high, fewer individuals
enter this period and non-hunting mortality is rela-
tively low. When hunting mortality rate is low,
density-dependent non-hunting mortality is rela-
tively high.

In summary, it is not difficult to incorporate a
harvest into 4 population model, but the effect of a
harvest on variables of interest (e.g., population size,
population rate of increase) will depend entirely on
the functional relationship between either hunting
and non-hunting mortality or population size and
non-hunting mortality. The utility of any population
model for harvested species will depend largely on
how reasonable and accurately these functional
relationships can be modelled.

Before leaving the topic of harvest it is important
10 note that reproductive rate may also be a function
of population size, and that this can also mediate the
effect of harvest on population size and rate of
increase, There is a substantial body of evidence
indicating that reproductive rate is relatively low
when population size or density is relatively high for
a number of vertebrate species (e.g., see Fowler
1981 a, b for a summary of evidence for large
mammals; see Pospahala et al. 1974 for evidence in
mallard ducks). In the only effort of which 1 am
aware to examine possible density-dependent
reproduction in a crocodilian, Woodward et al
{1984) concluded that space does not limit the
number of nests within a studied American alligator
population. However, if any component of repro-
ductive rate does not act in a density-dependent
manner, then it is very important to try 1o incor-
porate that relationship inte a population model,
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Relationship Between Environmental
Conditions and Demographic Variables

In the deterministic projection models which
have been described, survival and reproductive
rates were assumed to be constant over time. In the
stochastic projection maodels, random  variation
associated with both demographic and environmen-
tal sources was introduced into these rates. Recall
that environmental stochasticity was introduced by
wreating the underlying probabilities of dying and
producing different numbers of offspring as random
variables. Generally implicit in this tvpe of treatment
is the assumption that there are direct functional
relarionships between environmental variables and
hoth reproductive and survival rates. Environmental
conditions are assumed to vary over time, producing
corresponding variation in survival and repro-
ductive rates. Although this treatment of environ-
mental variation is useful for addressing some very
general questions, many other questions require the
direct incorporation of specific functional relation-
ships into the model.

There is a great deal of evidence for a wide variety
of taxa that variation in reproductive rate (or com-
ponents of reproductive rate) is associated with
variation in environmental variables (e.g., Nichols e
al. 1976¢ summarize evidence for 1 number of
vertebrates). In various crocodilians, several com-
ponents of reproductive rate are thought to vary as a
function of environmental variables. Breeding
effort, or the proportion of sexually mature females
that breed, appears to vary as a function of water
levels in the American alligator (Joanen and
McNease 1975; Fogarty 1974). Nest flooding also
varies with water levels and is an important deter-
minant of nesting success in a number of croco-
dilians (Hines et @l 1968; Joanen 1969; Fogarty 1974;
Fleming er al 1976; Webb e al. 1977; Kushlan and
Kushlan 1980, Deitz and Hines 1980; Magnusson
1982, Webb et al. 1983b, d). Webb et al (1983d)
developed a model for simulating Crocodyius
porosus nest flooding in a studied swamp popula-
ticn. Fleming et al. (1976) noted large between-year
differences in the incidence of racoon (Procyon
{otor) predation on American alligator nests and
believed that these differences were related to water
level and its influence on racoon feeding behaviour
and moverment patterns,

Survival rates for many vertcbrates are also
thought to vary as a function of environmental con-
ditions. However, good evidence of environmen-
tally-associaled variation is not as widespread for
survival rates as for reproductive rates, primarily
because survival rates are often more difficult to
estimatc and because poor and inappropriate
estimation methodologies have dominated the
ecological literature (see Burnham and Anderson
1979 Anderson ef @l 1981, Nichols and Pollock

1983 ). Nevertheless, some evidence of environmen-
tal influences on survival does exist for vertebrates
{e.g., North and Morgan 1979; Nichols er a4l 1982;
Sauer and Boyce 1983), and it is likely that environ-
mental conditions affect crocodilian survival rates to
some extent. Hines ef af. (1968) noted that during
droughts in the Everglades, young American
alligators became concentrated in remaining water
and were then exposed to high predation rates,
Staron and Dixon (1977:8), who worked on Caiman
crocodilus, suggested that; “survival of the young Is
undoubtedly enhanced under flooded conditions™.

When developing population models for many
vertebrates we would be interested only in environ-
mental effects on survival and reproductive rates.
However, when dealing with crocodilians it may be
important to also consider environmental etfects on
growth rate and hatchling sex ratio. Water levels
affect growth rates in a number of crocodilians
(Fogarty 1974; Gorzula 1978; Magnusson and Taylor
1981; Webb et al. 1983a). If a size-structured popula-
tion model is developed, then environmental influ-
ences on both survival and growth would have to be
considered in computing the transition proportions
or probabilitics of equation (4).

