CHAPTER 16

Survey Methods and Monitoring Within
Crocodile Management Programmes

P. Bayliss'

Ths chapter is essentially divided into two
sections. The first is an introduction to surveying and
monitoring, which will hopefully assist people
getting into the field for the first time. It deals in a
simplified fashion with the fundamental principles
behind sampling animal abundance, the definitions
of terms used, the common problems encountered
and the ways in which some of them may be avoided.
The approach taken is a personal one, and thus some
readers may disagree with what are basically my own
biases and leanings.

The second section examines the results of
experiments aimed at validating the methods used
to estimate the abundance of saltwater crocodiles
{Crocodylus porosus), in the tidal wetlands of the
Northern Territory. Itis essentially a series of experi-
mental case histories. The rate at which C. porosus
populations have been recovering is quantified from
spotlight count indices. A mark-recapture experi-
ment is used 1o estimate the real population size in
three tidal habitats. The relationship between spot-
light count indices and the real population size is
examined and both average and size-specific correc-
tion fuctors are derived. The relationship between
spotlight counts and helicopter counts is examined
also, with the view of using the latter to survey in-
accessible habitats at reasonable cost. These results
are of course specific 10 C. porosus, mainly in tidal
habitats, but the approaches taken are by no means
species or habitat specific. Hopefully they will be of
use to others faced with specific management prob-
lems in other parts of the world.

DEFINITIONS, PROBLEMS AND APPROACHES

Management and Survey Objectives —
Levels of Resolution

The right choice of survey method and the ulti-
mate assessment as to whether it was useful or not,
depends entirely on whether the management
ohjectives of the survey were realised. In the
management of a single-species population, such as
a crocodilian, there are only three specific manage-
ment objectives (Caughley 1977):

1. Conmservetion. The treatment of a small or
declining population 1o raise its density;

2. Harvesting. The exploitation of a population to
take from it a sustained-yield, and,

3. Control. The reatment of a population that is
wo dense, or which has an unacceptable high rate of
increase, to stabilise or reduce its density.

The management of wild cocodile populations
may involve elements of all three objectives, as
oceurs with €. porosus in the Northern Territory at
present (see Webb ez al Chapter 11).

Al 4 crude level of resolution, there are two basic
objectives of a population survey in terms of the
three management objectives outlined above. The
first of these is:

1. To determine distribution and abundance.
Basically we ask where the animals are and bow
many there are. This is a descriptive approach and is
a necessary first step in any population study whose
aims are management or otherwise. At 4 finer level
of resolution we may ask what are the factors that
determine distribution and abundance? This is a
functional approach and may not be necessary for a
population’s management, depending on the nature
of the problem. This artificial dichotomy is useful
when allocating scarce resources t0 management
problems. In terms of contributing truth to science
the distinction is trivial. Flowever, experimental
ecology, the only objective approach, has yet to
triumph over theoretical dogma and the insatiable
drive to collect more and more data of the same
kind.

Hence a population manager may need only to
focus on what happens to treated and untreated
populations, rather than search for causalities. 1 do
not argue here against the “search for truth” or the
level of detail that different biologists take. Rather, T
argue that many population management problems
can be solved by taking the simple descriptive ancl/or
experimental approach. Even this needs careful
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scrutiny, 4s an easier solution may be found in
executing a commonsense political or bureaucratic
value judgement.

The: second objective of a population survey can
be:

2. To monitor changes in abundance and dis-
tribution. Basically we ask whether the population is
incredsing, decreasing or stable. That is, regardless
of inherent variability inanimal numbers, what is the
average trend over 4 number of vears? The most
powerful and useful measure of a population’s
dynamics is the rate of increasc statistic. It is a direct
and concise summary of all population processes —
fecundity and survival by age and sex and immigra-
tion and emigration. Tt is the essence of population
dynamics and provides the only unambiguous
measure of demographic vigour or a population’s
well-being. It is summarized below as the differ-
ential between births (b)and deaths (d), and immig-
ration (i) and emigration (e).

r=(b—d+(i—e)

A simple measure of r is the change in numbers
between two points in time, usually a year. It can be
expressed as a finite or exponential rate. A more use-
ful estimatc is the average exponential rate of
increase (7)) and this is obtained by regressing a
series of logged (natural) density indices over time,
The slope of the line estimates exponential £ per unit
time,

There are many indirect indices of rate of
increase, for example, fat storage, body weight and
size, age and sex ratios etc, However, often it is easier
to obtain a direct meusure of rate of increase than an
indirect one, and a direct measure will usually
suffice for solving most population management
problems, Indirect measures of demographic vigour
may also be difficult to interpret, as has been pointed
out by a number of authors. Verme and Ozoga
(1980a,b) demonstraled experimentally that White-
tailed Deer Odocoileus virginarnus, produced sub-
stantial fat reserves despite undernutrition and a
negative energy halance — lipogenesis was an
obligatory seasonal, physiological event. Caughley
(1974) demonstrated by simulation that age-ratios
can often provide ambiguous information and that
their facile interpretation can lead to serious
management blunders. There are numerous studies
showing great variability in the size of animals at
different ages, both between and within popula-
tions, and this is especially so in crocodilians (Webb
et af. 1983); vet size is often used as an index of age
in otder to estimate age distributions and hence rate
of increase (but see Caughley 1974 for further prob-
lems).

Measuring Abundance

The point made above, is that our management
and hence survey objectives should be  crystal
clear. We cannot manage populations if we don't

know what it is we wish to manage. To obtain such
clarification, at any level of resolution, we need
some measure of abundance. This may seém rela-
tively simple, but there are many formidable prob-
lems of methodology which reinforce the view that
“life wasn't meant to be easy”. The main ones are out-
lined below:

1. Popudetion Bowndaries and the Scale of Study.
The first step is to define the boundaries of the popu-
lation to be studied, which comes from resolving the
scale of the study that will be needed o satisfy the
management objectives. There needs to be a very
clear understanding of the relationship between the
objectives of the study, the necessary scale at which
tr operate {and hence the boundaries of the swudy
arca), and the usually discontinuous distribution of
the animais within it.

The Australian submission to CITES for the trans-
fer of € porosus from Appendix [ o Appendix 1
(Webb et af. 1984) affords an example. It required
information and input from all States in northern
Australia. Tt needed statistics describing the broad
distribution and abundance of €. porosus in the
Northern Territory, and others describing the
increasing numbers since protection; these were the
cornerstones of the document. The objectives were
national, hence the population boundary was
necessarily defined by the geographic distribution
of the animal iself. Yet survey figures of crocodile
numbers and nests in sclected tidal river systems
were used to demonstrate specilic points. Hence it
provided a broad-scale piclure across Australia, and
4 detailed picture for some river svstems in the
Northern Territory; it used two extreme scales of
study as its modies operciridi.

However, it also raised important questions that
were somewhat independent of scale, How rep-
resentative is the available information? What pro-
portion of a crocodile population in a typical tidal
systerm inhabits the river mainstrecam (which is
usually surveved), relative to the smaller side-creeks
and associated floodplain swamps and billabongs
(which are not usually surveyed)y?

2. Measures of Abundance. Having chosen a scale
of operations, and hence defined our population
boundaries, what is the most appropriate measure of
abundance? Abundance can be measured in three
wavs:

i. Absolute vaiue. The total number in a popula-
tion within a defined boundary: eg. 40,000
crocodiles in the Northern Territory;

ii. Relative density index. An index of the true
density: e.g. 100 crocodiles spotlighted per 10
kim of river stream;

iii. Absolute density. The true density: eg. 140
crocodiles per 10 km of river stream or 10
crocodiles per km” ol swamp.
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Estimates of absoluie density have no intrinsic
value in themselves; in fact in many studies they are
an unnecessary luxury. Most population manage-
ment problems can be solved with relative indices of
density, particularly those linked with habiat use,
rate of increase, dispersal and the reaction of popu-
lations o management reatments, However, if the
mandagement objective is to calculate sustained-
vields, in the tadational fisheries scnse, then
absolute values or density estimates are required o
match against absolute offtake levels.

