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Abstract: I present a statistical framework for sign counts that permits abundance and density estimation 
for closed populations (e.g., in respect to ingress and egress). The estimation technique requires the capture, 
marking, and release of animals so the subsequent sign they produce is distinguishable from unmarked 
individuals. I develop variance estimators using finite sampling theory for the cases of simple random sampling 
and stratified random sampling of field plots for animal sign in the landscape. The variance formulas are 
used to determine the effects of sampling effort on the subsequent precision of abundance estimates. I present 
sample size formulas to determine the joint levels of marking effort and areal sampling required for a 
prespecified level of sampling precision in sign-marking studies. 

J. WILDL. MANAGE. 55(4):705-715 

Animal sign (e.g., tracks, excavations, and 
scats) provide an indirect method for inferring 
animal density. For some elusive species, an in- 
dex based on sign counts may be all that is 
available. When the rate of sign production by 
a species can be estimated, these indices can be 
calibrated to provide estimates of animal abun- 
dance or density. Pellet counts from ungulates 
are the single best example of such calibrations 
where the mean number of pellet groups per 
animal per day have been extensively reported 
(Eberhardt and Van Etten 1956, Neff 1968, 
Freddy and Bowden 1983). 

In certain instances, sign counts can be cali- 
brated by using sign-marking techniques. An 

increasingly popular technique is marking scat 

by implants or injections for use with pellet count 

surveys (Pelton and Marcum 1977, Kinningham 
et al. 1980, Davison 1981). Track counts can be 
amended to identify marked animals from the 
tracks left by toe-clipped individuals (Dell 1957, 
Justice 1961). Similarly, active scent posts or 

dwellings may be marked for identification with 
internal dyes that pass through the digestive 
system of animals (New 1958, 1959; Brown and 

Conaway 1961) or by surveillance with radio 

telemetry. In all cases, an estimate of sign pro- 
duction by the marked animals can be used to 
calibrate index counts. Unfortunately, many 
sign-marking studies have been mistakenly an- 

alyzed as mark-recapture investigations, or im- 

portant error sources have been omitted in con- 
fidence interval estimation (Conner and Labisky 
1985). 

I present a statistical model for sign-marking 
studies that permits abundance and density es- 
timation in closed and open populations. I also 
present variance estimators to determine the 
levels of animal trapping and areal sampling 

necessary to achieve a predetermined level of 

precision. This statistical framework can be used 
to interpret index counts over the broader class 
of indirect methods where sign marking is not 

possible. 
This research was supported by the U.S. De- 

partment of Energy under Contract DE-ACO6- 
76RLO 1830. I thank D. S. Robson for reviewing 
early drafts of the manuscript. I also wish to 
thank R. L. Crabtree. Although collaboration on 

radioisotope tagging methods never material- 
ized between us, his comments led to my interest 
in writing a general framework for quantifying 
animal sign. 

METHODS 
General Survey Design 

My presentation of the analysis of sign counts 

begins with a general description of survey de- 

sign using sign-marking techniques along with 
a hypothetical example of radioisotope tagging 
in a black tailed jack rabbit (Lepus californicus) 
population. I use data from the jack rabbit ex- 
ample to illustrate abundance estimation and 
sample size calculations. Following the descrip- 
tion of the general survey approach, I present 
formal development of abundance estimators. 
The form of the estimator and its associated 
variance are shown to be a function of the areal 

survey design. Two special cases are presented: 
first, simple random sampling and then, strati- 
fied random sampling of the study area. Vari- 
ance formulas are presented which can be used 
to determine levels of marking and spatial sam- 
pling necessary to achieve a prescribed level of 

precision. In the special case where marked and 
unmarked sign are uniformly mixed, simplified 
variance formulas are presented to determine 
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Fig. 1. A population survey where 10 animals from a population have been marked and subsequently released for abundance 
estimation using sign-marking techniques. A simple random sample of 16 of 160 subplots are surveyed for marked and unmarked 
sign. Values above the slash are the numbers of marked sign counted (x,,, i = 1,..., k) and below the slash are the numbers 
of total sign counted (x;, i = 1, ..., k). 

minimum sample sizes when preliminary sur- 

vey data are not available. The statistical meth- 
ods conclude with a discussion of density esti- 
mation from sign counts. 

