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T
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S
urvey

M
ethods

and
M

o
n

ito
rin

g
W

ith
in

C
rocodile

M
anagem

ent
P

rogram
m

es
P.B

ayliss’

T
H

IS
chapter

is
essentially

divided
into

tw
o

sections.The
firstis

an
introduction

to
surveying

and
m

onitoring,
w

hich
w

ill
hopefully

assist
people

getting
into

the
field

for
the

first
tim

e.
It

deals
in

a
sim

plified
fashion

w
ith

the
fundam

ental
principles

behind
sam

pling
anim

alabundance,
the

definitions
ofterm

s
used,

the
com

m
on

problem
s

encountered
and

the
w

ays
in

w
hich

som
e

o
fthem

m
aybe

avoided.
The

approach
taken

is
a

personalone,and
thus

som
e

readers
m

ay
disagree

w
ith

w
hatare

basically
m

y
ow

n
biases

and
leanings.

The
second

section
exam

ines
the

results
of

experim
ents

aim
ed

atvalidating
the

m
ethods

used
to

estim
ate

the
abundance

o
f

saltw
ater

crocodiles
(C

rocodylus
porosus),

in
the

tidal
w

etlands
of

the
N

orthern
T

erritory,
itis

essentially
aseries

ofe
xp

e
ri

m
ental

case
histories.

The
rate

atw
hich

C.porosus
populations

have
been

recovering
is

quantified
from

spotlight
count

indices.
A

m
ark-recapture

e
xp

e
ri

m
ent

is
used

to
estim

ate
the

realpopulation
size

in
three

tidalhabitats.
The

relationship
betw

een
sp

o
t

light
count

indices
and

the
real

population
size

is
exam

ined
and

both
average

and
size-specific

co
rre

c
tion

factors
are

derived.
The

relationship
betw

een
spotlight

counts
and

helicopter
counts

is
exam

ined
also,

w
ith

the
view

ofusing
the

latter
to

survey
in

accessible
habitats

atreasonable
cost.

These
results

are
of

course
specific

to
c.porosus,

m
ainly

in
tidal

habitats,but
the

approaches
taken

are
by

no
m

eans
species

or
habitatspecific.

H
opefully

they
w

illbe
of

use
to

others
faced

w
ith

specific
m

anagem
entp

ro
b

lem
s

in
other

parts
ofthe

w
orld.

D
E

FIN
ITIO

N
S

,
PR

O
BLEM

S
A

N
D

A
P

P
R

O
A

C
H

E
S

M
anagem

enta
n

d
S

urvey
O

bjectives
—

Levels
o

fR
esolution

The
right

choice
of

survey
m

ethod
and

the
u

lti
m

ate
assessm

entas
to

w
hether

it
w

as
usefulor

not,
depends

entirely
on

w
hether

the
m

anagem
ent

objectives
of

the
survey

w
ere

realised.
In

the
m

anagem
entofa

single-species
population,such

as
a

crocodilian,
there

are
only

three
specific

m
anage

m
entobjectives

(C
aughley

1977):

‘C
0.

W
ebb

P
tvLtcl,P.O

.B
ox

38151,W
innellie,

N
orthern

T
erritory

5
8

9

1.
C

onservation.
The

treatm
ent

of
a

sm
all

or
declining

population
to

raise
its

density;

2.H
arvesting.

The
exploitation

ofa
population

to
take

from
ita

sustained-yield;and,

3.
C

ontrol.
The

treatm
ent

of
a

population
that

is
too

dense,orw
hich

has
an

unacceptable
high

rate
o

f
increase,

to
stabilise

or
reduce

its
density.

The
m

anagem
ent

of
w

ild
cocodile

populations
m

ay
involve

elem
ents

of
all

three
objectives,

as
occurs

w
ith

C.porosu.s
in

the
N

orthern
T

erritory
at

present(see
W

ebb
et

al.
C

hapter
11).

Ata
crude

levelofresolution,
there

are
tw

o
basic

objectives
o

f
a

population
survey

in
term

s
of

the
three

m
anagem

ent
objectives

outlined
above.

The
firstofthese

iS
:

1.
To

determ
ine

distribution
a

n
d

abundance.
B

asically
w

e
ask

w
here

the
anim

als
are

and
how

m
any

there
are.This

is
a

descriptive
approach

and
is

a
necessary

firststep
in

any
population

study
w

hose
aim

s
are

m
anagem

ent
or

otherw
ise.

A
ta

finer
level

of
resolution

w
e

m
ay

ask
w

hat
are

the
factors

that
determ

ine
distribution

and
abundance?

This
is

a
functionalapproach

and
m

ay
notbe

necessary
for

a
population’s

m
anagem

ent,depending
on

the
nature

of
the

problem
.

This
artificial

dichotom
y

is
useful

w
hen

allocating
scarce

resources
to

m
anagem

ent
problem

s.
In

term
s

ofcontributing
truth

to
science

the
distinction

is
trivial.

H
ow

ever,
experim

ental
ecology,

the
only

objective
approach,

has
yet

to
trium

ph
over

theoretical
dogm

a
and

the
insatiable

drive
to

collect
m

ore
and

m
ore

data
of

the
sam

e
kind.

H
ence

a
population

m
anager

m
ay

need
only

to
focus

on
w

hat
happens

to
treated

and
untreated

populations,
rather

than
search

for
causalities.

I
do

not
argue

here
against

the
“search

for
truth”

or
the

levelofdetailthatdifferent
biologists

take.
R

ather,
I

argue
thatm

any
population

m
anagem

entproblem
s

can
be

solved
by

taking
the

sim
ple

descriptive
and/or

experim
ental

approach.
Even

this
needs

careful
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scrutiny,
as

an
easier

solution
m

ay
be

found
in

executing
a

com
m

onsense
politicalor

bureaucratic
value

jucigem
ent.

The
second

objective
ofa

population
survey

can
be:2.

To
m

o
n

ito
r

changes
in

abundance
a

n
d

d
is

tribution.
B

asically
w

e
ask

w
hetherthe

population
is

increasing,
decreasing

or
stable.

That
is,

regardless
o

finherentvariability
in

anim
alnum

bers,w
hatis

the
average

trend
over

a
num

ber
o

f
years?

The
m

ost
pow

erful
and

useful
m

easure
of

a
population’s

dynam
ics

is
the

rate
ofincrease

statistic.
Itis

a
direct

and
concise

sum
m

ary
ofallpopulation

processes
—

fecundity
and

survivalby
age

and
sex

and
im

m
ig

ra
tio

n
and

em
igration.

It
is

the
essence

ofpopulation
dynam

ics
and

provides
the

only
unam

biguous
m

easure
o

f
dem

ographic
vigour

or
a

population’s
w

ell-being.
It

is
sum

m
arized

below
as

the
d

iffe
r

entialbetw
een

births
(b)

and
deaths

(ci),and
im

m
ig

ration
(i)

and
em

igration
(e).

r=
~

b
—

d
)+

~
i—

e
~

A
sim

ple
m

easure
ofr

is
the

change
in

num
bers

betw
een

tw
o

points
in

tim
e,

usually
a

year.
Itcan

be
expressed

as
a

finite
orexponentialrate.A

m
ore

use
ful

estim
ate

is
the

average
exponential

rate
of

increase
(i~)

and
this

is
obtained

by
regressing

a
series

o
f

logged
(n

a
tu

ra
l)

density
indices

over
tim

e.
The

slope
ofthe

line
estim

ates
exponentiali~perunit

tim
e.
There

are
m

any
indirect

indices
of

rate
of

increase,
for

exam
ple,

fatstorage,
body

w
eight

and
size,age

and
sex

ratios
etc.H

o
w

e
ve

r,often
itis

easier
to

obtain
a

directm
easure

ofrate
ofincrease

than
an

indirect
one,

and
a

chrect
m

easure
w

ill
usually

suffice
for

solving
m

ost
population

m
anagem

ent
problem

s.Indirectm
easures

ofdem
ographic

vigour
m

ay
also

be
chfficultto

interpret,as
has

been
pointed

out
by

a
num

ber
of

authors.
V

erm
e

and
O

zoga
(1980a,b)

dem
onstrated

experim
entally

thatW
hite-

tailed
D

eer
O

docoileus
virginianus,

produced
su

b
stantial

fat
reserves

despite
undernutrition

and
a

negative
energy

balance
—

lipogenesis
w

as
an

obligatory
seasonal,

physiological
event.

C
aughley

(1974)
dem

onstrated
by

sim
ulation

that
age-ratios

can
often

provide
am

biguous
inform

ation
and

that
their

facile
interpretation

can
lead

to
serious

m
anagem

ent
blunders.

There
are

num
erous

studies
show

ing
great

variability
in

the
size

o
f

anim
als

at
different

ages,
both

betw
een

and
w

ithin
popula

tions,and
this

is
especially

so
in

crocodilians
(W

ebb
etal.

1983);vetsize
is

often
used

as
an

index
ofage

in
order

to
estim

ate
age

distributions
and

hence
rate

ofincrease
(butsee

C
aughlev

1974
for

further
p

ro
b

lem
s).

M
easw

-ing
A

bundance

The
p

o
in

t
m

acic
above,

is
that

our
m

anagem
ent

and
hence

survey
objectives

should
be

crystal
clear.

W
e

cannot
m

anage
populations

if
w

e
don’t

know
w

hat
it

is
w

e
w

ish
to

m
anage.

To
obtain

such
clarification,

at
any

level
o

f
resolution,

w
e

need
som

e
m

easure
of

abundance.
This

m
ay

seem
re

la
tively

sim
ple,

but
there

are
m

any
form

idable
p

ro
b

lem
s

ofm
ethodology

w
hich

reinforce
the

view
that

“life
w

asn’tm
eantto

be
easy”.The

m
ain

ones
are

o
u

t
lined

below
:

1.P
opulation

B
oundaries

a
n

d
the

Scale
o

fStud)’.
The

firststep
is

to
define

the
boundaries

ofthe
p

o
p

u
lation

to
be

studied,w
hich

com
es

from
resolving

the
scale

of
the

study
thatw

ill
be

needed
to

satisfy
the

m
anagem

ent
objectives.

There
needs

to
be

a
very

clear
unclerstanchng

ofthe
relationship

betw
een

the
objectives

ofthe
study,

the
necessarv

scale
atw

hich
to

operate
(and

hence
the

boundaries
ofthe

study
area),

and
the

usually
discontinuous

chstribution
of

the
anim

als
w

ithin
it.

The
A

ustralian
subm

ission
to

C
ITES

for
the

trans
fer

of
C

porosus
from

A
ppendix

I
to

A
ppendix

II
(W

ebb
etal.

1984)
affords

an
exam

ple.
It

required
inform

ation
and

input
from

all
States

in
northern

A
ustralia.

It
needed

statistics
describing

the
broad

distribution
and

abundance
of

C.
poi-osus

in
the

N
orthern

T
erritory,

and
others

describing
the

increasing
num

bers
since

protection;these
w

ere
the

cornerstones
ofthe

docum
ent.

The
objectives

w
ere

national,
hence

the
population

boundary
w

as
necessarily

defined
by

the
geographic

distribution
of

the
anim

al
itself.

Y
et

survey
figures

ofcrocodile
num

bers
and

nests
in

selected
tidal

river
system

s
w

ere
used

to
dem

onstrate
specific

points.
H

ence
it

provided
a

broad-scale
picture

across
A

ustralia,
and

a
detailed

picture
for

som
e

river
system

s
in

the
N

orthern
T

erritory;
it

used
tw

o
extrem

e
scales

of
study

as
its

m
odus

operandi.

H
ow

ever,
it

also
raised

im
portant

questions
that

w
ere

som
ew

hat
independent

of
scale.

H
ow

re
p

resentative
is

the
available

inform
ation?

W
hat

p
ro

portion
of

a
crocodile

population
in

a
typical

tidal
system

inhabits
the

river
m

ainstream
(w

hich
is

usually
surveyed),relative

to
the

sm
allerside-creeks

and
associated

floodplain
sw

am
ps

and
billabongs

(w
hich

are
notusually

surveyed)?

2.M
easures

o
fA

bundance.
H

aving
chosen

a
scale

of
operations,

and
hence

defined
our

population
boundaries,w

hatis
the

m
ostappropriate

m
easure

of
abundance?

A
bundance

can
be

m
easured

in
three

w
ays:i.

A
bsolute

value.
The

totalnum
ber

in
a

p
o

p
u

la
tion

w
ithin

a
defined

boundary:
e.g.

40,000
crocochles

in
the

N
orthern

T
erritory;

ii.
R

elative
density

index.
An

index
of

the
true

density:e.g.
100

crocodiles
spotlighted

per
10

km
ofriver

stream
;

iii.
A

bsolute
density.

The
true

density:
e.g.

140
crocodiles

per
10

km
of

river
stream

or
10

crocodiles
per

km
2

ofsw
am

p.

E
stim

ates
of

absolute
density

have
no

intrinsic
value

in
them

selves;
in

fact
in

m
any

studies
they

are
an

unnecessary
luxury.

M
ost

p
o

p
u

la
tio

n
m

a
n

a
g

e
m

entproblem
s

can
be

solved
w

ith
relative

indices
of

density,
particularly

those
linked

w
ith

habitat
use,

rate
o

fincrease,
dispersaland

the
reaction

ofp
o

p
u

lations
to

m
anagem

ent
treatm

ents.
H

ow
ever,

if
the

m
anagem

ent
objective

is
to

calculate
sustained-

yields,
in

the
tradational

fisheries
sense,

then
absolute

values
or

density
estim

ates
are

required
to

m
atch

againstabsolute
offtake

levels.
The

m
ost

im
portant

assum
ption

of
any

relative
density

index
is

that
there

is
a

linear
relationship

betw
een

it
and

absolute
density,

and
that

this
relationship

is
stable

over
tim

e.
N

early
alw

ays
this

assum
ption

is
notvalidated

because
controlp

o
p

u
la

tions
ofknow

n
size

are
as

rare
as

“hens
teeth”.H

o
w

ever,
relative

indices
are

extrem
ely

pow
erful

if
survey

techniques
are

rig
id

ly
standardized.

T
hey

facilitate
im

portant
com

parisons
o

f
populations

betw
een

differentcountries,
river

system
s,m

anage
m

ent
treatm

ents
and

tim
es.

S
om

e
relative

densities
ofcrocodilians

from
differentparts

ofthe
w

orld
are

com
pared

on
Table

1.
N

estcounts.
The

num
ber

ofnests
is

a
specialcase

of
an

index
o

f
abundance.

As
w

ell
as

indexing

breeding
success,

nest
counts

index
the

abundance
o

f
b

re
e

d
in

g
fem

ales
in

a
p

o
p

u
la

tio
n

and
hence

in
d

ire
ctly,

b
u

t
n

o
t

co
m

p
le

te
ly,

its
rate

o
fincrease:

it
is

really
only

related
to

b
irth

s
and

says
nothing

about
deaths

ordispersal.H
ow

ever,C
habreck

(1966)used
nest

counts
as

an
indirect

m
ethod

to
estim

ate
the

num
ber

ofA
m

erican
alligators,A

lligator
m

ississippi
ensis.H

e
derived

the
follow

ing
form

ula:

P
=

N
/M

FB

w
here

N
is

the
num

ber
o

f
nests,

M
the

sexually
m

ature
p

ro
p

o
rtio

n
o

f
the

population,
F

the
p

ta
portion

o
f

fem
ales

am
ong

m
ature

alligators,
B

the
proportion

of
nesting

m
ature

fem
ales,

and
P

the
population

size
of

alligators
occupying

the
area

in
w

hich
nests

have
been

counted.

S
am

pling
E

rrors

O
nce

w
e

have
chosen

an
a

p
p

ro
p

ria
te

m
easure

o
f

abundance,
w

e
m

ust
next

decide
w

h
e

th
e

r
to

do
a

totalo
rsam

ple
count:

1.
T

otalcounts.
An

attem
pt

is
m

ade
to

co
u

n
t

all
anim

als
in

the
survey

area.T
his

is
usually

p
ro

h
ib

itive
because

o
fthe

huge
costs

in
surveying

large
areas.

Table
1.

A
com

parison
o

fcrocodilian
density

indices
(spotlight

indices
per

km
ofriver

or
shore

line)
in

differentparts
o

fthe
w

orld
(after

T
urner

1977;M
ontague

1983;M
esseletal.

1981;
W

ebb
etal.

1984).
As

far
as

is
know

n,
m

ost
do

not
account

for
visibility

biases
w

hich
are

probably
very

differentfrom
each

other.

C
ountry

and
R

elative
Location

Species
density

D
ate

USA
A

lligatorm
ississippiensis

C
entralF

lorida
94

1971
M

iam
iC

anal
.

0.6-4.3
1954-68

E
verglades

N
ationalPark

18.1
1977

ETH
]O

P
IA

crocodylus
niloticus

U
pperA

w
ash

R
iver

7.0
1972

Lake
M

argherita
1.3

1972
B

lue
N

ile
2.4

1972
U

G
A

N
D

A
A

lbertN
ile

0.-i
1970

V
ictoria

N
ile

(below
M

urchison
Falls)

26.3
1970

KEN
YA

Lake
R

udolf
13.4

1971
U

pperLorian
S

w
am

p
8.5

1971
TA

N
ZA

N
IA

G
rum

etiR
iver

2.2
1971

N
T

.
AU

STR
ALIA

crocodylusporosus
A

delaide
R.

1.85
1977

AdelaideR
.

2.65
198

S
outhA

lligatorR
.

1.25
1977

S
outhA

lligatork.
2.45

1984
H

abgoodR
.

4.59
1975

H
abgood

R.
9.39

1984
G

lvdeR
.

0.61
1975

G
lvde

R.
2.46

1984
BlvthlC

adellR.
4.21

1974
B

lvthlC
adellR.

4.00
1984

PAPL’A
N

EW
G

U
IN

E
A

C
porosus

and
C.

1201‘aeguifleae
M

id.S
trickland

R.
2.23

1979
Tom

m
R.

0.16
1979

A
iem
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scrutiny,
as

an
easier

solution
m

ay
be

found
in

executing
a

com
m

onsense
politicalor

bureaucratic
value

jucigem
ent.

The
second

objective
ofa

population
survey

can
be:2.

To
m

o
n

ito
r

changes
in

abundance
a

n
d

d
is

tribution.
B

asically
w

e
ask

w
hetherthe

population
is

increasing,
decreasing

or
stable.

That
is,

regardless
o

finherentvariability
in

anim
alnum

bers,w
hatis

the
average

trend
over

a
num

ber
o

f
years?

The
m

ost
pow

erful
and

useful
m

easure
of

a
population’s

dynam
ics

is
the

rate
ofincrease

statistic.
Itis

a
direct

and
concise

sum
m

ary
ofallpopulation

processes
—

fecundity
and

survivalby
age

and
sex

and
im

m
ig

ra
tio

n
and

em
igration.

It
is

the
essence

ofpopulation
dynam

ics
and

provides
the

only
unam

biguous
m

easure
o

f
dem

ographic
vigour

or
a

population’s
w

ell-being.
It

is
sum

m
arized

below
as

the
d

iffe
r

entialbetw
een

births
(b)

and
deaths

(ci),and
im

m
ig

ration
(i)

and
em

igration
(e).

r=
~

b
—

d
)+

~
i—

e
~

A
sim

ple
m

easure
ofr

is
the

change
in

num
bers

betw
een

tw
o

points
in

tim
e,

usually
a

year.
Itcan

be
expressed

as
a

finite
orexponentialrate.A

m
ore

use
ful

estim
ate

is
the

average
exponential

rate
of

increase
(i~)

and
this

is
obtained

by
regressing

a
series

o
f

logged
(n

a
tu

ra
l)

density
indices

over
tim

e.
The

slope
ofthe

line
estim

ates
exponentiali~perunit

tim
e.
There

are
m

any
indirect

indices
of

rate
of

increase,
for

exam
ple,

fatstorage,
body

w
eight

and
size,age

and
sex

ratios
etc.H

o
w

e
ve

r,often
itis

easier
to

obtain
a

directm
easure

ofrate
ofincrease

than
an

indirect
one,

and
a

chrect
m

easure
w

ill
usually

suffice
for

solving
m

ost
population

m
anagem

ent
problem

s.Indirectm
easures

ofdem
ographic

vigour
m

ay
also

be
chfficultto

interpret,as
has

been
pointed

out
by

a
num

ber
of

authors.
V

erm
e

and
O

zoga
(1980a,b)

dem
onstrated

experim
entally

thatW
hite-

tailed
D

eer
O

docoileus
virginianus,

produced
su

b
stantial

fat
reserves

despite
undernutrition

and
a

negative
energy

balance
—

lipogenesis
w

as
an

obligatory
seasonal,

physiological
event.

C
aughley

(1974)
dem

onstrated
by

sim
ulation

that
age-ratios

can
often

provide
am

biguous
inform

ation
and

that
their

facile
interpretation

can
lead

to
serious

m
anagem

ent
blunders.

There
are

num
erous

studies
show

ing
great

variability
in

the
size

o
f

anim
als

at
different

ages,
both

betw
een

and
w

ithin
popula

tions,and
this

is
especially

so
in

crocodilians
(W

ebb
etal.

1983);vetsize
is

often
used

as
an

index
ofage

in
order

to
estim

ate
age

distributions
and

hence
rate

ofincrease
(butsee

C
aughlev

1974
for

further
p

ro
b

lem
s).

M
easw

-ing
A

bundance

The
p

o
in

t
m

acic
above,

is
that

our
m

anagem
ent

and
hence

survey
objectives

should
be

crystal
clear.

W
e

cannot
m

anage
populations

if
w

e
don’t

know
w

hat
it

is
w

e
w

ish
to

m
anage.

To
obtain

such
clarification,

at
any

level
o

f
resolution,

w
e

need
som

e
m

easure
of

abundance.
This

m
ay

seem
re

la
tively

sim
ple,

but
there

are
m

any
form

idable
p

ro
b

lem
s

ofm
ethodology

w
hich

reinforce
the

view
that

“life
w

asn’tm
eantto

be
easy”.The

m
ain

ones
are

o
u

t
lined

below
:

1.P
opulation

B
oundaries

a
n

d
the

Scale
o

fStud)’.
The

firststep
is

to
define

the
boundaries

ofthe
p

o
p

u
lation

to
be

studied,w
hich

com
es

from
resolving

the
scale

of
the

study
thatw

ill
be

needed
to

satisfy
the

m
anagem

ent
objectives.

There
needs

to
be

a
very

clear
unclerstanchng

ofthe
relationship

betw
een

the
objectives

ofthe
study,

the
necessarv

scale
atw

hich
to

operate
(and

hence
the

boundaries
ofthe

study
area),

and
the

usually
discontinuous

chstribution
of

the
anim

als
w

ithin
it.

The
A

ustralian
subm

ission
to

C
ITES

for
the

trans
fer

of
C

porosus
from

A
ppendix

I
to

A
ppendix

II
(W

ebb
etal.

1984)
affords

an
exam

ple.
It

required
inform

ation
and

input
from

all
States

in
northern

A
ustralia.