For most vertebrates, sex ratio at hatching or birth
can be reasonably modelled as a constant. However,
the recent evidence of temperature-dependent sex
determination in some crocodilians (Ferguson and
Joanen 1982, 1983; Wehb et al. 1983b) provides a
potential mechanism for year to year variation in
hatchling sex ratio at the population level. If such
variation exists and if it can be linked to an easily-
measured environmental variable, then it would be
extremely important to incorporate such a relation-
ship into a population model.

DISCUSSION

As noted earlier, the key to the effective use of
models is to construct or choose a model which is
consistent with the goal of the modelling effort
{Conley and Nichols 1978). Ifthe goal of a modelling
effort is to gain general insight into the relevance of
age/size structure 1o crocodile population dynamics,
then a Lotka-Leslie model using age- or size-specific
survival and reproductive rate estimates, would be
sufficient. This would permit general inferences
about which age/size classes were most important 1o
future population growth, or were the most likely to
successfully found new populations in introduction
experiments; what rate of increase and average age/
size structure would be expected 1o result from the
estimated survival and reproductive rates; which
survivaland reproductive rates were most important
to population growth, etc. Several of the inferences
resulting from our American alligator modeliling
effort (Nichols ef al. 1976a) were sufficiently general
that thev could have been addressed using a
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standard Leslie-type approach. This does not mean
that inferences resulting from our modelling effort
were incorrect or misleading; [ belicve that our
general inferences and recommendations were
appropriate. Instead [ am suggesting that the level of
complexity incorporated in our model was more
than was required 10 address some of our questions
(sce general discussion in Pollard 1973:148-49). 1
thus suggest that in future efforts to model crocodile
population dynamics, it may be appropriate to begin
with a relatively simple model and to resort to a
more complex model only when dictated by the
question being addressed.

In addition to providing general population-
dynamics insights such as those listed above, Lotka-
Leslie models can also be uscful in assessing the
reliability of parameter estimates. For example, use
of estimated survival and reproductive rates in a
Leslie projection matrix permits computation of an
asymptotic rate of increase and age/size structure, as
well as a projected population trajectory. Com-
parison of these mode! outputs with independent
data on population trajectory, age/size structure or
rate of increasc is a useful means of assessing the
“reasonableness” of the estimates used in the model
(e.g., sec Anderson 1975a; Martin ef a/. 1979).

Despite their utility for some purposes, average
estimates of survival and reproductive rates coupled
with Lotka-Leslie projection models will generally
not provide the information needed for a detailed
programme of population management. The most
critical ingredient in any management-oriented
population model (indecd, in any actual manage-
ment plan) is knowledge of the key functional
relationships affecting the important population
variables. If we are interested in harvest strategics,
for example, we require knowledge of the relalion-
ship between harvest rates and subsequent survival
and reproductive rates. As noted earlier, this know-
ledge may involve the direct relationship between
annual survival rate and harvest rate or perhaps the
relationship between population size at a particular
time of the year (e.g, immediately following the
harvest) and subsequent non-hunting mortality. The
important point is that we require knowledge of
such relationships and that such knowledge will not
simply emerge from average estimates of harvest
and survival rates (used with or without a population
projection model). Instead, such knowledge can be
obtained only through manipulative field experi-
mentation accompanied by carefully planned efforts
to estimate the parameters of interest,

In a recent essay suggesting ways o advance
the “science” of wildlifle management, McNab
{1983:398) stated: “A large proportion of total effort
in wildlife science is expended by managers who
manipulate systems without taking advantage of
the scientific opportunities provided by these

manipulations”. Throughout the world there are a
number of innovative management PEOgrammes
underway for various crocodilian populations.
These involve the harvest of young and adult
animals, the taking of eggs and/or hatchlings and the
reintroduction or restocking of young animals. Tf
crocodile management is to be based on something
more substantive than hunches and guesses (this is
not meant in a derogatory manner — hunches ancd
guesses have served our profession well in the past
and will no doubt continue to play an important
role), then it s important to plan and implement the
data collection activities needed to properly evaluate
these experimental manipulations.