I consider a population survey consisting of a 
2-phase sampling program. In the first phase, 
trapping is conducted to obtain a random sam- 
ple of n of the N animals in a population. Before 
release, the n animals in the first sample are 
marked in a manner that subsequently transmits 
a recognizable mark to the animal sign (e.g., 
scat marking [Crabtree 1989]). For purposes of 
point estimation, differentiating marked and 
unmarked sign is sufficient. However, to esti- 
mate sampling error for confidence interval con- 
struction, sign marking identifiable to individual 
animals is necessary. 

In the second phase of the population survey, 
an areal sample of k of K quadrats comprising 
the study plot is performed (Fig. 1). The purpose 
of this areal survey is to estimate the number 
of sign left in the study area by the marked and 
unmarked animals in the population. At the be- 
ginning of the sampling period, k of K quadrats 
are selected for canvassing. These areas are ini- 
tially searched to remove the old sign left before 
the survey and are later revisited at the end of 
the study to inventory the sign accumulated 
during the survey. 

The areal survey should be a probability sam- 
ple that permits an unbiased estimate of the total 
sign production on the study area. Traditional 
survey sampling techniques can be used in de- 
signing the areal survey (Hansen et al. 1953, 
Cochran 1977, Jessen 1978). A survey design 

should be selected that accounts for prior knowl- 

edge about animal movements and areal use. A 

simple random sample of the study area may be 
suitable if animal movements are relatively ho- 

mogeneous across the study site (Fig. 1). For 

species with a distinct preference for particular 
habitats or terrain, stratified random samples may 
be a more efficient sampling scheme. Areas such 
as ravines, roadways, and banks of waterways 
may be selected to reflect this prior knowledge. 
A systematic sample is a third possibility, but is 
not recommended because a consistent variance 
estimate is not always feasible. Wolter (1984) 
discusses the use of systematic sampling and 
notes that variances, computed as if the sam- 

pling were conducted as simple random sam- 

pling, are usually conservative. In the following, 
I consider only simple random sampling and 
stratified random sampling, with complete can- 

vassing as a special case. 

Although the estimator I developed is anal- 

ogous to a Lincoln Index (Seber 1982:59), the 
assumptions are quite different. These assump- 
tions are (1) the population is closed to ingress 
and egress though mortality can occur if it is 
independent of marking, (2) all animals have 
equal probability of being caught in the first 
sample, (3) marking does not affect the rate of 
sign production of the animals, (4) the areal 
sample of the study site provides unbiased es- 
timates of total sign production and marked sign 
production, (5) the mark is retained and trans- 
mitted to the sign throughout the course of the 
survey, and (6) all animal sign is correctly iden- 
tified as being marked or unmarked and as sign 
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generated during the survey. In open popula- 
tions subject to ingress and egress, a violation of 

assumption 2 is likely because the probability 
of capture is proportional to residence time. 

RESULTS 
Example of a Sign-Marking Study 

For purposes of illustration, I present a sign- 
marking study with simple random sampling 
(Fig. 1). During an initial trapping period, 10 
black-tailed jack rabbits were captured (n = 10), 
injected with unique radioisotope tracers, and 
released. A random sample of 16 of 160 subplots 
was then selected for initial canvassing to re- 
move old pellets and for subsequent recanvass- 

ing 1 week after release. Results of the mock 
survey are reported in matrix format (Table 1), 
where the numbers of marked pellets found are 
cross-tabulated by subplot and by the marked 
animal contributing the sign (y,,, i = 1, . . . , k, 
j = 1, 

.... 
n). The matrix is augmented with 

additional information on the total numbers of 

sign (x,, i = 1 
..... 

k) and marked sign (x,,, i = 
1, 

.... 
k) found per subplot. 