The most important assumption of any relative
density index is that there is 4 linear relationship
berween it and absolute density, and that this
relationship is stable over time. Nearly always this
assumption is not validated because control popula-
tions of known size are as rare as "hens teeth”. Tow-
ever, relative indices are extremely powerful if
survey techniques are rigidly standardized. They
facilitate important comparisons of populations
between different countries, river systems, manage-
ment treatments and times. Some relative densities
of crocodilians from different parts of the world are
compdred on Table 1.

Nest Corerns. The number of nests is a special case
of an index of abundance. As well as indexing
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breeding success, nest counts index the abundance
of breeding females in a population and hence in-
directly, but not completely, its rate of increase: it is
really only refated 1o births and says nothing about
deaths or dispersal. However, Chabreck (1966 ) used
nest counts as an indirect method o estimate the
number of American alligators, Alfigator mississippi-
ensis. He derived the following formula:

P = N/MKB

where N is the number of nests, M the sexually
mature proportion of the population, F the pro-
portion of females among mature alligators, 8 the
proportion of nesting mature females, and £ the
population size of alligators occupying the arca in
which nests have been counted.

Sampling Frrors

Once we have chosen an appropriate measure of
abundance, we must next decide whether to do a
totad or samiple cownt:

1. Total courts. An attempt is made to count all
animals in the survey ared. This is usually prohibitive
because of the huge costs in surveying large areas.

Table 1. A comparison of crocodilian density indices {spotlight indices per km of river or shore-
line) in different parts of the world (after Turner 1977; Montague 1983; Messel et all 1981,
Webb ef af 1984). As far as is known, most do not account for visibility biases which are
probably very different from cach other.

Countey and Relative
LoCation Species density  Date
LSA Allipator sississiierisis

Central Florida 9.4 1971
Miumi Caral 0.6-4.3 1954-68
Everylades National Fark 18.1 1977
ETHIOPIA Crocodyiusniloticus

Upper Awash River 7.0 1972
Lake Margherita 13 1972
Blue Nile 2.4 1972
UGANDA

Albert Nile 0.4 1970
Victoria Nile (helow Murchison Falls) 26.3 1970
KENYA

Lake Rudolf 13.4 1971
Upper Lorian Swamp 8.5 1971
TANZANIA

Grumeti River oo 24 1971
N.T. AUSTRALIA Crocodvius porosus

Adelaide R 185 1977
Adelaide R. 263 1984
South Allipator R. 125 1977
South Alligator ®. 245 1984
Habhgood R 459 1975
Habgood R. 093G 1984
Glvde R 661 1975
Glvde R 246 1984
Blvth/Cadell R, 421 1974
Blyth/Cadell . 400 1984
PAPIIA NEW GUINEA O poroses and O novaeguineae

Mid, Strickland R. 223 1979
Tomem R, 016 W7
Alema R 007 1979
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2, Sample counts. A representative proportion of
the survey area is counted and total population size,
or an index of population size, is estimated from this
sample.

There arc strengths and weaknesses in both
approaches and the value of each must be weighed
in terms of costs and the original management
objectives. Nearly all population surveys fall into the
category of sample counts because it is usually
impossible to count all animals in all space and time
within the defined boundary. This fact plunges most
population managers into the field of sample
statistics, a complex often intimidating field. Fortun-
ately, much of the apprehension is unnecessary,
hecause coping with sample statistics requires only
the realization that there are three basic sources of
errors (White et al. 1982):

1. Precision ervors. The standard error of asample
mean cstimates its repeatability, precision or con-
sistency;

2. Accuracy ervors. The difference between the
sample estimaie and the true value, If the estimates
are inaccurate, they are biased. In most surveys of
animal abundance, estimates are usually biased
downwards because not all animals are detected.
This is called visibility bias.

3. Random errors, Errors due to chance variation,
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Fig. 1. A theoretical example demonstrating the difference
between precision and accuracy in sampling evrors.

The important difference between precision and
accuracy sampling errors can be illustrated with a
hypothetical example (Fig. 1). The absolute density

of crocodiles is the same in two habitat types Copen”
and “dense” with regard o vegetation covering the
water), but because of the many factors that prevent
all animals being detected, both mean estimates of
density (relative densities} are hiased downwards
from the true value, Less crocodiles are seen in the
dense habitat than in the open one and hence the
estimate is more biased. Note that the dispersion or
spread of points about the mean, as measured by the
standard error, could be the same in both habitars: it
is clearly not 4 measure of accuracy. This example
cautions against facile comparisons of indices of
crocodile density from  different habitats, and
applieg to Table 2.

Differential visibility bias can be caused by other
things besides the density of vegetation in a habitat,
Yor example, the effects of hot and cold weather on
animal behaviour (Bayliss and Giles 19853), state of
the tide (Messel ef aif. 1981), cbserver and lighting
condition (Short and Bayliss 1985}, wariness (dis-
cussed later in this chapter) and so on.

Before we sample an ariimal population we must
therefore have a clear understanding of the
difference berween the three types of sampling
errors, and some idea of the variables that are likely
to affect-the precision and accuracy of the sample
counts.

Some of the variables that may affect the con-
sistent detection of animals on a survey are outlined
in Figure 2. A biologist familiar with a particular
animal and the many different survey techniques
available, can draft a more appropriate chart for any
specific problem.
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Fig 2 Factors that may affect the consistent detection of animals
OFT  SUIVEY.

If the management problem requires that popula-
tion trends only need to be monitored, then relative
indices of abundance will suffice. Particular atien-
tion needs 1o be paid to all the factors affecting
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precision; ¢.g. sampling intensity, standardization of
counting procedures, standardization of observers,
weather conditions, types of habitat and so on. The
degree of visibility bias is unimportant as long as it is
held constant by rigidly standardized survey pro-
cedures. A major problem occurs when the visibility
bias is uncontrolled and hence not constant. The
resulting relative density indices are unstable and in
many cases are probably uscless,

If the management problem requires a sustained-
vield harvest, then accurate estimates of numbers
are required to match offtake levels to real density.
Hence we need not only to obtain good precision
{low standard errors) but accuracy. The causes of
visibility bias must be identified (usually via simple
experiments), the bias measured, and the relative
indices adjusted via a multiplier or correction factor.
This procedure obyviously only relates to sources of
error that can be controlled; those that cannot are
rendered to the random error category.

Removal Experiment to Estimate Popudation Size

Many biologists working with crocodilians will
probably be confronted at some time with the
unigue opportunity o indirecily measure popula-
tion size. Crocadiles are often “removed” for com-
mercial reasons (hunted), scientific reasons or
nuisance reasons (as around waterholes visited by
tourists), or may be added through restocking.
Population size can be measured before and after
known numbers of animals are added or removed.
All we need is an index of density (7} before the
remaoval {or addition), an index after the event (£ 2),
and the number of animals added (+C) or removed
(—C).

The pre-event population size (V) will always be:

N; =1 C
L=
The post-cvent population size (V,) is:
N,= [,C
t,=1

The fundamental assumption is that the popula-
tion remains closed during the experiment, and thus
it needs to be run over as short a time interval as is
possible.

CASE HISTORIES -— SURVEYING AND
MONITORING CROCODILE POPULATIONS
IN THE NORTHERN TERRITORY

Spotlight Covnis

indices of Abundarice

The recovery rate of C porosus since protection in
1971 has been monitored by reiative indices of
abundance derived from spotlight counts, particu-
larly in tidal rivers. The best data are those from the
Blyvth-Cadell river system in Arnhem Land, which
encompass 11 vears of consistent counts (Messel et
cl 1981; Webb et al. 1984).

1. Methodaology

Crocodiles are counted from aluminivm boats
between 3 and 5 m long. The banks and waters
surface are scanned with a powertul spotlight and
crocodiles are identified to species (€ porosus or C.