It
needed

statistics
describing

the
broad

distribution
and

abundance
of

C.
poi-osus

in
the

N
orthern

T
erritory,

and
others

describing
the

increasing
num

bers
since

protection;these
w

ere
the

cornerstones
ofthe

docum
ent.

The
objectives

w
ere

national,
hence

the
population

boundary
w

as
necessarily

defined
by

the
geographic

distribution
of

the
anim

al
itself.

Y
et

survey
figures

ofcrocodile
num

bers
and

nests
in

selected
tidal

river
system

s
w

ere
used

to
dem

onstrate
specific

points.
H

ence
it

provided
a

broad-scale
picture

across
A

ustralia,
and

a
detailed

picture
for

som
e

river
system

s
in

the
N

orthern
T

erritory;
it

used
tw

o
extrem

e
scales

of
study

as
its

m
odus

operandi.

H
ow

ever,
it

also
raised

im
portant

questions
that

w
ere

som
ew

hat
independent

of
scale.

H
ow

re
p

resentative
is

the
available

inform
ation?

W
hat

p
ro

portion
of

a
crocodile

population
in

a
typical

tidal
system

inhabits
the

river
m

ainstream
(w

hich
is

usually
surveyed),relative

to
the

sm
allerside-creeks

and
associated

floodplain
sw

am
ps

and
billabongs

(w
hich

are
notusually

surveyed)?

2.M
easures

o
fA

bundance.
H

aving
chosen

a
scale

of
operations,

and
hence

defined
our

population
boundaries,w

hatis
the

m
ostappropriate

m
easure

of
abundance?

A
bundance

can
be

m
easured

in
three

w
ays:i.

A
bsolute

value.
The

totalnum
ber

in
a

p
o

p
u

la
tion

w
ithin

a
defined

boundary:
e.g.

40,000
crocochles

in
the

N
orthern

T
erritory;

ii.
R

elative
density

index.
An

index
of

the
true

density:e.g.
100

crocodiles
spotlighted

per
10

km
ofriver

stream
;

iii.
A

bsolute
density.

The
true

density:
e.g.

140
crocodiles

per
10

km
of

river
stream

or
10

crocodiles
per

km
2

ofsw
am

p.

E
stim

ates
of

absolute
density

have
no

intrinsic
value

in
them

selves;
in

fact
in

m
any

studies
they

are
an

unnecessary
luxury.

M
ost

p
o

p
u

la
tio

n
m

a
n

a
g

e
m

entproblem
s

can
be

solved
w

ith
relative

indices
of

density,
particularly

those
linked

w
ith

habitat
use,

rate
o

fincrease,
dispersaland

the
reaction

ofp
o

p
u

lations
to

m
anagem

ent
treatm

ents.
H

ow
ever,

if
the

m
anagem

ent
objective

is
to

calculate
sustained-

yields,
in

the
tradational

fisheries
sense,

then
absolute

values
or

density
estim

ates
are

required
to

m
atch

againstabsolute
offtake

levels.
The

m
ost

im
portant

assum
ption

of
any

relative
density

index
is

that
there

is
a

linear
relationship

betw
een

it
and

absolute
density,

and
that

this
relationship

is
stable

over
tim

e.
N

early
alw

ays
this

assum
ption

is
notvalidated

because
controlp

o
p

u
la

tions
ofknow

n
size

are
as

rare
as

“hens
teeth”.H

o
w

ever,
relative

indices
are

extrem
ely

pow
erful

if
survey

techniques
are

rig
id

ly
standardized.

T
hey

facilitate
im

portant
com

parisons
o

f
populations

betw
een

differentcountries,
river

system
s,m

anage
m

ent
treatm

ents
and

tim
es.

S
om

e
relative

densities
ofcrocodilians

from
differentparts

ofthe
w

orld
are

com
pared

on
Table

1.
N

estcounts.
The

num
ber

ofnests
is

a
specialcase

of
an

index
o

f
abundance.

As
w

ell
as

indexing

breeding
success,

nest
counts

index
the

abundance
o

f
b

re
e

d
in

g
fem

ales
in

a
p

o
p

u
la

tio
n

and
hence

in
d

ire
ctly,

b
u

t
n

o
t

co
m

p
le

te
ly,

its
rate

o
fincrease:

it
is

really
only

related
to

b
irth

s
and

says
nothing

about
deaths

ordispersal.H
ow

ever,C
habreck

(1966)used
nest

counts
as

an
indirect

m
ethod

to
estim

ate
the

num
ber

ofA
m

erican
alligators,A

lligator
m

ississippi
ensis.H

e
derived

the
follow

ing
form

ula:

P
=

N
/M

FB

w
here

N
is

the
num

ber
o

f
nests,

M
the

sexually
m

ature
p

ro
p

o
rtio

n
o

f
the

population,
F

the
p

ta
portion

o
f

fem
ales

am
ong

m
ature

alligators,
B

the
proportion

of
nesting

m
ature

fem
ales,

and
P

the
population

size
of

alligators
occupying

the
area

in
w

hich
nests

have
been

counted.

S
am

pling
E

rrors

O
nce

w
e

have
chosen

an
a

p
p

ro
p

ria
te

m
easure

o
f

abundance,
w

e
m

ust
next

decide
w

h
e

th
e

r
to

do
a

totalo
rsam

ple
count:

1.
T

otalcounts.
An

attem
pt

is
m

ade
to

co
u

n
t

all
anim

als
in

the
survey

area.T
his

is
usually

p
ro

h
ib

itive
because

o
fthe

huge
costs

in
surveying

large
areas.

Table
1.

A
com

parison
o

fcrocodilian
density

indices
(spotlight

indices
per

km
ofriver

or
shore

line)
in

differentparts
o

fthe
w

orld
(after

T
urner

1977;M
ontague

1983;M
esseletal.

1981;
W

ebb
etal.

1984).
As

far
as

is
know

n,
m

ost
do

not
account

for
visibility

biases
w

hich
are

probably
very

differentfrom
each

other.

C
ountry

and
R

elative
Location

Species
density

D
ate

USA
A

lligatorm
ississippiensis

C
entralF

lorida
94

1971
M

iam
iC

anal
.

0.6-4.3
1954-68

E
verglades

N
ationalPark

18.1
1977

ETH
]O

P
IA

crocodylus
niloticus

U
pperA

w
ash

R
iver

7.0
1972

Lake
M

argherita
1.3

1972
B

lue
N

ile
2.4

1972
U

G
A

N
D

A
A

lbertN
ile

0.-i
1970

V
ictoria

N
ile

(below
M

urchison
Falls)

26.3
1970

KEN
YA

Lake
R

udolf
13.4

1971
U

pperLorian
S

w
am

p
8.5

1971
TA

N
ZA

N
IA

G
rum

etiR
iver

2.2
1971

N
T

.
AU

STR
ALIA

crocodylusporosus
A

delaide
R.

1.85
1977

AdelaideR
.

2.65
198

S
outhA

lligatorR
.

1.25
1977

S
outhA

lligatork.
2.45

1984
H

abgoodR
.

4.59
1975

H
abgood

R.
9.39

1984
G

lvdeR
.

0.61
1975

G
lvde

R.
2.46

1984
BlvthlC

adellR.
4.21

1974
B

lvthlC
adellR.

4.00
1984

PAPL’A
N

EW
G

U
IN

E
A

C
porosus

and
C.

1201‘aeguifleae
M

id.S
trickland

R.
2.23

1979
Tom

m
R.

0.16
1979

A
iem

aR
.

0.07
1979
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2.S
am

ple
counts.

A
representative

proportion
of

the
survey

area
is

counted
and

totalpopulation
size,

or
an

inc~ex
ofpopulation

size,is
estim

ated
from

this
sam

ple.

There
are

strengths
and

w
eaknesses

in
both

approaches
and

the
value

ofeach
m

ustbe
w

eighed
in

term
s

o
f

costs
and

the
original

m
anagem

ent
objectives.

N
early

allpopulation
surveys

fallinto
the

category
of

sam
ple

counts
because

it
is

usually
im

possible
to

countallanim
als

in
allspace

and
tim

e
w

ithin
the

defined
boundary.This

factplunges
m

ost
population

m
anagers

into
the

field
of

sam
ple

statistics,a
com

plex
often

intim
idating

field.
F

o
rtu

n
ately,

m
uch

of
the

apprehension
is

unnecessary,
because

coping
w

ith
sam

ple
statistics

requires
only

the
realization

that
there

are
three

basic
sources

of
errors

(W
hite

etal.
1982):

1
P

recision
errors.The

standard
error

ofa
sam

ple
m

ean
estim

ates
its

repeatability,
precision

or
co

n
sistency;

2.
A

ccuracy
errors.

The
difference

betw
een

the
sam

ple
estim

ate
and

the
true

value.
Ifthe

estim
ates

are
inaccurate,

they
are

biased.
In

m
ost

surveys
of

anim
al

abundance,
estim

ates
are

usually
biased

dow
nw

ards
because

not
all

anim
als

are
detected.

This
is

called
visibility

bias.

3.R
andom

e
rro

rs.E
rrors

due
to

chance
variation.
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T
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P
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H
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R
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R
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H
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R
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.
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R
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H
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A
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Fig.
1.

A
theoretical

exam
ple

dem
onstrating

the
difference

betw
een

precision
and

accuracy
in

sam
pling

errors.

The
im

portant
difference

betw
een

precision
and

accuracy
sam

pling
errors

can
be

illustrated
w

ith
a

hypothetical
exam

ple
(Fig.

1).
The

absolute
density

ofcrocodiles
is

the
sam

e
in

tw
o

habitattypes
(“open”

and
“dense”

w
ith

regard
to

vegetation
covering

the
w

ater),
butbecause

ofthe
m

any
factors

thatprevent
all

anim
als

being
detected,

both
m

ean
estim

ates
of

density
(relative

densities)
are

biased
dow

nw
ards

from
the

true
value.

Less
crocodiles

are
seen

in
the

dense
habitat

than
in

the
open

one
and

hence
the

estim
ate

is
m

ore
biased.

N
ote

thatthe
dispersion

or
spread

ofpoints
aboutthe

m
ean,as

m
easured

by
the

standard
error,could

be
the

sam
e

in
both

habitats:
it

is
clearly

not
a

m
easure

ofaccuracy.
This

exam
ple

cautions
against

facile
com

parisons
of

indices
of

crocodile
density

from
different

habitats,
and

app
liea

to
Table

2.
D

ifferentialvisibility
bias

can
be

caused
by

other
things

besides
the

density
ofvegetation

in
a

habitat.
For

exam
ple,

the
effects

ofhotand
cold

w
eather

on
anim

al
behaviour

(B
ayliss

and
G

iles
1985),

state
of

the
tide

(M
essel

e
tal.

1981),
observer

and
lighting

condition
(S

hort
and

B
ayliss

1985),
w

ariness
(d

is
cussed

later
in

this
chapter)

and
so

on.
B

efore
w

e
sam

ple
an

anim
alpopulation

w
e

m
ust

therefore
have

a
clear

understanding
of

the
difference

betw
een

the
three

types
o

f
sam

pling
errors,

and
som

e
idea

ofthe
variables

thatare
likely

to
affectS

the
precision

and
accuracy

of
the

sam
ple

counts.
S

om
e

of
the

variables
that

m
ay

affect
the

co
n

sistentdetection
ofanim

als
on

a
survey

are
outlined

in
Figure

2.
A

biologist
fam

iliar
w

ith
a

particular
anim

al
and

the
m

any
different

survey
techniques

available,can
drafta

m
ore

appropriate
chartfor

any
specific

problem
.

Fig.
2.

Factors
that

m
ay

affectthe
consistent

detection
ofanim

als
on

a
survey.

Ifthe
m

anagem
entproblem

requires
thatp

o
p

u
la

tion
trends

only
need

to
be

m
onitored,then

relative
indices

of
abundance

w
ill

suffice.
P

articular
atten

tion
needs

to
be

paid
to

all
the

factors
affecting

precision;e.g.sam
pling

intensity,standardization
of

counting
procedures,

standardization
ofobservers,

w
eather

conditions,
types

ofhabitat
and

so
on.

The
degree

o
fvisibility

bias
is

unim
portantas

long
as

itis
held

constant
by

rigidly
standardized

survey
p

ro
cedures.A

m
ajor

problem
occurs

w
hen

the
visibility

bias
is

uncontrolled
and

hence
not

constant.
The

resulting
relative

density
indices

are
unstable

and
in

m
any

cases
are

probably
useless.

Ifthe
m

anagem
entproblem

requires
a

sustained
yield

harvest,
then

accurate
estim

ates
of

num
bers

are
required

to
m

atch
offtake

levels
to

realdensity.
H

ence
w

e
need

not
only

to
obtain

good
precision

(low
standard

errors)
but

accuracy.
The

causes
of

visibility
bias

m
ust

be
identified

(usually
via

sim
ple

experim
ents),

the
bias

m
easured,

and
the

relative
indices

adjusted
via

a
m

ultiplier
or

correction
factor.

This
procedure

obviously
only

relates
to

sources
of

error
that

can
be

controlled;
those

that
cannot

are
rendered

to
the

random
error

category.

R
em

ovalE
.~perim

entto
E

stim
ate

P
opulation

Size
M

any
biologists

w
orking

w
ith

crocodilians
w

ill
probably

be
confronted

at
som

e
tim

e
w

ith
the

unique
opportunity

to
indirectly

m
easure

p
o

p
u

la
tion

size.
C

rocodiles
are

often
“rem

oved”
for

co
m

m
ercial

reasons
(hunted),

scientific
reasons

or
nuisance

reasons
(as

around
w

aterholes
visited

by
tourists),

or
m

ay
be

added
through

restocking.
P

opulation
size

can
be

m
easured

before
and

after
know

n
num

bers
ofanim

als
are

added
or

rem
oved.

A
ll

w
e

need
is

an
index

of
density

(Ii)
before

Ihe
rem

oval(or
addition),

an
index

after
the

event
(
‘2

)
’

and
the

num
ber

ofanim
als

adcled(+
C

)
or

rem
oved

(
—

C
).

The
pre-eventpopulation

size
(N

1)w
illalw

ays
be:

N1
=

I~
C

‘2
—

The
post-eventpopulation

size
(N

2)
is:

N
,=

I)C

‘2
—

The
fundam

ental
assum

ption
is

that
the

popula
tion

rem
ains

closed
during

the
experim

ent,and
thus

it
needs

to
be

run
over

as
short

a
tim

e
intervalas

is
possible.
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Indices
o

f
A

bundance
S

potlight
~‘ounts

The
recovery

rate
ofC’.porosus

since
protection

in
1971

has
been

m
onitored

by
relative

indices
of

abundance
derived

from
spotlight

counts,
particu

lady
in

tidalrivers.The
bestdata

are
those

from
the

B
lvth-C

adell
river

system
in

A
rnhem

Land,
w

hich
encom

pass
11

years
ofconsistent

counts
(M

esselet
al.

1981;W
ebb

etal.
1984).

1.
M

ethodology

C
rocodiles

are
counted

from
alum

inium
boats

betw
een

3
and

5
m

long.
The

banks
and

w
aters

surface
are

scanned
w

ith
a

pow
erful

spotlight
and

crocodiles
are

identified
to

species
(C’.porosus

or
C.

jo
h

n
sto

n
i)

and
have

their
sizes

estim
ated.

They
are

recorded
as

“eyes
only”

ifthey
cannotbe

identified
or

have
their

sizes
estim

ated.
Surveys

are
typically

tim
ed

to
coincide

w
ith

a
falling

tide
as

m
ore

cro
co

diles
are

visible
w

ith
an

increase
in

the
am

ount
of

exposed
m

ud
bank

(M
esseletal.

1981).

2.
R

ate
of’

Increase

W
ithin

the
contextofthe

firstparto
fthis

chapter,
w

e
can

note
the

follow
ing

points
aboutthe

N
orthern

T
erritory

spotlight
counts:

i.
M

anagem
ent

O
bjectives.

In
1971

the
m

anage
m

entobjective
forsaltw

atercrocodile
p

o
p

u
la

tions
in

A
ustralia

w
as

defined
broadly

as
“co

n
servation”.

C
om

m
ercial

hunting
w

as
banned.

P
opulations

w
ere

extrem
ely

low
and

the
objective

w
as

to
raise

densities.
The

w
hole

sequence
ofevents,from

unrestricted
hunting

for
26

years
to

protection,and
the

subsequent
recovery,

can
be

view
ed

as
a

tim
e

series
experim

ent
on

a
grand

scale:
the

control
being

the
hunted

populations
and

the
treat

m
ent,

the
protected

populations.
U

n
fo

rtu
nately

there
are

no
spotlight

indices
before

1974,
and

w
e

can
only

assum
e

that
hunted

densities
w

ere
very

low
.

H
ow

ever,
there

is
strong

anecdotal
evidence

to
support

this
assum

ption:
the

catch
rate

of
com

m
ercial

crocodile
hunters

dropped
to

zero
in

heavily
hunted

areas;rivers
thatpreviously

supported
large

num
bers

of
crocodiles

w
ere

virw
ally

crocodile
free.

ii.
P

opulation
B

ounda;y
a

n
d

Scale
o

fS
tudy.The

population
boundary

w
as

delineated
by

the
geographic

dlistribution
o

f
C.porosus

in
the

N
orthern

T
erritory,

and
included

all
m

ajor
river

system
s.

Each
river

system
w

as
treatedlas

a
discrete

population,
and

crocodiles
present

in
m

ainstream
s

and
in

the
m

ajor
side-creek

habitats
w

ere
assum

edlto
representthe

w
hole

population.
It

w
as

m
istakenly

assum
ed

that
these

habitats
contained

nearly
all

of
the

crocodiles
w

ithin
a

w
etland

river
system

.
It

w
as

also
assum

ed
that

the
crocodile

p
o

p
u

la
tions

in
the

rivers
surveyed

represented
those

in
rivers

notsurveyed.

iii.
M

easure
o

f
A

bundance.
An

appropriate
m

easure
of

abundance
w

as
chosen

—
all

crocodiles
seen

on
a

spotlight
survey

along
fixed

lengths
ofriver

or
creek.

The
totalsp

o
t

light
count

is
therefore

a
relative

index
o

f
abundance

because
not

all
crocodiles

are
seen.
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2.S
am

ple
counts.

A
representative

proportion
of

the
survey

area
is

counted
and

totalpopulation
size,

or
an

inc~ex
ofpopulation

size,is
estim

ated
from

this
sam

ple.

There
are

strengths
and

w
eaknesses

in
both

approaches
and

the
value

ofeach
m

ustbe
w

eighed
in

term
s

o
f

costs
and

the
original

m
anagem

ent
objectives.

N
early

allpopulation
surveys

fallinto
the

category
of

sam
ple

counts
because

it
is

usually
im

possible
to

countallanim
als

in
allspace

and
tim

e
w

ithin
the

defined
boundary.This

factplunges
m

ost
population

m
anagers

into
the

field
of

sam
ple

statistics,a
com

plex
often

intim
idating

field.
F

o
rtu

n
ately,

m
uch

of
the

apprehension
is

unnecessary,
because

coping
w

ith
sam

ple
statistics

requires
only

the
realization

that
there

are
three

basic
sources

of
errors

(W
hite

etal.
1982):

1
P

recision
errors.The

standard
error

ofa
sam

ple
m

ean
estim

ates
its

repeatability,
precision

or
co

n
sistency;

2.
A

ccuracy
errors.

The
difference

betw
een

the
sam

ple
estim

ate
and

the
true

value.
Ifthe

estim
ates

are
inaccurate,

they
are

biased.
In

m
ost

surveys
of

anim
al

abundance,
estim

ates
are

usually
biased

dow
nw

ards
because

not
all

anim
als

are
detected.

This
is

called
visibility

bias.

3.R
andom

e
rro

rs.E
rrors

due
to

chance
variation.
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Fig.
1.

A
theoretical

exam
ple

dem
onstrating

the
difference

betw
een

precision
and

accuracy
in

sam
pling

errors.

The
im

portant
difference

betw
een

precision
and

accuracy
sam

pling
errors

can
be

illustrated
w

ith
a

hypothetical
exam

ple
(Fig.

1).
The

absolute
density

ofcrocodiles
is

the
sam

e
in

tw
o

habitattypes
(“open”

and
“dense”

w
ith

regard
to

vegetation
covering

the
w

ater),
butbecause

ofthe
m

any
factors

thatprevent
all

anim
als

being
detected,

both
m

ean
estim

ates
of

density
(relative

densities)
are

biased
dow

nw
ards

from
the

true
value.

Less
crocodiles

are
seen

in
the

dense
habitat

than
in

the
open

one
and

hence
the

estim
ate

is
m

ore
biased.

N
ote

thatthe
dispersion

or
spread

ofpoints
aboutthe

m
ean,as

m
easured

by
the

standard
error,could

be
the

sam
e

in
both

habitats:
it

is
clearly

not
a

m
easure

ofaccuracy.
This

exam
ple

cautions
against

facile
com

parisons
of

indices
of

crocodile
density

from
different

habitats,
and

app
liea

to
Table

2.
D

ifferentialvisibility
bias

can
be

caused
by

other
things

besides
the

density
ofvegetation

in
a

habitat.
For

exam
ple,

the
effects

ofhotand
cold

w
eather

on
anim

al
behaviour

(B
ayliss

and
G

iles
1985),

state
of

the
tide

(M
essel

e
tal.

1981),
observer

and
lighting

condition
(S

hort
and

B
ayliss

1985),
w

ariness
(d

is
cussed

later
in

this
chapter)

and
so

on.
B

efore
w

e
sam

ple
an

anim
alpopulation

w
e

m
ust

therefore
have

a
clear

understanding
of

the
difference

betw
een

the
three

types
o

f
sam

pling
errors,

and
som

e
idea

ofthe
variables

thatare
likely

to
affectS

the
precision

and
accuracy

of
the

sam
ple

counts.
S

om
e

of
the

variables
that

m
ay

affect
the

co
n

sistentdetection
ofanim

als
on

a
survey

are
outlined

in
Figure

2.
A

biologist
fam

iliar
w

ith
a

particular
anim

al
and

the
m

any
different

survey
techniques

available,can
drafta

m
ore

appropriate
chartfor

any
specific

problem
.

Fig.
2.

Factors
that

m
ay

affectthe
consistent

detection
ofanim

als
on

a
survey.

Ifthe
m

anagem
entproblem

requires
thatp

o
p

u
la

tion
trends

only
need

to
be

m
onitored,then

relative
indices

of
abundance

w
ill

suffice.
P

articular
atten

tion
needs

to
be

paid
to

all
the

factors
affecting

precision;e.g.sam
pling

intensity,standardization
of

counting
procedures,

standardization
ofobservers,

w
eather

conditions,
types

ofhabitat
and

so
on.

The
degree

o
fvisibility

bias
is

unim
portantas

long
as

itis
held

constant
by

rigidly
standardized

survey
p

ro
cedures.A

m
ajor

problem
occurs

w
hen

the
visibility

bias
is

uncontrolled
and

hence
not

constant.
The

resulting
relative

density
indices

are
unstable

and
in

m
any

cases
are

probably
useless.