Abundance Estimation from Index Counts 
The development of an abundance estimator 

from sign-marking data can be conceptualized 
using finite sampling theory. Consider the case 
where the study area is completely canvassed 
(i.e., all K quadrants sampled). Between the ini- 
tial and final canvassings, the N animals of a 

population will produce X sign on the study plot. 
The mean production per animal is the X = X/ 
N. By taking a random sample of n animals that 
have a mean sign production denoted by 1~,, 
animal abundance can be estimated as: 

X nX 
N=,(1) 

where 
Xn 

is the total sign production among the 
n marked animals. The abundance estimator 

equation (1) is a consistent estimator of N with 
an approximate expected value of 

E,(N) NL 1 1-- (2) 

where 

( X - X)2 

S x 
2 

_. 

j 
= 

1 N-1 

is the variance in sign production on the study 
area between the N individuals of the popula- 

tion, and X, is the sign produced on the study 
area by the jth individual in the population (j 
= 1, ... , N), under the assumption of n being 
a random sample of the N animals in the pop- 
ulation. The positive bias (i.e., overestimation) 
of equation (2) becomes negligible as n -- N 
and when the coefficient of variation in sign 
production among individuals (X,, = 1... 
N) is small. 

In practice, a complete canvassing and enu- 
meration of X and X, is unlikely. Instead, a 
fraction of the study area (i.e., k of K quadrats) 
will be sampled to obtain estimates of the pa- 
rameters, i.e., X and X,. The more general form 
of the abundance estimator then becomes 

X nX 
S= ---(3) 

where X and Xn are unbiased estimates of the 
total production of sign by the N and n animals 
on the study plot, respectively. The particular 
form for the estimators of total sign production 
(i.e., ), 

Xn) 
will depend on the sampling scheme 

used to survey the study area. Specific forms for 
equation (3) in the cases of simple random and 
stratified random sampling are presented below. 

Simple Random Sample of Study Area.-In 
random sampling, the study area is divided into 
K equal size sampling units. A random sample 
of k of these K sampling units (or subplots) are 
then selected. Let x, (i = 1, ... , k) be the number 
of sign found on the ith sampling unit, and let 
x,, be the number of marked sign on the ith unit. 
The estimator of animal abundance based on 
simple random sampling and corresponding to 
equation (3) is 

K k 
k 

k Xi 
n 

x 

N= 
- nx. (4) 

K k 
Xn. 

nk x_ = 

The variance estimate for equation (4) is found 
in stages (Appendix A) corresponding to the sim- 

ple random sample of the study plot and the 
random sample of n of N animals for marking 
in the population. Variance formulas used in 
Conner and Labisky (1985) and Seber (1982:55, 
376) ignore this second source of variation and 
consequently underestimate the true variance 
associated with sign-marking studies. To see this, 
note that equations (1) and (3) are consistent 
estimators only with regard to all possible se- 
lections of n of N animals in the population. 
The variance of N must therefore include the 
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variation that would be observed with alterna- 
tive choices of n animals. The variance (Var) 
estimate of N with simple random sampling can 
be calculated as follows: 

Var(N) = k kV2 

3 1 + N S )2 
N( n 1 + 
2 s,2 

n S 
-2 

+ -N 1 + 
N 

xsx 2 
n2nX2 

6 1( - N 2N 
I 

N xi 

n nx2 

x COv(x,, x,,) 

+ N 4 sS (5) 

where 

2 (xi - t) 
Sx2 

-i= (6) 
k-1 

is variance in sign counts among sampling units, 

k 

(xn- (X, ) 
s2 = 1 (7) nn k-1 

is variance in marked sign counts amoung sam- 
pling units, 

cov(x,, x,,) 
= k-1 (8) 

is covariance between total sign counts and 
marked sign counts on sampling units, 