Jobnstont) and have their sizes estimated. They are

recorded as “eyes only” if they cannot be identified
or have their sizes cstimated. Surveys are typically
timed to coincide with a falling tide as more croco-
diles are visible with an increase in the amount of
exposed mud bank (Messel er al. 1981 ).

2. Rate of Increase

within the context of the first part of this chapter,
we can note the following points about the Northern
Territory spotlight counts:

1. Management Objectives, In 1971 the manage-
ment objective for saltwater crocodile popula-
tions in Australia was defined broadly as “con-
servation”. Commercial hunting was banned.
Populations were extremely low and the
ohjective was to raise densitics. The whole
sequence of events, from unrestricted hunting
for 26 years to protection, and the subsequent
recovery, can be vicwed as a time series
experiment on a grand scale: the control
being the hunted populations and the treat-
ment, the protected populations. Unfortu-
nately there are no spotlight indices hefore
1974, and we can only assume that hunted
densities were very low. TTowever, there is
strong anecdotal evidence to support this
assumption: the catch rate of commercial
crocodile hunters dropped to zero in heavily
hunted areas; rivers that previously supported
large numbers of crocodiles were virtually
crocodile free.

ii. Population Bourndary and Scale of Study. The
population boundary was delineated by the
geographic distribution of C. porosus in the
Northern Territory, and included all major
river systems. Each river svstem was treated as
a discrete population, and crocodiles present
in mainstreams and in the mgjor side-creck
habitats were assumed o represent the whole
population. It was mistakenly assumed that
these habitats contained nearly all of the
crocodiles within a wetland river system. Tt
was also assumed that the crocodile popula-
tions in the rivers surveved represented those
in rivers not surveved.

iii. Measure of Abundance. An appropriate
measure of abundance was chosen — all
crocadiles seen on a spotlight survey along
fixed lengths of river or creek. The total spot-
light count is therefore a relative index of
abundance because not all crocodiles are
seen.
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v, Sampling Frrovs. The spotlight counts in the
mainstream and major side-creeks are sample
counts because only a proportion of the total
available habitar is surveved. It is also in-
accurate because of visibility bias — not all
crocodiles present during a survey are seen, It
is not possible to caleulate the level of
precision of these surveys 4s counts were not
usually replicated — hence we cannot calcu-
late a mean and standard crror. Ilowever,
when spotlight counts have heen replicated
(Messel er aid. 1981, Bavliss ef cef. 1986) a high
precision (low standard error) was usually
achieved with a low number of samples.

Hence the spotlight surveys within the Northern
Territory provided relative indices of abundance for
representative river systems, and these can be used
to moniter trends in crocodile numbers.

For the rivers in which more than three vears
survey data were available, densities were trans-
formed to natural logarithms and regression analysis
was used to caleulate the average annual exponential
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rates ol increase (F p.a) (regression andlvsis
requires at least 3 datum points for signilicant testing
with 1 degree of freedom). The results are
summarized in Table 2, and they indicate thar all
populations are “healthy” — 7 is either positive or
zero and no populations arc decreasing significantly
{see Fig. 3 for sclected examples), :
Rates of increase which were found to be signific-
antly different from zero varied between 40.051 and
+0.072 pa., indicating an annual increase of
hetween about 5% and 7% respectively. The 7 for €
porosus within the Northern Territory as a whole
was calcuiated by combining all availuble data; itwas
estimated as 0.080 p.a., indicating an annual increase
of approximately 8%. If this average ratc remains
constant, the Northern Tetritory population of sale-
water crocodiles can be expected to double every
8.7 vears. Hence, depending on the river systern,
crocodile populations have either recovered from
the effects of sustained hunting for 26 years, or are
still recovering. Given that protection was only intro-
duced 13 vears ago, it indicates C. porosus was
resilient to the intensive hunting effort of the past,
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Fig 3. Average rates of increase (7 p.a) for different sive classes of Crocodius porasies in the Liverpool Tomkinson and Adedaide Rivers

systern, Rates of increase are caleulated by regression analvsis.



BAYLISS: SLIRVEY METIIODS AND VONITORING WITHIN CROCODILE MANAGEMENT PROGRAMMLS 163

Table 2. The sverage annual exponential rates of increase (P p.a)for Crocodylus porosus in rivers of the Northern Territory that lave been
surveved at least threc times over 4 perind of years, Raw dara and locarions are in Messel ef af, (1981), Webh e af. (1984), and

unpublished duta. .
River/Creek Fpa R N Sig, Period
Adelide +0G.055 054 7 {03001 1977-86
All-Night +0.271 0.39 3 NS 1975-79
Andranangos +{.072 096 5 P<(.10 1975-84
Baralminar +0.0%96 .59 3 NS 1975-84
Bath +0h 154 074 4 NS 1972-54
Bivth-Cadetl +0.002 0.00 13 NS 1974-86
HKurunghirinung +0.096 0.52 5 NS 1975-84
Caor +0.015 0.2% 3 N5 1975-84
Craty +0,001 .00 3 NS 1981-83
[Darsarunga +.129 0.89 3 NS 197584
Dongau +0.016 0.03 o NS 1972-84
Fast Alligaror +0.072 0.54 9 P<20.014 1977-85
Ghvde +01.143 078 4 NS 1975-84
Gobalpa +0.075 0.83 3 NS 197544
Guormadeer +0.016 006 8 NS 1975-84
Goromuris +0.006 .06 3 NS 1675-R4
Habgood +0.081 .89 3 NS 1975-84
Habynod Ck +1.001 0.00 3 NS 197584
Tohnston +0.113 0,56 4 NS 1972-84
King +0.240 0.74 i NS 1975-79
Liverpool-Tomkinson +0.054 0.43 10 P=03.05 197680
\ajarie +0.040 0.18 7 NS§ 1975-84
Murgenelta +0.096 .57 4 Ns 1977-84
NSegandadauda +0.029 0.92 3 N§ 1973-83
Nungbulgacri +0.089 0,458 B NS 197584
Peter John —0.0148 2.03% 3 nNS 1975-34
south adligawr +(1.225 0.27 10 NS 1977-84
Tinganoo 40181 .73 3 N& 1972-84
West Alligator +0.051 0.99 4 P=00.05 1977-84
Wildeman +O(08 0.98 7 NS 1978-84
Wuarugodj 401139 .38 7 NS 1975-84
TOTAL N.T. +{LOBO 1972-86

Regardless of any potential source of error
assoctated with these spotlight indices, they still pro-
vide important insights into the conservation “stams”
of & porosus populations before and after protecrion:

i, Unrestricted commercial hunting severely
reduced saltwater crocodile numbers;

fi. Since protection npumbers  of - suftwater
crocodiles  increased  rapidly,  exhibiting
demographic vigour;

iii. No riverine papulation surveved is declining,
nor have crocodiles disappeared from any
part of their former range;

Crocodile populations therefore seem 0 be very
-esilient to hunting. The response to protection after
26 vears of intensive, unrestricted exploitation was
relaively ‘rapid’, and the populations  did not
irreversibly collapse past some threshold to very low
Jdensities, as has happened o many commercial
Jahyeries. Their innate wary nature in combination
with 4 hostile, inaccessible and patehy habitay, prob-
ably provided refuges for part of the hunted popula-
rion. Hence a significant number of animals were
ahle to escape “predation” by humans to provide the
hreeding core needed for recolonization and
recovery. Resilience to habirat changes (c.g. damage
w wetlands by feral buffalo} is a more important
consideration.

Correcting Spoilight Indices 10 Estimates of
Absolute Numbers via a Mark-Recapture Experiment

Wwhilst standardized spotlight surveys can provide
precise indices of abundance, a major limitation is
that they are inherentdy inaccurate because of visibil-
ity bias; observers do not see all the crocodiies
on an average spotlight survey. Some of the fuctors
associated with visibiliey bias are:

1. “The density of vegetation on the banks or over-
Iying the watcr (Figs 4 and 5);

. The widih of a river or stream;

 The number or frequency of bends in a stream
(sinuosiw) (Fig. 6);

4. The position of crocodiles (floating, submerged,
resting on the bank, ere,) relative to the observer;
and,

5. The degree of “wariness” in the crocodiles.

LI o]

Most important is the relationship berween facrors
1-4 and factor 5, the wariness of crocodiles, Webb
and Messel (1979) found that in C. porosus, sizc is 4
reasonably good index of wariness; the older and
larger crocodiles are usually more wary and hence
more difficult to detect.