Ifthe
m

anagem
entproblem

requires
a

sustained
yield

harvest,
then

accurate
estim

ates
of

num
bers

are
required

to
m

atch
offtake

levels
to

realdensity.
H

ence
w

e
need

not
only

to
obtain

good
precision

(low
standard

errors)
but

accuracy.
The

causes
of

visibility
bias

m
ust

be
identified

(usually
via

sim
ple

experim
ents),

the
bias

m
easured,

and
the

relative
indices

adjusted
via

a
m

ultiplier
or

correction
factor.

This
procedure

obviously
only

relates
to

sources
of

error
that

can
be

controlled;
those

that
cannot

are
rendered

to
the

random
error

category.
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P
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Size
M

any
biologists

w
orking

w
ith

crocodilians
w

ill
probably

be
confronted

at
som

e
tim

e
w

ith
the

unique
opportunity

to
indirectly

m
easure

p
o

p
u

la
tion

size.
C

rocodiles
are

often
“rem

oved”
for

co
m

m
ercial

reasons
(hunted),

scientific
reasons

or
nuisance

reasons
(as

around
w

aterholes
visited

by
tourists),

or
m

ay
be

added
through

restocking.
P

opulation
size

can
be

m
easured

before
and

after
know

n
num

bers
ofanim

als
are

added
or

rem
oved.

A
ll

w
e

need
is

an
index

of
density

(Ii)
before

Ihe
rem

oval(or
addition),

an
index

after
the

event
(
‘2

)
’

and
the

num
ber

ofanim
als

adcled(+
C

)
or

rem
oved

(
—

C
).

The
pre-eventpopulation

size
(N

1)w
illalw

ays
be:

N1
=

I~
C

‘2
—

The
post-eventpopulation

size
(N

2)
is:

N
,=

I)C

‘2
—

The
fundam

ental
assum

ption
is

that
the

popula
tion

rem
ains

closed
during

the
experim

ent,and
thus

it
needs

to
be

run
over

as
short

a
tim

e
intervalas

is
possible.
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Indices
o

f
A

bundance
S

potlight
~‘ounts

The
recovery

rate
ofC’.porosus

since
protection

in
1971

has
been

m
onitored

by
relative

indices
of

abundance
derived

from
spotlight

counts,
particu

lady
in

tidalrivers.The
bestdata

are
those

from
the

B
lvth-C

adell
river

system
in

A
rnhem

Land,
w

hich
encom

pass
11

years
ofconsistent

counts
(M

esselet
al.

1981;W
ebb

etal.
1984).

1.
M

ethodology

C
rocodiles

are
counted

from
alum

inium
boats

betw
een

3
and

5
m

long.
The

banks
and

w
aters

surface
are

scanned
w

ith
a

pow
erful

spotlight
and

crocodiles
are

identified
to

species
(C’.porosus

or
C.

jo
h

n
sto

n
i)

and
have

their
sizes

estim
ated.

They
are

recorded
as

“eyes
only”

ifthey
cannotbe

identified
or

have
their

sizes
estim

ated.
Surveys

are
typically

tim
ed

to
coincide

w
ith

a
falling

tide
as

m
ore

cro
co

diles
are

visible
w

ith
an

increase
in

the
am

ount
of

exposed
m

ud
bank

(M
esseletal.

1981).

2.
R

ate
of’

Increase

W
ithin

the
contextofthe

firstparto
fthis

chapter,
w

e
can

note
the

follow
ing

points
aboutthe

N
orthern

T
erritory

spotlight
counts:

i.
M

anagem
ent

O
bjectives.

In
1971

the
m

anage
m

entobjective
forsaltw

atercrocodile
p

o
p

u
la

tions
in

A
ustralia

w
as

defined
broadly

as
“co

n
servation”.

C
om

m
ercial

hunting
w

as
banned.

P
opulations

w
ere

extrem
ely

low
and

the
objective

w
as

to
raise

densities.
The

w
hole

sequence
ofevents,from

unrestricted
hunting

for
26

years
to

protection,and
the

subsequent
recovery,

can
be

view
ed

as
a

tim
e

series
experim

ent
on

a
grand

scale:
the

control
being

the
hunted

populations
and

the
treat

m
ent,

the
protected

populations.
U

n
fo

rtu
nately

there
are

no
spotlight

indices
before

1974,
and

w
e

can
only

assum
e

that
hunted

densities
w

ere
very

low
.

H
ow

ever,
there

is
strong

anecdotal
evidence

to
support

this
assum

ption:
the

catch
rate

of
com

m
ercial

crocodile
hunters

dropped
to

zero
in

heavily
hunted

areas;rivers
thatpreviously

supported
large

num
bers

of
crocodiles

w
ere

virw
ally

crocodile
free.

ii.
P

opulation
B

ounda;y
a

n
d

Scale
o

fS
tudy.The

population
boundary

w
as

delineated
by

the
geographic

dlistribution
o

f
C.porosus

in
the

N
orthern

T
erritory,

and
included

all
m

ajor
river

system
s.

Each
river

system
w

as
treatedlas

a
discrete

population,
and

crocodiles
present

in
m

ainstream
s

and
in

the
m

ajor
side-creek

habitats
w

ere
assum

edlto
representthe

w
hole

population.
It

w
as

m
istakenly

assum
ed

that
these

habitats
contained

nearly
all

of
the

crocodiles
w

ithin
a

w
etland

river
system

.
It

w
as

also
assum

ed
that

the
crocodile

p
o

p
u

la
tions

in
the

rivers
surveyed

represented
those

in
rivers

notsurveyed.

iii.
M

easure
o

f
A

bundance.
An

appropriate
m

easure
of

abundance
w

as
chosen

—
all

crocodiles
seen

on
a

spotlight
survey

along
fixed

lengths
ofriver

or
creek.

The
totalsp

o
t

light
count

is
therefore

a
relative

index
o

f
abundance

because
not

all
crocodiles

are
seen.
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am
pling

E
rrors.

The
spotlight

counts
in

the
m

ainstream
and

m
ajorside-creeks

are
sam

ple
co

u
n

ts
because

only
a

proportion
ofthe

total
available

habitat
is

surveyed.
It

is
also

in
accurate

because
of

visibility
bias

—
not

all
crocodiles

presentduring
a

survey
are

seen.It
is

not
possible

to
calculate

the
level

of
precision

ofthese
surveys

as
counts

w
ere

not
usually

replicated
—

hence
w

e
cannot

calcu
late

a
m

ean
and

standard
error.

H
ow

ever,
w

hen
spotlight

counts
have

been
replicated

(M
esseletal.

1981;B
ayliss

etal.
1986)

a
high

precision
(low

standard
error)

w
as

usually
achieved

w
ith

a
low

num
ber

ofsam
ples.

H
ence

the
spotlight

surveys
w

ithin
the

N
orthern

T
erritory

provided
relative

indices
ofabundance

for
representative

river
system

s,
and

these
can

be
used

to
m

onitor
trends

in
crocodile

num
bers.

For
the

rivers
in

w
hich

m
ore

than
three

years
survey

data
w

ere
available,

densities
w

ere
trans

form
ed

to
naturallogarithm

s
and

regression
analysis

w
as

used
to

calculate
the

average
annualexponential

rates
of

increase
(i

p.a.)
(regression

analysis
requires

atleast3
datum

points
forsignificanttesting

w
ith

1
degree

of
freedom

).
The

results
are

sum
m

arized
in

Table
2,

and
they

indicate
that

all
populations

are
“healthy”

—
i~

is
either

positive
or

zero
and

no
populations

are
decreasing

significantly
(see

Fig.
3

for
selected

exam
ples).

Rates
ofincrease

w
hich

w
ere

found
to

be
sig

n
ific

antlv
differentfrom

zero
varied

betw
een

+
0.05

1
and

+0.072
p.a.,

indicating
an

annual
increase

of
betw

een
about5%

and
7%

respectively.The
i

for
C

porosus
w

ithin
the

N
orthern

T
erritory

as
a

w
hole

w
as

calculated
by

com
bining

allavailable
data;

itw
as

estim
ated

as
0.080

p.a.,indicating
an

annualincrease
of

approxim
ately

8%
.

If
this

average
rate

rem
ains

constant,
the

N
orthern

T
erritory

population
ofsalt

w
ater

crocodiles
can

be
expected

to
double

every
8.7

years.
H

ence,
depending

on
the

river
system

,
crocodile

populations
have

either
recovered

from
the

effects
ofsustained

hunting
for

26
years,

or
are

stillrecovering.G
iven

thatprotection
w

as
only

in
tro

duced
13

years
ago,

it
indicates

C
porosus

w
as

resilient
to

the
intensive

hunting
effort

of
the
~

LIV
E

R
P

O
O

L/T
O

M
K

IN
S

O
N

R
IV

E
R

S

3.01-

2.51-

2.0

1.5

2.0
2—

6’

0.5
78

79
80

81
82

83
84

85
86

R
egardless

of
any

potential
source

of
error

associated
w

ith
these

spotlightindices,they
stillp

ro
vide

im
portant

insights
into

the
conservation

“status”
ofC’.porosus

populations
before

and
afterprotection:

i.
U

nrestricted
com

m
ercial

hunting
severely

reduced
saltw

ater
crocodile

num
bers;

ii.
Since

protection
num

bers
of

saltw
ater

crocodiles
increased

rapidly,
exhibiting

dem
ographic

vigour;
iii.

N
o

riverine
population

surveyed
is

declining,
nor

have
crocodiles

disappeared
from

any
parto

ftheir
form

er
range;

C
rocodile

populations
therefore

seem
to

be
very

resilientto
hunting.The

response
to

protection
after

26
years

o
f

intensive,
unrestricted

exploitation
w

as
relatively

‘rapid’,
and

the
populations

did
not

irreversibly
collapse

pastsom
e

threshold
to

very
low

densities,
as

has
happened

to
m

any
com

m
ercial

fisheries.
T

heir
innate

w
ary

nature
in

com
bination

w
ith

a
hostile,

inaccessible
and

patchy
habitat,p

ro
b

ably
provided

refuges
for

partofthe
hunted

p
o

p
u

la
tion.

H
ence

a
significant

num
ber

of
anim

als
w

ere
able

to
escape

“predation”
by

hum
ans

to
provide

the
breeding

core
needed

for
recolonization

and
recovery.

R
esilience

to
habitatchanges

(e.g.dam
age

to
w

etlands
by

feral
buffalo)

is
a

m
ore

im
portant

consideration

C
orrecting

S
potlight

Indices
to

E
stim

ates
o

f
A

bsolute
N

um
bers

via
a

M
ark-R

ecapture
E

xperim
ent

W
hilststandardized

spotlightsurveys
can

p
ro

vid
e

precise
indices

of
abundance,

a
m

ajor
lim

itation
is

thatthey
are

inherently
inaccurate

because
o

fvisib
il

itv
bias;

observers
do

not
see

a
ll

the
crocodiles

on
an

average
spotlight

survey~
S

om
e

ofthe
factors

associated
w

ith
visibility

bias
are:

1.
The

density
ofvegetation

on
the

banks
or

o
ve

r
lying

the
w

ater
(Figs

4
and

5);
2.

The
w

idth
o

fa
river

or
stream

;
3.

The
num

ber
or

frequency
of

bends
in

a
stream

(sinuosity)
(Fig.

6);
4.

The
pos~~on

ofcrocodiles
(floating,subm

erged,
resting

on
the

bank,etc.)
relative

to
the

observer;
and,

5.
The

degree
of“w

ariness”
in

the
crocodiles.

M
ostim

portantis
the

relationship
betw

een
factors

1-4
and

factor
5,

the
w

ariness
of

crocodiles.
W

ebb
and

M
essel(1979)

found
that

in
C’.porosus,size

is
a

reasonably
good

index
of

w
ariness;

the
older

and
larger

crocodiles
are

usually
m

ore
w

ary
and

hence
m

ore
difficult

to
detect.

In
July

1984
w

e
conducted

an
experim

ent
to

m
easure

the
extent

o
f

visibility
bias

in
spotlight

counts
o

fC’.porosus,
in

different
habitats,

w
ithin

a

A
D

E
LA

ID
E

R
IV

E
R

Table
2.

The
average

annualexponentialrates
ofincrease

(P
p

a
)

for
crocodylusporosus

in
rivers

ofthe
N

orthern
T

erritory
thathave

been
surveyed

at
least

three
tim

es
over

a
period

o
fyears.

Raw
data

and
locations

are
in

M
esseletcii.

(1981),
W

ebb
etcii.

(1984),
and

unpublished
data.
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A
verage

rates
ofincrease

(P
pa.)

for
differentsize

classes
ofcrocod

lusporosus
in

the
Liverpool-Tom

kinS
O

n
and

A
delaide

R
ivers

system
.

Rates
ofincrease

are
calculated

by
regression

analysis.
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am
pling

E
rrors.

The
spotlight

counts
in

the
m

ainstream
and

m
ajorside-creeks

are
sam

ple
co

u
n

ts
because

only
a

proportion
ofthe

total
available

habitat
is

surveyed.
It

is
also

in
accurate

because
of

visibility
bias

—
not

all
crocodiles

presentduring
a

survey
are

seen.It
is

not
possible

to
calculate

the
level

of
precision

ofthese
surveys

as
counts

w
ere

not
usually

replicated
—

hence
w

e
cannot

calcu
late

a
m

ean
and

standard
error.

H
ow

ever,
w

hen
spotlight

counts
have

been
replicated

(M
esseletal.

1981;B
ayliss

etal.
1986)

a
high

precision
(low

standard
error)

w
as

usually
achieved

w
ith

a
low

num
ber

ofsam
ples.

H
ence

the
spotlight

surveys
w

ithin
the

N
orthern

T
erritory

provided
relative

indices
ofabundance

for
representative

river
system

s,
and

these
can

be
used

to
m

onitor
trends

in
crocodile

num
bers.

For
the

rivers
in

w
hich

m
ore

than
three

years
survey

data
w

ere
available,

densities
w

ere
trans

form
ed

to
naturallogarithm

s
and

regression
analysis

w
as

used
to

calculate
the

average
annualexponential

rates
of

increase
(i

p.a.)
(regression

analysis
requires

atleast3
datum

points
forsignificanttesting

w
ith

1
degree

of
freedom

).
The

results
are

sum
m

arized
in

Table
2,

and
they

indicate
that

all
populations

are
“healthy”

—
i~

is
either

positive
or

zero
and

no
populations

are
decreasing

significantly
(see

Fig.
3

for
selected

exam
ples).

Rates
ofincrease

w
hich

w
ere

found
to

be
sig

n
ific

antlv
differentfrom

zero
varied

betw
een

+
0.05

1
and

+0.072
p.a.,

indicating
an

annual
increase

of
betw

een
about5%

and
7%

respectively.The
i

for
C

porosus
w

ithin
the

N
orthern

T
erritory

as
a

w
hole

w
as

calculated
by

com
bining

allavailable
data;

itw
as

estim
ated

as
0.080

p.a.,indicating
an

annualincrease
of

approxim
ately

8%
.

If
this

average
rate

rem
ains

constant,
the

N
orthern

T
erritory

population
ofsalt

w
ater

crocodiles
can

be
expected

to
double

every
8.7

years.
H

ence,
depending

on
the

river
system

,
crocodile

populations
have

either
recovered

from
the

effects
ofsustained

hunting
for

26
years,

or
are

stillrecovering.G
iven

thatprotection
w

as
only

in
tro

duced
13

years
ago,

it
indicates

C
porosus

w
as

resilient
to

the
intensive

hunting
effort

of
the
~

LIV
E

R
P

O
O

L/T
O

M
K

IN
S

O
N

R
IV

E
R

S

3.01-

2.51-

2.0

1.5

2.0
2—

6’

0.5
78

79
80

81
82

83
84

85
86

R
egardless

of
any

potential
source

of
error

associated
w

ith
these

spotlightindices,they
stillp

ro
vide

im
portant

insights
into

the
conservation

“status”
ofC’.porosus

populations
before

and
afterprotection:

i.
U

nrestricted
com

m
ercial

hunting
severely

reduced
saltw

ater
crocodile

num
bers;

ii.
Since

protection
num

bers
of

saltw
ater

crocodiles
increased

rapidly,
exhibiting

dem
ographic

vigour;
iii.

N
o

riverine
population

surveyed
is

declining,
nor

have
crocodiles

disappeared
from

any
parto

ftheir
form

er
range;

C
rocodile

populations
therefore

seem
to

be
very

resilientto
hunting.The

response
to

protection
after

26
years

o
f

intensive,
unrestricted

exploitation
w

as
relatively

‘rapid’,
and

the
populations

did
not

irreversibly
collapse

pastsom
e

threshold
to

very
low

densities,
as

has
happened

to
m

any
com

m
ercial

fisheries.
T

heir
innate

w
ary

nature
in

com
bination

w
ith

a
hostile,

inaccessible
and

patchy
habitat,p

ro
b

ably
provided

refuges
for

partofthe
hunted

p
o

p
u

la
tion.

H
ence

a
significant

num
ber

of
anim

als
w

ere
able

to
escape

“predation”
by

hum
ans

to
provide

the
breeding

core
needed

for
recolonization

and
recovery.

R
esilience

to
habitatchanges

(e.g.dam
age

to
w

etlands
by

feral
buffalo)

is
a

m
ore

im
portant

consideration

C
orrecting

S
potlight

Indices
to

E
stim

ates
o

f
A

bsolute
N

um
bers

via
a

M
ark-R

ecapture
E

xperim
ent

W
hilststandardized

spotlightsurveys
can

p
ro

vid
e

precise
indices

of
abundance,

a
m

ajor
lim

itation
is

thatthey
are

inherently
inaccurate

because
o

fvisib
il

itv
bias;

observers
do

not
see

a
ll

the
crocodiles

on
an

average
spotlight

survey~
S

om
e

ofthe
factors

associated
w

ith
visibility

bias
are:

1.
The

density
ofvegetation

on
the

banks
or

o
ve

r
lying

the
w

ater
(Figs

4
and

5);
2.

The
w

idth
o

fa
river

or
stream

;
3.

The
num

ber
or

frequency
of

bends
in

a
stream

(sinuosity)
(Fig.

6);
4.

The
pos~~on

ofcrocodiles
(floating,subm

erged,
resting

on
the

bank,etc.)
relative

to
the

observer;
and,

5.
The

degree
of“w

ariness”
in

the
crocodiles.

M
ostim

portantis
the

relationship
betw

een
factors

1-4
and

factor
5,

the
w

ariness
of

crocodiles.
W

ebb
and

M
essel(1979)

found
that

in
C’.porosus,size

is
a

reasonably
good

index
of

w
ariness;

the
older

and
larger

crocodiles
are

usually
m

ore
w

ary
and

hence
m

ore
difficult

to
detect.

In
July

1984
w

e
conducted

an
experim

ent
to

m
easure

the
extent

o
f

visibility
bias

in
spotlight

counts
o

fC’.porosus,
in

different
habitats,

w
ithin

a

A
D

E
LA

ID
E

R
IV

E
R

Table
2.

The
average

annualexponentialrates
ofincrease

(P
p

a
)

for
crocodylusporosus

in
rivers

ofthe
N

orthern
T

erritory
thathave

been
surveyed

at
least

three
tim

es
over

a
period

o
fyears.

Raw
data

and
locations

are
in

M
esseletcii.

(1981),
W

ebb
etcii.

(1984),
and

unpublished
data.

R
iver/C

reek
Pp.a

R2
N

Sig.
P

eriod

A
delaide

+0.055
0.84

7
P<0.01

1977-86
A

ll-N
ight

+0.271
0.39

3
N

5
1975-79

A
ndranangoo

+0.072
0.96

5
P

<0.10
1975-84

B
aralm

inar
+0.096

0.89
3

NS
1975-84

B
ath

+0.13-1
0.74

4
N5

1972-84
B

lyth-C
adell
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0.00

13
NS

1974-86
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urungbirinung
+0.096

0.52
3

NS
1975-84
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N
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NS
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D
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NS
1975-84

D
ongau
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6
N

5
1972-84

E
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lligator
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P
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1977-85
G

lvde
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1975-84

G
obalpa

+0.075
0.83

3
NS
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NS
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1975-79
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M
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NS
1975-84

M
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4
NS
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N
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3

NS
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N
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8
NS

1975-84
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—
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3
NS
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S
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N
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Tinganoo
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NS
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W
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1977-84
W
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NS
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W
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Fig
3

A
verage

rates
ofincrease

(P
pa.)

for
differentsize

classes
ofcrocod

lusporosus
in

the
Liverpool-Tom

kinS
O

n
and

A
delaide

R
ivers

system
.

Rates
ofincrease

are
calculated

by
regression

analysis.
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tidal
river

(the
A

delaide
R

iver).
W

e
used

a
m

ark-
recapture

experim
ent

to
estim

ate
the

total
p

o
p

u
la

lion
in

each
ofthe

habitats,
and

then
quantified

the
proportion

m
issed

during
spotlight

counts.
This

allow
ed

sighting
fractions

to
be

derived
for

each
habitatw

hich
w

ere
essentially

correction
actors

for
converting

spotlight
count

indices
to

estim
ates

of
totalnum

bers.Forexam
ple,

ifw
e

saw
50%

ofcro
co

diles
on

a
spotlight

count
in

a
particular

habitat,
the

correction
factor

w
ould

be
2.0.

The
ultim

ate
objective

ofthis
experim

ent
w

as
to

obtain
a

crude
estim

ate
ofthe

totalpopulation
o

fC’.
porosus

in
the

N
orthern

T
erritory,

through
co

rre
ct

ing
spotlight

count
indices

to
absolute

estim
ates.

The
total

population
estim

ate
itselC

w
as

part
of

the
inform

ation
required

by
C

ITES
before

the
A

ustralian
population

of
c.

porosus
could

be
shifted

back
to

A
ppendix

II(W
ebb

etal.
1

9
8

4
);

ithad
been

shifted
to

A
ppendix

Iin
1979.

H
ow

ever,
the

w
hole

question
ofvisibility

bias
in

spotlightcount
indices

ofC’.porosus
w

as
in

need
of

clarification.
P

revious
to

the
experim

ent
there

w
as

little
incentive

to
accurately

m
easure

visibility
bias

because
spotlight

surveys
w

ere
thought

to
reliably

m
onitorchanges

in
abundance.H

ow
ever,the

data
of

W
ebb

and
M

essel
(1

9
7

9
)

suggest
a

strong
re

la
tio

n
ship

betw
een

body
size,w

ariness
and

thus
the

p
ro

b
ability

of
detection.

As
the

size
structure

of
the

re
covering

populations
has

been
continually

changing
in

the
direction

ofthere
being

m
ore

large
crocodiles

each
year,

size-based
correction

factors
could

be
essentialfor

interpreting
survey

results
over

tim
e.A

spotlightindex
notadjusted

for
differentialvisibility

due
to

size
w

ould
be

inconsistent
and

hence
u

n
stable

over
tim

e;
a

spotlight
index

o
fabundance

in
1972

w
ould

notnecessarily
be

com
parable

to
one

in
1984

w
hich

contained
increased

num
bers

o
flarger,

w
ary

crocodiles.
Failure

to
account

for
such

a
bias

could
lead

to
spurious

interpretations,
although

it
w

ould
further

enhance
the

recovery
show

n
on

Table

A
potential“spin-off”

from
the

experim
entrelates

to
sustained-yield

harvesting.
If

in
the

future
it

is
incorporated

into
the

m
anagem

ent
program

m
e

for
the

species,
absolute

population
estim

ates
w

ill
be

needed;
the

experim
ents

provide
the

groundw
ork

for
them

.