Sx_ 

(9) 

is mean number of sign counts per sampling 
unit, and 

k 

?, = : 
-- 

(10) 

is mean number of marked sign per sampling 
unit. To complete the evaluation of equation 
(5), the mean and variance in sign production 
between individuals on the study plot must be 

estimated (X and Sx2. For convenience, let y,, 
denote the number of sign found on the ith 

sampling unit from the jth marked animal (j = 

1, ... , n). Then let 
k 

Y. 1= 1 Y 

denote the total number of marked sign found 
from the jth (j = 1, ..., n) animal. Similarly, 

j=1 

illustrates the relationship between subplot 
counts and sign counts associated with individ- 
ual animals. Then, an estimate of the mean sign 
production for the n marked animals is 

1 A K 
(11) 

n = n=1 k= 

The variance in sign production among the n 
marked animals can then be estimated as 

S-2 
J= 

Si (n - 1) 

K (y. )2 (12) 
(k (n - 1) 

where 

= 

Yj.(13) 
Typically, equation (12) can be expected to 
overestimate the true variance in sign produc- 
tion between animals, for it includes the sam- 
pling error associated with the estimation of 

X,. As an alternative to the use of equation (12), 
the expression: 
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Table 1. Matrix of survey results indicating numbers of marked sign (yi) found per marked individual (j = 1, ... n) on each 
subplot canvassed (i = 1, 

.... 
k) along with total number of marked (x,,, i = 1, 

.... 
k) and unmarked (x, i = 1, 

.... 
k) sign for 

each subplot canvassed. 

Individual 

Subplot 1 2 3 4 5 6 7 8 9 10 xna xib 

1 0 0 0 0 0 0 0 0 0 0 0 31 
2 0 0 0 0 51 0 0 0 0 0 51 51 
3 0 16 0 0 0 0 0 0 0 0 16 35 
4 0 0 0 0 0 0 0 0 0 42 42 53 
5 0 0 0 0 8 0 0 0 0 0 8 113 
6 0 0 0 0 0 0 0 0 0 0 0 81 
7 0 0 0 0 0 0 0 0 0 0 0 34 
8 0 0 0 0 0 0 0 0 0 0 0 52 
9 0 0 0 0 0 0 0 0 0 0 0 26 

10 0 0 0 0 0 0 0 0 0 0 0 68 
11 0 0 0 19 0 0 0 0 0 0 19 52 
12 0 0 0 0 0 0 0 0 23 0 23 30 
13 0 0 0 0 0 0 0 0 0 0 0 74 
14 61 0 0 37 0 0 0 0 0 0 98 108 
15 0 0 0 0 0 0 0 32 0 0 32 63 
16 9 0 0 0 0 0 0 0 0 0 9 39 
Y.c 70 16 0 56 59 0 0 32 23 42 
s2d 233.05 16 0 102.27 163.16 0 0 64 33.06 110.25 
x 

.e 
298 

xf 910 

a Marked sign found on the ith subplot surveyed. 
b Total sign found on the ith subplot surveyed. 
c Total marked sign detected from the jth marked animal. 
d Sample variance in marked sign from the jth marked animal among subplots surveyed. 
e Total marked sign found on all subplots surveyed. 
f Total sign found on all subplots surveyed. 

k 
K21 - - 

S= s 
nk , (14) 
nk Yj 

where 

S = (y 
,j- )9)2 (k- 1) ' 

and 

i=1 
k 

should give an unbiased estimate of S-. A neg- 
ative value of equation (14) may arise, in which 
case equation (12) should be used. 

In the design stage of an animal survey, an 
expression for Var(N) is more useful for plan- 
ning purposes than the Var(2N) used in data anal- 
ysis. In sign-marking studies, the form of Var(N) 
will depend on the spatial distribution of the n 
marked animals and the animals' movement on 
the study plot. In the absence of specific infor- 
mation, a uniform mixing of marked and un- 

marked animal sign may be assumed to calcu- 
late sample size (Appendices B and C). Under 
such an assumption, the variance of the abun- 
dance estimator becomes 

N21 - 
nK1 

-k 

Var(N) - n~k 

+ n2 Sx,,. (15) 

Consequently, to predict the precision of the 
population survey, one must know prior esti- 
mates of the mean and variance in sign pro- 
duction among animals in addition to popula- 
tion size. The precision of the study is then 
calculated as a function of the fraction of ani- 
mals marked in the population and the propor- 
tion of the study area canvassed for sign. 