In July 1984 we conducted an experiment 16

measure the extent of visibility bias in spotlight
counts of C porosus, in different habitats, within a
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Figoflnidal rivers, Crocadvfies porosas tha are novwary and are
in shallow warer v the edge of the bank, can be
approiched closelv

Fig 5 Crocodvine porosas amengst vegetation on the banks in
tidal rivers are more difficalt oo detect in spotlight sunveys,

udal river (the Adelaide River). We used a mark-
recapture experiment Lo estimate the total popula-
tion in each of the habitats, and then quantified the
proportion missed during spotlight counts. This
allowed sighting fractions 10 be derived for each
habitat which were essenually comection factors for
converting spotlight count indices to estimates of
total numbers. For example, if we saw 30% of croco-
diles on 4 spotlight count in a particular habirat, the
correcrion facror would be 2.0

The ultimate objective of this experiment was to
obrain a crude estimate of the total population of €
porosis in the Northern Territory, through correct-
ing spotlight count indices 1o absolute estimates.
The total population estimate itself was part of the
informartion required by CITES before the Australian
population of € porosis could be shifted back tw
Appendix IT(Webb er af. 1984): ithad been shified to
Appendix | in 1979,

However, the whole question of visibilite bias in
spotlight count indices of C. poroszs was in need of
clarification. Previous to the experiment there was

little incentive o accurately measure visibilite bias
because spotlight survevs were thought o reliably
monitor chunges in abundance. ITowever, the data of
Webb and Messel (1979) suggest a strong relation-
ship berween body size, wariness and thus the prob-
ability of detection. As the size structure of the re-
covering populatons has been continually changing
in the direction of there being more lurge crocodiles
each vear. size-based correction factors could be
essential for interpreting survey results over time. A
spotlight index nor adjusted for differential visibility
due to size would be inconsistent and hence un-
stable over tme: a spotlight index of abundance in
1972 would not necessarily be comparable to one in
1984 which contained increased numbers of larger,
wary crocodiles, Failure ta account for such a bias
could lead w spurious intcrpretations, althougl it
would further enhance the recovery shown on Table
2

A potential “spin-off” from the experiment relates
W sustained-vield harvesting. If in the future it is
incorporated into the muanagement programme for
the species. absolute population estimates will be
needed; the experiments provide the groundwork
for them.

1. Stutefy Areet

Three distinct habitars were chosen within the
tidal part of the Adelaide River (upstream,
downstream and side-crecks ), which differed from
each other in physical and vegerative characteristics.
Each was 10 km long and they were chosen because
they appeared o offer a range of crocodile visibiliey
characteristics, from good to bad { Table 3; Fig, 71

Tubie 3 Characteristics of the three study arcas in the Adelaide
River where visibiliny bias in counts of Cracod s porosus
win examined. All viver and creek sections were 10 km
long (afier Bayvliss er af 19860 Veperanon densine (%)
refers wo the amount of ehstructive vegetation cover on the
water ancd bank

River Vegelation  Visibilin
Arca Width Sinuosie Densinc(®% ) Rank
Downstream Witle Few wide 30 Good
{10k length) (100 s bendsi ™
Lipstream Nareow  Many sharp B0 Dad
(10 km length) 30mi bhendsile)
side-creeks Vervnarroms Manvsharp 161 Yery Had

frwe 10 km (10-20my hends26)

lengths)

2. Spotfight Didices

Standard spotlight counts for each habitar were
replicated mwice on consccutive nights (Table 4)
prior to the mark-recapture experiment. In the
upstream river secrion we lumped sightings of C
Jobrstoni aund C. porosues together. A mean spotlight
index with high precision was obtained with only
two counts in all habitas (‘Table ). The spotlight
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Fig 6. Highly smuous tidal side-creeks off the Adelaide River
mainstream. N,

NETREAM
AIVER SECTION

—Z——

; 2

T— e 3 UPSTREAM

kiigmatres N RIYER SEC 10N

B
kS
&

Frg 7 Map of study area on the Adelaide River where the mark-
recaprure experiment was undertaken in fuly 1984 (from
Buvliss er atf 1986),

counts showed [ow numbers of crocodiles in each of
the two side-creeks, hence the data from them were
pooled and analysed together (i.e. the population
estimate refers to o tomal of 20 km of side-creek).

3. Mevking and Recaptiving Crocodiles

Crocodiles were approached with o spotlight
beam held on their eves. Those longer than 3 ftwere
marked by driving a barbed shaft containing a
numbered plastic catle tag into the skin of the neck
(Fig. 8). The barb wus held loosely in a socket in the
end of a harpoon pole, and the tag was atached by
jabbing the crocodile. Smaller crocodiles were
caught by hand and ragged with a4 wire inserted
through a scute an the neck. Successful insertion of
a tag was recorded as the initial capture. Recaptures
required that the crocodile be approached o a
distance permitting the tag number 0 be read,
which was equivalent to that required to insert the
tag. Il a crocodile could not be caprured or re-
captured on the first attempt, itwas lefr. Caprures and
recaplures were recorded throughout the  tidal
cvele, and observers estimated the size of each
crocodile marked or recaptured,

T
S at e et et e ey
S0 T g% o W Wt e LR
e N R e R e

N ot W

Fig. 8 Tags uscd for macking differene sized Crocodylins porosies
during o mark-recapture experiment: hatchlings ¢ right ),
animals <3 long Clefth animals =37 long (centre ).

4. Recaptire Stalistics

The recaprure statistics are summarized in Table
5. There were a twtal of 11 sessions in the
downstream river section, seven in the upstream
river secrion, and six in the side-creeks: all in three
nights over a period of seven davs. The important
point to emphasize in this table is the high recapture
rates in all habitats.

Table 4 Mean spotlight count indices for Cracodiius porosus in cach of the study areas on the
Acdelaicle River. Errors are standard errors (570, Crocoeyfns jolmstorns and animals sighied

as "eves onh 7 are 1ahled separaiely.

Stuely Index Index Meun Meun Mean
Area night 1 night 2 index cevesonly O jobustond
Downsirean B H HH.S [BR1RE RN 12 0
Upstream 3l 23 32.0 1.003.1) 9 i
Crecks (N=2) A0 | A03 030167 ] 0
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Table 5. A summary of the capture and recapture statistics obained during a mark-recapture study of Crocodylees porosies: i = number in
the sample; m = number recaprured; v = recapture rate; and, 1 = the number of unidentified tags (after Bavliss e al. 1966).

]

Session Downstream Upstream Side-crecks
#t i BE It Date H i s 2 12a1e b4 bidd hL i Diate

1 73 = = - 2007 21 — - - 137 28 = = - 227
2 4 19 (.46 9 22 3 .23 2 26 12 046 1
3 27 16 0.59 4 1 3 0.27 3 20 15 .75 2
4 13 5 0.38 G 19 a 0.32 3 10 7 .70 1
5 34 23 .68 10 15 = 047 4 147 18 14 078 2 237
G 51 36 0.1 10 la 9 (.50 2 18 14 0.78 2
% A 21 065 w217 12 7 058 4
5 34 5 0.62 6
k. 22 13 0.59 5

10 G2 34 1035 12 237

1 32 32 062 3

5. Sources of FExperimental Bias

There are three important sources of bias that
could affect the population estimates derived from
the mark-recapture data, depending on which popu-
lation model we choose o analyse it with. We
attempied 1o account for them in the following ways:

L Morement irto or ot of the stitdy area. Ohserv-
ers with powerful spotlights were placed at both
ends of the downstreamn river section and at the
mouths of the two side-creeks, o monilor move-
menits of crocodiles into and out of the study areas.
As an added precaution, 4 5 km buffer zone on either
side of each section was searched for marked croco-
diles during or after cach session.

