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LINE TRANSECT ESTIMATION OF BIRD POPULATION 
DENSITY USING A FOURIER SERIES 

KENNETHP. BURNHAM,'DAVID R. ANDERSON' 
AND JEFFREY L.LAAKE~ 

ABSTRACT.-A general approach to the estimation of bird population density from line transect data is dis- 
cussed. This method is based on a nonparametric statistical analysis technique: the Fourier series method. The 
Fourier series estimator is both robust and efficient; i.e., it is not dependent on specific distributional assump- 
tions about the detection probability of birds at various perpendicular distances from the transect line to provide 
relatively precise density estimates. The method is especially easy to compute for ungrouped, perpendicular 
distances, but can also be applied to grouped data commonly taken when sampling birds. A comprehensive 
computer program, TRANSECT, implements the Fourier series method, under a variety of options, by con- 
ducting hypothesis testing and point and interval estimation of population density. Examples of the Fourier 
series method based on nongame breeding bird transect data are provided. Because results will only be as 
reliable as the data collected, brief guidelines on field procedures and sample size are given. Finally, comments 
on other methods of analysis of line transect data are presented. 

Line transect sampling to estimate the abun- 
dance of biological populations has been in use 
for over 40 years. However, only within about 
the last 10 years have there been substantial ef- 
forts to apply line transect sampling to the prob- 
lem of estimating abundance of nongame birds. 
Similarly, it has only been within recent years 
that the statistical properties of this method have 
been intensively studied. Line transect sampling 
is now (almost) an established method for esti- 
mating densities of some species of nongame 
birds, especially breeding birds. Reliable results 
appear possible if good field practices are used 
to collect the data and robust, efficient analysis 
methods are used to analyze these data. The 
objective of this paper is to bring to the attention 
of ornithologists a general, robust, reliable data 
analysis method for use with line transect sam- 
pling data. 

Line transect sampling embodies the explicit 
recognition of the fact that the probability of 
detecting birds decreases with increasing dis- 
tance from the transect line. Because of this, 
distance data to birds detected are recorded. 
Estimation of bird abundance involves using 
these distance data to “correct” the sample size 
for the detectability of birds. This can be viewed 
as a refinement on strip transect sampling which 
requires the assumption that all birds are de- 
tected within a fixed perpendicular distance 
(i.e., within the strip) of the transect line. 

Strip transect sampling predates line tran- 
sects; it was used as early as 1906 (as reported 
in Forbes and Gross 1921). The use of distance 
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data to “correct” for missed birds seems to have 
first been suggested in the 1930s (see Gates 
1979). During the 1930s and 194Os, faltering 
attempts were made to put line transect sam- 
pling, i.e., estimation based on distance data, on 
a mathematical basis: see e.g., Leopold’s (1933) 
reference to King’s work in the late 1920s and 
early 193Os, Breckenridge (1935), Colquhoun 
(1940a, 1940b), Colquhoun and Morley (1941), 
Webb (1942), Kendeigh (1944), Southern (1944) 
and Kelker (1945). None of these papers pre- 
sented any real theory of line transect sampling 
or estimation methods. A pioneering paper by 
Hayne (1949) was the first significant attempt to 
formulate an estimator of animal density based 
on line transect sampling data (Hayne’s esti- 
mator has not actually been used much with 
nongame bird data). 

Rigorous, general development of line tran- 
sect theory did not really start until the late 
1960s. Key papers by Gates et al. (1968) and 
Eberhardt (1968) laid the initial foundations of 
line transect theory. During the 197Os, work pro- 
gressed and culminated in a good general un- 
derstanding of, and theory for, line transect 
sampling and estimation of population abun- 
dance. The most comprehensive single refer- 
ence is Burnham, Anderson and Laake (1980); 
however, other relevant literature during that 
decade is Anderson and Pospahala (1970), Seber 
(1973, 1979), Kovner and Patil(1974), Burnham 
and Anderson (1976), Hayes (1977), Schweder 
(1977), Anderson et al. (1978), Eberhardt (1978, 
1979), Pollock (1978), Anderson et al. (1979), 
Burnham (1979), Crain et al. (1979), Gates 
(1979), Ramsey (1979), Ramsey and Scott 
(1979), Quinn (1977, 1979, 1980) and Patil et al. 
(1979). This represents a significant output of 
fundamental theory on line transect (and closely 
related) sampling; unfortunately, it has not yet 
been incorporated into ornithological practice. 
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During this same period (approximately the 
past 20 years), ornithologists have been increas- 
ingly concerned with transect sampling to esti- 
mate bird abundance. However, there has been 
almost no basic transect sampling theory devel- 
oped or presented in the ornithological literature 
(Yapp 1956, is an exception, but Royama 1960, 
concluded that Yapp’s theory is not applicable 
in practice). Ornithologists have concentrated 
on conducting field studies to understand the 
numerous factors influencing the detection of 
birds (such as time of day, weather, habitat, bird 
species, and observer differences): see for ex- 
ample, Amman and Baldwin (1960), Bergerud 
and Mercer (1966), Brewer (1972), Fowler and 
McGinnes (1973), Jarvinen and Vaisanen (1975, 
1976b), Franzreb (1976, 1977), Myrberget 
(1976), Tilghman (1977), Hickey and Mikol 
(1979). However, in a properly designed and 
conducted line transect study such factors can 
be safely ignored during data analysis if a suit- 
ably “robust” estimation method is used. 

The best known line transect method used in 
ornithological studies is that of J. T. Emlen 
(1971, 1977a). The data collection aspects of 
Emlen’s method can be improved, in principle, 
by more precise recording of distances. How- 
ever, the estimation aspects of Emlen’s method 
were developed with no theoretical basis and 
can be greatly improved. They should be re- 
placed by rigorously developed, well founded 
estimation methods. We discuss one such meth- 
od in this paper. 

LINE TRANSECT SAMPLING 

BACKGROUND 

A defined study area of known size, A, should 
be established before starting a transect study, 
especially if estimation of bird abundance at spe- 
cific points in time is important (the alternative 
is to only compare changes in bird density over 
time). First, a set of transect lines must be es- 
tablished in the study area, along with a plan for 
sampling those lines. This constitutes an essen- 
tial part of the study design and is of critical 
importance. Some comments on study design 
are presented in a different section of this paper. 
In general, one or more transect lines of fixed 
length are established in the area. Finally, the 
line is walked, at least once, and data on birds 
observed are recorded (replicates may, in fact, 
be different days of sampling the same line(s)). 

In bird studies, it is common to establish a 
fixed distance, w, on either side of the line and 
only record birds observed within this distance. 
In strip transect sampling, all birds within the 
strip of length L and width 2w are assumed to 
have been observed (hence recorded). Thus, in 
strip transects, only the birds detected in the 

FIGURE 1. Diagram of the possible measure- 
ments that can be made for a detected object. The 
observer is at position 0 when an object is detected 
at position P, and Q is that point on the line perpen- 
dicular to the object. The sighting distance is r, the 
sighting angle is 0, and the perpendicular distance 
from the object to the center line is x. Note that the 
direction of the observer’s travel, as shown by the 
arrow, is from 0 to Q. 

strip are counted. However, it is known that if 
w is large, detectability will decrease at increas- 
ing distances from the transect center line. 
Therefore, distance data on each bird, i.e., how 
far is it from the transect center line, must be 
recorded. 