1.
StU

d)’
A

rea

Three
distinct

habitats
w

ere
chosen

w
ithin

the
tidal

part
of

the
A

delaide
R

iver
(upstream

,
dow

nstream
and

side-creeks),
w

hich
differed

from
each

other
in

physicaland
vegetative

characteristics.
Each

w
as

10
km

long
and

they
w

ere
chosen

because
the~’appeared

to
offer

a
range

ofcrocodile
visibility

characteristics,
from

good
to

bad
(Table

3;Fig.
7).

Table
3.

characteristics
of

the
three

study
areas

in
the

A
delaide

R
iverw

here
visibility

bias
in

counts
ofcrococlylusporosus

w
as

exam
ined.

A
ll

river
and

creek
sections

w
ere

10
km

long
(after

Bavliss
ci

a!.
1986).

V
egetation

density
(°

o
)

refers
to

the
am

ountofobstructive
vegetation

coveron
the

w
ater

and
bank,

R
iver

V
egetation

V
isibility

A
rea

W
idth

S
inuosity

D
ensity

(°
o

)
R

ank

D
ow

nstream
W

ide
Few

w
ide

50
G

ood
(10

km
length)

(100
m

)
bends

(7)
U

pstream
N

arrow
M

any
sharp

80
Bad

(10
km

length)
(50

m
)

bends
(16)

S
ide-creeks

V
er

narrow
M

anysharp
100

V
ervB

ad
(tw

o
10

km
(10-20

m
)

bends
(26)

lengths)

2.
spotlight

Indices

S
tandard

spotlight
counts

for
each

habitat
w

ere
replicated

tw
ice

on
consecutive

nights
(Table

4)
p

rio
r

to
the

m
ark-recapture

experim
ent.

In
the

upstream
river

section
w

e
lum

ped
sightings

of
C

jo
h

n
sto

n
iand

C
porosus

together.A
m

ean
spotlight

index
w

ith
high

precision
w

as
obtained

w
ith

only
tw

o
counts

in
all

habitats
(Table

4).
The

spotlight

Fig.
7.

M
ap

ofstuds’area
on

the
A

delaide
R

iver
w

here
the

m
ark-

recapture
experim

ent
w

as
undertaken

in
July

1984
(from

Bavliss
cia!.

1986).

counts
show

ed
low

num
bers

ofcrocodiles
in

each
o

f
the

tw
o

side-creeks,
hence

the
data

from
them

w
ere

pooled
and

analysed
together

(i.e.
the

population
estim

ate
refers

to
a

totalof20
km

ofside-creek).

3.
M

arking
a

n
d

R
ecapturing

C
’rocodiles

C
rocodiles

w
ere

approached
w

ith
a

spotlight
beam

held
on

theireyes.Those
longerthan

3
ftw

ere
m

arked
by

driving
a

barbed
shaft

containing
a

num
bered

plastic
cattle

tag
in

to
the

skin
ofthe

neck
(Fig.

8).The
barb

w
as

held
loosely

in
a

socketin
the

end
ofa

harpoon
pole,

and
the

tag
w

as
attached

by
jabbing

the
crocodile.

S
m

aller
crocodiles

w
ere

caught
by

hand
and

tagged
w

ith
a

w
ire

inserted
through

a
scute

on
the

neck.
S

uccessfulinsertion
of

a
tag

w
as

recorded
as

the
initialcapture.

R
ecaptures

required
that

the
crocodile

be
approached

to
a

distance
p

e
rm

ittlg
the

tag
num

ber
to

be
read,

w
hich

w
as

equivalent
to

that
required

to
insert

the
tag.

If
a

crocodile
could

not
be

captured
or

re
captured

on
the

firstattem
pt,

itw
as

left.C
aptures

and
recaptures

w
ere

recorded
throughout

the
tidal

cycle,
and

observers
estim

ated
the

size
o

f
each

crocodile
m

arked
or

recaptured.

4.
R

ecapture
Statistics

The
recapture

statistics
are

sum
m

arized
in

Table
5.

There
w

ere
a

total
of

11
sessions

in
the

dow
nstream

river
section,

seven
in

the
upstream

river
section,

and
six

in
the

side-creeks:
all

in
three

nights
over

a
period

of
seven

days.
The

im
portant

pointto
em

phasize
in

this
table

is
the

high
recapture

rates
in

allhabitats.

Fig.
4.

In
tidalrivers,C

m
coc/t’lusporO

S
t/s

thatare
notw

ary
and

are
in

shallow
w

ater
at

the
edge

of
the

bank,
can

be
approached

closely.
2.

F
ig.

6.
H

ighly
sinuous

tidal
side—

creeks
off

the
A

delaide
R

iver
m

ainstream
,

N
.T.

F
ig.

5.
cro

co
d

~
’lu

s
porosus

am
ongst

vegetation
on

the
banks

in
tidalrivers

are
m

ore
difficultto

detect
in

spotlightsurveys.
F

ig.
8.

Tags
used

for
m

arking
differentsized

crocodylusporosus
during

a
m

ark-recapture
experim

ent:
hatchlings

(right);
anim

als
<

3
’

long
(left);

anim
als

>
3

’
long

(centre).

Table
4.

M
ean

spotlight
count

indices
for

crocod~’lusporosus
in

each
of

the
study

areas
on

the
A

delaide
R

iver.
E

rrors
are

standard
errors

(SE).
C

i’ocodi’lus
j’obnstoniand

anim
als

sighted
as

“eyes
only”

are
tabled

separately.

S
tudy

Index
Index

M
ean

±5E
M

ean
M

ean
Area

night1
night2

index
(%

)
“eyes

only”
c.jobnstoni

D
ow

nstream
88

89
88.5

0.5(0.6)
12

0

U
pstream

31
33

32.0
1.0(3.1)

9
5

cre
e

ks(N
=

2
)

30
31

30.5
0.5(1.6)

0
0
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tidal
river

(the
A

delaide
R

iver).
W

e
used

a
m

ark-
recapture

experim
ent

to
estim

ate
the

total
p

o
p

u
la

lion
in

each
ofthe

habitats,
and

then
quantified

the
proportion

m
issed

during
spotlight

counts.
This

allow
ed

sighting
fractions

to
be

derived
for

each
habitatw

hich
w

ere
essentially

correction
actors

for
converting

spotlight
count

indices
to

estim
ates

of
totalnum

bers.Forexam
ple,

ifw
e

saw
50%

ofcro
co

diles
on

a
spotlight

count
in

a
particular

habitat,
the

correction
factor

w
ould

be
2.0.

The
ultim

ate
objective

ofthis
experim

ent
w

as
to

obtain
a

crude
estim

ate
ofthe

totalpopulation
o

fC’.
porosus

in
the

N
orthern

T
erritory,

through
co

rre
ct

ing
spotlight

count
indices

to
absolute

estim
ates.

The
total

population
estim

ate
itselC

w
as

part
of

the
inform

ation
required

by
C

ITES
before

the
A

ustralian
population

of
c.

porosus
could

be
shifted

back
to

A
ppendix

II(W
ebb

etal.
1

9
8

4
);

ithad
been

shifted
to

A
ppendix

Iin
1979.

H
ow

ever,
the

w
hole

question
ofvisibility

bias
in

spotlightcount
indices

ofC’.porosus
w

as
in

need
of

clarification.
P

revious
to

the
experim

ent
there

w
as

little
incentive

to
accurately

m
easure

visibility
bias

because
spotlight

surveys
w

ere
thought

to
reliably

m
onitorchanges

in
abundance.H

ow
ever,the

data
of

W
ebb

and
M

essel
(1

9
7

9
)

suggest
a

strong
re

la
tio

n
ship

betw
een

body
size,w

ariness
and

thus
the

p
ro

b
ability

of
detection.

As
the

size
structure

of
the

re
covering

populations
has

been
continually

changing
in

the
direction

ofthere
being

m
ore

large
crocodiles

each
year,

size-based
correction

factors
could

be
essentialfor

interpreting
survey

results
over

tim
e.A

spotlightindex
notadjusted

for
differentialvisibility

due
to

size
w

ould
be

inconsistent
and

hence
u

n
stable

over
tim

e;
a

spotlight
index

o
fabundance

in
1972

w
ould

notnecessarily
be

com
parable

to
one

in
1984

w
hich

contained
increased

num
bers

o
flarger,

w
ary

crocodiles.
Failure

to
account

for
such

a
bias

could
lead

to
spurious

interpretations,
although

it
w

ould
further

enhance
the

recovery
show

n
on

Table

A
potential“spin-off”

from
the

experim
entrelates

to
sustained-yield

harvesting.
If

in
the

future
it

is
incorporated

into
the

m
anagem

ent
program

m
e

for
the

species,
absolute

population
estim

ates
w

ill
be

needed;
the

experim
ents

provide
the

groundw
ork

for
them

.

1.
StU

d)’
A

rea

Three
distinct

habitats
w

ere
chosen

w
ithin

the
tidal

part
of

the
A

delaide
R

iver
(upstream

,
dow

nstream
and

side-creeks),
w

hich
differed

from
each

other
in

physicaland
vegetative

characteristics.
Each

w
as

10
km

long
and

they
w

ere
chosen

because
the~’appeared

to
offer

a
range

ofcrocodile
visibility

characteristics,
from

good
to

bad
(Table

3;Fig.
7).

Table
3.

characteristics
of

the
three

study
areas

in
the

A
delaide

R
iverw

here
visibility

bias
in

counts
ofcrococlylusporosus

w
as

exam
ined.

A
ll

river
and

creek
sections

w
ere

10
km

long
(after

Bavliss
ci

a!.
1986).

V
egetation

density
(°

o
)

refers
to

the
am

ountofobstructive
vegetation

coveron
the

w
ater

and
bank,

R
iver

V
egetation

V
isibility

A
rea

W
idth

S
inuosity

D
ensity

(°
o

)
R

ank

D
ow

nstream
W

ide
Few

w
ide

50
G

ood
(10

km
length)

(100
m

)
bends

(7)
U

pstream
N

arrow
M

any
sharp

80
Bad

(10
km

length)
(50

m
)

bends
(16)

S
ide-creeks

V
er

narrow
M

anysharp
100

V
ervB

ad
(tw

o
10

km
(10-20

m
)

bends
(26)

lengths)

2.
spotlight

Indices

S
tandard

spotlight
counts

for
each

habitat
w

ere
replicated

tw
ice

on
consecutive

nights
(Table

4)
p

rio
r

to
the

m
ark-recapture

experim
ent.

In
the

upstream
river

section
w

e
lum

ped
sightings

of
C

jo
h

n
sto

n
iand

C
porosus

together.A
m

ean
spotlight

index
w

ith
high

precision
w

as
obtained

w
ith

only
tw

o
counts

in
all

habitats
(Table

4).
The

spotlight

Fig.
7.

M
ap

ofstuds’area
on

the
A

delaide
R

iver
w

here
the

m
ark-

recapture
experim

ent
w

as
undertaken

in
July

1984
(from

Bavliss
cia!.

1986).

counts
show

ed
low

num
bers

ofcrocodiles
in

each
o

f
the

tw
o

side-creeks,
hence

the
data

from
them

w
ere

pooled
and

analysed
together

(i.e.
the

population
estim

ate
refers

to
a

totalof20
km

ofside-creek).

3.
M

arking
a

n
d

R
ecapturing

C
’rocodiles

C
rocodiles

w
ere

approached
w

ith
a

spotlight
beam

held
on

theireyes.Those
longerthan

3
ftw

ere
m

arked
by

driving
a

barbed
shaft

containing
a

num
bered

plastic
cattle

tag
in

to
the

skin
ofthe

neck
(Fig.

8).The
barb

w
as

held
loosely

in
a

socketin
the

end
ofa

harpoon
pole,

and
the

tag
w

as
attached

by
jabbing

the
crocodile.

S
m

aller
crocodiles

w
ere

caught
by

hand
and

tagged
w

ith
a

w
ire

inserted
through

a
scute

on
the

neck.
S

uccessfulinsertion
of

a
tag

w
as

recorded
as

the
initialcapture.

R
ecaptures

required
that

the
crocodile

be
approached

to
a

distance
p

e
rm

ittlg
the

tag
num

ber
to

be
read,

w
hich

w
as

equivalent
to

that
required

to
insert

the
tag.

If
a

crocodile
could

not
be

captured
or

re
captured

on
the

firstattem
pt,

itw
as

left.C
aptures

and
recaptures

w
ere

recorded
throughout

the
tidal

cycle,
and

observers
estim

ated
the

size
o

f
each

crocodile
m

arked
or

recaptured.

4.
R

ecapture
Statistics

The
recapture

statistics
are

sum
m

arized
in

Table
5.

There
w

ere
a

total
of

11
sessions

in
the

dow
nstream

river
section,

seven
in

the
upstream

river
section,

and
six

in
the

side-creeks:
all

in
three

nights
over

a
period

of
seven

days.
The

im
portant

pointto
em

phasize
in

this
table

is
the

high
recapture

rates
in

allhabitats.

Fig.
4.

In
tidalrivers,C

m
coc/t’lusporO

S
t/s

thatare
notw

ary
and

are
in

shallow
w

ater
at

the
edge

of
the

bank,
can

be
approached

closely.
2.

F
ig.

6.
H

ighly
sinuous

tidal
side—

creeks
off

the
A

delaide
R

iver
m

ainstream
,

N
.T.

F
ig.

5.
cro

co
d

~
’lu

s
porosus

am
ongst

vegetation
on

the
banks

in
tidalrivers

are
m

ore
difficultto

detect
in

spotlightsurveys.
F

ig.
8.

Tags
used

for
m

arking
differentsized

crocodylusporosus
during

a
m

ark-recapture
experim

ent:
hatchlings

(right);
anim

als
<

3
’

long
(left);

anim
als

>
3

’
long

(centre).

Table
4.

M
ean

spotlight
count

indices
for

crocod~’lusporosus
in

each
of

the
study

areas
on

the
A

delaide
R

iver.
E

rrors
are

standard
errors

(SE).
C

i’ocodi’lus
j’obnstoniand

anim
als

sighted
as

“eyes
only”

are
tabled

separately.

S
tudy

Index
Index

M
ean

±5E
M

ean
M

ean
Area

night1
night2

index
(%

)
“eyes

only”
c.jobnstoni

D
ow

nstream
88

89
88.5

0.5(0.6)
12

0

U
pstream

31
33

32.0
1.0(3.1)

9
5

cre
e

ks(N
=

2
)

30
31

30.5
0.5(1.6)

0
0
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Table
5.

A
sum

m
ary

ofthe
capture

and
recapture

statistics
obtained

during
a

m
ark-recapture

study
ofcrocodylusporO

S
us:n

=
num

ber
in

the
sam

ple;m
=

num
ber

recaptured;)’
=

recapture
rate;and,u

the
num

ber
ofunidentified

tags
(after

B
ayliss

etal.
1986).

Session
D
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U
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n
in

y
a

D
ate

0
in

V
a

D
ate

it
D

ate
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22/7
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Table
6.

The
~

values
testing

the
goodness

offit
o

fthe
observed

crocodj’lusporosus
recapture

frequencies
to

a
zero-truncated

Poisson
distribution

and
to

a
zero-truncated

geom
etric

distribution,
for

allstudy
sites.

M
ean

recapture
rates

(,eJ
and

num
ber

ofsam
pling

sessions
(N

)
are

included
(after

B
avliss

etal.
1986).

S
ignificance

M
ean

recapture
N

um
berof

A
rea/M

odel
c/f

(p)
rate(~)

sessions
N

PO
ISSO

N
D

ow
nstream

9.33
6

p
<

0
1

0
3.33

12
U

pstream
1.66

2
p<O
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1.89

7
S

ide-creeks
2,44

2
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E
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D

ow
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10.10
6

p<O
.lO

3.33
asabo~-e

U
pstream

2.20
2

p<O
.25
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as

above
S

ide-creeks
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2
p

<
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0
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as

above

4
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-
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W
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R
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A
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5.
S

ources
o

f
E

xperim
ental

B
ias

There
are

three
im

portant
sources

of
bias

that
could

affect
the

population
estim

ates
derived

from
the

m
ark-recapture

data,depending
on

w
hich

p
o

p
u

lation
m

odel
w

e
choose

to
analyse

it
w

ith.
W

e
attem

pted
to

accountforthem
in

the
follow

ing
w

ays:

i.M
ovem

entinto
o

routo
fthe

study
area.O

bserv
ers

w
ith

pow
erful

spotlights
w

ere
placed

at
both

ends
o

f
the

dow
nstream

river
section

and
at

the
m

ouths
of

the
tw

o
side-creeks,

to
m

onitor
m

ove
m

ents
o

fcrocodiles
into

and
outoftile

study
areas.

As
an

added
precaution,a

5
km

bufferzone
on

either
side

o
feacilsection

w
as

searched
for

m
arked

cro
co

diles
during

or
after

each
session.

The
sm

all
num

ber
of

crocodiles
in

tile
dow

nstream
river

section
that

m
oved

out
of

the
study

area
in

one
night

approxim
ately

equalled
the

num
berthatm

oved
ill(eigiltand

nine
crocodiles

for
nigllts

1
and

2
respectively

m
oved

in,nine
and

seven
crocodiles

for
nights

1
and

2
respectively

nloved
O

ut).
There

w
as

no
positive

sightings
oftags

on
any

crocodiles
thatm

oved
O

ut,and
norw

ere
any

tagged
crocodiles

detected
in

the
5

km
buffer

zones.
W

e
assum

e
from

these
results

that
m

ovem
ent

w
as

a
trivialeventand

thatany
possible

bias
011

tile
m

ark-
recapture

population
estim

ates
w

ould
be

in
sig

n
ifi

cant.ii.
Tag

Loss.
Five

large
crocodiles

w
ere

double-
tagged

to
provide

a
m

easure
of

tag
loss.

H
ow

ever,
none

ofthese
anim

als
losta

tag
during

tile
silorttim

e
interval

o
f

tile
study.

N
o

sm
all

crocodiles
w

ere
double-tagged,

butas
each

one
w

as
tagged

by
hand,

anditagged
anim

als
w

ere
sighted

tilree
w

eeks
later;

w
e

assum
ed

no
loss.

iii.
E

qual
catclaability.

A
n

im
portant

assum
ption

of
m

ost
nlark-recapture

m
odels

used
to

estim
ate

population
size

is
thatallanim

als
are

equally
catch-

able.
W

e
exam

ined
our

data
for

signs
of

unequal
catcilability

by
testing

forsignificantdeviations
from

tile
observed

recapture
frequencies

and
tile

expected
frequencies

generated
by

the
zero-

truncated
Poisson,

geom
etric

and
negative

binom
ialdistributions

(S
eber

1973;
C

aughiey
1977;

3
.0

~

2
.0

-

H

U
P

S
TR

E
A

M

7I

see
A

ppendix
II).

Zero-truncated
m

eans
thatthe

d
is

tribution
ofrecapture

frequences
does

notinclude
a

zero
class,

i.e.
the

frequency
of

those
anim

als
that

w
ere

notcaugilt.W
e

used
the

x2
testforsignificance.

If
tile

recapture
frequencies

(110w
m

any
tim

es
illdividuals

w
ere

recaught)
can

be
significantly

rejected
(P

<O
.05)

from
a

P
oisson

m
odelthen

tilis
is

a
strong

argunlent
in

favour
ofunequalcatcilability

betw
een

individuals.
If

it
cannot

be
significantly

rejected
(P

>
O

.05)
tile

resultis
consistentw

ith
equal

catchability,
although

a
non-significant

result
is

really
am

biguous.T
ile

results
(Table

6)w
ere

notsig
m

ficant
for

all
tilree

habitats,
and

this
favours

tile
assum

ption
ofequalcatchability.

If
the

recapture
frequencies

can
be

significantly
rejected

from
either

of
the

other
tw

o
m

odels
tilen

this
strengthens

the
assum

ption
of

equal
catch-

ability.
T

ile
negative

binom
ial

m
odel

w
as

rejected
for

tile
recapture

data
in

all
tilree

habitats.
T

ile
geom

etric
m

odel(Table
6)w

as
significantly

rejected
for

the
side-creek

recapture
data,

indicating
equal

catchability,
but

not
for

the
upstream

and
diow

nstreanl
habitats.

This
favours

unequal
catch-

ability
in

those
tw

o
habitats.

O
verall,the

results
are

anlbiguouS
.Tilese

conven
tional

tests
for

equal
catcilabilit

w
ere

inconsistent
and

ilence
inadequate.

O
n

tile
assum

ption
that

size-related
w

aritless
w

ould
be

tile
m

ain
contributing

factor
to

unequal
catchability

betw
een

inchvicluais,w
e

based
a

furtiler
e

xa
m

in
a

tio
n

o
f

equal
catchability

011
a

one-factor
analysis

ofvariance
(A

N
O

V
A

)
o

fn~ean
recapture

rate
by

1-footsize
classes

(Fig.
9).The

recapture
rates

of
crocodiles

ill
tile

clow
nstreanl

area
va

rie
d

s
ig

tlifi
cantlv

betw
een

1-footsize
classes,

w
ith

m
ost

of
tills

difference
being

attributable
to

crocodiles
greater

than
6’.

H
ow

ever,
variability

in
recapture

rates
w

ithin
1-foot

size
classes

accounted
for

82%
ofthe

total
variallce,

also
indicating

unequal
catchability

w
itilillthe

population
as

a
w

ilole.

The
recapture

variability
w

ithin
1-footsize

classes
w

as
also

large
in

tile
upstream

habitat,and
illtile

tw
o

side-creeks,
b

u
t

tile
m

ean
re

ca
p

tu
re

rates
betw

een

1
2

3
4

5
+

1
2

3
4

5
6

S
ID

E
C

R
E

E
K

S

3
.0

’

2
.0

’

1
.0

’

7
8

9
1

0
+

S
IZE

C
LA

S
S

4
5I

1
2

3
4

5
6

+

S
IZ

E
C

LA
S

S

54g.9.
M

ean
recapture

rate
ofci-ocodvlusporosus

in
1’size

classes,for
three

study
area.s

w
ithin

the
A

delaide
R

iver,July
1984

(from
Bavliss

etal.1986).V
erticalbars

are
standard

errors;
num

bers
are

sam
ple

sizes.

1-foot
size

classes
w

e
re

n
o

t
sig

n
ifica

n
tly

d
iffe

re
n

t
(a

lth
o

u
g

h
a

dow
nw

ard
tre

n
d

ill
m

ean
re

ca
p

tu
re

rates
w

ith
increasing

size
is

apparentin
tile

upstream
area;

Fig.
9).