The small number of crocodiles in  the
downstream river section that moved out of the
study drea in one night approximately equalled the
number that moved in (eight and nine crocadiles for
nights 1 and 2 respectively moved in, nine and seven
crocodiles for nights 1 and 2 respecrively moved

out). There was no positive sightings of tags on any

crocodiles that moved out, and nor were any tagged
crocodiles detecied in the 5 km buffer zones. We
assume from these resulis that movement was a
trivial event and that any possible bias on the mark-
recapture population estimates would be insignifi-
cant.

ii. Tag Toss. Five large crocodiles were double-
tagged to provide a measure of tag Toss. Towever,
none of these animals lost 4 tag during the short time:
interval of the study. No small crocodiles were
double-tagged, but as each one was lagged by hand,
and ragged animals were sighted three weeks later;
we assumed no loss.

ili. qual Catchability. An important assumption
of most mark-recapture models used o estimate
population size is thar ail animals are equally catch-
able. We examined our data for signs of uncqual
catchability by testing for significant deviations from
the observed recapure {requencies and the
expected  frequencies generated by the zero-
truncated  Poisson,  geometric and  negative
binomial distributions (Scber 1973; Caughley 1977,

see Appendix 1T} Zero-truncated means that the dis-
tribution of recaprure frequences does not include a
zero class, Le. the frequency of those animals that
were not caught. We used the x” test for significance.

If the recapture frequencies (how many times
individuals were recaught) can be significantly
rejected (P<<0.05) from a Poisson mode! then this is
a strong argument in favour of unequal carchability
between individuals. ¥ it cannot be significantly
rejected (P>=0.05) the result is consistent with equal
catchability, although 2 non-signilicant result is
really ambiguous. The results (Table 6) were not sig-
nificant for all three habitats, and this favours the
assumption of equal carchability.

If the recapuure frequencies can be significantly
rejected from either of the other two models then
this strengthens the assumption of equal catch-
abilirv. The negative binomial model was rejected
for the recapture data in all three habitats. The
geometric mode! (Table 6) was significantly rejected
for the side-creek recapture data, indicating equal
catchability, but not lor the upstream and
downstream habitats. This favours unequal catch-
ability in those two habitats.

Overall, the results are ambiguous. These conven-
tional tests for equal catchability were inconsistent
and henee inadequate.

On the assumption that size-related wariness
would be the main contributing factor o unequal
catchability between individuals, we based a further
examinatdon of equal catchability on a one-factor
analysis of variance (ANOVA) of meun recapture rate
by 1-foot size classes (Fig, 9). The recapture rates of
crocodiles in the downstream area varied signifi-
cantly between 1-foot size classes, with most of this
difference being atributable to crocodiles greater
than 6'. However, variability in recapture rates
within 1-foot size classes accounted for 82% of the
total variance, also indicating unequal carchability
within the population as a whole.

The recupture variability within 1-foot size classes
was also large in the upstream habitar, and in the two
side-creeks, but the mean recapture rates berween
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Tuble 6. The ¥ values testing the goodness of fit of the observed Crocodyfies porostes recapture frequencies 10 a zero-truncated Poisson
distribution and o 4 zero-truncated peometric distribution. for all study sites. Mean recaprure rates £/ and number of sampling

sessions (v are included Cafter Bayliss of el 1986). .
Significance  Mean cecapture Number of
AreaModel b'e df ) rae(y) sessions N
POINSSON
Downstream 9.33 5} n=<{.10 333 12
Upstresm 1.66 2 p=0.25 1.89 K
Stde-creeks 2.4 2 P25 2306 4
GREOMETRIC
[3eranisirearn 10,10 G p=10 333 as abene
Upstream 220 2 P 25 189 as above
Side-creeks 8.22 2 p0.02 256 as ubove
DOWNSTREAM
6
40432 2 | 4 UPSTREAM
I
8
3.0 3 3.0+ 2 7
6
6
2.0 4 2.0 2
_ 4 4 7
1.0 1.0 -
W0
<X
o
w i N 1 el L Ll hed 1 1 1 1 1
« 1 2 3 45 6 7 8 910+ 1 2 3 4 5+
3 SIZE CLASS
<
QO
L
o o
4
] SIDE CREEKS
= 4
3.04 10 7 . 5
<]
2.0 4
1.04
1 L i 4 1 i
1 2 3 4 153 6 +
SIZE CLASS

Fig 9. Mean recapture raie of Crocodyfies porosis in 17 size classes, for three study areas within the Adelaide River, July 1984 (from Bavliss
ot al 1986). Vertical bars are standard ervors: numbers are sample sizes.

1-foot size classes were not significantly different Taken together. the results suggest that standard
{aithough a downward uend in mean recapture capturc-recapture models may be appropriate for
rates with increasing size is apparent in the upstream the upstream river and side-creek habitats, but a

arca; Fig. 9). maodel that accounts for unequal catchabilicy mav be
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more appropriate for the downstream river section,
However, Magnusson ef af (1978) found that
unequal cacchability does not necessarily bias a
Petersen population estimate,

6. Stghting Fractions, Correction Factors and
Population Estimeites

All mark-recapture data were analysed using four
different models (Table 7), each with their own
strengths and weaknesses (see Appendix 11). These
are the Petersen Estimate, as modified by Bailey
(1951, 1952}, Schumacher’s Method, the Jolly-Seber
Method, and Frequency of Capture Models. A series
of population estimates werce calceulated [or all avail-
able sessions, for all models, for all habitats. For each
model, a one-factor ANOVA indicated that successive
population  estimates  were  not  signiticantly
different. Ilence a more precise estimate  was
obtained for each mode] by averaging all estimates
and merging the variances (Appendix if). These
estimates could be bisgsed because of the absence of
independence between successive mark-recapture
estimates. However, Caughley and Grice (1952)
show that lack of independence does not necessarily
bias population estimates derived from the Petersen
Model if the capture probabilities are greater than
0.45. In fact the population estimates from all
methods (Table 7) are very similar and the standard
errors associated with them are low.

The average sighting fraction for each study area,
and the resulting correction factors, were estimated
by comparing the population estimates with the
mean  spotlight  indices. The spotlight indices
included the number of “eves only” sightings, whilst
ail recapture analyses excluded them, because they
obviously could not be classed as tagged or un-
tagged: these crocodiles were assumed o have been
part of the unseen population in each session.

The average sighting fractions reflected the differ-
ences in visibility of crocodiles in each habitat, The
more structurally complex the habitat, the less the
chance of detecting crocodiles; there is a very low
probability of detecting crocodiles in mangrove-
lined, narrow, highly sinuous  side-crecks. An
important consideration when assessing these data
is the high recapture rates that were obtained in each
habitat. In reality, this fact alone is likely o over-
whelm minor violations ol most assumptions
associated with cach model.

7. Size-based Correction Factors

The sighting fractions previously estimated are an
average for each population at the time of survey.
Accordingly, their application is limited to popula-
tions with the same size structure and with the same
levels of inherent wariness. To develop a size-based
sighting fraction for each habitat we examined the
relationship berween derection and crocodile size
using the downstream recapture data  which
involved the largest numbers of animals. We use the
geometric probability of capture at least once (g)
{see Appendix T}, because a previous analysis (Fig,
9} had already demonstrated unequal catchability
berween and within 1-fool size classes.

The probability of capture varies relatively little
for crocodiles less than 6' (Fig. 10), but drops pre-
cipitously after that. We fitted a second-order
polynomial curve to the data o predict size-based
sighting fractions and their appropriate correction
factors (Table 8).

8. Summary

The results of the mark-recapture experiment
indicate that great caution needs to be exercised in
extrapolating sighting fractions derived from onc
habitat and one population, with a given age-size dis-
tribution, to other habitats and other populations.