Let there be R “replicate” lines, with lengths 
11, 12, . . . 3 lR and total length L = 1, + 1, + 
. . . + lR. We will sometimes treat the situation 
as if there were one overall line of length L. To 
facilitate further discussion, the following nota- 
tion is defined: nj = number of birds detected 
onlinej,j= I,.. . ,R;n =nl+n,+ . ..+ 
nR = total count of birds for line length L; x = 
the recorded perpendicular distance from the 
transect (center) line to a detected bird-the to- 
tal sample of such distances is xi, i = 1, . . . , 
n. Note that x = r. sin(o); r = the sighting dis- 
tance from the transect line to the bird; and 0 = 
the sighting angle (see Fig. 1). 

The basis for modeling line transect sampling 
is the concept that there is a decreasing proba- 
bility of detection for birds at increasing dis- 
tances from the transect line, and that this phe- 
nomenon can be represented by a “detection” 
function g(x), where g(x) = the probability of 
detecting a bird that is at perpendicular distance 
x from the transect line. 

For strip transect sampling, it is assumed that 
g(x) = 1 for all distances less than w. However, 
for line transect sampling, the detection proba- 
bility g(x) decreases as perpendicular distance, 
x, increases. 

In most ornithological field work, estimation 
of bird abundance has been based on the per- 
pendicular distance data and we support that 
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approach. However, these perpendicular dis- 
tance data are often recorded by distance cate- 
gories (i.e., as grouped data) rather than being 
recorded as exact measurements. The only jus- 
tification for this is that the exact distances can- 
not always be determined; rather, the observer 
only knows that the bird, often heard rather than 
seen, is between some distance limits, such as 
0 to 20 m or 20 to 50 m. 

ASSUMPTIONS 

The goal of line transect sampling is to esti- 
mate the average density, D, of specified species 
in the study area. If N is the total number of 
birds in the area A, then D = N/A. A model is 
needed to relate the data to bird density, D, in 
order to derive a valid estimate of bird density. 
A model is just a set of assumptions; in their 
most concise form these are mathematical as- 
sumptions which, of course, have practical im- 
plications. 

We recognize four basic assumptions in line 
transect sampling (in decreasing order of impor- 
tance): (1) Birds directly on, or very near to, the 
line will always be detected; (2) There is no 
movement of birds in response to the observer 
and none are counted more than once during a 
given walking of the line; (3) All distance and 
angle data are recorded without measurement 
error; and (4) Sightings of different birds are sta- 
tistically independent events. 

In the abstract, line transect theory relates to 
sampling objects that do not move. This is re- 
flected in assumption (2). However, movement 
that is random with respect to the location and 
movements of the observer causes no difficulty, 
provided the bird is counted only once during 
any one sampling of the transect and provided 
the distance to the transect line is accurately 
recorded when detection occurs. Assumption 
(2) will be violated by evasive movement, 
wherein birds move away from the transect line 
as the observer approaches, or by attraction of 
the birds toward the observer. Some degree of 
evasive movement is to be expected and can 
cause severe underestimation of bird density if 
it is extreme (e.g., even a moderate proportion 
of birds moving beyond the truncation distance, 
w). 

Assumption (1) means that, if a bird is on, or 
very near, the line, the probability of detecting 
it is 1 (i.e., g(0) = 1). In practice, some birds 
will be missed during sampling. If they are well 
off the transect line, this causes no problems in 
estimating bird density. However, failure to de- 
tect birds that are on the line is a serious prob- 
lem as regards density estimation. Birds that 
were on the line, but moved in response to the 
observer and then are missed, are also a prob- 

lem. However, it is important to distinguish be- 
tween these two situations as violating either 
assumption (1) or (2), respectively. Some degree 
of movement can be dealt with in the data anal- 
ysis; i.e., moderate violation of assumption (2) 
may occur and transect sampling will still be 
useful. There is no way to deal with failure of 
assumption (1) from line transect data alone; 
failure to meet assumption (1) (all birds on the 
line are seen) directly and significantly biases 
any estimate of population density. 

Assumption (3) is related to field techniques 
of distance measurement and the diligence of 
observers. If distances are to be recorded “ex- 
actly” (say to the nearest meter when w = 100 
m), it is critical, for example, to avoid recording 
a distance between 1 and 10 m as zero (a not 
uncommon practice). It is necessary to have an 
objective way of measuring the distance (e.g., 
steel tape or pacing), otherwise the tendency is 
to record distances at convenient values like 5, 
10, or 25 m. If the data are recorded by distance 
groups, then less rigor is needed because as- 
sumption (3) will be met if all birds detected are 
recorded in the correct distance category. 

The primary way that assumption (4) is not 
met is if birds occur in distinct, small groups 
(large flocks of birds are not suitable for line 
transect sampling, anyway). We call this the 
case of birds (objects) occurring in “clusters.” 
The proper treatment of clusters of birds is to 
regard the cluster itself as the object of interest 
and record only one distance per sighting, the 
distance to the Cluster, and the cluster size. 
Standard line transect theory is then used to es- 
timate the density of bird clusters and multiply- 
ing that estimate by the average cluster size in 
the total population gives the density of birds 
(see e.g., Bumham et al. 1980:192-194). Note, 
however, that the average cluster size observed 
from the actual line transect sampling may be a 
biased estimator of the true population average 
cluster size. In this case, estimation of average 
cluster size is not straightforward (see e.g., 
Bumham et al. 1980: 192-194). 

APPROACHES TO DENSITY ESTIMATION 

The total area sampled is A = 2wL. Let N be 
the total number of birds in this area. Given a 
properly designed study, an unbiased estimate 
of bird density is fi = NIA. For strip transect 
sampling, the total birds seen is n = N (by as- 
sumption). But, for line transect sampling, N 
must be estimated as n/P, where P is the (av- 
erage) probability of detecting a bird in the area 
sampled by the transect. This probability is re- 
lated to the detection function; in fact, 

P = 1 
I 

‘I‘ g(x) dx, 
‘V 0 

(1) 
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which is the average value of g(x) for 0 < x < w 
(J. T. Emlen 1971, 1977a, has called l/P the 
“coefficient of detectability”). Define 

I 

zc 
a= g(x) d.X (2) 

0 

so that P = a/w. Then the estimate of D re- 
quires only an estimate of a (equivalent to es- 
timating P because w is known): 

fi = ,‘$/A = ?._ = II rl 

AP 
= r, 

2La 

Lj=n. 
2LB (3) 

The estimate of this “correction factor” to 
account for birds missed that were off the tran- 
sect center line depends on the recorded per- 
pendicular distance data. The next step in this 
logical process is to derive the probability den- 
sity function of the (random) variable x (=per- 
pendicular distance). Seber (1973) has shown 
that 

f(x) = +, (4) 

where f(x) represents the sampling distribution 
of x. Finally, by assumption (l), the probability 
of detecting a bird if it is on the transect 
center line is 1. Thus g(0) = 1, and from Eq. 
(4) we have 

f(O) = 1 (5) 

Equation (5) provides a clear-cut relationship 
between the parameter a and the observed per- 
pendicular distance data. Given any model for 
the detection function, or given a sampling mod- 
el for perpendicular distances, there are many 
ways to estimate f(0). Substituting Eq. (5) into 
Eq. (3) gives 

b = n&O) 
2L ’ ~6) 

which is a general formula for estimating den- 
sity, D. 