T
aken

together,
tile

results
suggest

that
standard

capture-recapture
m

odels
m

ay
be

a
p

p
ro

p
ria

te
fo

r
the

upstream
rive

r
and

side-creek
habitats,

b
u

t
a

n
lo

d
e

l
tila

t
accounts

fo
r

unequal
ca

tch
a

b
ility

m
ay

be
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capture

and
recapture

statistics
obtained

during
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=
num

ber
in

the
sam

ple;m
=

num
ber

recaptured;)’
=

recapture
rate;and,u

the
num

ber
ofunidentified

tags
(after

B
ayliss

etal.
1986).
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The
~

values
testing

the
goodness
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o
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observed

crocodj’lusporosus
recapture

frequencies
to

a
zero-truncated

Poisson
distribution

and
to

a
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distribution,
for

allstudy
sites.

M
ean

recapture
rates

(,eJ
and

num
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pling

sessions
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are

included
(after

B
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etal.
1986).
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S

ources
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f
E

xperim
ental

B
ias

There
are

three
im

portant
sources

of
bias

that
could

affect
the

population
estim

ates
derived

from
the

m
ark-recapture

data,depending
on

w
hich

p
o

p
u

lation
m

odel
w

e
choose

to
analyse

it
w

ith.
W

e
attem

pted
to

accountforthem
in

the
follow

ing
w

ays:

i.M
ovem

entinto
o

routo
fthe

study
area.O

bserv
ers

w
ith

pow
erful

spotlights
w

ere
placed

at
both

ends
o

f
the

dow
nstream

river
section

and
at

the
m

ouths
of

the
tw

o
side-creeks,

to
m

onitor
m

ove
m

ents
o

fcrocodiles
into

and
outoftile

study
areas.

As
an

added
precaution,a

5
km

bufferzone
on

either
side

o
feacilsection

w
as

searched
for

m
arked

cro
co

diles
during

or
after

each
session.

The
sm

all
num

ber
of

crocodiles
in

tile
dow

nstream
river

section
that

m
oved

out
of

the
study

area
in

one
night

approxim
ately

equalled
the

num
berthatm

oved
ill(eigiltand

nine
crocodiles

for
nigllts

1
and

2
respectively

m
oved

in,nine
and

seven
crocodiles

for
nights

1
and

2
respectively

nloved
O

ut).
There

w
as

no
positive

sightings
oftags

on
any

crocodiles
thatm

oved
O

ut,and
norw

ere
any

tagged
crocodiles

detected
in

the
5

km
buffer

zones.
W

e
assum

e
from

these
results

that
m

ovem
ent

w
as

a
trivialeventand

thatany
possible

bias
011

tile
m

ark-
recapture

population
estim

ates
w

ould
be

in
sig

n
ifi

cant.ii.
Tag

Loss.
Five

large
crocodiles

w
ere

double-
tagged

to
provide

a
m

easure
of

tag
loss.

H
ow

ever,
none

ofthese
anim

als
losta

tag
during

tile
silorttim

e
interval

o
f

tile
study.

N
o

sm
all

crocodiles
w

ere
double-tagged,

butas
each

one
w

as
tagged

by
hand,

anditagged
anim

als
w

ere
sighted

tilree
w

eeks
later;

w
e

assum
ed

no
loss.

iii.
E

qual
catclaability.

A
n

im
portant

assum
ption

of
m

ost
nlark-recapture

m
odels

used
to

estim
ate

population
size

is
thatallanim

als
are

equally
catch-

able.
W

e
exam

ined
our

data
for

signs
of

unequal
catcilability

by
testing

forsignificantdeviations
from

tile
observed

recapture
frequencies

and
tile

expected
frequencies

generated
by

the
zero-

truncated
Poisson,

geom
etric

and
negative

binom
ialdistributions

(S
eber

1973;
C

aughiey
1977;

3
.0

~

2
.0

-

H

U
P

S
TR

E
A

M

7I

see
A

ppendix
II).

Zero-truncated
m

eans
thatthe

d
is

tribution
ofrecapture

frequences
does

notinclude
a

zero
class,

i.e.
the

frequency
of

those
anim

als
that

w
ere

notcaugilt.W
e

used
the

x2
testforsignificance.

If
tile

recapture
frequencies

(110w
m

any
tim

es
illdividuals

w
ere

recaught)
can

be
significantly

rejected
(P

<O
.05)

from
a

P
oisson

m
odelthen

tilis
is

a
strong

argunlent
in

favour
ofunequalcatcilability

betw
een

individuals.
If

it
cannot

be
significantly

rejected
(P

>
O

.05)
tile

resultis
consistentw

ith
equal

catchability,
although

a
non-significant

result
is

really
am

biguous.T
ile

results
(Table

6)w
ere

notsig
m

ficant
for

all
tilree

habitats,
and

this
favours

tile
assum

ption
ofequalcatchability.

If
the

recapture
frequencies

can
be

significantly
rejected

from
either

of
the

other
tw

o
m

odels
tilen

this
strengthens

the
assum

ption
of

equal
catch-

ability.
T

ile
negative

binom
ial

m
odel

w
as

rejected
for

tile
recapture

data
in

all
tilree

habitats.
T

ile
geom

etric
m

odel(Table
6)w

as
significantly

rejected
for

the
side-creek

recapture
data,

indicating
equal

catchability,
but

not
for

the
upstream

and
diow

nstreanl
habitats.

This
favours

unequal
catch-

ability
in

those
tw

o
habitats.

O
verall,the

results
are

anlbiguouS
.Tilese

conven
tional

tests
for

equal
catcilabilit

w
ere

inconsistent
and

ilence
inadequate.

O
n

tile
assum

ption
that

size-related
w

aritless
w

ould
be

tile
m

ain
contributing

factor
to

unequal
catchability

betw
een

inchvicluais,w
e

based
a

furtiler
e

xa
m

in
a

tio
n

o
f

equal
catchability

011
a

one-factor
analysis

ofvariance
(A

N
O

V
A

)
o

fn~ean
recapture

rate
by

1-footsize
classes

(Fig.
9).The

recapture
rates

of
crocodiles

ill
tile

clow
nstreanl

area
va

rie
d

s
ig

tlifi
cantlv

betw
een

1-footsize
classes,

w
ith

m
ost

of
tills

difference
being

attributable
to

crocodiles
greater

than
6’.

H
ow

ever,
variability

in
recapture

rates
w

ithin
1-foot

size
classes

accounted
for

82%
ofthe

total
variallce,

also
indicating

unequal
catchability

w
itilillthe

population
as

a
w

ilole.

The
recapture

variability
w

ithin
1-footsize

classes
w

as
also

large
in

tile
upstream

habitat,and
illtile

tw
o

side-creeks,
b

u
t

tile
m

ean
re

ca
p

tu
re

rates
betw

een

1
2

3
4

5
+

1
2

3
4

5
6

S
ID

E
C

R
E

E
K

S

3
.0

’

2
.0

’

1
.0

’

7
8

9
1

0
+

S
IZE

C
LA

S
S

4
5I

1
2

3
4

5
6

+

S
IZ

E
C

LA
S

S

54g.9.
M

ean
recapture

rate
ofci-ocodvlusporosus

in
1’size

classes,for
three

study
area.s

w
ithin

the
A

delaide
R

iver,July
1984

(from
Bavliss

etal.1986).V
erticalbars

are
standard

errors;
num

bers
are

sam
ple

sizes.

1-foot
size

classes
w

e
re

n
o

t
sig

n
ifica

n
tly

d
iffe

re
n

t
(a

lth
o

u
g

h
a

dow
nw

ard
tre

n
d

ill
m

ean
re

ca
p

tu
re

rates
w

ith
increasing

size
is

apparentin
tile

upstream
area;

Fig.
9).

T
aken

together,
tile

results
suggest

that
standard

capture-recapture
m

odels
m

ay
be

a
p

p
ro

p
ria

te
fo

r
the

upstream
rive

r
and

side-creek
habitats,

b
u

t
a

n
lo

d
e

l
tila

t
accounts

fo
r

unequal
ca

tch
a

b
ility

m
ay

be
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m
ore

appropriate
for

the
dow

nstream
river

section.
H

ow
ever,

M
agnusson

et
al.

(1978)
found

that
unequal

catchability
does

not
necessarily

bias
a

P
etersen

population
estim

ate.

6.
S

ighting
Fractions,

C
orrection

Factors
a

n
d

P
opulation

E
stim

ates

A
llm

ark-recapture
data

w
ere

analysed
using

four
different

m
odels

(Table
7),

each
w

ith
their

ow
n

strengths
and

w
eaknesses

(see
A

ppendix
II).

These
are

the
P

etersen
E

stim
ate,

as
m

odified
by

B
ailey

(1951,
1952),

S
chum

acher’s
M

ethod,
the

jolly-S
eber

M
ethod,

and
Frequency

ofC
apture

M
odels.

A
series

ofpopulation
estim

ates
w

ere
calculated

for
allavail

able
sessions,for

allm
odels,forallhabitats.Foreach

m
odel,a

one-factorA
N

O
V

A
indicated

thatsuccessive
population

estim
ates

w
ere

not
significantly

different.
H

ence
a

m
ore

precise
estim

ate
w

as
obtained

for
each

m
odel

by
averaging

allestin~ates
and

m
erging

the
variances

(A
ppendix

II).
These

estim
ates

could
be

biased
because

ofthe
absence

of
independence

betw
een

successive
m

ark-recapture
estim

ates.
H

ow
ever,

C
aughley

and
G

rice
(1982)

show
thatlack

ofindependence
does

notnecessarily
bias

population
estim

ates
derived

from
the

Petersen
M

odel
if

the
capture

probabilities
are

greater
than

0.45.
In

fact
the

population
estim

ates
from

all
m

ethods
(Table

7)
are

very
sim

ilar
and

the
standard

errors
associated

w
ith

them
are

low
.

The
average

sighting
fraction

for
each

study
area,

and
the

resulting
correction

factors,w
ere

estim
ated

by
com

paring
the

population
estim

ates
w

ith
the

m
ean

spotlight
indices.

The
spotlight

indices
included

the
num

ber
of‘eyes

only”
sightings,w

hilst
all

recapture
analyses

excluded
them

,
because

they
obviously

could
not

be
classed

as
tagged

or
u

n
tagged:these

crocodiles
w

ere
assum

ed!to
have

been
partofthe

unseen
population

in
each

session.

The
average

sighting
fractions

reflected
the

d
iffe

r
ences

in
visibility

ofcrocodiles
in

each
habitat.

The
m

ore
structurally

com
plex

the
habitat,

the
less

the
chance

of
detecting

crocodiles;
there

isa
very

low
probability

of
detecting

crocodiles
in

m
angrove-

lined,
narrow

,
highly

sinuous
side-creeks.

An
im

portant
consideration

w
hen

assessing
these

data
is

the
high

recapture
rates

thatw
ere

obtained
in

each
habitat.

[n
reality,

this
fact

alone
is

likely
to

o
ve

r
w

helm
m

inor
violations

of
m

ost
assum

ptions
associated

w
ith

each
m

odel.

7.
Size-based

C
orrection

Factors

The
sighting

fractions
previously

estim
ated

are
an

average
for

each
population

at
the

tim
e

of
survey.

A
ccordingly,

their
application

is
lim

ited
to

popula
tions

w
ith

the
sam

e
size

structure
and

w
ith

the
sam

e
levels

ofinherentw
ariness.To

develop
a

size-based
sighting

fraction
for

each
habitat

w
e

exam
ined

the
relationship

betw
een

detection
and

cro
co

d
ile

size
using

the
dow

nstream
recapture

data
w

hich
involved

the
largestnum

bers
ofanim

als.W
e

use
the

geom
etric

probability
of

capture
at

least
once

(q)
(see

A
ppendix

II),
because

a
previous

analysis
(Fig.

9)
had

already
dem

onstrated
unequal

catchability
betw

een
and

w
ithin

1-foot
size

classes.

The
probability

of
capture

varies
relatively

little
for

crocodiles
less

than
6’

(Fig.
10),

but
drops

p
re

cipitously
after

that.
W

e
fitted

a
second-order

polynom
ial

curve
to

the
data

to
p

re
d

ict
size-based

sighting
fractions

and
their

appropriate
correction

factors
(Table

8).

8.
S

um
m

ary

The
results

of
the

m
ark-recapture

experim
ent

indicate
thatgreat

caution
needs

to
be

exercised
in

extrapolating
sighting

fractions
derived

from
one

habitatand
one

population,w
ith

agiven
age-size

cbs
tribution,

to
other

habitats
and

other
populations.

S
IZ

E
C

L
A

S
S

Fig.
10.

The
geom

etric
probability

~q)ofcapture
atleastonce

for
1’

size
classes

(s~
of

crocod)’lus
j)0

1
0

S
1

/S
in

the
dow

nstream
section

ofthe
A

delaide
R

iver,July
1984.

q
0.613

+
0.09-iS

-0.01552(r
=

0.89,n
=

l0,p<
0.001).

(F
rom

Bavliss
etal,

1986).

Table
8.

S
ize-specific

C
orrection

factors
(C

F
)

for
scaling

spotlight
co

u
n

ts
in

tidal
rivers

to
absolute

counts
o

fthe
total

‘sight-
able

p
o

p
u

la
tio

n
.
II

=
hatchlings,p

=
the

probability
of

being
sighted

on
any

one
survey

(W
ebb

cicii.
1984)

(see
Fig.

10).

S
izeclass

p
C

F

1-2(11)
0.693

1.4-3
2-3’

0
.-5

1.3-i2
3--i’

0.~69
1.300

-1-5’
0.~65

1.307
5-6’

0.’33
1.364

6-”
0.673

1.486
‘-8’

0.585
1.709

8-9’
0.469

2.132
9-10’

0.325
3.0~

10’+
0.153

6.536

A
C

om
parison

o
f

H
elicopter

a
n

d
S

potlight
C

ounts

S
potlightsurveys

from
boats

have
otherm

ajord
is

advantages
besides

inherentvisibility
bias.They

are
tim

e
consum

ing,
expensive,

often
dangerous,

and
are

by
necessity

re~tricted
to

habitats
thatallow

easy
boataccess.There

are
huge

slabs
ofpotentialcro

co
dile

habitat
in

the
N

orthern
T

erritory
that

have
not

been
surveyed

due
to

poor
or

im
possible

boat
access.

In
an

attem
pt

to
overcom

e
these

problem
s

w
e

exam
ined

tile
feasibility

of
using

helicopters
to

count
crocodiles

in
tidial

aild
fresllw

ater
w

etlands
during

tile
day,and

com
pared

tile
results

to
spotligllt

surveys
by

boat
in

term
s

of
cost

and
suitability

for
extensive

sui-x’e~’s
ofcrocodile

habitat.

V
isibility

bias
is

also
inherentin

aerialsurveys,but
ilere

w
e

are
only

conceriled
w

ith
obtaining

a
reliable

relationship
betw

een
spotlight

and
h

e
li

coptercounts
for

tile
ixirpose

o
fm

onitoring
p

o
p

u
la

tio
n

trelldis
over

tim
e.

If
such

a
relationship

exists,

then
tile

results
ofthe

m
ark-recapture

experim
ent

m
ay

also
be

cautiously
applied

to
helicopter

counts
to

im
prove

their
accu

racy.

1.
C

’alibration
o

f
S

potlight
a

n
d

H
elicopter

C
ounts
C

rocodliles
w

ere
counted

during
low

tide
from

a
Jet

R
anger

(B
ell

506)
in

a
40

km
section

of
m

ainstreanl
and

in
four

tidalside-creeks,
allw

ithin
tile

A
delaidie

R
iver.

These
counts

w
ere

m
atched

to
recentspotlightcounts

atspring
low

tide
illtile

sam
e

areas
(Fig.

11
illustrates

tile
m

ainstream
habitat

type).

Fig
11.

C
rococi~’lus

porosus
as

seen
from

a
helicopter

in
the

A
delaide

R
iver,

N
T.

The
river

m
ainstream

w
as

surveyed
tw

ice
by

helicopter,
once

during
a

spring
low

tide
and

again
during

a
neap

low
tide

to
test

tile
re

la
tio

n
sh

ip
betw

een
visib

ility
anditile

state
o

ftidle
(tile

a
m

o
u

n
to

f
exposed

m
u

d
bank;

M
esselcia!.

(1981).
A

constant
survey

h
e

ig
h

t
(20

in
)

and
speed

(93
km

il~
)

w
ere

m
aintailledi

100
in

tow
ards

m
idstreanl

along
one

bank.
C

rocodile
densities

w
ere

silllila
r

O
D

b
o

th
banks,

but
tilis

relationship
does

not
necessarily

hold!
fo

r
o

th
e

r
parts

o
ftile

rive
r,

n
o

r
fo

r
o

th
e

r
rivers.

O
ther

effects
on

tile
visib

ility
o

fcro
co

d
ile

s
could!

n
o

t
be

com
pletely

standardized.
T

ile
effects

ofam
bient

tem
perature

on
crocodlile

basking
beilaviour

and
hence

visib
ility

are
unknow

n.
Tem

peratures
w

ere
co

o
l

diuring
tile

sp
rin

g
tidie

survey
(18°C

)
and

w
a

rn
l

d
u

rin
g

tile
neap

tid
e

survey
(27°C

).

wDI0.C)U0>
-

-I00.

2
3

4
5

6
7

8
9

1
0

+

Table
7

A
sum

m
ao

of
the

total
population

estim
ate

OVJ
of

C
rocodj’luspO

rO
S

U
S

in
each

study
area,

generated
by

each
m

odel,
and

the
estim

ated
correction

factors
(~F~

derived
from

the
sighting

fractions
(P

)
needed

to
correct

spotlight
indices

to
totalpopulations.

SE
=

standard
error;

E
O

refers
to

anim
als

sighted
as

“eyes
only”.

M
odel

S
tudy

Area
N

S
E

(%
)

P
(+E

Q
)

C
F

(+
E

O
)

A
uthors’C

hoice
.

P
etersen’sE

stim
ate

D
o

w
n

stre
a

m
135

5
(3.7)

0.66
1.51

U
pstream

54
6(11.1)

0.59
1.69

S
ide-creeks

-t3
3

(6.6)
0.35

2.86
*

S
chum

acher’s
M

ethod
D

ow
nstream

145
6

(4.2)
0.61

1.64
U

pstream
56

5
(8.1)

0.5~
1.75

S
ide-creeks

4~
2

(4.4)
0.3-i

2.94

jolly-S
eber

D
ow

nstream
133

5
(3.8)

0.67
1.49

U
pstream

56
10(17.8)

0.57
1.75

S
ide-creeks

46
2

(4.2)
0.33

3.03

Frequency
ofcapture:

G
eom

etric
D

ow
nstream

133
0.67

1.49

P
oisson

U
pstream

35
0.57

1.75

P
oisson

S
ide-creeks

41
0.37

2.70
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m
ore

appropriate
for

the
dow

nstream
river

section.
H

ow
ever,

M
agnusson

et
al.

(1978)
found

that
unequal

catchability
does

not
necessarily

bias
a

P
etersen

population
estim

ate.

6.
S

ighting
Fractions,

C
orrection

Factors
a

n
d

P
opulation

E
stim

ates

A
llm

ark-recapture
data

w
ere

analysed
using

four
different

m
odels

(Table
7),

each
w

ith
their

ow
n

strengths
and

w
eaknesses

(see
A

ppendix
II).

These
are

the
P

etersen
E

stim
ate,

as
m

odified
by

B
ailey

(1951,
1952),

S
chum

acher’s
M

ethod,
the

jolly-S
eber

M
ethod,

and
Frequency

ofC
apture

M
odels.

A
series

ofpopulation
estim

ates
w

ere
calculated

for
allavail

able
sessions,for

allm
odels,forallhabitats.Foreach

m
odel,a

one-factorA
N

O
V

A
indicated

thatsuccessive
population

estim
ates

w
ere

not
significantly

different.
H

ence
a

m
ore

precise
estim

ate
w

as
obtained

for
each

m
odel

by
averaging

allestin~ates
and

m
erging

the
variances

(A
ppendix

II).
These

estim
ates

could
be

biased
because

ofthe
absence

of
independence

betw
een

successive
m

ark-recapture
estim

ates.
H

ow
ever,

C
aughley

and
G

rice
(1982)

show
thatlack

ofindependence
does

notnecessarily
bias

population
estim

ates
derived

from
the

Petersen
M

odel
if

the
capture

probabilities
are

greater
than

0.45.
In

fact
the

population
estim

ates
from

all
m

ethods
(Table

7)
are

very
sim

ilar
and

the
standard

errors
associated

w
ith

them
are

low
.

The
average

sighting
fraction

for
each

study
area,

and
the

resulting
correction

factors,w
ere

estim
ated

by
com

paring
the

population
estim

ates
w

ith
the

m
ean

spotlight
indices.

The
spotlight

indices
included

the
num

ber
of‘eyes

only”
sightings,w

hilst
all

recapture
analyses

excluded
them

,
because

they
obviously

could
not

be
classed

as
tagged

or
u

n
tagged:these

crocodiles
w

ere
assum

ed!to
have

been
partofthe

unseen
population

in
each

session.

The
average

sighting
fractions

reflected
the

d
iffe

r
ences

in
visibility

ofcrocodiles
in

each
habitat.

The
m

ore
structurally

com
plex

the
habitat,

the
less

the
chance

of
detecting

crocodiles;
there

isa
very

low
probability

of
detecting

crocodiles
in

m
angrove-

lined,
narrow

,
highly

sinuous
side-creeks.

An
im

portant
consideration

w
hen

assessing
these

data
is

the
high

recapture
rates

thatw
ere

obtained
in

each
habitat.

[n
reality,

this
fact

alone
is

likely
to

o
ve

r
w

helm
m

inor
violations

of
m

ost
assum

ptions
associated

w
ith

each
m

odel.

7.
Size-based

C
orrection

Factors

The
sighting

fractions
previously

estim
ated

are
an

average
for

each
population

at
the

tim
e

of
survey.

A
ccordingly,

their
application

is
lim

ited
to

popula
tions

w
ith

the
sam

e
size

structure
and

w
ith

the
sam

e
levels

ofinherentw
ariness.To

develop
a

size-based
sighting

fraction
for

each
habitat

w
e

exam
ined

the
relationship

betw
een

detection
and

cro
co

d
ile

size
using

the
dow

nstream
recapture

data
w

hich
involved

the
largestnum

bers
ofanim

als.W
e

use
the

geom
etric

probability
of

capture
at

least
once

(q)
(see

A
ppendix

II),
because

a
previous

analysis
(Fig.

9)
had

already
dem

onstrated
unequal

catchability
betw

een
and

w
ithin

1-foot
size

classes.

The
probability

of
capture

varies
relatively

little
for

crocodiles
less

than
6’

(Fig.
10),

but
drops

p
re

cipitously
after

that.
W

e
fitted

a
second-order

polynom
ial

curve
to

the
data

to
p

re
d

ict
size-based

sighting
fractions

and
their

appropriate
correction

factors
(Table

8).

8.
S

um
m

ary

The
results

of
the

m
ark-recapture

experim
ent

indicate
thatgreat

caution
needs

to
be

exercised
in

extrapolating
sighting

fractions
derived

from
one

habitatand
one

population,w
ith

agiven
age-size

cbs
tribution,

to
other

habitats
and

other
populations.

S
IZ

E
C

L
A

S
S

Fig.
10.