Analysis of Example.--The results of the sur- 
vey of plots (k/K = 16/160) yielded x. = 910 
pellets, of which x,. = 298 were marked from 
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the n = 10 animals released on the site (Table 
1). The estimate of animal abundance from 
equation (1) is therefore 

10(910) N = 9 = 30.54. (16) 298 

The next step in the analysis is computing an 
estimate of the variance (i.e., Var(N/)) of the 
abundance estimate. The variance in pellet 
counts among the subplots in the survey is 

sx = - = 704.25. (17) 
15 

Similarly, the variance in the numbers of marked 
pellets among subplots is 

2 (16 x.- g.)2 s= (x,, - = 715.58. (18) 
", 15 

The covariance between the total and number 
of marked pellets per plot is estimated to be 

Xi Xni 
2;X-- 

I X 
1" 

16 

cov(x,, x,,) = 
15 

= 264.75. (19) 

The final intermediate statistics needed for vari- 
ance estimation are estimates of mean pellet 
production per individual 

160 1 16 

16) 

, 

y, = 298 (20) 

and the variance in pellet production between 
marked individuals where 

(160y 

J 
) 

1160 21 

16 
[(70 - 29.8)2 + . + (42 - 

29.8)]21 

9 

= 68,995.56. (21) 

In this case of the jack rabbit data, 
Sx, 

is negative, 
so equation (21) is the best estimate of the vari- 
ance in pellet production. Substituting the in- 
termediate calculations (eq 16-21) into equation 
(5), the variance estimate of Var(N) = 192.28 
results. The standard error of the estimate, 

SE(N) = 13.87, can be used to construct a con- 
fidence interval: CI[N ? Z,,a2SE(N)] = 1 - a, 
CI[30.54 ? 1.645(13.87)] = 1 - 0.10, CI(7.72 

_ 
N 

< 53.36) = 0.90, or more correctly, CI(10.0 
< N : 53.36) = 0.90, taking into account the 
known number of marked animals (n = 10) on 
the site. The relatively large coefficient of vari- 
ation [CV = 100%-SE(N)/N] of 45.4% suggest 
greater trapping or areal sampling would be 
needed for reliable abundance estimation. 

Stratifed Random Sample of Study Area.- 
Animal preferences for specific terrain or hab- 
itat suggest that a stratified random sample (Fig. 
2) of a study site may often be appropriate. In 
this situation, the area is divided into L strata. 
These strata will often be associated with habitat 
or terrain suspected of having different levels 
of animal activity and consequently different 
densities of animal sign. Within each of these 
strata, the area is subdivided into K, (h = 1,..., 
L) sampling units of equal size. Between strata, 
the size and configuration of these sampling units 
can differ to take advantage of the most efficient 
method of canvassing each type of environment. 
Then, taking a random sample of k, of K, sam- 
pling units in each strata, animal abundance is 
estimated by 

n 
2;Kh 

2,, = ' , (22) 

Ih. 1 

where 

X1, k 
kh 

and 

kh 

The estimated variance of N for a stratified ran- 
dom sample of the study site can be expressed 
as: 

Var(N) 

[1 3 

_1n-_n 

x 2 Kh1 
sK 

h= 

I 
kh, 
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Strata 1 Strata 2 Strata 3 Strata 4 

kl k2 k3 k4 
.2 -- = .4 = .2 = .2 

K1 K2 K3 K4 

I I I I I I I I 

ROAD WAY 

I 

Fig. 2. A stratified random sample of a study area into strata (L) and the associated sampling fractions (khlKh) for each stratum, 
where k. is the number of subplots sampled out of K. subplots per stratum. 