Of course, some functional reiationships relevant
to crocodile population models do not lend them-
selves o manipulative experimentation. Potential
management practices can be evaluated experimen-
tally, but the relationships between environmental
variables and demographic variables are often more
difficult to ascertain. As previously noted, water level
may be an important variable affecting survival and
reproductive rates. In some areas it may be possible
to manipulate water levels using control structures,
but in large natural systems this will not be possible,
Where manipulation is not possible, functional
relationships can still be investigated using carefully-
designed monitoring programmes which include
periodic measurements of the environmental
variable(s) of interest and a sampling programme
designed to provide corresponding estimates of the
demographic variables.

Estimating population size, survival rate and
reproductive rate is perhaps the most critical and
difficult aspect of investigating functional relation-
ships. This is 4 topic which merits a great deal of
attention, and 1 can do little more than list poten-
tially-useful methods here. The size of crocodilian
populations can be estimated using capture-
recapture methads, night counts or nest counts (see
review by Chabreck 1966). Capture-recapture
models can be used to estimate the size of inten-
sively-studicd crocodilian populations (Chabreck
1966; Murphy 1977; Pollock 19482). A number of
potentially-useful capture-recapture models are
now available (sce recent reviews by Nichols ef af
1981, Pollock 1981; Seber 1982), and the biologist/
manager must select the class of maodels thar is
appropriate to his needs and field situation. In
particular, note that a series of very flexible closed
population models are now available (Otis er gl
1978; Pollock and Otto 1983), permitting relaxation
of the assumption of equal capture probability, A
heterogeneous capture probability model, permit-
ting different animals to exhibit different capture
probabilities, was found to be very useful in a study
of the American alligator (Pollock 1982). Removal
models are closed popuilation models in which
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captured animals are permanently removed from
the population (see Otis e2 al. 1978; Pollock and Otto
1983). Caich-effort modcels (Seber 1982; Pollock ef
al. 1984) can be thought of as a special case of
removal model. In carefully-controlled hunting situ-
ations (e.g., where all animals taken are recorded by
game officers) in which animals are taken from
specific areas over relatively short periods of time,
removal models may provide a useful, and relatively
inexpensive means of obtaining population esti-
mates.

Night counts (e.g., see Chabreck 1966; Woodwar]
and Marion 1978; Webb ez af. 1983¢; 'aylor and Neal
1984) provide a resonable means of sampling
crocodilian populations in many areas. The major
problem with estimating population size from night-
count data involves estimation of the proportion of
total animals which are actually seen. Because this
proportion probably varies from area to area and
with environmental conditions (Woodward and
Marion 1978), some sort of stratificd, 2-stage
sampling approach is probably needed. For
example, one mighe stratity by habitat type, and
within each stratum collect night count data over a
relatively large number of sampling units and
atternpt to estimate the proportion seen on a small
number of these units by some more intensive
sampling method. In an excellent example of this
approach, Webb et al (1983¢) made intensive efforts
to catch and/or account for all Crocodylus jobristoni
in a subsample of nine pools (from a total of 962
sampled pools), and estmated that 52-90% of
crocodiles present were seen on the night counts. In
some areas and with some species, such intensive
capture efforts will not be possible and some other
means of estimating the proportion of animals seen
will be needed. Radio telemetry can provide a
“known” group of animals from which the pro-
portion seen during night counts can be estimated.
In any case, this need to “adjust” or “correct” count
data by the propertion seen in order to estimate total
population size is certainly not unique to crocoedile
populations. Estimation methods based on such
double-sampling are presented by Jolly (1969) for
large terrestrial mammals, by Martin et @l (1979) for
migratory birds, and by Eberharde ef af. (1979) for
marine mamimals.

Nest counts have also been used to estimate popu-
fation size (Chabreck 1966; Taylor and Neal 1984). In
marsh habitat these counts can be conducted from
the air, and extensive areas can be covered. As with
the night count data, it is important to estimate the
proportion of total nests actually seen. Magnusson et
al (1978) describe a double-survey method in
which an area is sampled from the air and ground
{by different ohservers) and nests are marked on
maps. This provides data equivalent to that from a
2-sample capure-recapture experiment, with some
nests being found only on one survey, some only on

the other, and some on both surveys. A capturc-
recapture estimator can then be used to estimale
total nests (Magnusson et al 1978). Although a
constant sighting probability model was used by
Magnusson ez ad. (1978; they explored others also),
the use of four or five independent observers (this
would not necessarily require four or five surveys)
would permit estimation under a model assuming
heterogencous sighting probabilities (Burnham and
Overton 1978; Otis ef al 1978). Estimates of total
nests have been used, together with estimates of the
proportion of sexually mature females nesting and
the proportion of sexually mature females in the
total population, to estimate total population size for
American alligators (Chabreck 1966, Taylor and Neal
1984). These latter two proportions may be
extremely diffcult to estimate. Therefore, the
biclogist/manager should carefully consider how
the resulting population estimate is to be used, as an
estimate of nesting females alone may be sufficient
for many purposes.