The
geom

etric
probability

~q)ofcapture
atleastonce

for
1’

size
classes

(s~
of

crocod)’lus
j)0

1
0

S
1

/S
in

the
dow

nstream
section

ofthe
A

delaide
R

iver,July
1984.

q
0.613

+
0.09-iS

-0.01552(r
=

0.89,n
=

l0,p<
0.001).

(F
rom

Bavliss
etal,

1986).

Table
8.

S
ize-specific

C
orrection

factors
(C

F
)

for
scaling

spotlight
co

u
n

ts
in

tidal
rivers

to
absolute

counts
o

fthe
total

‘sight-
able

p
o

p
u

la
tio

n
.
II

=
hatchlings,p

=
the

probability
of

being
sighted

on
any

one
survey

(W
ebb

cicii.
1984)

(see
Fig.

10).

S
izeclass

p
C

F

1-2(11)
0.693

1.4-3
2-3’

0
.-5

1.3-i2
3--i’

0.~69
1.300

-1-5’
0.~65

1.307
5-6’

0.’33
1.364

6-”
0.673

1.486
‘-8’

0.585
1.709

8-9’
0.469

2.132
9-10’

0.325
3.0~

10’+
0.153

6.536

A
C

om
parison

o
f

H
elicopter

a
n

d
S

potlight
C

ounts

S
potlightsurveys

from
boats

have
otherm

ajord
is

advantages
besides

inherentvisibility
bias.They

are
tim

e
consum

ing,
expensive,

often
dangerous,

and
are

by
necessity

re~tricted
to

habitats
thatallow

easy
boataccess.There

are
huge

slabs
ofpotentialcro

co
dile

habitat
in

the
N

orthern
T

erritory
that

have
not

been
surveyed

due
to

poor
or

im
possible

boat
access.

In
an

attem
pt

to
overcom

e
these

problem
s

w
e

exam
ined

tile
feasibility

of
using

helicopters
to

count
crocodiles

in
tidial

aild
fresllw

ater
w

etlands
during

tile
day,and

com
pared

tile
results

to
spotligllt

surveys
by

boat
in

term
s

of
cost

and
suitability

for
extensive

sui-x’e~’s
ofcrocodile

habitat.

V
isibility

bias
is

also
inherentin

aerialsurveys,but
ilere

w
e

are
only

conceriled
w

ith
obtaining

a
reliable

relationship
betw

een
spotlight

and
h

e
li

coptercounts
for

tile
ixirpose

o
fm

onitoring
p

o
p

u
la

tio
n

trelldis
over

tim
e.

If
such

a
relationship

exists,

then
tile

results
ofthe

m
ark-recapture

experim
ent

m
ay

also
be

cautiously
applied

to
helicopter

counts
to

im
prove

their
accu

racy.

1.
C

’alibration
o

f
S

potlight
a

n
d

H
elicopter

C
ounts
C

rocodliles
w

ere
counted

during
low

tide
from

a
Jet

R
anger

(B
ell

506)
in

a
40

km
section

of
m

ainstreanl
and

in
four

tidalside-creeks,
allw

ithin
tile

A
delaidie

R
iver.

These
counts

w
ere

m
atched

to
recentspotlightcounts

atspring
low

tide
illtile

sam
e

areas
(Fig.

11
illustrates

tile
m

ainstream
habitat

type).

Fig
11.

C
rococi~’lus

porosus
as

seen
from

a
helicopter

in
the

A
delaide

R
iver,

N
T.

The
river

m
ainstream

w
as

surveyed
tw

ice
by

helicopter,
once

during
a

spring
low

tide
and

again
during

a
neap

low
tide

to
test

tile
re

la
tio

n
sh

ip
betw

een
visib

ility
anditile

state
o

ftidle
(tile

a
m

o
u

n
to

f
exposed

m
u

d
bank;

M
esselcia!.

(1981).
A

constant
survey

h
e

ig
h

t
(20

in
)

and
speed

(93
km

il~
)

w
ere

m
aintailledi

100
in

tow
ards

m
idstreanl

along
one

bank.
C

rocodile
densities

w
ere

silllila
r

O
D

b
o

th
banks,

but
tilis

relationship
does

not
necessarily

hold!
fo

r
o

th
e

r
parts

o
ftile

rive
r,

n
o

r
fo

r
o

th
e

r
rivers.

O
ther

effects
on

tile
visib

ility
o

fcro
co

d
ile

s
could!

n
o

t
be

com
pletely

standardized.
T

ile
effects

ofam
bient

tem
perature

on
crocodlile

basking
beilaviour

and
hence

visib
ility

are
unknow

n.
Tem

peratures
w

ere
co

o
l

diuring
tile

sp
rin

g
tidie

survey
(18°C

)
and

w
a

rn
l

d
u

rin
g

tile
neap

tid
e

survey
(27°C

).

wDI0.C)U0>
-

-I00.

2
3

4
5

6
7

8
9

1
0

+

Table
7

A
sum

m
ao

of
the

total
population

estim
ate

OVJ
of

C
rocodj’luspO

rO
S

U
S

in
each

study
area,

generated
by

each
m

odel,
and

the
estim

ated
correction

factors
(~F~

derived
from

the
sighting

fractions
(P

)
needed

to
correct

spotlight
indices

to
totalpopulations.

SE
=

standard
error;

E
O

refers
to

anim
als

sighted
as

“eyes
only”.

M
odel

S
tudy

Area
N

S
E

(%
)

P
(+E

Q
)

C
F

(+
E

O
)

A
uthors’C

hoice
.

P
etersen’sE

stim
ate

D
o

w
n

stre
a

m
135

5
(3.7)

0.66
1.51

U
pstream

54
6(11.1)

0.59
1.69

S
ide-creeks

-t3
3

(6.6)
0.35

2.86
*

S
chum

acher’s
M

ethod
D

ow
nstream

145
6

(4.2)
0.61

1.64
U

pstream
56

5
(8.1)

0.5~
1.75

S
ide-creeks

4~
2

(4.4)
0.3-i

2.94

jolly-S
eber

D
ow

nstream
133

5
(3.8)

0.67
1.49

U
pstream

56
10(17.8)

0.57
1.75

S
ide-creeks

46
2

(4.2)
0.33

3.03

Frequency
ofcapture:

G
eom

etric
D

ow
nstream

133
0.67

1.49

P
oisson

U
pstream

35
0.57

1.75

P
oisson

S
ide-creeks

41
0.37

2.70
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A
llside-creeks

w
ere

surveyed
atneap

low
tide

and
am

bient
conditions

w
ere

w
arm

(27°C
).

A
cute

visi
bility

bias
caused

by
severe

glare
and

deep
shade

w
as

reduced
by

surveying
betw

een
0900

and
1500

hours,
how

ever
neither

effect
could

be
com

pletely
elim

inated.

i.O
bserverbias.Tw

o
tandem

observers
counted

in
1

km
units

o
friver

and
creek,and

a
m

ark-recapture
m

odel(M
agnusson

etal.
1978;

C
aughley

and
G

rice
1982;

see
A

ppendix
III)

w
as

applied
to

these
sim

u
l

taneous
counts

to
estim

ate
the

proportion
o

f”p
o

te
n

tially
visible”

crocodiles
that

each
observer

m
issed

in
their

com
m

on
field

o
fview

.
O

bserver
correction

factors
derived

from
these

proportions
w

ere
used

only
to

standardize
observer

bias
w

hen
different

observers
w

ere
used.

The
corrections

do
not

account
for

subm
erged

crocodiles
and

those
in

dense
bank

vegetation
because

these
are

never
sighted

(“m
arked”

in
the

context
of

the
m

ark-
recapture

m
odel).

The
corrected

counts
are

th
e

re
fore

only
an

im
proved

index
used

to
standardize

observer
differences.

Each
tandem

observer
recorded

the
position

(bank,
w

aters’
edge,

m
idstream

)
and

size
of

each
crocodile,

and
this

helped
reduce

bias
in

the
m

ark-
recapture

analysis
w

hich
m

ay
result

from
the

assum
ption

that
both

observers
saw

the
sam

e
anim

als.

A
totalo

f75
km

ofriverand
45

km
ofdensely

ve
g

etateci
side-creek

w
ere

surveyed
throughout

the
calibration

study.
O

ne
observer

(P
B

)participated
in

all
counts

and
tw

o
other

observers
(G

W
and

K
D

)
shared

the
tandem

position
The

classification
of

crocodiles
as

being
seen

by
one

(“m
arked”)

or
both

(‘recaptured”)
observers

w
as

substantially
im

proved
in

patches
w

here
crocodiles

w
ere

in
high

densities
by

recording
their

size
and

position
in

the
field

o
fview

.

This
m

odel
w

as
originally

applied
to

groups
o

f
anim

als
ratherthan

counts
ofindividuals.C

rocodiles
d

id
n

o
toccur

in
groups,butw

ere
found

in
high

and
low

densities.
Fortunately,

the
effects

of
unequal

catchability
(here

due
to

variations
in

density
on

the
probability

o
fcapture)

do
not

necessarily
affect

the
validity

ofthe
m

odelw
hich

uses
a

P
etersen

E
stim

ate
(M

agnusson
eta!.

19~8).

The
results

(Table
9)

indicate
thatthe

probability
o

f
seeing

crocodiles
from

a
helicopter

varied
betw

een
observer

arid
habitats

hut
not

betw
een

spring
and

neap
low

tides
in

the
river

m
ainstream

.
H

ence
the

proportion
of

crocodiles
m

issed
by

a
given

observer
w

as
constantregardless

o
fnum

bers
seen

and
this

supports
the

findings
ofM

agnusson
et

a!,(1
9~8)

thatunequalcatchability
should

notaffect
the

niodel.The
results

show
also

w
hatw

e
expected:

croci
diles

are
m

uch
m

ore
difficuli

to
detectin

side-
creeks

lined
w

ith
d

e
n

se
m

a
n

g
ro

ve
s

than
along

open
riv

e
r

banks.

Table
9.

The
probability

(p)
o

f
each

tandem
observer

detecting
crocodiles,

at
both

sp
rin

g
and

neap
low

tides,
in

rcvo
sections

ofthe
A

delaide
R

iver(the
dow

nstream
partofthe

m
ainstream

,and
side-creeks

lined
w

ith
dense

m
angroves)

and
the

correction
factors

(6T
)needed

to
standardize

their
counts

N
o

data
exist

for
spring

low
title

in
side-creeks

(after
Bavliss

etal.
1986).

H
abitat/O

bserver
S

pring
low

tide
N

eap
low

tide
P

C
F

P
C

F

D
ow

nstream
PB

0.80
1.25

0.80
1.25

G
W

0.80
1.25

—
—

K
D

—
—

0.67
1.49

S
ide-creeks

PB
—

—
0.6~

1.49
G

W
-

-
-

-

R
D

—
—

0.25
4.00

ii.
The

R
elationship

betw
een

T
otal

S
potlight

counts
a

n
d

H
elicopter

counts.
H

atchlings
(<

2
’)

w
ere

rarely
detected

from
tile

helicopter,
hence

the
resulting

countw
as

m
atched

to
the

spotlightcounts
of

non-hatchlings.
The

helicopter
counts

o
f

one
observerw

ere
then

paired
to

recentspotlightcounts
in

units
ofriver

length
increasing

from
1

km
to

5
km

.
The

unit
length

w
hich

produced
the

low
estresidual

variance
in

a
regression

(passing
through

the
origin)

of
tile

helicopter
counts

on
spotlight

counts
w

as
used

to
derive

calibration
equations.This

procedure
w

as
necessary

to
account

for
m

ism
atched

pairs
resulting

from
inaccuracies

in
navigation

in
either

nlethO
d

o
f

survey.
The

relationship
betw

een
sp

o
t

light
and

helicopter
counts

in
tile

riv
e

r
m

a
in

stre
a

m
applied

to
counts

o
fboth

banks
during

the
spotlight

survey
and

one
bank

during
tile

helicopter
survey.

C
ounts

w
ere

paired
in

5
km

units
of

river
because

tills
yielded

tile
low

estresidualvariance
in

tile
ca

lib
ration

regression
equations

for
spring

and
neap

low
tides

(Table
10).

Table
10.

The
results

ofregression
analyses

(through
the

origin)
betw

een
total

m
ean

spotlight
counts

(1)
and

helicopter
counts

(X
lofC

’rocodvlusporosus,
in

both
the

m
ainstream

(dow
nstream

part)
and

in
side-creeks

of
the

A
delaide

R
iver

(July
198-i).

S
potlight

counts
included

both
banks,

w
hereas

helicopter
counts

included
both

banks
in

the
side-creeks,

hut
only

one
bank

in
the

w
ide

m
ainstream

section.
A

ll
data

w
ere

collected
at

low
tide.

H
elicopter

counts
w

ere
corrected

for
obsei’ver

bias
antI

then
paired

to
spotlight

counts
in

5
km

units.
H

atchlings
w

ere
excluded

from
the

spotlight
counts

(after
Bayliss

et
at.

1986).

95%
C

I.
A

rea’Tide
E

quation
o

fslope
P2

df
S

ignilicance

D
ow

nstream
S

pring
Y

w
2

.0
X

1
,$

-2
.3

’
0.98

5
p<O

.O
O

I
N

eap
Y

~
3.18X

2.61-3.~6
0.96

6
p<O

001

S
ide-creeks
N

eap
1

’
0.SSX

0.43-0.68
0.99

2
p<O

.O
O

1

T
ile

four
creeks

w
ere

surveyed
at

a
constant

height
(20

in),butaircraftspeed
w

as
keptas

slow
as

possible
(25-27

km
ha).

T
ile

totalhelicopter
counts

atneap
low

tide
w

ere
paireciw

ith
tile

totalspotlight
counts

atspring
low

tide
because

of
low

crocodile
densities.A

lthough
only

four
creeks

w
ere

surveveci,
the

reiationship
is

sigm
ficant

(Table
10),

how
ever,

tn~re
replication

is
needecito

determ
ine

its
stability.

T
ile

results
show

that
ilelicopter

counts
in

tile
m

ainstream
at

spring
low

tide,
w

hen
doubled

to
account

for
both

banks,
are

sim
ilar

to
spotlight

counts
uncier

the
sam

e
tidal

conditions.
N

eap
low

tide
helicopter

counts
(doubled

for
both

banks)
w

ere
37%

less
than

spotligilt
counts

at
spring

low
tide.

H
ow

ever,
total

helicopter
counts

in
the

side-
creeks

at
neap

low
tide

w
ere

45%
higher

than
the

spothgilt
counts

at
spring

low
ticie.

O
verall,

the
results

show
tllat

despite
variation

in
absolute

num
bers

ofcrocodiles
sigiltedlw

ith
tide,ilabitat,and

observer,
the

ilehcopter
counts

atspring
and

neap
low

tide
on

the
Acielaicie

R
iver

w
e

re
consistently

related
to

spotlight
counts

atspring
low

tide.
H

ence
helicopter

surves
in

tidalriver
system

s
can

provide
com

parable
population

indices
ofcrocochle

abund
ance,

and
an

abrupt
cilange

o
f

survey
technique

from
boats

to
ilelicopter

w
ould

not
invalidate

co
in

parisons
ofpastand

future
surveys.

Three
freshw

ater
billabongs

of
tile

M
ary

R
iver

w
ere

surveyed
h

r
helicopter,

and
these

counts
w

ere
com

pared
to

recentspotlightcounts.Each
biliabong

varied
in

the
am

ountoffloating
and

bank
vegetation.

M
ost

of
tile

crocodiles
counted

w
ere

freshw
ater

crocodiles,
C.jobnstoni.

N
o

c
a

lib
ra

tio
n

w
as

attem
p

ted
due

to
low

replication,
how

ever
a

ratio
of

helicopter
to

spotlight
counts

is
presented

as
an

index
o

f
visibility

from
tile

air
(Table

11).
T

ile
num

ber
o

fcrocodiles
seen

from
a

helicopter
ill

tile
tw

o
billabongs

w
ith

dense
and

floating
vegetation

w
as

very
low

com
pared

to
spotlight

counts
(see

Fig.
12).

M
ore

surveys
are

needed
to

develop
helicoptercensus

m
e

th
o

d
is

in
these

habitats,
how

ever
tile

high
sighting

fraction
for

the
open

billabong
is

encouraging.

Table
11.A

com
parison

of
helicopter

counts
(H

6’,)
and

spotlight
counts

(S
~

in
som

e
freshw

ater
billahongs

of
the

M
ary

R
iver

(July
1984).

D
ata

include
both

6)~ococlj’lusporosus
and

C
jo

b
n.stoni;percei1tage

vegetation
coverofthe

w
ater

and
bank

w
as

cstim
atcd

b~
c~

c.

B
illahong

B
ank

and
floating

nam
e

vegetation
(96)

IIC
SC

TIC
/SC

B
ridge

90
40

222
0.18

R
ockhc)Ie

70
32

112
0.29

C
orroboree

10
-i8

60
0.80

2.
Feasibility

S
urvey

A
B

ell-47
helicopter

w
as

used!
betw

een
M

elville
Island

and
the

W
estern

A
ustralian

border
(8-10

A
ugust)

to
count

crocodiles
from

sam
ples

of
coastline

(see
Fig.13),coastalcreeks,tidalrivers

and
riverside-creeks,A

llsurvey
variables

w
ere

standlardi
ized

as
per

the
calibration

surveys,and
w

e
a

ssu
m

e
d

Fig.
12.

A
erialcounts

ofcrocodiles
in

freshw
ater

billabongs
w

ith
floating

m
ats

ofvegetation
extending

out
from

the
shore

g:tve
reduced

counts
relative

to
spotlight

counts
in

the
sam

e
areas.

n
o

d
iffe

re
n

c
e

in
counts

betw
een

the
different

helicopters
used!.

C
ounts

w
ere

standiardlized
for

observer
bias

in
eacilhabitatand

theil
converted

to
relative

spotlight
densities

(num
bers

per
kin

of
coastline,

num
bers

per
km

of
creek,

num
bers

per
km

o
friver

including
both

banks)
using

the
approp

riate
tidial

calibration
equation.

(T
ile

cO
nver5ion

factor
diepended

O
ilw

h
e

th
e

r
one

or
both

banks
ofa

river
w

ere
surveyed).

Fig.
13.

C
ivcodj’lns

porosus
as

seen
from

a
helicopter

on
the

coast.
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A
llside-creeks

w
ere

surveyed
atneap

low
tide

and
am

bient
conditions

w
ere

w
arm

(27°C
).

A
cute

visi
bility

bias
caused

by
severe

glare
and

deep
shade

w
as

reduced
by

surveying
betw

een
0900

and
1500

hours,
how

ever
neither

effect
could

be
com

pletely
elim

inated.

i.O
bserverbias.Tw

o
tandem

observers
counted

in
1

km
units

o
friver

and
creek,and

a
m

ark-recapture
m

odel(M
agnusson

etal.
1978;

C
aughley

and
G

rice
1982;

see
A

ppendix
III)

w
as

applied
to

these
sim

u
l

taneous
counts

to
estim

ate
the

proportion
o

f”p
o

te
n

tially
visible”

crocodiles
that

each
observer

m
issed

in
their

com
m

on
field

o
fview

.
O

bserver
correction

factors
derived

from
these

proportions
w

ere
used

only
to

standardize
observer

bias
w

hen
different

observers
w

ere
used.

The
corrections

do
not

account
for

subm
erged

crocodiles
and

those
in

dense
bank

vegetation
because

these
are

never
sighted

(“m
arked”

in
the

context
of

the
m

ark-
recapture

m
odel).

The
corrected

counts
are

th
e

re
fore

only
an

im
proved

index
used

to
standardize

observer
differences.

Each
tandem

observer
recorded

the
position

(bank,
w

aters’
edge,

m
idstream

)
and

size
of

each
crocodile,

and
this

helped
reduce

bias
in

the
m

ark-
recapture

analysis
w

hich
m

ay
result

from
the

assum
ption

that
both

observers
saw

the
sam

e
anim

als.

A
totalo

f75
km

ofriverand
45

km
ofdensely

ve
g

etateci
side-creek

w
ere

surveyed
throughout

the
calibration

study.
O

ne
observer

(P
B

)participated
in

all
counts

and
tw

o
other

observers
(G

W
and

K
D

)
shared

the
tandem

position
The

classification
of

crocodiles
as

being
seen

by
one

(“m
arked”)

or
both

(‘recaptured”)
observers

w
as

substantially
im

proved
in

patches
w

here
crocodiles

w
ere

in
high

densities
by

recording
their

size
and

position
in

the
field

o
fview

.

This
m

odel
w

as
originally

applied
to

groups
o

f
anim

als
ratherthan

counts
ofindividuals.C

rocodiles
d

id
n

o
toccur

in
groups,butw

ere
found

in
high

and
low

densities.
Fortunately,

the
effects

of
unequal

catchability
(here

due
to

variations
in

density
on

the
probability

o
fcapture)

do
not

necessarily
affect

the
validity

ofthe
m

odelw
hich

uses
a

P
etersen

E
stim

ate
(M

agnusson
eta!.

19~8).

The
results

(Table
9)

indicate
thatthe

probability
o

f
seeing

crocodiles
from

a
helicopter

varied
betw

een
observer

arid
habitats

hut
not

betw
een

spring
and

neap
low

tides
in

the
river

m
ainstream

.
H

ence
the

proportion
of

crocodiles
m

issed
by

a
given

observer
w

as
constantregardless

o
fnum

bers
seen

and
this

supports
the

findings
ofM

agnusson
et

a!,(1
9~8)

thatunequalcatchability
should

notaffect
the

niodel.The
results

show
also

w
hatw

e
expected:

croci
diles

are
m

uch
m

ore
difficuli

to
detectin

side-
creeks

lined
w

ith
d

e
n

se
m

a
n

g
ro

ve
s

than
along

open
riv

e
r

banks.

Table
9.

The
probability

(p)
o

f
each

tandem
observer

detecting
crocodiles,

at
both

sp
rin

g
and

neap
low

tides,
in

rcvo
sections

ofthe
A

delaide
R

iver(the
dow

nstream
partofthe

m
ainstream

,and
side-creeks

lined
w

ith
dense

m
angroves)

and
the

correction
factors

(6T
)needed

to
standardize

their
counts

N
o

data
exist

for
spring

low
title

in
side-creeks

(after
Bavliss

etal.
1986).

H
abitat/O

bserver
S

pring
low

tide
N

eap
low

tide
P

C
F

P
C

F

D
ow

nstream
PB

0.80
1.25

0.80
1.25

G
W

0.80
1.25

—
—

K
D

—
—

0.67
1.49

S
ide-creeks

PB
—

—
0.6~

1.49
G

W
-

-
-

-

R
D

—
—

0.25
4.00

ii.
The

R
elationship

betw
een

T
otal

S
potlight

counts
a

n
d

H
elicopter

counts.
H

atchlings
(<

2
’)

w
ere

rarely
detected

from
tile

helicopter,
hence

the
resulting

countw
as

m
atched

to
the

spotlightcounts
of

non-hatchlings.
The

helicopter
counts

o
f

one
observerw

ere
then

paired
to

recentspotlightcounts
in

units
ofriver

length
increasing

from
1

km
to

5
km

.
The

unit
length

w
hich

produced
the

low
estresidual

variance
in

a
regression

(passing
through

the
origin)

of
tile

helicopter
counts

on
spotlight

counts
w

as
used

to
derive

calibration
equations.This

procedure
w

as
necessary

to
account

for
m

ism
atched

pairs
resulting

from
inaccuracies

in
navigation

in
either

nlethO
d

o
f

survey.
The

relationship
betw

een
sp

o
t

light
and

helicopter
counts

in
tile

riv
e

r
m

a
in

stre
a

m
applied

to
counts

o
fboth

banks
during

the
spotlight

survey
and

one
bank

during
tile

helicopter
survey.