The statistical estimation problem now is to 
specify a model, f(x), of the sampling distribu- 
tion of x (this is equivalent to modeling the de- 
tection function) and then derive an estimate of 
f(0). A large variety of models forf(x) have been 
used, for example, the negative exponential dis- 
tribution (Gates et al. 1968), the half normal dis- 
tribution (see, e.g., Gates 1979) and an expo- 
nential power series model which includes both 
these as special cases (Pollock 1978). Given the 
large variety of models for f(x) and estimators 
for f(O), reliable criteria are needed on which to 

base a choice of an estimator. It is not adequate 
or scientific to choose an estimator because one 
happens to like it or thinks it does well, or be- 
cause one is comfortable with it. Finally, it is 
necessary to have an estimate of the sampling 
variance of the estimate of bird density. It is a 
major failing that most of the estimators in the 
biological literature have no associated esti- 
mates of precision. 

CRITERIA FOR ROBUST ESTIMATION 

The true detection function g(x) is not known; 
moreover the work on line transect sampling in 
ornithology (and elsewhere) shows that the de- 
tection probability can vary due to numerous 
factors. Consequently, one cannot use a restric- 
tive model for the detection probability and ex- 
pect to get reliable estimates of density. A “ro- 
bust” approach is needed; i.e., the estimator of 
bird density needs to be free of restrictive as- 
sumptions about the detection probability. The 
properties of fi depend almost entirely on the 
estimator off(O), which depends, in turn, on the 
model chosen for the distribution of distances, 
and on the estimator used forf(0). We have pro- 
posed several criteria that an estimator should 
satisfy in order to ensure reliable estimates of 
bird density from line transect sampling (Burn- 
ham et al. 1979). 

Four criteria relate primarily to the properties 
of the assumed model for the sampling distri- 
bution of perpendicular distances. In order of 
importance these are: (1) model robustness; (2) 
pooling robustness; (3) shape criterion; and (4) 
estimator ejjjciency. Two additional criteria re- 
late to promoting robustness of data analyses to 
common problems with transect distance data: 
(5) data truncation; and (6) data grouping. 
These last two criteria mean that the estimator 
of f(0) should allow truncation of the data and 
should allow, or be developed to apply to, 
grouped data. Many line transect estimators in 
the literature are valid only for untruncated, un- 
grouped data. 

Model robustness means that f(x), the distri- 
bution of perpendicular distance data, is mod- 
eled with a general, flexible function, one that 
can take on a wide variety of shapes. Methods 
based on specific functional forms such as the 
negative exponential model are not model ro- 
bust (see Burnham et al. 1980:162). 

If an estimator is pooling robust, the fact that 
some birds off the line go undetected becomes 
totally irrelevant provided the basic assumptions 
are closely met. Data could be stratified by all 
possible factors likely to affect the detectability 
of birds and an estimate of density made for each 
strata. These separate estimates could then be 
combined into an estimate of total bird density; 
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this is a stratified estimator, &. The alternative 
is to take the total set of data (n, xi, . . . , x, 
and L) and compute from this “pooled” data 
(pooled over replicate lines, observers and any 
other potential strata) an estimator, 0,. An es- 
timator of f(0) is pooling robust if these two 
approaches produce the same estimate of den- 
sity, i.e., b, = i& Thus, such an estimator is 
not affected by pooling the data over all the 
known and unknown factors that can effect the 
probability of detecting birds. 

For line transect sampling of birds, it is very 
reasonable to assume that the detection function 
is 1 near the transect center line and hence has 
a “shoulder” near the line. This shoulder aspect 
of the shape of the detection function should be 
imposed on the model used to estimate f(0). 
Mathematically, this is easy to do by specifying 
that the derivative off(x) at x = 0 is zero; hence 
f’(0) = 0 is the shape criterion. It means that 
the assumed detection function falls off very 
slowly near the transect line. 

Criterion four, estimator efficiency, means 
that the estimator should have made the most 
use of the information in the distance data to 
estimate f(0). An efficient estimator has a rela- 
tively small sampling variance. It is often easy 
to suggest ad hoc estimators; such ad hoc esti- 
mators are rarely efficient and are often badly 
biased. 

The only general class of models that satisfy 
these four criteria are ones linear in their param- 
eters, such as the polynomial: 

f(x) = a, + a,x + a$ + a# + a& (7) 

(see, for example, Gates and Smith 1980). How- 
ever, f(x) of Eq. (7) does not satisfy the shape 
criterion unless the parameter a, = 0. We con- 
sidered the polynomial method, but found a bet- 
ter method for estimation of bird density. That 
method, the Fourier (pronounced Foureay) se- 
ries estimator, is described in the next section. 

Transect data in ornithology are generally tak- 
en with a finite truncation point, w. In other 
applications, w is often effectively infinite. Typ- 
ically, it then will be necessary to delete a few 
“outliers” at extreme distances (which is why 
we presented criterion five). This is done by es- 
tablishing a truncation point, w*, and ignoring 
all data beyond distance w*. This sort of data 
truncation may also be necessary with some 
species of birds. We distinguish between w* and 
w because w* is established after data collection 
while the transect width, w, is established be- 
fore sampling. Such data truncation leads to 
more robust estimates of density (see e.g., Bum- 
ham et al. 1980:108-111). It is necessary to es- 
tablish a truncation value w* to apply the Fou- 

rier series estimator; however, it is entirely 
possible to take w* = w. 