+ 
N2J1 

10(1-N)S2 

n 2g 2 
nX4 

4 

h 

1 k 
h 2 

L 

2K 

Kh xnh 

h=l kh 

N(1 xh) 
-- +- .. .. nXz n2Xg 

4 

K1 h 
x Kh 2 k COV(Xhi, Xnhi) 

h=1 k 

+ l2 sX s . (23) 

The quantities sx, sh, and cov(xh, 
Xnh,,) 

in equa- 
tion (23) are computed the same as equations 
(6-8), respectively, except now on a stratum- 
by-stratum basis. To obtain estimates of the 
number of sign produced by individual marked 
animals, 

L 
Kh kh 

h=w kh i-1 

where Yhij is the number of sign belonging to 

the jth marked animal (j = 1, ..., n) on the 
ith sampling unit (i = 1,..., kh) of the hth strata 
(h = 1 ... L). The mean and variance of X, 
for use in equation (23) are found using ex- 
pressions (11) and (12), respectively. As an al- 
ternative to the use of equation (12) in stratified 
random sampling 

L 21- kh 
1 LK Kh) 

S/ = sf;-- 
n k s 

n =1 h=l kn Yhj 

can be used, provided the point estimate is pos- 
itive. 

To evaluate alternative allocations of effort, 
a variance expression analogous to equation (15) 
but for stratified random sampling, can be used 
where 

( N L 2 K_ 
Var(N) = 

n12 
NC 

2Kh2 k Xh 

72X2 

h=i kh 

+ N2 1 (I -(25) 
NI nX' 

and where Xh is the mean sign production by 
the individuals in the hth stratum. An estimate 
of the mean number of sign in each strata must 
be known along with the mean and variance in 
sign production between animals to predict the 
sampling precision of a future survey. 
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Sample Size Calculations for Population 
Surveys 

For an observational study with the objective 
of abundance estimation (or equivalently, den- 

sity estimation), the precision of a survey esti- 
mate of N can be written as 

P( N < < 1 - a (26) 

where E is the maximum relative error expected 
with a probability of 1 - a. Assuming approx- 
imate normality of the abundance estimate from 
equation (3), the anticipated precision of a pop- 
ulation survey can be estimated from the cu- 
mulative normal distribution where 

" ( N < - 1 - 2 CV(j) (27) 

and where 

CV(N) 
= NVar( 

For simple random sampling inspection of 
equations (5) and (15) indicates that the 

CV(/N) 
is a function of 2 design parameters 

P4= =-=1 -Q , PK =1QKand 
N K ) 

3 population parameters (N, X, and CV(X,)) that 
must be available prior to performing sample 
size calculations. With prior estimates of X and 

CV@(X,), equation (27) can be used to determine 
levels of PN and PK needed to be within 100% 
of the true value of N, (1 - a)100% of the time. 

Example of Sample Size Calculations.--With 
the sample results from the jack rabbit example, 
alternative allocations of sampling effort can be 
determined such that future surveys of the jack 
rabbit population may have a prescribed level 
of precision. The variance of N is a function of 
the sampling fractions of the number of animals 
marked and the number of subplots canvassed. 

Substituting the numerical results (eqs 16-21) 
into equation (5) for n = 10 and k unspecified, 

Var(N) = 2551.89 - + 48.74, 

the level of spatial sampling can be determined 
for prespecified levels of (1 - a) and r from 
equation (27). 

To be within 50% of the true value of N 80% 
of the time, the number of subplots to randomly 
sample is calculated as 

0.8 = 1 - 2 

-30.54(0.50) 
x 1 1 

7 

2551.89 
(k 1-I0 

+ 48.74 

-15.27 
0-'(0.10) = -15.27 

(2551.89 + 32.79 
k 

-15.27 
-1.2817 = ( 2551.89 

'+32.79) 
\ 

k 
+ 32.79 

k = 23.4, 

or, rounding up to the next largest integer, k = 
24. 