C
ounts

w
ere

paired
in

5
km

units
of

river
because

tills
yielded

tile
low

estresidualvariance
in

tile
ca

lib
ration

regression
equations

for
spring

and
neap

low
tides

(Table
10).

Table
10.

The
results

ofregression
analyses

(through
the

origin)
betw

een
total

m
ean

spotlight
counts

(1)
and

helicopter
counts

(X
lofC

’rocodvlusporosus,
in

both
the

m
ainstream

(dow
nstream

part)
and

in
side-creeks

of
the

A
delaide

R
iver

(July
198-i).

S
potlight

counts
included

both
banks,

w
hereas

helicopter
counts

included
both

banks
in

the
side-creeks,

hut
only

one
bank

in
the

w
ide

m
ainstream

section.
A

ll
data

w
ere

collected
at

low
tide.

H
elicopter

counts
w

ere
corrected

for
obsei’ver

bias
antI

then
paired

to
spotlight

counts
in

5
km

units.
H

atchlings
w

ere
excluded

from
the

spotlight
counts

(after
Bayliss

et
at.

1986).

95%
C

I.
A

rea’Tide
E

quation
o

fslope
P2

df
S

ignilicance

D
ow

nstream
S

pring
Y

w
2

.0
X

1
,$

-2
.3

’
0.98

5
p<O

.O
O

I
N

eap
Y

~
3.18X

2.61-3.~6
0.96

6
p<O

001

S
ide-creeks
N

eap
1

’
0.SSX

0.43-0.68
0.99

2
p<O

.O
O

1

T
ile

four
creeks

w
ere

surveyed
at

a
constant

height
(20

in),butaircraftspeed
w

as
keptas

slow
as

possible
(25-27

km
ha).

T
ile

totalhelicopter
counts

atneap
low

tide
w

ere
paireciw

ith
tile

totalspotlight
counts

atspring
low

tide
because

of
low

crocodile
densities.A

lthough
only

four
creeks

w
ere

surveveci,
the

reiationship
is

sigm
ficant

(Table
10),

how
ever,

tn~re
replication

is
needecito

determ
ine

its
stability.

T
ile

results
show

that
ilelicopter

counts
in

tile
m

ainstream
at

spring
low

tide,
w

hen
doubled

to
account

for
both

banks,
are

sim
ilar

to
spotlight

counts
uncier

the
sam

e
tidal

conditions.
N

eap
low

tide
helicopter

counts
(doubled

for
both

banks)
w

ere
37%

less
than

spotligilt
counts

at
spring

low
tide.

H
ow

ever,
total

helicopter
counts

in
the

side-
creeks

at
neap

low
tide

w
ere

45%
higher

than
the

spothgilt
counts

at
spring

low
ticie.

O
verall,

the
results

show
tllat

despite
variation

in
absolute

num
bers

ofcrocodiles
sigiltedlw

ith
tide,ilabitat,and

observer,
the

ilehcopter
counts

atspring
and

neap
low

tide
on

the
Acielaicie

R
iver

w
e

re
consistently

related
to

spotlight
counts

atspring
low

tide.
H

ence
helicopter

surves
in

tidalriver
system

s
can

provide
com

parable
population

indices
ofcrocochle

abund
ance,

and
an

abrupt
cilange

o
f

survey
technique

from
boats

to
ilelicopter

w
ould

not
invalidate

co
in

parisons
ofpastand

future
surveys.

Three
freshw

ater
billabongs

of
tile

M
ary

R
iver

w
ere

surveyed
h

r
helicopter,

and
these

counts
w

ere
com

pared
to

recentspotlightcounts.Each
biliabong

varied
in

the
am

ountoffloating
and

bank
vegetation.

M
ost

of
tile

crocodiles
counted

w
ere

freshw
ater

crocodiles,
C.jobnstoni.

N
o

c
a

lib
ra

tio
n

w
as

attem
p

ted
due

to
low

replication,
how

ever
a

ratio
of

helicopter
to

spotlight
counts

is
presented

as
an

index
o

f
visibility

from
tile

air
(Table

11).
T

ile
num

ber
o

fcrocodiles
seen

from
a

helicopter
ill

tile
tw

o
billabongs

w
ith

dense
and

floating
vegetation

w
as

very
low

com
pared

to
spotlight

counts
(see

Fig.
12).

M
ore

surveys
are

needed
to

develop
helicoptercensus

m
e

th
o

d
is

in
these

habitats,
how

ever
tile

high
sighting

fraction
for

the
open

billabong
is

encouraging.

Table
11.A

com
parison

of
helicopter

counts
(H

6’,)
and

spotlight
counts

(S
~

in
som

e
freshw

ater
billahongs

of
the

M
ary

R
iver

(July
1984).

D
ata

include
both

6)~ococlj’lusporosus
and

C
jo

b
n.stoni;percei1tage

vegetation
coverofthe

w
ater

and
bank

w
as

cstim
atcd

b~
c~

c.

B
illahong

B
ank

and
floating

nam
e

vegetation
(96)

IIC
SC

TIC
/SC

B
ridge

90
40

222
0.18

R
ockhc)Ie

70
32

112
0.29

C
orroboree

10
-i8

60
0.80

2.
Feasibility

S
urvey

A
B

ell-47
helicopter

w
as

used!
betw

een
M

elville
Island

and
the

W
estern

A
ustralian

border
(8-10

A
ugust)

to
count

crocodiles
from

sam
ples

of
coastline

(see
Fig.13),coastalcreeks,tidalrivers

and
riverside-creeks,A

llsurvey
variables

w
ere

standlardi
ized

as
per

the
calibration

surveys,and
w

e
a

ssu
m

e
d

Fig.
12.

A
erialcounts

ofcrocodiles
in

freshw
ater

billabongs
w

ith
floating

m
ats

ofvegetation
extending

out
from

the
shore

g:tve
reduced

counts
relative

to
spotlight

counts
in

the
sam

e
areas.

n
o

d
iffe

re
n

c
e

in
counts

betw
een

the
different

helicopters
used!.

C
ounts

w
ere

standiardlized
for

observer
bias

in
eacilhabitatand

theil
converted

to
relative

spotlight
densities

(num
bers

per
kin

of
coastline,

num
bers

per
km

of
creek,

num
bers

per
km

o
friver

including
both

banks)
using

the
approp

riate
tidial

calibration
equation.

(T
ile

cO
nver5ion

factor
diepended

O
ilw

h
e

th
e

r
one

or
both

banks
ofa

river
w

ere
surveyed).

Fig.
13.

C
ivcodj’lns

porosus
as

seen
from

a
helicopter

on
the

coast.
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IIC
±S

E
A

rea
H

abitat
km

~s’
(co

rre
cte

d
)

SI
R

D
(96)

D
arw

into
Largecoastal

3~
15

35
28

0.~6
0.330

\V.A.border
creeks

(44)
Large

river
60

5
2’~

22
0.3’

0.090
creeks

(26)
C

oastline
244

-1
“

11
0.05

0.020
(45)

M
elville

C
oastline

11-i
2

9
15

0.21
0.004

Island
(2)

The
results

show
that

habitats
had

substantially
different

densities
(Table

12).
The

density
ofcro

co
diles

on
the

coastline
of

M
elville

Island
w

as
four

tim
es

that
on

coastline
south

o
f

D
arw

in,
possibly

reflecting
better

habitat.
C

rocodiles
w

ere
detected

only
in

large
creeks

(>
2

0
m

w
ide

atthe
m

outh),and
none

w
ere

seen
in

32
sm

allcreeks
(<

2
0

m
w

ide
at

the
m

outh)
sam

pled.In
the

tidalsection
ofthe

M
oyle

R
iver,

the
helicopter

(3.83/km
)

and
spotlight

(3.44/
km

)
indices

ofdensity
w

ere
sim

ilar.

The
costofa

helicopter
survey

in
rem

ote
areas

is
approxim

ately
$7/km

of
habitat

surveyed,
w

hich
includes

hire
(fueland

pilot),w
ages,travelexpenses

(three
people)

and
dead

traveltim
e.

In
contrast,

the
cost

of
a

boat
survey

in
rem

ote
areas

is
a

p
p

ro
xi

m
ately

$28/km
of

habitat
surveedi.

B
oat

surveys
require

capital
equipm

ent
and

entail
m

aintenance
costs,

high
w

age
costs

(m
ore

people
and

tim
e),

insurance
and

m
any

hidden
adm

inistrative
o

ve
r

heads.

3.
S

um
m

ary
A

erialsurve
is

m
uch

cheaper
and

less
tim

e
co

n
sum

ing
than

boat
su

rve
y,yet

itprovides
a

population
index

com
parable

to
thatobtained

by
spotlighting.A

further
advantage

of
helicopters

is
the

ability
to

obtain
and/or

im
prove

precision
o

f
a

population
index

rapidly
by

replication,ata
reasonable

cost.

Failure
to

detect
hatchlings

from
the

air
is

not
necessarily

a
significantdisadvantage

in
m

onitoring
the

rate
of

increase
of

a
crocodile

population.
R

ecruitm
ent

to
the

populations
can

be
assessed

by
long-term

trends
in

the
larger

size
classes

and
associated

helicopter
surveys

ofnesting
effort.

A
erial

survey
offers

a
realistic

w
ay

of
achieving

one
ofthe

m
onitoring

aim
s

ofthe
m

anagem
entp

ro
gram

m
e

—
to

survey
m

ore
kilom

etres
of

m
ore

habitat
in

a
very

m
uch

shorter
period

oftim
e

atless
cost.
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1.
Leslie’s

Test

This
test

is
used

w
here

anim
als

are
m

arked
on

a
single

occasion
and

recaptured
on

subsequent
occasions,The

testrejects
inform

ation
from

the
first

and
last

capturing
occasion,

and
all

the
recapture

records
o

fanim
als

notcaughton
the

lastoccasion.

If
catchability

is
equal,

the
recapture

frequencies
w

ill
form

a
binom

ial
distribution:

tile
hypothesis

is
tested

by
com

paring
tile

observed
variatlce

w
itiltile

expected
binom

ial
variance

using
x2

w
ith

(~j9—
1

degrees
offreedom

.=
~fi°

—
(~/iY/.~f

~
fj/.~

f
—

,~
fl2

/(‘!fl2

w
ilere

n
is

tile
Ilunlber

ofrecaptures,
iis

the
num

ber
of

tim
es

it
w

as
recaptured

a
n

d
f

is
tile

num
ber

of
anim

als.
A

significant
result

is
a

good
indication

of
unequal

catchability,
w

hereas
a

non-significant
resultis

am
biguous

—
unequalcatchability

perilaps
occurring,

butcannotbe
denlonstrated.

2.
T

ile
zero-truncated

P
oisson

Test

If
the

period
betw

een
first

alld
last

capturing
occasions

is
short,

and
Ilaturai

m
ortality

is
low

or
zero,then

allcapture
records

can
be

used
in

this
test.

Since
all

catching
occasions

are
included,

each
arrival

has
been

caugilt
at

least
once.

W
e

do
not

therefore
ilave

a
zero

frequency
class

as
in

tile
Leslie

Test.
If

catchabilitv
is

equal
(constatlt)

the
d

istrib
u

tion
o

f
recapture

frequencies
w

ill
form

a
zero-

truncated!
P

oisson
distribution

w
hen

tile
num

ber
of

sam
pling

occasions
is

large
relative

to
the

tlle
a

ll

recapture
rate.A

truncated
P

oisson
distributiotlis

fit
ted

to
tile

observed
frequencies

alld
the

fit
is

tested
byx2

E
xpected

frequencies
are

calculated
from

the

1.
Petersen

E
stim

ate
(as

m
odified

by
B

ailey
1951,

1952)
This

requires
m

arking
011

one
occasion

and!
recording

the
proportion

of
m

arked
anim

als
in

a
sam

ple
captured

on
a

second
occasion.The

assunlp
tions

are:
i.

no
anim

al
is

born
or

im
m

igrates
nlto

the
study

area;
ii.

m
arked

and
unm

arked
anim

als
die

aIx!leave
tile

study
area

attile
sam

e
rate;

m
ean,X

,oftile
co

m
p

le
te

P
oisson

distribution
w

hich
is

related
to

tile
m

ean
ofa

zero-truncated!P
oisson

by:

x
=

X

—
e~5

~f5>2,then;?
=

—
Z

—
—

J
.5

Z
3

—
2.6Z’1

—
5

.2
Z

’

w
here

Z
=

~
e~x,and

w
here

~
=

.~fi7~f
The

expected
frequetlcy

E
(f)

for
each

i
is

ca
l

culated
as

(1
-e~)

i!

TEST
FO

R
LO

ST
TAG

S
M

arks
or

tags
a

lw
a

ys
drop

off,
hence

leading
to

biased
results.

The
proportion

o
f

double-tagged
anim

als
thatlose

one
tag

could
be

used
as

an
index

oftag
loss,A

group
o

fanim
als

is
double-tagged!w

ith
sim

ila
r

single
tags.

A
sam

ple
o

f
anim

als
so

n
le

tim
e

laterw
illcom

prise
four

classes.

1.
B

~
anim

als
thatretained

both
tags;

2.
B

~
anim

als
tila

t
retained

only
one

oftile
original

tags;
3.

B
0

anim
als

thatretain
Ile

itile
r

tag;
4.

anim
als

that
are

Ilo
t

m
e

n
lb

e
rs

o
f

tile
double

tag
fraternity

B
0

is
estim

ated!as:B
0

=(B
~/4B

~)

T
ile

probability
that

an
anim

aloriginally
m

arked
w

ith
one

tag
w

ould
lose

itoverthe
sam

e
tim

e
period

is
estim

ated
as:

p
=

(B
1

/2
B

,
+

B
1

)

This
estim

ate
ofp

can
be

used
to

correct
records

of
recaptured

anim
als

originally
m

arked
w

ith
o

n
e

tag.

iv.
110

m
arks

are
lost.

Ifthe
num

ber
ofm

arked
anim

als
to

be
recaptured

is
notdiecided

prior
to

recapturing
then

Table
12.

The
results

of
a

helicopter
survey

of
C

i’ocody!us
porosus,

in
differenttidalhabitats,betw

een
M

elville
Isla

n
d

and
the

W
e

ste
rn

A
u

stra
lia

n
b

o
rd

e
r:

N
=

the
num

ber
of

creeks
o

r
sections

o
f

coast
sa

m
p

le
d

;
H

G
=

h
e

lico
p

te
r

counts;
S

I(co
rre

cte
d

)
h

e
lico

p
te

r
counts

co
rre

cte
d

fo
r

o
b

se
rve

r
bias

and
then

adjusted
to

sp
o

tlig
h

t
d

e
n

sitie
s

dising
neap

tid
e

co
rre

ctio
n

s:
R

D
=

the
sp

o
tlig

h
t

re
la

tive
density:and

±S
E

=
the

e
rro

r
o

fR
D

.
Large

creeks
are

those
w

id
e

r
th

a
n

20
m

at
th

e
ir

m
o

u
th

(a
fte

r
B

ayliss
eta!.

1986).

TESTS
FO

R
EQ

U
AL

C
A

TC
H

A
B

ILITY

A
P

P
E

N
D

IX
I

(taken
from

S
eber

1973,C
aughiey

1977;sym
bols

are
tilose

used
in

C
aughlev)

A
P

P
E

N
D

IX
II

A
.

SO
M

E
M

O
D

E
LS

TO
ESTIM

ATE
P

O
P

U
LA

TIO
N

SIZE
FR

O
M

M
A

R
K

-R
E

C
A

P
TU

R
E

D
A

TA
(takellfrom

S
eber

1973,C
aughley

1977;sym
bols

are
those

used
in

C
aughiey)

iii.
allanim

als
are

equally
catchable;

N
=

ilf(n
+

1
)

in
+

1
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\V

ILD
LIF

E
M

A
N

A
G

E
M

E
N

T
:

C
R

O
C

O
D

ILE
S

A
N

D
A

LLIG
A

T
O

R
S

B
A

Y
LIS

S
:

S
U

R
V

E
Y

M
E

T
H

O
D

S
A

N
D

M
O

N
IT

O
R

IN
G

W
IT

H
IN

C
R

O
C

O
D

ILE
M

A
N

A
G

E
M

E
N

T
P

R
O

G
R

A
M

M
E

S
173

IIC
±S

E
A

rea
H

abitat
km

~s’
(co

rre
cte

d
)

SI
R

D
(96)

D
arw

into
Largecoastal

3~
15

35
28

0.~6
0.330

\V.A.border
creeks

(44)
Large

river
60

5
2’~

22
0.3’

0.090
creeks

(26)
C

oastline
244

-1
“

11
0.05

0.020
(45)

M
elville

C
oastline

11-i
2

9
15

0.21
0.004

Island
(2)

The
results

show
that

habitats
had

substantially
different

densities
(Table

12).
The

density
ofcro

co
diles

on
the

coastline
of

M
elville

Island
w

as
four

tim
es

that
on

coastline
south

o
f

D
arw

in,
possibly

reflecting
better

habitat.
C

rocodiles
w

ere
detected

only
in

large
creeks

(>
2

0
m

w
ide

atthe
m

outh),and
none

w
ere

seen
in

32
sm

allcreeks
(<

2
0

m
w

ide
at

the
m

outh)
sam

pled.In
the

tidalsection
ofthe

M
oyle

R
iver,

the
helicopter

(3.83/km
)

and
spotlight

(3.44/
km

)
indices

ofdensity
w

ere
sim

ilar.

The
costofa

helicopter
survey

in
rem

ote
areas

is
approxim

ately
$7/km

of
habitat

surveyed,
w

hich
includes

hire
(fueland

pilot),w
ages,travelexpenses

(three
people)

and
dead

traveltim
e.

In
contrast,

the
cost

of
a

boat
survey

in
rem

ote
areas

is
a

p
p

ro
xi

m
ately

$28/km
of

habitat
surveedi.

B
oat

surveys
require

capital
equipm

ent
and

entail
m

aintenance
costs,

high
w

age
costs

(m
ore

people
and

tim
e),

insurance
and

m
any

hidden
adm

inistrative
o

ve
r

heads.

3.
S

um
m

ary
A

erialsurve
is

m
uch

cheaper
and

less
tim

e
co

n
sum

ing
than

boat
su

rve
y,yet

itprovides
a

population
index

com
parable

to
thatobtained

by
spotlighting.A

further
advantage

of
helicopters

is
the

ability
to

obtain
and/or

im
prove

precision
o

f
a

population
index

rapidly
by

replication,ata
reasonable

cost.

Failure
to

detect
hatchlings

from
the

air
is

not
necessarily

a
significantdisadvantage

in
m

onitoring
the

rate
of

increase
of

a
crocodile

population.
R

ecruitm
ent

to
the

populations
can

be
assessed

by
long-term

trends
in

the
larger

size
classes

and
associated

helicopter
surveys

ofnesting
effort.

A
erial

survey
offers

a
realistic

w
ay

of
achieving

one
ofthe

m
onitoring

aim
s

ofthe
m

anagem
entp

ro
gram

m
e

—
to

survey
m

ore
kilom

etres
of

m
ore

habitat
in

a
very

m
uch

shorter
period

oftim
e

atless
cost.
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c
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p
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R
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r

S
a

m
p
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g

C
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P
opulations
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B.
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Los
A

lam
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N
a

tio
n

a
l

L
a

b
o

ra
to

ry,
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A
lam
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N
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M

e
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P
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hv

U
.S.

D
e

p
a

rtm
e

n
t

o
f

C
o

m
m

e
rce
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1.
Leslie’s

Test

This
test

is
used

w
here

anim
als

are
m

arked
on

a
single

occasion
and

recaptured
on

subsequent
occasions,The

testrejects
inform

ation
from

the
first

and
last

capturing
occasion,

and
all

the
recapture

records
o

fanim
als

notcaughton
the

lastoccasion.

If
catchability

is
equal,

the
recapture

frequencies
w

ill
form

a
binom

ial
distribution:

tile
hypothesis

is
tested

by
com

paring
tile

observed
variatlce

w
itiltile

expected
binom

ial
variance

using
x2

w
ith

(~j9—
1

degrees
offreedom

.=
~fi°

—
(~/iY/.~f

~
fj/.~

f
—

,~
fl2

/(‘!fl2

w
ilere

n
is

tile
Ilunlber

ofrecaptures,
iis

the
num

ber
of

tim
es

it
w

as
recaptured

a
n

d
f

is
tile

num
ber

of
anim

als.
A

significant
result

is
a

good
indication

of
unequal

catchability,
w

hereas
a

non-significant
resultis

am
biguous

—
unequalcatchability

perilaps
occurring,

butcannotbe
denlonstrated.

2.
T

ile
zero-truncated

P
oisson

Test

If
the

period
betw

een
first

alld
last

capturing
occasions

is
short,

and
Ilaturai

m
ortality

is
low

or
zero,then

allcapture
records

can
be

used
in

this
test.

Since
all

catching
occasions

are
included,

each
arrival

has
been

caugilt
at

least
once.

W
e

do
not

therefore
ilave

a
zero

frequency
class

as
in

tile
Leslie

Test.
If

catchabilitv
is

equal
(constatlt)

the
d

istrib
u

tion
o

f
recapture

frequencies
w

ill
form

a
zero-

truncated!
P

oisson
distribution

w
hen

tile
num

ber
of

sam
pling

occasions
is

large
relative

to
the

tlle
a

ll

recapture
rate.A

truncated
P

oisson
distributiotlis

fit
ted

to
tile

observed
frequencies

alld
the

fit
is

tested
byx2

E
xpected

frequencies
are

calculated
from

the

1.
Petersen

E
stim

ate
(as

m
odified

by
B

ailey
1951,

1952)
This

requires
m

arking
011

one
occasion

and!
recording

the
proportion

of
m

arked
anim

als
in

a
sam

ple
captured

on
a

second
occasion.The

assunlp
tions

are:
i.

no
anim

al
is

born
or

im
m

igrates
nlto

the
study

area;
ii.

m
arked

and
unm

arked
anim

als
die

aIx!leave
tile

study
area

attile
sam

e
rate;

m
ean,X

,oftile
co

m
p

le
te

P
oisson

distribution
w

hich
is

related
to

tile
m

ean
ofa

zero-truncated!P
oisson

by:

x
=

X

—
e~5

~f5>2,then;?
=

—
Z

—
—

J
.5

Z
3

—
2.6Z’1

—
5

.2
Z

’

w
here

Z
=

~
e~x,and

w
here

~
=

.~fi7~f
The

expected
frequetlcy

E
(f)

for
each

i
is

ca
l

culated
as

(1
-e~)

i!