THE FOURIER SERIES ESTIMATOR 

UNGROUPEDDATA 

The general estimator of density is 

The estimator of f(0) based on the Fourier ser- 
ies expansion is 

(The line length, L, and perpendicular distances 
must all be expressed in the same units.) The 
estimated Fourier coefficients B1, Gs, . . . , 8, 
are computed from the ungrouped distance data 
Xl, x2, . . . 9 x, using the formula 

Consider the second coefficient, a^, (i.e., k = 
2), for a survey where 45 (=n) birds were de- 
tected within a 100 m wide (on each side) 
line transect (w = w * = loo), then 

(If the computations are to be done on a small 
calculator, be certain that the cosine function 
allows the argument to be in radians, not de- 
grees). After simplification, 

. a2 = 0.000444 5 cos(O.1396xJ . 
i=l 1 

The number of Fourier coefficients computed 
to estimate f(0) is determined by choosing the 
first value of m such that 

1 2 + 
- ~ 22 lL+,l, 

[ 1 w* n+l (11) 

where I&+, ) is the absolute value of &,+,. 
Equation (11) is called a “stopping rule.” This 
rule for selecting the number of terms in the 
Fourier series represents a tradeoff between 
achieving small bias and always having a large 
number of terms (m), thereby getting a large 
sampling variance, or between always having a 
small m and having a possibly biased estimator. 
Typically, m is only 1, 2, or 3 and rarely needs 
to be as large as 5 or 6. In fact, if the above rule 
indicates m 2 6 in nongame bird applications, 
something is probably wrong with the perpen- 
dicular distance data xi (such as large rounding 
errors or mistakes in recording the field mea- 
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surement). If the data, through Eq. (ll), indi- 
cate, say, m = 2, thenf(0) is estimated as 

1 
f(O) = - + a^, + a^,. 

W* 

An estimate of the sampling variance of 6 is 
given by 

car(b) = 6’ 
[ 

car(n) ~ + QarO)) 
n2 (f((o))Z . (12) 1 

Estimates of the sampling variances var(n) and 
var(f(0)) are discussed below. 

The estimate of var(f(0)) is based on the 
estimated Fourier coefficients, bl, &, . . . , 8,. 
The estimated variance-covariance matrix for 
these coefficients is 

,. AA 1 
cov(Q, Ki) = (n _ 1) I $(a^ ?%+i + &-i) 

- W)] > (13) 

For k > j, use cov(&, 6,) = cov(&, 2,) and, 
for k = j, use a^,, = 2/w*. Of course, for k = j, 
Cov(&&) = Oar(&). 

Because the estimator of f(0) (Eq. 9) is the 
sum of m Fourier coefficients (plus a constant 
term l/w*), the sampling variance of f(O) is the 
sum of all the sampling variances and covari- 
antes of these m coefficients &: 

Oar(f(0)) = 2 2 cov(rii, 8,). (14) 
.i=l I;=, 

Equation (14) looks complex. However, consid- 
er the case m = 2; then Eq. (14) is the sum 
of the 4 elements in the 2 x 2 matrix 

or 

Garfj(0)) = i i cov(&j, 6,;). (15) 
j-1 I;=, 

The sampling variance of II is harder to esti- 
mate, but it can be approached in several ways. 
We will illustrate the special case where the 
survey is conducted on R replicate lines of 
equal length, then 

car(n) = (16) 

where ri =k$ nj. Other approaches are 
J-1 

found in Bumham et al. (1980:51-55). 
Finally, the estimated standard error of fi 

(written se(b)) is the square root of the sam- 
pling variance of 8, 

se(B) = $Z$Q. 

While we do not recommend doing these com- 
putations by hand, it is certainly possible and 
could be accomplished in one to two hours for 
a typical data set. To avoid rounding errors dur- 
ing calculations and to allow many additional 
features of the data to be explored, we recom- 
mend the use of a computer program to perform 
the arithmetic (see the section: PROGRAM 
TRANSECT). 

GROUPED DATA 
In many surveys, it is convenient to take the 

perpendicular distance data only by intervals 
(say, O-20 m, 20-50 m, 50-100 m and 100-200 
m), instead of measuring and recording the exact 
distance for each individual. The intervals need 
not be equal in size and, while there can be as 
few as two groups, it is preferable to have at 
least four, and 5-8 groups is more reasonable. 

Taking the field data by intervals as grouped 
data should not be an excuse for inexact field 
procedures. Each observation should be prop- 
erly recorded in the correct interval. Also, dis- 
tance data should be taken ungrouped (i.e., dis- 
tances precisely known), if possible. 

Data can be analyzed as grouped, even when 
the original data were recorded in the field as 
ungrouped measurements. There are a variety 
of advantages in grouping the data for analysis, 
especially when the ungrouped data contain 
rounding errors, bias, or other anomalies. Esti- 
mates of density from the grouped data will then 
be more reliable than those based on the original 
ungrouped data. 

Whereas, for ungrouped data, the perpendic- 
ular distance data are x1, x2, . . . , x,. For the 
grouped case, the data are the counts of birds 
seen in each interval, say n, , n2 . . . , nk, cor- 
responding to the lst, 2nd, . . . , kth interval. 
These counts can be used to estimate f(0) with 
the Fourier series procedure. The proper com- 
putations are quite difficult and cannot be done 
without a computer. 

PROGRAM “TRANSECT” 

We developed a comprehensive computer 
program, TRANSECT, to facilitate the analysis 
of line transect data. Program documentation is 
given by Laake et al. (1979). TRANSECT pro- 
vides a convenient and thorough analysis tool 
which eliminates tedious calculations. It pro- 
vides a variety of options for describing the ba- 
sic data and includes several estimators of den- 
sity and graphical and statistical goodness of fit 
tests. 

The program consists of a main routine and 
57 subroutines; there are approximately 7200 
statements. Numerous comment statements 
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document major features of the program. The 
program is written in ANSI Fortran IV. It is 
very portable and has been successfully run on 
CDC, Burroughs, IBM, and DEC computer sys- 
tems. The program, example data, and output 
are available from the SHARE Program Library 
Agency, P.O. Box 12076, Research Triangle 
Park, N.C. 27709, at a cost of approximately 
$40.00. Specifications for the tape (e.g., 7 or 9 
track, 800 or 1600 bpi, etc.) and the program No. 
3600-05-003-007 should be given at the time of 
ordering. 

EXAMPLE APPLICATIONS OF THE 
FOURIER SERIES ESTIMATOR 

TO NONGAME BIRD 
TRANSECT DATA 

This section provides some examples of the 
Fourier series estimator. Hopefully, these ex- 
amples will help make the method more fully 
understood and will help illustrate the points 
previously discussed. The data used in these ex- 
amples is from a study done under a contract 
with the U.S. Fish and Wildlife Service to esti- 
mate breeding bird densities on coal lands 
(Hickey and Mikol 1979). We selected a subset 
of the data from two species: the Western Mea- 
dowlark (Sturnella neglecta) and the Lark Bunt- 
ing (Calamospiza melanocorys). The Fourier 
series estimator is illustrated in both ungrouped 
and grouped formats. (Not all of the capabilities 
of program TRANSECT are illustrated here; for 
further examples see Burnham et al. 1980:90- 
120). 

UNCROUPED DATA 
The analysis of line transect data with the 

Fourier Series estimator can be thought of in 
terms of eight steps. These eight steps are the 
same regardless if the data are grouped or un- 
grouped (although different mathematical meth- 
ods are employed at several steps). They are as 
follows: (1) estimate the Fourier coefficients ai 
from the data; (2) determine the number of terms 
(m) to be used; (3) estimate f(0); (4) estimate 
variances and covariances of the bi; (5) estimate 
the variance off(O); (6) estimate D; (7) estimate 
the variance of b; and (8) examine the goodness 
of fit. 