To be within ? 40% of the true value of N 
80% of the time, k = 44 subplots must be sam- 

pled when n = 10 animals are marked. For E = 
0.35 and 1 - a = 0.80, k = 70 subplots must be 

sampled. However, for E = 0.25 and 1 - a = 

0.80, k = 947 subplots require sampling. In other 
words, canvassing the entire site (k = 160) will 
not yield the desired precision when only 10 
animals are sign-marked. Both n and k must be 
adjusted to yield a precision of E = 0.25 and 
1 - a = 0.80. With n = 15 sign-marked animals 
and k = 57, a precision of E = 0.25 and 1 - a 
= 0.80 is achievable. These sample size calcu- 
lations illustrate the importance of both the in- 

tensity of marking and spatial subsampling on 
the overall performance of a sign-marking sur- 

vey. 
The marked sign in the jack rabbit example 

were not randomly mixed across the site, but 

appear in clusters (Fig. 1). Sample size calcu- 
lations in this case will be underestimated using 
the simple variance formula (15) which assumes 
uniform mixing of marked and unmarked sign. 
In contrast to the above calculations, the vari- 
ance of N assuming formula (15) is 

.1 1 1 
Var(N) = 33.68 

16 
+ 48.74 

where the first term associated with the spatial 
variance in marked sign is underestimated. A 

Chi-square test of homogeneity can be used to 
test for uniform mixing of marked and un- 
marked sign across subplots. In the case of jack 
rabbit data, the assumption of homogeneity is 
rejected, (x1J > 573.98, P = 0), and variance 
formula (5) must be used in sample size calcu- 
lations. 
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Relationship Between Abundance and 
Density Estimation 

Different survey methods are typically re- 
quired to estimate absolute abundance versus 
population density when using mark-recapture 
techniques (White et al. 1982). However, the 
distinction disappears in sign-marking studies. 
Define density (D) as 

1N D = 

__ 
P' 

(28) 
where A = areal size of the study site, N = total 
number of animals using the site for some frac- 
tion of the survey period (previously estimated 
by N), and P, = fraction of survey period the 

jth animal (j = 
1,..... 

N) used the site. From 
equation (28), density is a function of the cu- 
mulative temporal use of a study plot of size A 
by the N individuals of the population. Assum- 
ing the number of sign left on the site by the 

jth animal may be roughly proportional to its 
residence time on the study plot, then 

E(X,) = R,P1, (29) 

where R, is the total sign production by the jth 
animal regardless of location. It follows from 
equation (29) that a natural estimate of P, is 
then 

P R- 

such that animal density can be written as 

D = 1 RX 
A R, 

Assuming all animals have the same expected 
deposition E(R,) = R, then density can be writ- 
ten as 

2Xj 
D =' =(30) AR AR 

for subsequent estimation. 
The average sign production, R, in equation 

(30) can be estimated from the n marked ani- 
mals by selecting a plot size, A, sufficiently large 
to encompass the home ranges of all n tagged 
animals. In which case, R is estimated by 

Xn,, and density is estimated by 

D 
-V 

(31) 
AXn A' 

the naive density estimator (White et al. 1982: 
120). Hence, in situations where the n individ- 

uals are closed to ingress and egress, density and 
abundance estimation are essentially equivalent 
when using sign-marking data. Variance ex- 
pressions for density estimates can be calculated 
from equations (5) and (23) by noting the re- 

lationship 

Var(D) = Var(N). (32) 

The assumptions for density estimation (eq 31) 
are essentially the same as listed for abundance 
estimation. However, the assumption of closure 
can now be relaxed to include just the n marked 
animals. 

DISCUSSION 
Guidance on the design and analysis of index 

studies is surprisingly sparse in wildlife and sta- 
tistical literature (Eberhardt 1978, Giles 1969). 
Typically, regression or ANOVA procedures are 

employed under the assumptions of normality 
and linear response models. However, the actual 
distributional properties and sampling models 

may be quite different or are unknown. In the 

development of estimators for sign-marking 
techniques, finite sampling theory is used, there- 

by avoiding distributional or model assump- 
tions. The subsequent techniques are therefore 
nonparametric and are robust to varying envi- 
ronmental or population conditions. The vari- 
ance estimators can be used with knowledge 
about rates of sign production, areal density, and 