Table 7. A summary of the wotal population estimare (8) of Crogodyviis porosus in each study area, generated by each model, and the
estimated carrection fuctors (CF) derived from the sighting fractions (£) needed to correct spotlight indices 1 total populations.
SE = standurd error; £O refers 1o animals sighted as "eves only™,

Madel Study Area N MAES! P+ EOQ) CFR4EQ) Auwthors’ Choee
Petersen s Estimiute Txrwnistrean 133 5 (A7) 0.66 1.51
Lipstream il GO11.1} 039 1.69
Side-creeks 43 3 {6.6) 0.35 2.H6 *
Schumachers Methiod Downistream 145 6 {12} 0.01 1.64
Upstream 56 5 (81} 057 175
Side-crecks 44 2 (4.1} 0.34 2.94
Jolly-Seber Downstrean 133 5 (34) .67 1.49 4
Upstream 56 10017 .8) 0.57 175 *
Side-creeks 46 2 [1.2) (1.33 303
Frequency of caprure:
Geometric Downstreanm 133 = 067 1.49
Poisson Upstream 35 - 057 1.75%
Poisson Side-creeks 41 - .37 270
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The aeometric probabilin fg) of caprure - least once for
10 s clisses A5 of Crocodvins porosis in the
Jdowenatream section of the Adelade River, July 19584, q =

013+ 00645001357 0= (.89, n = 1, p=<0.001 ) (Trom

Bavhss el 19850,

-8 sizespecifie correction factors (CF) for sealing spotlighn
counts in tidal rivers to absolule coums of the ol “sight
able” population. # = harchlings. p = the probabiline of
Peing sighted on any one survey (Webb of e 198+] (see
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S Comparison of Helicopter and Spotlight
LIS

spotlight survevs from boats have other major dis-
- Jvantages besides inherent visibilioe bias, Thev are
“me consuming, expensive, often dangerous, and
o2 by necessity restricted to habitats that allow casy
ataccess. There are huge slabs of potential croco-
Zile habitat in the Northern Territory that have not
wen swveved due o poor or impossible boat
“cess. Inan avempt o overcome these problems
~u examined the feasibilite of using helicoprers o
~ount crocodiles in ddal and freshwater wetlands
suring the dav, and compared the resules to spotlight
~.rveyvs by boat in terms of cost and suitability for
—wiensive survevs of crocodile habitur

Visibility bius is also inherent in aerial survevs, but
ere we are only concerned with obraining a
~linble relationship berween spotlight and heli-

prer counts for the purpose of monitoring popula-
o rends over time. I such a relationship exists,

then the results of the mark-recapture experiment
may also be cautiously applied w helicopter counts
ro improve their accuracy,

1. Calibration of Spotlight el Helicopier
Cottnts

Crocodiles were counted during low tide from a
Jor Ranger (Bell 306) in a 40 km scerion of
miainstream and in four ddal side-creeks, all within
the Adelaide River, These counts were matched o
recent spotlight counts at spring low tide in the same
argus (Fig. 11 illustrates the mainstream habitar
Lype ).

s i
W

it

el et

e e
L

3 BT L e L e w P e e
TR e e e S et et
s telalatal : 4 ety
9__‘\;»:‘»_& RSO ‘9\“;&?‘&.‘..&_ L o .
W pel et e et Lot el Hewition

Fig 11 Crocodins porosies s seen [rom a hielicopler in the
Acelaicde River, NT

The river mainsrean: was surveved mice by
helicopter, once during a spring low tide and again
during a neap low dde w test the relationship
between visibilioe and the state of tide (the amount of
exposed mud bank; Messel ef af, (1981). A constant
survey height (20 m) and speed (93 km h') were
maintained 100 m towards midsueam along one
bank, Crocodile densities were similar on both
banks, but this reladonship does not necessarily
hold for ather parts of the river, nor for other rivers.
Other etfects on the visibility of crocodiles could not
be complerely standardized. The effects of ambient
remperature on crocodile basking bebaviour and
hence visibiline are unknown. Temperatures were
cool during the spring tide survey (18°C) and warm
during the neap tide survey (27°C).
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All side-creeks were surveved at neap low tide and
ambient conditions were warm (27°C). Acute visi-
bility bius caused by severe glare and deep shade
was reduced by surveving between 0900 and 1500
hours, however neither effect could be completely
eliminated.

i. Observer bigs. Twotandem observers counted in
1 km units of river and creck, and a mark-recapture
model {Magnusson et af. 1978; Caughley and Grice
1982; see Appendix 111) was applied to these simul-
tNeous Cournts Lo estimate the proportion of “poten-
tially visible™ crocodiles that cach observer missed
in their common ficld of view. Observer correction
factors derived from these proportions were used
only to standardize observer bias when different
observers were used. The corrections do not
account for submerged crocodiles and those in
dense bank vegetation because these are never
sighted {(“marked” in the context of the mark-
recapture model). The corrected counts are there-
fore only an improved index used to standardize
observer differcnces.

Fach tandem observer recorded the position
{bank, waters' edge, midstream) and size of each
crocadile, and this helped reduce bias in the mark-
recapture analysis which may result from the
assumption that both ohservers saw the same
animals.

Atotal of 75 km of river and 45 km of densely veg-
etated side-creek were surveyed throughout the
calibration study. One observer (PB )} participated in
all counts and two other observers (GW and KD)
shared the 1andem position. The classification of
crocodiles as being seen by one ("marked™) or
hoth (“recaptured™ obscrvers was substantially
improved in patches where crocadiles were in high
densities by recording their size and position in the
field of view.

This model was originally applied to groups of
animals rather than counts of individuals. Crocodiles
did not accur in groups, but were found in high and
low densities. Fortunaich, the effects of unequal
carchability (here due to variations in density on the
probability of capture) do not necessarily aftect the
validity of the model which uses a Petersen Estimate
(Magnusson e af. 1978).

The results (Table 9) indicate thar the probability
of seeing crocodiles from a helicopter varied
hetween observer and habitats bur not between
spring and neap low tides in the river mainstream.
Hence the proportion of crocodiles missed by a
given ohserver was constant regardless of numbers
seen and this supports the findings of Magnusson ef
al. (1978) that unequal catchability should nor affect
the model, The results show also whar we expected:
crocodiles are much more difficult to detect in side-
creeks lined with dense mangroves than along open
river banks.

Table 9 The probability (p) of each tandem chserver deiccting
crocadiles, at both spring and neap low tides, in two
sections of the Adelaide River (the downstream part of the
muaingireamn, and side-creeks lined with dense mangroves)
and the correction factors fCHI needed to standardize their
counts. No data exist for spring low tide in side-crecks
(after Bavliss ef el 1986).

HabitalObhserver Spring lowtide Neap lowtide
£ CF P o
Derwnsiream
B .50 1.25 0.80 1.25
W (.80 1.25 3 o
K12 = = 0.67 1.49
Side-crecks
PR 2 = 0.67 1.49
G - - - -
KI> - - 0.2% 4.00

il. 7he Relationship between Total Spotlight
Counts and Helicopter Courts. Hatchlings (<2")
werce rarely detected from the helicopter, hence the
resulting count was matched 1o the spotlight counts
of non-hatchlings. The helicopter counts of one
observer were then pairedio recent spotlight counts
in units of river length increasing from 1 km to 5 km.
The unit length which produced the lowest restdual
variance in 4 regression (passing throughthe origin}
of the helicopter counts on spotight counts was
used o derive calibration equations. This procedure
was necessary to account for mismatched pairs
resulting [rom inaccuracies in navigation in either
method of survey, The relationship between spot-
light and helicopter counts in the river mainstream
applied o counts of both banks during the spotlight
survey and one bank during the helicopter survey,
Counts were paired in 5 km units of river because
this viclded the lowest residual variance in the calib-
ration regression equations for spring and neap low
tides (Table 10},

Tabie 10 The resuls of regression analvses (through the origin}
berween total mean spotlight counts (37 and helicopler
counts £X ol Crocodyins porosis, in both the mainstream
(dosensroam partd and jo side-crecks of the Adelaide
River (July 1984). Spotlight counts included ot banks,
whereas helicopter counts included both banks in the
side-crecks, but only one bank in the wide mainstream
section. All dat were collecied at tow ride. Helicopter
counts were corrected for observer bias and then paired
tw spodight counts in 5 km units. Hatchlings were
excluded from the spotlight counws (after Bavliss et af.
1986).