These eight steps will be illustrated with the 
output of TRANSECT using ungrouped, repli- 
cated data on the Lark Bunting. For these data, 
there were 209 total observations recorded on 
five separate occasions. The length of the tran- 
sect was 1000 meters (for each sampling occa- 
sion). For each observation, the perpendicular 
distance was recorded in meters and only birds 
within 100 meters (w = 100) were noted. A sam- 
ple histogram of the perpendicular distances is 

illustrated in Fig. 2. This histogram shows that 
the detection of Lark Buntings decreased con- 
siderably at distances of 80-100 m. 

For a first analysis, the data from the five rep- 
lications were pooled to make one estimate of 
bird density. The estimates of the Fourier coef- 
ficients, a^{ , (step 1) were calculated by program 
TRANSECT using Eq. (10); more specifically 
for these data 

k(3.1416)~~ 
200 )I 

where xi are the individual measurements of 
perpendicular distance. The stopping rule value 
used to determine the number of terms (step 2) 
is calculated by the lefthand side of Eq. (11) 
and has the value of 0.000975 in this example. 
This results in (m =) five terms being selected; 
the estimates, cir, . . . , ci 5 are shown in Table 1. 
The estimate of f(0) (step 3), as calculated by 
Eq. (9), is 

f(O) = $ + i & = 0.006894. 
Ic=l 

The estimates of the variances and covari- 
antes of the & (step 4) require that 2m terms be 
computed. The estimates are computed from 
Eq. (13). The estimates of the standard errors 
are given with the point estimates in Table 1. 
The covariances, such as between a^, , and a^, , 
are not shown on the output; however, the re- 
lated quantities, the correlation coefficients be- 
tween & and Bj, are printed by TRANSECT (see 
Table 1). The estimate of the variance of f(O) 
(step 5) is computed using Eq. (14); the result for 
this example is given in Table 1. 

The estimate of density (step 6) only requires 
basic arithmetic and in this case is 

B = 209 x 0.006894 = 0.0001441. 
2 x 5000 

This estimate is in terms of numbers per square 
meter because both line length, L, and dis- 
tances, xi, were in meters. In order to get the 
result in Table 1 (b in numbers per hectare), the 
estimate must be multiplied by the number of 
square meters in a hectare (lO,OOO), which gives 
1.44 birds per ha. 

The estimate of var(h) (step 7) can be accom- 
plished in a variety of ways, for a discussion of 
this see Burnham et al. (1980:51-55). In this 
case, the estimated variance of B (the density 
estimate) was calculated using Eq. (12), and the 
variance of n was calculated empirically from 
the five replicates using Eq. (16). The estimated 
standard error fi is given in Table 1. 

The chi square goodness of fit test of the es- 
timator off(x) (step 8) is shown in Table 2. From 
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FIGURE 2. Histogram of oeroendicular distances (in meters) for the Lark Bunting data when each bird is 
1 . 

treated as a separate,%dependent sighting. 

Table 2, the Fourier series model does not pro- 
vide a very good fit. In fact, whenever the Fou- 
rier series requires more than three terms it re- 
flects, from our experience, some anomalies in 
the data. 

In this example, it appears there is “heaping” 
of distances at convenient values. This heaping 
resulted from two problems: (1) the distances 
were recorded at convenient values (they were 
not really measured); and (2) the birds (territo- 
rial males) were sometimes observed in tempo- 
rary “groups” of two or three, during territorial 
interactions, and yet each bird sighted was treat- 
ed as a single independent observation. The first 
problem can be corrected by more accurate 

measurements or can be made less severe by 
grouping the data. The second problem occurred 
because the above analysis is improper and it 
was done here only to show the effect of ignor- 
ing clustering (i.e., violating assumption 4) and 
heaping. 

To properly analyze these data, any cluster of 
birds must be treated as a single entity and the 
density of birds estimated in two stages. First, 
a density of clusters is estimated by the Fourier 
series method, then that cluster density is mul- 
tiplied by the average size of Lark Bunting clus- 
ters. This reduces the sample size from 209 birds 
observed to 166 clusters of birds observed; in 
most cases the “cluster” is only one bird. A 
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FIGURE 3. Histogram of perpendicular distances (in meters) for the Lark Bunting data. In this analysis, 
the observations are of clusters of birds (each bird is not necessarily treated as a separate, independent sighting). 

TABLE 1 
SUMMARY OF THE DENSITY ESTIMATION FOR THE LARK BUNTING DATA WITH THE FOURIER SERIES 

ESTIMATOR (EACH BIRD IS TREATED AS A SEPARATE, INDEPENDENT SIGHTING) 

Parameter Point estimate SE % C.V. 95% C.I. 

A(l) 0.3447E-02 0.8819E-03 25.6 O.l718E-02 0.5175E-02 
A(2) ~0.2635E-02 0.9009E-03 34.2 -0.4401E-02 -0.8692E-03 
A(3) O.l183E-02 0.9840E-03 83.2 -0.7456E-03 0.3111E-02 
A(4) -0.2425E-02 0.9930E-03 40.9 -0.4372E-02 -0.4792E-03 
A(5) -0.2676E-02 0.9679E-03 36.2 -0.4573E-02 -0.7785E-03 
F(0) 0.6894E-02 0.2162E-02 31.4 0.2656E-02 O.l113E-01 

D 1.441 0.453 1 31.4 0.1830 2.699 

Sampling correlation of estimated parameters 

1 2 3 4 

1.000 0.335 -0.303 -0.036 
0.335 1 .ooo 0.059 -0.161 

-0.303 0.059 1.000 0.199 
-0.036 -0.161 0.199 1.000 
-0.069 0.043 -0.062 0.107 

5 

-0.069 
0.043 

-0.062 
0.107 
1.000 

B Density (D) units are numbers/ha 



FOURIER ANALYSIS--Burnham et al. 47.5 

TABLE 2 
CHI-SQUARE GOODNESS OF FIT TEST FOR THE 

FOURIER SERIES ESTIMATOR (FROM FIG. 2) FIT TO 
THE LARK BUNTING DATA (EACH BIRD TREATED AS 

A SEPARATE, INDEPENDENT SIGHTING) 

Ob- EX- 
Cell served 

I %zz 
Chi-square 

Cut points values values 

TABLE 4 
CHI-SQUARE GOODNESS OF FIT TEST FOR THE 

FOURIER SERIES ESTIMATOR OF THE LARK BUNTING 
DENSITY WHEN THE OBSERVATIONS ARE CLUSTERS 

OF BIRDS= 

Ob- EX- 
Cell served petted Chi-square 

I Cut pints values values values 

1 0.0 10.0 23. 17.56 1.69 1 0.0 10.0 22. 
2 10.0 20.0 30. 29.51 0.825E-02 2 10.0 20.0 22. 
3 20.0 30.0 35. 32.59 0.178 3 20.0 30.0 26. 
4 30.0 40.0 19. 22.89 0.662 4 30.0 40.0 16. 
5 40.0 50.0 25. 18.70 2.13 5 40.0 50.0 22. 
6 50.0 60.0 21. 25.73 0.871 6 50.0 60.0 15. 
7 60.0 70.0 22. 28.20 1.36 7 60.0 70.0 14. 
8 70.0 80.0 23. 18.69 0.992 8 70.0 80.0 18. 
9 80.0 90.0 6. 8.86 0.921 9 80.0 90.0 6. 

