Travel Cost Models,
Heteroskedasticity, and
Sampling
Donald H. Rosenthal and Jana C. Anderson
Using theoretical derivations, it is shown that collecting data on individuals' visitation rates
to a recreation site by each of these methods: (1) on-site sampling of visits; (2) sampling individuals surrounding the recreation site; and (3) sampling license holders, results in three unique
heteroskedasticity problems. A different weighted least squares approach is offered in each case
when estimating the visits per capita-travel cost relationship in zonal travel cost models. Furthermore, to the extent that individuals within an origin zone face different prices, there is an
inherent aggregation bias when estimating consumer surplus.

The travel cost model (TCM) is probably the most widely used technique for
deriving economic estimates of the value
of recreation sites. This situation is likely
to continue despite alternative, and perhaps better, methods for valuing recreation sites. These alternative methods, notably the contingent valuation technique,
require more and/or different information to use. Such information is often difficult or costly to obtain. Because-of its
widespread use, it is important that econometric issues associated with the TCM
model be clearly understood.
Recent articles have discussed the issue
of heteroskedasticity in the zonal TCM
(Bowes and Loomis; Christensen and
Price; Vaughan et al.). Collectively, these
articles indicate that heteroskedasticity (1)
is directly related to the number of visits
from the zone of origin and inversely related to the zone population, and (2) can
easily be confused with misspecification
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of functional form. Because of these findings the use of weighted least squares to
correct for heteroskedasticity is widely
recommended for estimating demand
curves in zonal travel cost models. Failure
to use the weighted least squares approach
when heteroskedasticity exists results in
estimates of regression coefficients that are
unbiased and consistent, but not efficient.
Also, variance estimates of the regression
coefficients will be biased, thereby affecting hypothesis testing (Kementa, p. 255).
In contrast, the weighted least squares estimates have the desirable properties listed above, are efficient, and produce unbiased variance estimates.
The purpose of this paper is to show
that there is yet another factor in the heteroskedasticity problem-the manner in
which the data is collected. A discussion
of heteroskedasticity will follow a review
of the TCM. This review will illustrate the
utility theoretic foundations of the TCM
and show that there is probably an aggregation bias in estimates of total consumer
surplus when estimates are based on the
zonal TCM.
Potential Aggregation Bias in
the Zonal TCM
By assuming that individuals maximize
utility subject to both time and budget
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constraints, the demand for visits to a recreation site becomes dependent on a variety of factors (Wilman). These factors
include distance to the site, entry fee, required travel time, marginal (dis)utility of
travel time, opportunity cost of time, wage
rate, and others. However, for the purpose
of discussing the relationship of the individual TCM to the zonal TCM, such detailed formulations are not needed.
To be specific, assume that individuals
behave as if they are maximizing a utility
function U = U(v, x) subject to:

recreationists are often not available, hence
(4) cannot be estimated. Because of this,
the zonal TCM model is frequently used
to estimate an aggregate demand function. In the zonal TCM an aggregate function of the form
Ti = T(C,, Pi, Zi)

(5)

is estimated where:

(1)

Ti = number of visits to the recreation
site from origin i (i = 1 .. .m),
Ci = price of composite commodity
for origin i,
Pi = price per trip from origin i, and
Zi = characteristics of origin i, including population and income.

v = number of visits to a recreation
site,
x = quantity of a composite good,
p = price per recreation trip, expressed to include "cost of time,"
entry fees, and travelling costs,
c = price of composite good, and
M = income.

By making the dependent variable trips
from a geographically defined area, information about the quantity of recreation
consumed by individuals is not needed.
Based on equation (5) total consumer
surplus for the site is:

pv + cx

M

where:

m

Solution of the above maximization problem yields the following ordinary demand
functions:
v = v(p, c, M)

(2)

x = x(p, c, M)

(3)

By definition, the Marshallian consumer
surplus associated with optimal consumption of visits is:

p

v(p, c, M) dp

where:
p = existing price per trip, and
p* = price per trip for which v = 0.
The total value of the recreation site would
be (4) summed across all recreationists using the site.
Unfortunately, data about individual

i=l

where:

pi

piT(C,, Pi,

Zi) dP,

P

(6)

Pi* = value of Pi which relates to
zero predicted visits.