Survival rate is an especially important variable in
maodels used to consider the effects of harvesting,
and its estimation requires intensive sampling
efforts. | know of no published survival estimates for
crocodilians which would be considered com-
pletely satisfactory, although data collection efforts
currently underway may provide such estimates for
some species (¢.g., the capture-recapture studies on
the American alligator by the Florida Game and
Fresh Water Fish Commision). Capture-recapture
models for open populations (reviewed by Nichols
et el 1981; PoHock 1981; Seber 1982) can be used to
estimate, survival rate. Estimates based on such
models are far superior to enumeration-type
estimates which have appeared in the crocodile
literature (sce general discussion in Nichols and
Pollock 1983), Survival rate can also be estimated in
cases where crocodiles are tagged and later re-
covered by hunters (rather than recaptured), using
the band recovery models of Brownic er afl. (1978).
Because of the intensive field effort required to con-
duct a good capturc-recapture or band-recovery
experiment, it is very important to carefully plan
such experiments and ensurce that sample sizes are
sufficient to megt study needs (sce example of such
planning in Packard and Nichols 1983). As noted
previously, survival rate estimates will be most
useful when obtained in conjunction with an experi-
mental manipulation or at least with an effort to care-
fully monitor potentially-impoertant eénvironmental
variables. Weighted least squares can be used to test
for (and cstimate the parameters of) relationships
berween survival rates and environmental variables
(eg, Loery and Nichols 1985), and such relation-
ships have been incorporated directly into band
recovery estimation models (North and Morgan
1979; White 1983, Conroy and Williams 1984).
Finally, intensive radio-telemetry studies using fairly
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large numbers of animals can also be used 10
provide survival estimates using estimators such as
those in Bart and Robson (1982),

Various components of reproductive rate have
been well-estimated for a number of crocodilians
and the associated  estimation methods  are
sufficiently  straightforward and well-known  that
they need not be mentioned here, T have not seen
the Mavtield-ovpe nesting  suceess  estimators
(Mavlield 1961; Johnson 1979; Hensler and Nichols
1981; Bart and Robson 1982) used in crocodilian
studlics, but in many crocodilian sampling sttuations
they may not be needed. Estimates of nesting success
and estimates of total nests ( from nest count surveys
discussed earlier) can be combined with clutch size
data 0 estimate total number of hatchlings pro-
duced. The proportion of sexvally mature females
which breed in a given year is a very important
variabie in any population model. Trwould seem that
some long-term radio telemetry studies of mature
females would provide wseful information about the
proportion breeding. Variation in this proportion
with environmental variables, and perhaps ¢ven
with adult sex ratio, are important research topics.

If these estimation methods are combined with
field experiments to provide good estimates of
important  functional relationships, then  these
relationships can be incorporated into population
models. Simulation cxperiments with such models
have the potential to provide considerable insight
into the dynamics of the modelled population and
the potential effccrs of different  managemenr
practices and/or sequences of environmental con-
ditions. Portions of the model dealing with particu-
lar functional relationships may even be useful in
predicting future population changes and thus in
providing informartion for management decisions.
For example, fall age ratio (a type of reproductive
rate estimate ) of North American mallard ducks for
vear t, is estimated using data that are not available
until year t+1. However, in setting the hunting
regujations for the fall of vear t, information about
the fall age ratio is important. The functional
relationship between breeding population size and
spring water conditions (expressed as number
of ponds), and mallard repreduction is now
sufficiently well-known to permir prediction of lall
age ratios using estimates of population size and
ponds obtained during spring (Geis ef al 1969,
Anderson 19735a; Martin ef af. 1979). Finally, if we
become confident in our knowledge of the key
functional relationships in our model, the potential
exists 1o use the model in conjunction with optimal
control methodologies to develop optimal manage-
ment policies  (Andersonn 1975h; Walters  and
Hilborn 1978; Williams 1982).

It is my perception that current knowledge
of most crocodilian populations does not permit
the confident specification of key functional

relationships necessany 1o develop a completely
satistactory model {or population management. If
this perception is correct, then managers of
crocodilian  populations should be involved in
experimental investigations designed to derect and
estimate these key rclationships. Some investiga-
tions of this ope are already in progress, but
crocodile management programmes throughout the
world offer the potential for much additional work.
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