10 90.0 100.0 5. 6.26 0.255 10 90.0 100.0 5. 

19.49 
20.07 
20.84 
21.20 
20.58 
18.70 
15.75 
12.36 
9.38 
7.64 

0.324 
0.186 
1.28 
1.28 
0.987E-01 
0.732 
0.195 
2.57 
1.22 
0.912 

a Total chi-square value = 9.063; degrees of freedom = 4; probability a Total chi-square value = 8.793; degrees of freedom = 7; probability 
of a greater chi-square value = 0.05953485. of a greater chi-square value = 0.26788825. 

sample histogram of perpendicular distances is 
illustrated in Fig. 3. The summary of the density 
estimation from TRANSECT is provided in Ta- 
ble 3. In this analysis, the estimator only re- 
quired two terms and the goodness of fit is ac- 
ceptable (Table 4). The point estimate of cluster 
density (b) is 1.938 clusters per hectare. In this 
example, the average cluster size (C) can be cal- 
culated as the arithmetic mean; it is 1.259 with 
a standard error of 0.0498. This is an unbiased 
estimate of the true cluster size if the detection 
probability is independent of cluster size (Burn- 
ham et al. 1980: 192-194). The estimated density 
of Lark Buntings is then 

6 = 8,.V = 1.938 x 1.259 

= 2.440 birds/hectare. 

The standard error of 6 is calculated from 

Se(C) = &cv”(C) + cv”(b,))~ 

= 2.440[(%)’ + (sj’]’ 

= 0.3853. 

The point estimate of density increased dra- 
matically compared to the results in the previous, 
incorrect, analyses. More importantly, the coeffi- 
cient of variation is reduced considerably. This 
results from the reduction in the number of terms 
in the model and the reduction in the “heaping.” 

An alternative method of estimating the vari- 
ance of density is to make separate density es- 
timates for the replicate transects and calculate 
the variance empirically. This approach will be 
illustrated using the same Lark Bunting data to 
estimate density of clusters. Data were collected 
on five separate dates by the same observer, 

TABLE 3 
SUMMARY OF DENSITY ESTIMATION OF CLUSTERS OF LARK BUNTINGS WITH THE FOURIER SERIES 

ESTIMATOR= 

Parameter Point estimate SE % C.V. 95% C.I. 

41) 0.3628E-02 O.l007E-02 27.8 O.l654E-02 0.5601E-02 

A(2) pO.l956E-02 O.l055E-02 54.0 -0.4024E-02 O.l128E-03 

F(O) O.l167E-01 O.l662E-02 14.2 0.8415E-02 O.l493E-01 
D 1.938 0.2963 15.3 1.115 2.760 

Sampling correlation of estimated parameters 

1 2 

1 1.000 0.298 
2 0.298 1.000 

a Density(D) units are numbers/hectares 
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FIGURE 4. Histograms of the perpendicular distances (in meters) for the five replicate transects of the Lark 
Bunting data; observations are clusters of birds. 
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FIGURE 5. Graphical representation of the goodness of fit of the Fourier series estimator (from Table 6) for 
the Western Meadowlark data. 

over a three week period. The histograms of the 
perpendicular distances for these five replicates 
are illustrated in Fig. 4. These histograms reflect 
a considerable amount of variability. This fur- 
ther illustrates the need for a model and pooling 
robust estimator. 

The Fourier series estimator was applied to 
each of the five replicates and the results sum- 
marized in Table 5. The average density esti- 
mate and its standard error are compared to the 
density estimate for the pooled data. If all of the 
estimates required the same number of terms, 
then the average density estimate would be ex- 
actly the same as the pooled density estimate. 
This is not the case and there is a considerable 
amount of variability in the shape of the histo- 
grams and the number of terms used. However, 
because the Fourier series is also very model 
robust, the two point estimates are very close. 
This method of calculating a variance for density 
is quite desirable but it requires a substantial 
sample size like this example. 

GROUPED DATA 

Often there are times in which the exact per- 
pendicular distance cannot be measured, such 

as in aerial surveys, and the data are collected 
by distance intervals. The analysis of such 
grouped data with the Fourier series is not sim- 
ple, rather it requires the use of a computer pro- 
gram. However, the same eight steps described 
previously can still be used but the estimates of 
the model coefficients ai and their variances and 
covariances are calculated through numerical 
methods. 

The analysis of grouped data will be illustrated 
with meadowlark data from the same transects 
used to collect the Lark Bunting data. There 
were 90 total observations of perpendicular dis- 
tance on the five separate occasions. These per- 
pendicular distance data have been grouped into 
four intervals. 

The estimates of the parameters, ai, are cal- 
culated by TRANSECT using maximum likeli- 
hood estimation. First, a model with one param- 
eter is estimated, then two and successively 
more parameters are used in the model. The sig- 
nificance of adding each additional term is 
tested. For this example, the one-term Fourier 
series model is selected as the appropriate model 
for these meadowlark data. The estimates of 
f(O), bird density, and their standard errors, are 
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TABLE 5 
SUMMARY OF DENSITY ESTIMATES OF THE 

CLUSTERS OF LARK BUNTING FOR THE FIVE 
REPLICATE TRANSECTS 

Number 
of terms 

Sample Fozier 
size series Estimate Density 

Replicate (n) Cm) OfflO) estimate 

1 30 1 0.0129 1.934 
2 28 0 0.0100 1.400 
3 36 0 0.0100 1.800 
4 38 2 0.0100 1.959 
5 34 1 0.0155 2.630 _ 

Averaged 166 - 0.0117 1.944 (0.198) 
Pooled 166 2 0.0117 1.938 (0.296) 

a Also shown are the weighted average of the five density estimates 
and the pooled density estimate (standard errors are in parentheses). 

computed from the ai just as in the ungrouped 
case; these results are shown in Table 6. The chi 
square goodness of fit test for this one-term Fou- 
rier series model indicated a good fit (x2 = 
1.757, 2 degrees of freedom, P = 0.415). Figure 
5 shows the relative frequency histogram of the 
grouped data and the fitted one-term Fourier se- 
ries model. 

COMMENTS ON OTHER 
ANALYSIS METHODS 

GENERAL COMMENTS 

A variety of methods are available for the es- 
timation of population size or density of biolog- 
ical populations. Here, we focus on variations 
of the line transect method, including the strip 
transect, in order to make some comparisons 
and suggestions. 