spatial variation in sign to determine the sam- 

pling effect required for prespecified levels of 

sampling precision. 
Another application of sign-marking tech- 

niques is the comparison of animal density be- 
tween spatially or temporally distinct sites, or 
the assessment of treatment effects on wild pop- 
ulations. In situations where an environmental 
effect may cause a demographic change, a be- 
havioral change should also be suspected. For 
instance, manipulation of cover might cause a 

change in carrying capacity and/or the move- 
ment and diet of animals. As a result, the fre- 
quency of track counts may subsequently 
change, but pellet counts may or may not be 
affected. A prudent choice of which animal sign 
to count should reduce the likelihood of biased 
contrasts between treatments. 

Alternatively, sign marking can be used to 
validate the assumption of homogeneous cali- 
bration or to convert index counts to absolute 
abundance. Without tests of assumptions and 
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valid variance estimates, management decisions 
based on sign counts could be wrong. By mod- 
ifying index techniques, by improving the re- 
liability of sign counts, and by including error 
variances in risk assessment, management de- 
cisions under uncertainty can be improved. 
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APPENDIX A 
Estimated Variance 

For simple random sampling the variance of 
the abundance estimate is found by first con- 

ditioning on the n animals tagged and then tak- 
ing expectation over all (N) choices where 

Var( N) 

= E,[Var(N In)] + Var,[E(N In)] 

k 

k 

1 

X(S2 
) Xn(X 

x E, {S2 S() 

- 2Xcov(x,, x,,,) X 
) 

nX 
+ Var(X. 

1 - 
xS2 En 

+ X2E(S2)E, 

_,x?I?-? ( X n?~) 
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+ n"X2Var,,(. (33) 

Using Taylor series approximations (DeSapio 
1978:491-523) for terms of the order (1/X,,)", 
the variance can be expressed as 

Var(N) 

kX 

K 2?6(1 - 
)Sx 

n 
n 

x 1+ 
nX2 

S, 2 

(Nn 
10 1 S- Sx 

+ -N 1 + 
E,, (Sx2) n2 nX2 ? 

( 
n 

2N 
6 1 -N 

Sx2 

n n X2 

x En[Cov(x,, x,)] 

+ SN) S (34) 

The values E 
,(S,2) 

and E,,[Cov(x,, xn,)] 
will de- 

pend on the dispersion pattern of the population 
(Appendix C). For purposes of variance esti- 
mation, sample values may be substituted into 

equation (34) to obtain equation (5). In the case 
of stratified random sampling, the above ap- 
proach is used within each stratum with the 

resulting variance (eq 23) being a weighted sum 
of the within-strata variances. 

APPENDIX B 
Estimated Variance under Random Mixing 

For sample size calculations, the dispersion of 
animal sign may be approximated by a random 
mixing model. Under such an assumption, the 
probability a randomly selected sign is marked 

n 
is P = for P = 1 - Q, so N 

E,, 
(S2,,) 

= PQ + P"S2, (35) 

and 

E,,[Cov(x,, X,,,)] = PS,/. (36) 

Using the further simplification of 

E - - 
X 

-1 E(X)" 
in the derivation of equations (33-34), the vari- 
ance formula simplifies to equation (15). A sim- 
ilar argument can be used to derive equation 
(25). 

APPENDIX C 
Variance and Covariance 

The general expressions for the expected val- 
ues of the variance of 

x,,, 
and the covariance of 

x, and 
x,, 

as a function of the numbers of animals 
marked (e.g., eq 34) can be found using indi- 
cator variables. It can be shown that 

n(N- n) 2 

E N(n - 1) S 

Sn(n -- 1) S (37) 
N(N - 1) 

where S, = variance in sign for the jth animal 

among subplots (i = 1, ... k). Similarly, 

E,,[Cov(x,, x,,,)] = , ~. (38) 

Although equations (37) and (38) are free of 
assumptions concerning the distribution of an- 
imals on the study site, the prodigious param- 
eterization of equation (37) limits its usefulness 
in sample size calculations. 
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