TEST
FO

R
LO

ST
TAG

S
M

arks
or

tags
a

lw
a

ys
drop

off,
hence

leading
to

biased
results.

The
proportion

o
f

double-tagged
anim

als
thatlose

one
tag

could
be

used
as

an
index

oftag
loss,A

group
o

fanim
als

is
double-tagged!w

ith
sim

ila
r

single
tags.

A
sam

ple
o

f
anim

als
so

n
le

tim
e

laterw
illcom

prise
four

classes.

1.
B

~
anim

als
thatretained

both
tags;

2.
B

~
anim

als
tila

t
retained

only
one

oftile
original

tags;
3.

B
0

anim
als

thatretain
Ile

itile
r

tag;
4.

anim
als

that
are

Ilo
t

m
e

n
lb

e
rs

o
f

tile
double

tag
fraternity

B
0

is
estim

ated!as:B
0

=(B
~/4B

~)

T
ile

probability
that

an
anim

aloriginally
m

arked
w

ith
one

tag
w

ould
lose

itoverthe
sam

e
tim

e
period

is
estim

ated
as:

p
=

(B
1

/2
B

,
+

B
1

)

This
estim

ate
ofp

can
be

used
to

correct
records

of
recaptured

anim
als

originally
m

arked
w

ith
o

n
e

tag.

iv.
110

m
arks

are
lost.

Ifthe
num

ber
ofm

arked
anim

als
to

be
recaptured

is
notdiecided

prior
to

recapturing
then

Table
12.

The
results

of
a

helicopter
survey

of
C

i’ocody!us
porosus,

in
differenttidalhabitats,betw

een
M

elville
Isla

n
d

and
the

W
e

ste
rn

A
u

stra
lia

n
b

o
rd

e
r:

N
=

the
num

ber
of

creeks
o

r
sections

o
f

coast
sa

m
p

le
d

;
H

G
=

h
e

lico
p

te
r

counts;
S

I(co
rre

cte
d

)
h

e
lico

p
te

r
counts

co
rre

cte
d

fo
r

o
b

se
rve

r
bias

and
then

adjusted
to

sp
o

tlig
h

t
d

e
n

sitie
s

dising
neap

tid
e

co
rre

ctio
n

s:
R

D
=

the
sp

o
tlig

h
t

re
la

tive
density:and

±S
E

=
the

e
rro

r
o

fR
D

.
Large

creeks
are

those
w

id
e

r
th

a
n

20
m

at
th

e
ir

m
o

u
th

(a
fte

r
B

ayliss
eta!.

1986).

TESTS
FO

R
EQ

U
AL

C
A

TC
H

A
B

ILITY

A
P

P
E

N
D

IX
I

(taken
from

S
eber

1973,C
aughiey

1977;sym
bols

are
tilose

used
in

C
aughlev)

A
P

P
E

N
D

IX
II

A
.

SO
M

E
M

O
D

E
LS

TO
ESTIM

ATE
P

O
P

U
LA

TIO
N

SIZE
FR

O
M

M
A

R
K

-R
E

C
A

P
TU

R
E

D
A

TA
(takellfrom

S
eber

1973,C
aughley

1977;sym
bols

are
those

used
in

C
aughiey)

iii.
allanim

als
are

equally
catchable;

N
=

ilf(n
+

1
)

in
+

1
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A
ppendix

II—
cont

w
here

M
anim

als
are

m
arked

in
a

population
ofsize

N
(unknow

n)
and

m
m

arked
anim

als
are

recaptured
in

a
subsequentsam

pling
ofn

anim
als.

The
standard

error
of

this
estim

ate
is

a
p

p
ro

xi
m

ated
by

SE
=

j~I2(j~
+

i)(n
—

m
)

If
the

num
ber

of
anim

als
is

decided
before

re
capture

com
m

ences
a

different
form

ulation
for

population
size

and
variance

is
required

(see
C

aughley
1977,pg

143).

The
P

etersen
E

stim
ate

is
biased

upw
ards

by
births

and
im

m
igration.

2.
S

chum
acher’S

M
ethod

if
enough

anim
als

cannot
be

m
arked

on
a

single
occasion

then
m

arking
on

several
occasions

becom
es

necessary.The
population

size
is

estim
ated

from
the

rate
at

w
hich

the
proportion

of
m

arked
anim

als
rises

as
m

ore
are

progressively
m

arked.
N

=
L~1~in1

W
here

N
is

the
unknow

n
population

size,M
is

the
num

ber
ofindividuals

m
arked

p
rio

r
to

the
ith

sam
p

ling
occassion,

and
n

is
the

num
ber

of
individuals

captured
on

the
ith

occasion
ofw

hich
m

had
been

m
arked

previously.

The
standard

error
(SE)

of
IV

is
calculated

indirectly
from

the
SE

ofi/N

S
E

(1
/N

)
_

_
_

~
~

_
_

_

w
here

s2
=

~(m
~/n.)

—
(~

M
.m

.)2/(!M
~n.)

,
1

a
n

d
jis

the
num

ber
ofrecapture

sam
ples.

This
m

ethod
allow

s
a

check
on

the
assum

ption
of

equal
catchability.

if
the

assum
ption

holds,
the

re
gression

of
m

m
1

on
M

1
is

linear
through

the
origin

w
ith

a
slope

of
i/N

.
The

m
ethod

assum
es

that
the

population
m

aintains
a

constant
size

during
the

experim
ent,

and
that

no
anim

al
dies

or
leaves

the
area,or

is
born

or
im

m
igrates.

3.
The

Jolly-S
eber

m
ethod

If
anim

als
are

recaptured
on

tw
o

or
m

ore
occasions,

a
stochastic

analysis
developed

by
both

Jolly
and

S
ebercan

be
used.A

llprevious
m

odels
are

determ
inistic.

The
m

ethod
requires

that
each

anim
al’s

history
of

recapture
is

know
n

—
anim

als
m

ust
be

serially
m

arked
w

ith
tim

e-specific
tags,

or
individuals

m
ust

have
unique

tags
(e.g.

num
bered

tags).
in

the
calculations:

iV~.
=

estim
ated

population
size;

=
size

ofsam
ple;

=
num

ber
ofm

arked
anim

als
in

the
population

im
m

ediately
preceeding

the
ith

occasion;
m

,
=

num
ber

ofm
arked

anim
als

in
the

sam
ple;

K
=

num
ber

ofanim
als

m
arked

and
released;

r
=

num
ber

of
anim

als
of

the
R

released
that

are
subsequently

recaptured;
Z

=
num

ber
m

arked
before

the
ith

occasion
that

w
ere

not
recaptured

on
the

ith
occasion

but
w

ere
recaptured

subsequently;
a,

=
proportion

of
m

arked
anim

als
in

the
p

o
p

u
lation

atthe
ith

sam
pling.

The
size

ofthe
population

ateach
tim

e
ofsam

p
ling,

other
than

the
first,

is
estim

ated
as:

N
=

n
.+

n
Z

R
I

I
I
I

m
i

i

Each
estim

ate
has

a
form

alstandard
error(SE)of:

SE
=

~\
/~

N
-n

~
)

(iM
-m

1
+

R~\
(1

1
+

1-a.

V
M

.
)

\,,r.
R

.)

w
here

a
=

m
.

and
M

=
m

+
ZR

I
i

~

T
i.

r

The
probability

that
an

individual
alive

at
the

m
om

ent
of

release
on

the
ith

occasion
w

ill
survive

and/or
notem

igrate
from

the
study

area
before

cap
ture

on
the

nextsam
ple

is:

p
I=

11/11+1

M
.—

m
.+

R
.

I
I

I

The
num

ber
ofanim

als
joining

the
population

by
birth

or
im

m
igration

betw
een

the
ith

and
i

+
1

occasion,
and

w
hich

are
stillalive

atthe
end

o
fthis

interval,
is

estim
ated

as:

A1
=
~

—
p1(N~—

n1
+

P
opulation

size
on

the
first

and
last

occasion
cannot

be
directly

estim
ated.

H
ow

ever,
an

a
p

p
ro

xi
m

ation
can

be
obtained

by
linear

extrapolation
(forw

ards
or

backw
ards)

from
an

estim
ated

rate
of

increase
betw

een
sam

pling
occasions.

The
m

ain
advantage

ofthe
Jolly-S

eber
M

ethod
is

that
the

assum
ptions

of
the

m
odel

are
less

co
n

strained
than

the
previous

determ
inistic

m
odels.

4.
Frequency

ofC
apture

M
odels

V
iolations

of
the

assum
ptions

of
all

the
previous

m
ark-recapture

m
odels

are
m

ore
the

rule
than

the
exceptions.

M
ost

attem
pts

at
im

proving
the

m
odels

have
been

directed
at

developing
m

odels
of

frequencies
ofcapture

thatrelax
the

requirem
entof

equalcatchability.Frequency
ofcapture

analyses
use

data
on

the
num

ber
of

tim
es

an
anim

al
is

caught
once,

tw
ice,

three
tim

es,
etc.,

over
a

num
ber

of
capturing

occasions.
These

data
form

a
ze

ro
truncated

frequency
distribution

of
captures,

the

A
ppendix

II—
cont.

m
issing

zero
class

representing
the

unknow
n

num
ber

of
anim

als
that

w
ere

never
caught.

The
m

ethod
attem

pLs
to

estim
ate

the
frequency

of
the

zero
class

from
the

shape
o

fthe
truncated

d
istrib

u
tion.P

opulation
size

is
then

estim
ated

as
the

num
ber

of
anim

als
caught

at
least

once
plus

the
estim

ated
num

ber
that

w
ere

never
caught.

O
nly

three
fre

quency
m

odelsare
discussed

here.
The

Poisson
m

odel
assum

es
thai.

catchabilitv
is

constant,
h

o
w

ever,
the

negative
binom

ial
and

geom
etric

m
odels

allow
for

unequalcatchabilitv
generated

in
different

w
ays.

i.
P

oisson
E

stim
ate

(see
A

ppendix
I)

N
=

~
f;j

x

This
m

odelassum
es

equalcatchabilitv
and

zero
or

trivialm
ortality.

ii.
iV

egative
B

in
o

m
ia

lE
stim

ate

N
=

~
fi

x

zvhere./?
=

~
—

1-f’)
w

here
f~

is
the

observed
frequency

of
single

captures
and

=
~

fi
_

_
L

a
n

d

=
I

~
~‘i

(~fJ2
-

(~f
)2

~

i~i’;J
The

observed
fit

to
this

m
odelis

calculated
using

ax2
teston

observed
and

expected
frequencies.First

ofalltw
o

extra
param

eters
need

to
be

calculated,
it’

andk.

s
2

~
7

k
=

w
L~’-f1/~f.

i—
w

E
xpected

frequencies
ofa

zero-truncated
negative

binom
ialdistribution

are
calculated

as:

•
uP

F
(k

+
i)(i—

w
Y

(1
—

wJ~’
I~k~)i!

w
here

F
m

eans
the

gam
m

a
function,

E
m

eans
expected

and
I

m
eans

factorial.
G

am
m

a
functions

are
calculated

by

log
F

c~)=(x—
’/2)log

x—
x+O

.91767+
_L—

_J_
12x

36Uv~

(iii)
G

eom
etric

Estim
ate

w
hereq=

~f/—
.f

f-
i

N
=

Xf.q

and,E
(f)

=
(If)(1

—
q

)
q

’’

B.
M

ERG
ING

VARIANCES
O

F
PO

PULATIO
N

ESTIM
ATES

Ifthere
are

k
independentpopulation

estim
ates

(N,for
1

to
k

sessions)and
aone-factorANO

VA
shows

thatthere
is

no
significantdifference

betw
een

them
,then

a
m

ore
pre

cise
population

estim
ate

and
variance

ma~’be
obtained.

=
N1

+
N~

+
+

N
k

V4R~~)
=

i(V
A

R
Z

+
VAR

2
+

.+
VARIm)

The
standard

error
ofN

is
sim

ply:

SE
=

V
V

A
R

U
V

)

A
P

P
E

N
D

IX
III

TH
E

M
AR

K-R
EC

APTU
R

E
M

O
D

E
L

U
SED

TO
C

ALC
U

LATE
O

BSER
VER

BIAS
FR

O
M

TA
N

D
E

M
AER

IAL
C

O
U

N
TS

O
F

C
R

O
C

O
D

ILE
S

(see
C

aughlev
and

G
rice

1982;Bavliss
1986)

CF1
and

CF9
=

the
estim

ated
correction

factors
for

obseiver
one

and
tw

o
respectively,

w
hich

standardize
crocodile

counts
betw

een
observers.

The
notations

used
in

this
m

odelare:
5,,

the
num

ber
of

crocodiles
seen

by
the

first
observer

butm
issed

by
the

second;
5,

=
the

num
ber

ofcrocodiles
seen

by
the

second
observer

butm
issed

by
the

first;
B

=
the

num
ber

of
crocodiles

seen
by

both
observers;

P,,
=

the
probability

of
a

crocodile
being

seen
by

the
firstobserver.

the
probability

of
a

crocodile
being

seen
by

the
second

observer,

The
m

odelis:

w
ith

CF,,
=

14o,,

and
C

F,
=

i/]5)

j5,,
B

/(B
+

S
,)

=
B

/(B
+

5,,)
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A
ppendix

II—
cont

w
here

M
anim

als
are

m
arked

in
a

population
ofsize

N
(unknow

n)
and

m
m

arked
anim

als
are

recaptured
in

a
subsequentsam

pling
ofn

anim
als.

The
standard

error
of

this
estim

ate
is

a
p

p
ro

xi
m

ated
by

SE
=

j~I2(j~
+

i)(n
—

m
)

If
the

num
ber

of
anim

als
is

decided
before

re
capture

com
m

ences
a

different
form

ulation
for

population
size

and
variance

is
required

(see
C

aughley
1977,pg

143).

The
P

etersen
E

stim
ate

is
biased

upw
ards

by
births

and
im

m
igration.

2.
S

chum
acher’S

M
ethod

if
enough

anim
als

cannot
be

m
arked

on
a

single
occasion

then
m

arking
on

several
occasions

becom
es

necessary.The
population

size
is

estim
ated

from
the

rate
at

w
hich

the
proportion

of
m

arked
anim

als
rises

as
m

ore
are

progressively
m

arked.
N

=
L~1~in1

W
here

N
is

the
unknow

n
population

size,M
is

the
num

ber
ofindividuals

m
arked

p
rio

r
to

the
ith

sam
p

ling
occassion,

and
n

is
the

num
ber

of
individuals

captured
on

the
ith

occasion
ofw

hich
m

had
been

m
arked

previously.

The
standard

error
(SE)

of
IV

is
calculated

indirectly
from

the
SE

ofi/N

S
E

(1
/N

)
_

_
_

~
~

_
_

_

w
here

s2
=

~(m
~/n.)

—
(~

M
.m

.)2/(!M
~n.)

,
1

a
n

d
jis

the
num

ber
ofrecapture

sam
ples.

This
m

ethod
allow

s
a

check
on

the
assum

ption
of

equal
catchability.

if
the

assum
ption

holds,
the

re
gression

of
m

m
1

on
M

1
is

linear
through

the
origin

w
ith

a
slope

of
i/N

.
The

m
ethod

assum
es

that
the

population
m

aintains
a

constant
size

during
the

experim
ent,

and
that

no
anim

al
dies

or
leaves

the
area,or

is
born

or
im

m
igrates.

3.
The

Jolly-S
eber

m
ethod

If
anim

als
are

recaptured
on

tw
o

or
m

ore
occasions,

a
stochastic

analysis
developed

by
both

Jolly
and

S
ebercan

be
used.A

llprevious
m

odels
are

determ
inistic.

The
m

ethod
requires

that
each

anim
al’s

history
of

recapture
is

know
n

—
anim

als
m

ust
be

serially
m

arked
w

ith
tim

e-specific
tags,

or
individuals

m
ust

have
unique

tags
(e.g.

num
bered

tags).
in

the
calculations:

iV~.
=

estim
ated

population
size;

=
size

ofsam
ple;

=
num

ber
ofm

arked
anim

als
in

the
population

im
m

ediately
preceeding

the
ith

occasion;
m

,
=

num
ber

ofm
arked

anim
als

in
the

sam
ple;

K
=

num
ber

ofanim
als

m
arked

and
released;

r
=

num
ber

of
anim

als
of

the
R

released
that

are
subsequently

recaptured;
Z

=
num

ber
m

arked
before

the
ith

occasion
that

w
ere

not
recaptured

on
the

ith
occasion

but
w

ere
recaptured

subsequently;
a,

=
proportion

of
m

arked
anim

als
in

the
p

o
p

u
lation

atthe
ith

sam
pling.

The
size

ofthe
population

ateach
tim

e
ofsam

p
ling,

other
than

the
first,

is
estim

ated
as:

N
=

n
.+

n
Z

R
I

I
I
I

m
i

i

Each
estim

ate
has

a
form

alstandard
error(SE)of:

SE
=

~\
/~

N
-n

~
)

(iM
-m

1
+

R~\
(1

1
+

1-a.

V
M

.
)

\,,r.
R

.)

w
here

a
=

m
.

and
M

=
m

+
ZR

I
i

~

T
i.

r

The
probability

that
an

individual
alive

at
the

m
om

ent
of

release
on

the
ith

occasion
w

ill
survive

and/or
notem

igrate
from

the
study

area
before

cap
ture

on
the

nextsam
ple

is:

p
I=

11/11+1

M
.—

m
.+

R
.

I
I

I

The
num

ber
ofanim

als
joining

the
population

by
birth

or
im

m
igration

betw
een

the
ith

and
i

+
1

occasion,
and

w
hich

are
stillalive

atthe
end

o
fthis

interval,
is

estim
ated

as:

A1
=
~

—
p1(N~—

n1
+

P
opulation

size
on

the
first

and
last

occasion
cannot

be
directly

estim
ated.

H
ow

ever,
an

a
p

p
ro

xi
m

ation
can

be
obtained

by
linear

extrapolation
(forw

ards
or

backw
ards)

from
an

estim
ated

rate
of

increase
betw

een
sam

pling
occasions.

The
m

ain
advantage

ofthe
Jolly-S

eber
M

ethod
is

that
the

assum
ptions

of
the

m
odel

are
less

co
n

strained
than

the
previous

determ
inistic

m
odels.

4.
Frequency

ofC
apture

M
odels

V
iolations

of
the

assum
ptions

of
all

the
previous

m
ark-recapture

m
odels

are
m

ore
the

rule
than

the
exceptions.

M
ost

attem
pts

at
im

proving
the

m
odels

have
been

directed
at

developing
m

odels
of

frequencies
ofcapture

thatrelax
the

requirem
entof

equalcatchability.Frequency
ofcapture

analyses
use

data
on

the
num

ber
of

tim
es

an
anim

al
is

caught
once,

tw
ice,

three
tim

es,
etc.,

over
a

num
ber

of
capturing

occasions.
These

data
form

a
ze

ro
truncated

frequency
distribution

of
captures,

the

A
ppendix

II—
cont.

m
issing

zero
class

representing
the

unknow
n

num
ber

of
anim

als
that

w
ere

never
caught.

The
m

ethod
attem

pLs
to

estim
ate

the
frequency

of
the

zero
class

from
the

shape
o

fthe
truncated

d
istrib

u
tion.P

opulation
size

is
then

estim
ated

as
the

num
ber

of
anim

als
caught

at
least

once
plus

the
estim

ated
num

ber
that

w
ere

never
caught.

O
nly

three
fre

quency
m

odelsare
discussed

here.
The

Poisson
m

odel
assum

es
thai.

catchabilitv
is

constant,
h

o
w

ever,
the

negative
binom

ial
and

geom
etric

m
odels

allow
for

unequalcatchabilitv
generated

in
different

w
ays.

i.
P

oisson
E

stim
ate

(see
A

ppendix
I)

N
=

~
f;j

x

This
m

odelassum
es

equalcatchabilitv
and

zero
or

trivialm
ortality.

ii.
iV

egative
B

in
o

m
ia

lE
stim

ate

N
=

~
fi

x

zvhere./?
=

~
—

1-f’)
w

here
f~

is
the

observed
frequency

of
single

captures
and

=
~

fi
_

_
L

a
n

d

=
I

~
~‘i

(~fJ2
-

(~f
)2

~

i~i’;J
The

observed
fit

to
this

m
odelis

calculated
using

ax2
teston

observed
and

expected
frequencies.First

ofalltw
o

extra
param

eters
need

to
be

calculated,
it’

andk.

s
2

~
7

k
=

w
L~’-f1/~f.

i—
w

E
xpected

frequencies
ofa

zero-truncated
negative

binom
ialdistribution

are
calculated

as:

•
uP

F
(k

+
i)(i—

w
Y

(1
—

wJ~’
I~k~)i!

w
here

F
m

eans
the

gam
m

a
function,

E
m

eans
expected

and
I

m
eans

factorial.
G

am
m

a
functions

are
calculated

by

log
F

c~)=(x—
’/2)log

x—
x+O

.91767+
_L—

_J_
12x

36Uv~

(iii)
G

eom
etric

Estim
ate

w
hereq=

~f/—
.f

f-
i

N
=

Xf.q

and,E
(f)

=
(If)(1

—
q

)
q

’’

B.
M

ERG
ING

VARIANCES
O

F
PO

PULATIO
N

ESTIM
ATES

Ifthere
are

k
independentpopulation

estim
ates

(N,for
1

to
k

sessions)and
aone-factorANO

VA
shows

thatthere
is

no
significantdifference

betw
een

them
,then

a
m

ore
pre

cise
population

estim
ate

and
variance

ma~’be
obtained.

=
N1

+
N~

+
+

N
k

V4R~~)
=

i(V
A

R
Z

+
VAR

2
+

.+
VARIm)

The
standard

error
ofN

is
sim

ply:

SE
=

V
V

A
R

U
V

)

A
P

P
E

N
D

IX
III

TH
E

M
AR

K-R
EC

APTU
R

E
M

O
D

E
L

U
SED

TO
C

ALC
U

LATE
O

BSER
VER

BIAS
FR

O
M

TA
N

D
E

M
AER

IAL
C

O
U

N
TS

O
F

C
R

O
C

O
D

ILE
S

(see
C

aughlev
and

G
rice

1982;Bavliss
1986)

CF1
and

CF9
=

the
estim

ated
correction

factors
for

obseiver
one

and
tw

o
respectively,

w
hich

standardize
crocodile

counts
betw

een
observers.

The
notations

used
in

this
m

odelare:
5,,

the
num

ber
of

crocodiles
seen

by
the

first
observer

butm
issed

by
the

second;
5,

=
the

num
ber

ofcrocodiles
seen

by
the

second
observer

butm
issed

by
the

first;
B

=
the

num
ber

of
crocodiles

seen
by

both
observers;

P,,
=

the
probability

of
a

crocodile
being

seen
by

the
firstobserver.

the
probability

of
a

crocodile
being

seen
by

the
second

observer,

The
m

odelis:

w
ith

CF,,
=

14o,,

and
C

F,
=

i/]5)

j5,,
B

/(B
+

S
,)

=
B

/(B
+

5,,)