Strip transects are merely very long, narrow 
quadrats and standard sampling theory applies. 
Strip transects do not require that distances be 
measured to estimate density. Line transect 

sampling offers two advantages over strip tran- 
sects: (1) only animals on and near the centerline 
must be detected with certainty, and (2) the ad- 
ditional data taken at distances where the prob- 
ability of detection is less than 1 can be used. 
This latter feature allows much more data to be 
used in the estimation of density. The ability to 
take the data as grouped greatly extends the ap- 
plicability of the line transect procedure. In gen- 
eral, we recommend the use of line transect 
sampling over strip transect sampling in cases 
where both are appropriate. 

The various approaches to density estimation 
using the sighting distance (rJ and sighting angle 
(0,) are inferior to those based on perpendicular 
distances (xi). Methods based on ri and 19~ are 
quite sensitive to even small departures from the 
critical assumptions and these methods require 
additional assumptions as well as those required 
for estimation based on perpendicular distance 
data. The underlying models for the analysis of 
ri and 8, are very idealized and represent only 
crude approximations to the real situation. Fi- 
nally, the estimators (e.g., Hayne’s method, 
Hayne, 1949) are very sensitive to small sighting 
distances (i.e., the term l/ri will dominate the 
estimate if the ith sighting distance is quite 
small). We do not recommend the estimation of 
density based on sighting distances and angles. 
If these data are all that are available, convert 
them to perpendicular distances and proceed on 
that basis. 

Good methods for the estimation of bird den- 
sity must be based on the following conditions: 
(1) sound theoretical development, (2) model 
robustness, (3) pooling robustness, (4) the 
shape criterion, and (5) high estimator efficien- 
cy. Consideration of these criteria leads us to 
recommend the Fourier series estimator as a 
useful, omnibus procedure. Further information 
on other analysis methods is given by Burnham 
et al. (1980: Part 4). 

Finally, we caution against the use of the nu- 
merous ad hoc procedures that have been sug- 

TABLE 6 
SUMMARY OF DENSITY ESTIMATION FOR THE GROUPED WESTERN MEADOWLARK DATA USING THE FOURIER 

SERIES ESTIMATORS 

Parameter Point estimate 

A(1) O.l807E-02 
P(0) O.l181E-01 
D 1.063 

se % C.V.0 95% CL” 

O.l528E-02 84.6 -O.l188E-02 0.4803E-02 
O.l528E-02 12.9 0.8812E-02 O.l480E-01 
0.1969 18.5 0.5159 1.609 

a Density (D) units are numbers/ha. 
b Notes on variance calculations and confidence intervals: the contidence intervals for the coefficients A(I) and F(O) were constructed by assuming 

asymptotic normality and using the Z-value I .96; the variance of n was estimated using replicate line lengths (var(N) = 1.43); the confidence 
interval for density was constructed with a f distribution with the degrees of freedom equal to the number of line lengths -I; and the t-value with 
4 degrees of freedom is 2.776. Squared coefficient of variation for n = O.l759E-01. Squared coefficient of variation for F(0) = O.l675E-01. Percent 
of the variation of density attributable to the sampling variance of n = 51.22. 
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FIGURE 6. Eight histograms from the “stake” data. This illustrates the variability in results among ob- 
servers. 

gested in the ornithological literature. These 
methods do not have a firm foundation or basis. 
They often rest on unknown assumptions. Noth- 
ing is known of their properties or performance 
(although we feel confident that most are very 
inefficient), and estimates of bias and precision 
are not available. Without estimates of sampling 
variance, useful inferences concerning, and test 
hypotheses regarding bird density cannot be 
made. 

THE NUMBER SEEN (a) AS AN INDEX TO DEN- 
SITY 

The number of birds seen (n) on a line transect 
survey is typically a poor index to density. Un- 
less it is assumed that the detection function 
R(X) is the same among observers, habitat types, 
bird species, time of day, or season of year, n 
is not a relative index to abundance. However, 
we illustrate below that it is not reasonable to 
make such an assumption. 

Laake (1978) placed 150 wooden stakes (2.5 
cm x 5 cm x 46 cm) in a 4 ha sagebrush-grass 

study area in northern Utah; density of stakes 
was 37.5 per ha. During the fall of 1977 and 
spring of 1978, undergraduate students walked 
a well marked 1000 m transect following the field 
methods detailed in Anderson et al. (1979). 
Eleven line transect surveys were conducted 
each year. Different observers conducted each 
survey except in one case, where two surveys 
were run by the same person. Stakes (driven in 
the ground) were placed randomly to avoid de- 
pendent sightings. The observers were carefully 
instructed and supervised and fatigue was prob- 
ably only a minor factor because each survey 
could be completed in approximately two hours. 

The number of stakes observed varied sub- 
stantially among observers (Table 7): n ranged 
from 41 to 100 stakes. In each case, the true 
population size (N) of stakes was 150. Had n 
been used as an index to N or D, it would have 
been poor, suggesting a highly variable popula- 
tion size. The coefficient of variation for II 
(cv( IZ)) among observers was 23%. Examination 
of eight individual histograms (Fig. 6) indicates 
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TABLE 7 
RESULTS OF 22 SURVEYS TO ESTIMATE THE DENSITY 

OFSTAKESINA~ HA SAGEBRUSH-GRASS STUDY 
AREA IN UTAH, 1977-78 

Observer 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Average 

Number Density 
of stakes estimate 
detected (6) se(B) 

81 35.4 4.72 
72 33.6 4.86 
54 25.4 4.66 
56 29.1 4.25 
57 26.2 4.11 
68 38.8 6.12 
48 29.2 6.65 
49 28.0 5.32 
51 23.0 3.77 
68 36.9 4.82 
84 36.9 4.49 
48 34.6 8.59 
75 30.2 4.44 
61 35.9 6.53 
60 31.0 8.51 

100 27.2 4.27 
55 33.2 6.41 
61 34.4 7.60 
46 24.7 5.21 
41 33.6 8.51 
54 34.1 5.74 
72 34.5 6.20 

61.9 31.6 5.72 

that the underlying detection function g(x) dif- 
fers greatly among observers. In field studies, 
the detection function would surely also vary 
among habitat types and species of birds. These 
factors, of course, affect II, making it an unre- 
liable index. 

In contrast to an index, estimates of density 
were computed for the 22 surveys using the Fou- 
rier series method. This is a better procedure as 
it allows both g(x) and n to vary and still pro- 
vide a valid estimate of density (not just a crude 
index). In these 22 surveys, the range in esti- 
mates of density is only 23.0 to 38.8 stakes per 
ha and the coefficient of variation for the density 
estimate (cv(b)) is about half that for the index 
(14.1%). 

The use of a good estimation procedure allows 
estimates of density for various observers, sur- 
veying various habitat types for various species 
of birds. Estimates of precision are available as 
are tests of model fit. 