953% O

Area/lide Equation  ofslope  #  df Significance

Downsiredim

Spring Y=207X 178237 (9% 5 p<O0H

Neap Y=318Y 261-376 096 6 p<tlin
Side-crecks

Neap Y=05X 043068 099 2 p<<0.001

The four creeks were surveyed at a constant
height (20 m), but zircraft speed was kept as slow as
possible {25-27 km h'). The tomat helicopter counts
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at neap low tide were paired with the total spotlight
counts ar spring low Lide because of low crocodile
densities. Although onlv four crecks were surveved,
the relationship is significant (Table 10), however,
more replication is needed to derermine s stabiliny,

The results show that helicopter counts in the
mainstream at spring low tide, when doubled to
account for both banks, are similar to spotlight
counts under the same tidal condirions, Neap low
tide helicopter counts (doubled for both banks)
were 37% less than spotlight counts at spring low
ticle. TTowever, wal helicopter counts in the side-
crecks at neap low tide were 45% higher than the
spotlight counts at spring low ride. Overall, the
results show that despite variation in absolute
numbers of crocodiles sighred with ride, habitat, and
observer, the helicoprer counts at spring and neap
lowe tide on the Adelaide River were consistently
relared to spotlight counts at spring low tide. Tence
helicopter survevs in tidal river systems can provide
comparable population indices of crocodile abund-
ance, and an abrupt change of survey technique
from boats w helicopter would not invalidate com-
parisons of past and future surveys.

Three freshwater billabongs of the Mary River
were surveved by helicopter, and these counts were
compared to recent spotlight counts. Each billabang
varied in the amount of floating and bank vegetation.
Most of the crocodiles counted were freshwater
crocodiles. € jobrstord. No calibration was attemp-

ted due to low replication, however a ratio of

helicopter to spotlight counts is presented as an
index of visibility from the air (Table 11), The
number of crocodiles seen from a hclicopler in the
two billabongs with dense and Hloating vegetation was
very low compared o sportlight counts (see Fig. 12).
More surveys are needed ro develop helicopter census
methods in these habitus, however the high sighting
fracrion for the open billabong is encouraging,

Table 11 A comparison of helicoprer counts (7700 and spolight
counts (8C) i some reshwaier hillabongs of the Mary
19843 Daw include both Crocodiires porcsies

and ¢ _f(_:;_;n.sfwh. percentige vegeniion cover ol the waten
and bank was estimated by eve.
Billabang Bank and floating
nme vegeration () Fic S HOERC
Dridae Al ) 322 IRE
Rowkhole it 32 112 .29
Corraburee L1 +5 i 180

2. Feasthility Survey

A Bell-17 helicoprer was used between Aelville
Island and the Western Austrahan border (8-10
August) to count crocodiles from samples of
coastline (see Tig, 130, coastal creeks, tidal rivers and
river side-creeks. All survey variables were stundard-
ized as per the calibration survevs, and wo assumetd

s
&,ws’ ”sw%@&

Fig 12 Aerial counts of crocodiles in freshwater billabongs with
Auaring mals of vegeation extending aut (rom the shore
gave reduced counts relative o spoilight counts in the
SAINC ArCas,

no difference in counts berween the  different
helicopters used. Counts were standardized for
observer bias in each habitat and then converted w
relative spotlight densities (numbers per km of
coastline, numbers per km of creck, numbers per
km of river including both banks ) using the approp-
riate tidal calibration cquation. (The conversion
factor depended on whether one or both banks of a
river were surveved ).

scoedyins porosies 25 seen from o helicapier onthe
CURLSL
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Table 12 The results of a helicopter survey of Crocod)yfus
porosus, in different tidal habitats, berween Melville Island
and the Western Australian border: ¥ = the number of
crecks or sections of coast sampled; HC = helicopter
counts; SFcorrected) = helicopter counts corrected for
observer bias and then adjusted to sporlight densitics
using neap tidde corrections; &7 = the spotlight relarive
density; and £ 5 = the ereor of RO, Large crecks are those
wider than 20 m at their mouth Cafter Bavliss of af. 19861,

He +5E

Area I fabitar km N (corrected) S RD (%)
Darwinto  Largecoastal 37 15 33 28 076 0330
WA border  creeks {44)
Large river 60 5 A 22 037 0090

creeks (26}

Coastling 244 4 FA 11 0.05 0.020

(45}

Melville Coastling 14 2 £y 15 021 0.004
Island (2)

The results show that habitats had substantially
different densities (Table 12). The density of croco-
diles on the coastline of Melville Tsland was four
times that on coastline south of Darwin, possibly
reflecting better habitat. Crocodiles were detected
only in large creeks (=20 m wide at the mouth), and
nene were seen in 32 small creeks (<220 m wide at
the mouth) sampled. In the tidal section of the Moyle
River, the helicopter (3.8%/km} and spotlight (3 44/
km) indices of density were similar.

The cost of a helicopter survey in remote areas is
approximately $7/km of habitat surveyed, which
includes hire (fuel and pilot), wages, travel expenses
(three people) and dead travel time. In contrast, the
cost of a boat survey in remote areas is approxi-
mately $28/km of habimat surveyed. Boat surveys
require capital equipment and entail maintenance
costs, high wage costs (more people and time),
insurance and many hidden administrative over-
heads.

3. Stemnury

Aerial survey is much cheaper and less time con-
suming than boat survey, yet it provides a population
index comparable to that obtained by spotlighting. A
further advantage of helicopters is the ability to
obtain and/or improve precision of a population
index rapidly by replication, at a reasonable cost.

Failure to detect hatchlings from the air is not
necessarily a significant disadvantage in monitoring
the rate of increase of a crocodile population,
Recruitment t¢ the populations can be assessed by
long-term trends in the larger size classes and
associated helicopter surveys of nesting effort,

Aerial survey offers a realistic way of achicving
one of the monitoring aims of the management pro-
gramme — to survey more kilometres of more
habitat in a very much shorter period of time at less
COSL,
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APPENDIX I
{taken from Scher 1973, Caughley 1977; symbols are those used in Caughley) .

TESTS FOR EQIIAL CATCHABILITY
1. Leslie’s Test

This test is used where animals are marked on a
single occasion and recaptured on subsequent
occasions. The test refects information from the first
and last capturing occasion, and all the recaprure
records of animals not caught on the last occasion,

If catchability is equal, the recapture frequencies
will form a binomial distribution: the hypothesis is
tested by comparing the observed variance with the
expected binomial variance using x° with (3f)—1
degrees of frecedom.,

X' =3 — (SFF/3f
33— Zn’ ((3fF

where » is the number of recaptures, £ is the number
of times it was recapturcd and f is the number of
animals. A significant result is a good indication of
unequal catchability, whereas a non-significant
result is ambiguous — uncqual catchability perhaps
occurring, but cannot be demonstrated.