An important assumption in line transect sam- 
pling is that all birds on, or very near, the cen- 
terline of the transect are detected. Mathemati- 
cally, this is g(0) = 1; that is, the probability of 
detecting an animal at zero distance is one (or 

100%). Note from Table 7 that the average den- 
sity estimate is 3 1.6 stakes per ha while we know 
the true density to be 37.5. This bias is at least 
partially due to the failure of the assumption that 
g(0) = 1. Field procedures must focus on this 
assumption, or bias will be likely. The use of, 
for example, dogs, two observers, and all avail- 
able cues will aid in meeting this important as- 
sumption. We can expect the failure of this as- 
sumption to be most severe with inanimate 
objects (e.g., stakes) rather than birds which 
often respond to the observer. 

REASONS WHY BIRDS ARE UNDETECTED 

The literature has many examples showing 
specific reasons why birds are not detected dur- 
ing a line transect survey. Limitations of the ob- 
server are often cited as a primary cause such 
as, inexperience, poor eyesight or hearing, lack 
of interest or training, or fatigue. The physical 
setting represents another broad class of reasons 
why birds that are present go undetected, in- 
cluding habitat type, sun angle, time of day and 
wind or other inclement weather. The species of 
bird being surveyed may preclude detection at 
the greater distances (e.g., small, drab colored 
birds that do not flush or vocalize readily). Many 
studies have looked at factors that are associ- 
ated with incomplete detection and methods 
proposed to help lessen the proportion of birds 
that are not detected. 

The two reasons for considering why birds are 
detected (or missed) are: (1) to design and con- 
duct better studies; and (2) to improve distance 
estimation when the recorded distance depends 
on the detection cue(s) (rather than being a di- 
rectly measured distance). The latter case is il- 
lustrated when detection depends entirely on 
hearing a bird and the distance estimation is also 
entirely based on this detection cue. In essence, 
studies on reasons why birds are detected (or 
missed) should be aimed at collecting improved 
data. 

When, however, these efforts are directed at 
improved data analysis, they are largely mis- 
guided. A properly conducted line transect sur- 
vey will provide valid estimates of density even 
if a very substantial fraction of the birds go un- 
detected. In fact, the theory for line transect 
sampling deliberately allows birds to go unde- 
tected away from the centerline. Only in strip 
transect surveys is it necessary for all birds in 
the strip to be detected. As an example, in the 
22 surveys summarized in Table 7, only 27-67% 
of the stakes present were detected. Still, rela- 
tively good estimates of density were obtained. 
The specific reasons why birds are not detected 



FOURIER ANALYSIS--Burnham et al. 481 

is of no consequence in data analysis to estimate 
density. 

PRACTICALITIES 

There are 10 key points in line transect sam- 
pling that need special emphasis: 

(1) The center line of the transect must be 
straight and well marked. The observer must be 
able to determine the position of the line at all 
times, 

(2) Care must be taken to ensure that objects 
on the center line of the transect are always 
seen. In practice, that requirement often can be 
met if the observer travels carefully along the 
center of the line transect at all times. 

(3) The width of the transect should be taken 
as quite large, or effectively unbounded. 

(4) All measurements of distances and angles 
must be accurate. It would be best if a steel tape 
or other appropriate device were used to ensure 
a high degree of accuracy. Careless measure- 
ments and rounding errors lead to poor esti- 
mates of density and sampling variances. 

(5) The three basic measurements should all 
be taken: perpendicular distance, sighting 
(flushing) distance, and sighting (flushing) angle. 

(6) The measurements must be recorded sep- 
arately for each segment or replicate line of the 
total transect length. 

(7) A target goal should be established for the 
precision of D in terms of the coefficient of vari- 
ation; then, the required line length should be 
determined. As a practical minimum, studies 
should be designed to ensure that at least 40 
objects are seen (n 3 40); it might be preferable 
if the length (L) were sufficient to allow the lo- 
cation of at least 60 to 80 objects (n 2 60 to 80). 

(8) A pilot survey should be made as an aid 
in planning the survey design. Often, a simple 
visit to the area to be surveyed, and basic bio- 
logical information about the animal and its hab- 
its and habitat, will be sufficient to design a sur- 
vey adequate to estimate density. 

(9) The survey should be designed to ensure 
that the population to be surveyed is not cor- 
related with the sample line transects (e.g., 
avoid transects running along roads, ridgetops, 
or stream bottoms). 

(10) The survey should be conducted by com- 
petent, interested, and trained personnel. This 
is particularly relevant to points (l), (2), and (4) 
(above). 

It was once thought that an observer could 
rove through an area and record only the sight- 
ing distance to each object detected. This is not 
true and will lead to very poor estimates of den- 
sity. Furthermore, we do not recommend the 

use of sighting distances and sighting angles in 
estimation of density. These data are useful only 
as a check on the accuracy of the perpendicular 
distance data. 

Birds on the centerline must be detected with 
certainty. The primary focus of the field survey 
must be on and near the centerline. The data 
near the centerline are far more important than 
those near w. For this reason, the accuracy of 
distance measurements near the center line is of 
critical importance. Measurement errors near w 
are less critical in influencing f(0). We continue 
to see data where a large number of animals are 
recorded as if they had been detected exactly on 
the center line. These distances were inadver- 
tently rounded to zero distance when, in fact, 
they may have been several meters from the ac- 
tual centerline of the transect (see e.g., Burnham 
et al. 1980: 105-108). 

Unless the distances are properly measured, 
the “estimated” distances frequently are round- 
ed to convenient numbers (i.e., 5, 10, 20, 50, or 
100). Such data may benefit from grouping dur- 
ing the analysis, however, the group sizes and 
number of intervals become arbitrary. We be- 
lieve a reliable survey must either: (1) be based 
on measured (i.e., steel tape) ungrouped dis- 
tances; or (2) ensure that each bird is placed in 
the proper interval if the data are taken as 
grouped in the field. 

It should be obvious that the detection of 5 or 
10 birds is insufficient to compute a reasonable 
estimate of density or even a crude index to 
abundance. If samples of 40 birds or more can- 
not be obtained, the money and personnel re- 
sources intended for the study should probably 
be directed elsewhere. 

Much of the literature on strip and line tran- 
sects has focused on the many sources of vari- 
ability in the detection process (such as observ- 
er-to-observer differences, observer fatigue, 
varying light intensity and relative direction, ter- 
rain, vegetation type and density, different au- 
ditory cues, season of the year and wind speed). 
These concerns have relatively little bearing on 
the data analysis if all animals on the line are 
detected and an estimation scheme that is model 
robust and pooling robust is employed. 

If a large proportion of the birds move a sub- 
stantial distance further from the line than their 
original location before being detected, then line 
transect sampling is simply not appropriate. If 
undetected movement is a minor problem, then 
there are other estimators somewhat robust to 
this (see Burnham et al. 1980:120-131). 

Estimates of density without a measure of 
precision or sampling variation are of little value 
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in either research or management programs. 
Such estimates are untrustworthy, not useful, 
and reflect poor procedure. Valid inferences or 
conclusions cannot be made without a good 
measure of the precision of the estimator. A va- 
riety of good procedures now exist for the care- 
ful and rigorous analysis of properly collected 
data. We see no excuse for using the many ad 
hoc approaches available in the literature. 
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