2. The zero-truncated Poisson Test

If the period berween first and last capturing
occasions is short, and natural mortality is low or
zero, then all capture records can be used in this test.
Since all catching occasions are included, each
arrival has been caught at least once. We do not
therefore have a zero frequency class as in the Leslie
Test. If carchability is equal {constant) the distribu-
tion of recapture frequencies will form a zero-
truncated Poisson distribution when the number of
sampling occasions is large relative to the mean
recapture rate. A truncated Poisson disteibution is fit-
ted to the observed frequencies and the fit is tested
by x°. Expected frequencies are calculated from the

mean, X, of the complete P(;isson distribution which
is related to the mean of a zero-truncated Poisson by;
= X
I—¢e"

=2 thenX=x—2—7"— 152° - 2671 = 5.27°
where 7 = 5 and
where T = il 3f

The expected frequency E(f) for cach 7 is cal-
culated as

Hf) = (3pe* X'
(1-¢*) &

TEST FOR LOST TAGS
Marks or tags always drop oft, hence leading to
biased results. The proportion of double-tagged
animals that losc one tag could be used as an index
of tag loss. A group of animals is double-tagged with
similar single tags. A sample of animals sometime
later will comprise four classes,
1. 8, animals that retained both tags;
2 B; animals that retained only one of the original
tags;
3. B, animals that retain neither tag;
4. animals that are not members of the double tag
fraternity

B, is estimated as:
B, =(548,)
The probability that an animal originally marked

with one tag would lose it over the same time period
is estimated as:

p=(BR2B +B)
This estimate of  can be used to correct records

of recaptured animals originally marked with one
tag.

APPENDIX II
A SOME MODELS TO ESTIMATE POPULATION SIZE FROM MARK-RECAPTURE DATA

(taken from Seber 1973, Caughley 197

1. Petersen Estimate (as modified by Bailey 1951,
1952)

This requires marking on one occasion and
recording the proportion of marked animals in a
sample caprured on a second occasion. The assump-
tions are:

i. no animal is born or immigrates into the study
ared;

ii. marked and unmarked animals die and leave the
study area at the same rate;

; symbols are those used in Caughley)

iti. all antmals are equally catchable;
iv. no marks are lost,

If the number of marked animals to be recaptured
is not decided prior to recapturing then

N=Mn+1}
m+ 1
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Appendix 1l — cont.

where M animals are marked in 4 population ¢of size
N (unknown) and m marked animals are recaptured
in a subsequent sampling of 7z animals.

The standard error of this estimate is approxi-

mated by
SE = \/ M+ 1)(n—m)
{('m + 1Y (m +2_)]

If the number of animals is decided before re-
capture commences a different formulation for
population size and variance is required (see
Caughley 1977, pg 143).

The Petersen Estimate is biased upwards by births
and immigration.

2. Schumacher’s Method

If enough animals cannot be marked on a single
occasion then marking on  several occasions
becomes necessary. The population size is estimated
from the rate at which the proportion of marked
animals rises as more are progressively marked.

N= 3Mn,
Mm,

Where N is the unknown population size, M is the
number of individuals marked prior te the éth samp-
ling occassion, and 7 is the number of individuals
capiured on the fth occasion of which m had been
marked previously.

The standard error (SE) of & is calculated
indirectly [rom the SE of 24V

SE{I/N)= s
VIM
wheres® = 3(m?/n) — (SMm Y/(ZM’n)
i—1

andj is the number of recapture samples.

This method allows a check on the assumption of
equal catchability. If the assumption holds, the re-
gression of m/n on M is lincar through the origin
with 4 slope of /N The method assumes that the
population maintains a constant size during the
experiment, and that no animal dies or leaves the
ared, or is born or immigrates.

3. The Jollv-Seber method

If animals are recaptured on two or more
occasions, a stochastic analysis developed by both
Joolly and Seber can be used. All previous models are
deterministic. The method requires that cach
animal's history of recapture is known — animals
must be serially marked with time-specific tags, or
individuals must have unique tags (e.g. numbered
tags). In the calculations:

N, = estimated population size;

n, = size of sample; .

M, =number of marked animals in the population
immediately preceeding the ith occasion;

m, = number of marked animals in the sample;

R, =number of an imals marked and released;

#. = number of animals of the R released that are
subsequently recaptured;

7 = number marked before the #th occasion that
were not recaptured on the ith occasion but
were recaptured subsequently;

a, = proportion of marked animals in the popu-
lation at the ith sampling,

The size of the population aL each time of samp-
ling, other than the first, is estimated as:

N=n+n/k
7 ¢ I N

¥
e i
Fach estimate has a formal standard error (SE) of:
SE = .\Ii(_Ni—ni) M—m +R 1ty + 1=
M r R m
wherea = m. andM =m + ZR
§ S I i LEfg
n, ¥,

The probability that an individual alive at the
moment of release on the ith occasion will survive
and/or not emigrate from the study area before cap-
ture on the next sample is:

p= M.,
M—-m +R

The number of animals joining the population by
birth or immigration between the ith and 7 + 1
oceasion, and which are still alive at the end of this
intcrval, is estimated as:

A=N_ —p(N-n+R)

Population size on the first and last occasion
cannot be directly estimated. However, an approxi-
maton can be obtained by linear extrapolation
(forwards or backwards) from an estimatcd rate of
increase hetween sampling occasions.

The main advantage of the Jolly-Seber Method is
that the assumptions of the model are less con-
strained than the previous deterministic models.

4. TFrequency of Capture Models

Violations of the assumptions of all the previous
mark-recapture models are more the rule than the
exceptions. Most attempts ar improving the modcls
have been directed at developing maodels of
frequencies of capture that relax the requirement of
equal catchability. Frequency of capture analyvses use
data on the number of times an animal is cauglt
once, twice, three times, cte, over a number of
capturing occasions. These daa form a zero-
truncated frequency distribution of captures, the
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Appendix H — cont.

missing zero class representing the unknown
number of animals that were never caught. The
method atempts to estimate the frequency of the
zero class from the shape of the truncated distribu-
tiun. Population size is then estimated as the number
of animals caught at least once plus the estimated
number that were never caught. Only three fre-
gquency models are discussed here. The Poisson
model assumes that carchability is constant, how-
ever. the negative binomial and geometric models
allow for unequal catchability generated in different
AR,

: Poisson Estimate (see Appendix I)
X
This model assumes equal catchability and zerc or
trivial mortality.

v Negative Binomial Estimale
X
whereX = x—|s7,
3~f)
where [ is the observed frequency of single
captures and

_fr,md

( Efr (zfzf
r3f )1

The observed fit to this model is calculated using
2y test on ebserved and expected frequencies. First
vé all mvo extra parameters need to be calculated, w
amdk

w= X (1-f
s\ ¥ .

k= wk—f/3f,

T—w

Expected frequencies of a zero-truncated negative
binomial distribution are calculated as:

Bf)=3f, - u*
(1—wf

Tth+i)(I—w}l
Ttk !

where T means the gamma function, £ means

expected and / means factorial. Gamma functions

are calculated by

log T(x)=(x—"2)log x—x+ 091767+ 1 —_ 1

12x  360x'

(iii} Geometric Estimare

N= Zf;

q

whereg= 3fi—f,
fi-1
and, B(f) = (¥)(1-qg)¢ ™

B. MERGING VARIANCES OF
POPUTATION ESTIMATES

If there are £ independent population estimates (N, for
1 10 £ sessions ) and a one-factor ANOQVA shows that there is
no significant difference berween them, then a more pre-
cise population estimate and variance may be obtained.

-

N= g’\f'I+N2+---+Nk

k
VAR(N)= 1 (VARI + VAR2 + -+ + VARk)
k;}
The standard error of N is simply:
SE = VVAR(N)

APPENDIX III

THE MARK-RECAPTURE MODEL USED TO CALCULATE OBSERVER BIAS 'ROM TANDEM AERIAL
COUNTS OF CROCODILES

(see Caughley and Grice 1982, Bayliss 1986)

Tre notations used in this model are:

£ =the number of crocadiles seen by the first
’ observer bur missed by the second;

3. = the number of crocodiles seen by the second
© observer but missed by the first;

B =the number of crocodiles seen by both

observers;

£ = the probability of 4 ¢rocodile being seen by
" the first observer.

£ =the probability of a crocodile being seen by

the second observer.

CF, and CF, = the estimated correction factors for
obqer\ er one and two respectively, which
standardize  crocodile  counts  between
observers,

The maodel is:

p,=BIB+ 53')
B,=B(B+S)
with CF, = I/pi

and CF, = 1/p,
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