An obvious question is, under what conditions will consumer surplus calculated
from equation (4) summed across all individuals equal the aggregate measure of
consumer surplus (6)? The two measures
will be identical if the aggregate demand
function is properly specified and all individuals within an origin zone face identical values for any variable within the aggregate function.
The following example will clarify this
point. Assume that all individuals have
linear demand functions of the form
Vij = aij - biipii

(7)

where the subscripts refer to the jth (j = 1
. .. N) individual from the ith (i = 1 ...
m) origin zone. The value of Ni is the pop59
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ulation of the ith origin. In this case, total
consumer surplus summed across all individuals is

mNif

(aj - bijpi) dpi.

a2

i=1

j=l

(8)

Pu

This is equivalent to
m

i=l

N
i

2

-

(aij*

1/ 2b ijp i

*2

j=l

- aijp + l/2b jp )

(9)

which is the true consumer surplus for the
site.
The estimated linear per-capita demand function corresponding to the zonal
TCM, equation (5), is
vcapi = A - BPi + Ei

(10)

where:
N.

vcap, =

2

Vij/Ni

j=l

and
N

Pi-=

pi/Ni
j=1

In the zonal TCM, total site consumer surplus is calculated as
m

2
N,(AP* - /2BP* - AP + /2BP2).

(11)

i=l

Equation (11) is the sum across zones of
the per capita consumer surplus multiplied by the zone population.
Sufficient conditions for equation (11)
to be equivalent to the true consumer surplus shown in equation (9), are:
ai
A,
bij - B
Pij*
Pij

=

P*, and
Pi.

of identical demand functions is quite restrictive. It would be nice if the zonal TCM
would give unbiased estimates of consumer surplus under less stringent assumptions.
If the first three conditions are violated
then, in general, (10) will not be linear.
However, the consumer surplus estimates
from the zonal TCM will still be unbiased
if the distribution of tastes, preferences,
and incomes is constant across origin zones.
If the effect of substitute recreation opportunities is not accounted for in the percapita demand curve, these recreation opportunities must be assumed equally
available to all origins (Cicchetti et al.). If
any one of these factors varies from origin
to origin, then variables must be included
in the per-capita demand curve to reflect
the differences.
The important point is that an unbiased
estimate of the total site consumer surplus
will still be obtained if the per-capita demand curve is properly specified. This is
true because a properly specified per-capita demand function traces out the average individual demand function for an origin zone. At a fixed price, the per-capita
demand function predicts the expected
value of the number of trips to the site
that are taken by any individual within
an origin. Individuals who do not visit the
site, i.e., quantity equals zero, are included in this expected value computation. The
area under this average function but above
price, i.e., average consumer surplus, times
the zone population equals (4) summed
across all individuals within a zone.
The fourth condition is that the price
of a trip to a site is the same for all individuals within a zone. To the extent that
this is not true there is an aggregation bias
in the zonal TCM. This effect, which holds
even if all individuals have identical demand functions, is apparent in the last
term of equation (11). If all individuals

The first three conditions are met if and

have identical demand functions, then,

only if all individuals have identical demand functions. Clearly, the assumption

using the Jensen inequality and noting that

60

E(pi) = Pi,

it

follows

that

/2BE(pi)

_
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1/2BP 2 (the expectation is computed over j)
with the equality holding if pj - Pi. In
the linear case shown in equation (11), the
effect of aggregation bias is to underestimate consumer surplus. More generally,
if any variable included in the aggregate
per capita demand equation varies among
individuals in the same origin zone there
will be aggregation bias. To minimize this
bias, zones should be kept as small and
homogeneous as possible.
In the zonal TCM the dependent variable used in regression analysis is visits per
capita from a specific origin. The value of
this variable is usually estimated from a
sample. Because of random sampling
variation, the precision of the estimate
varies for different origin zones. This
measurement error in the dependent variable creates heteroskedasticity when
regression analysis is applied in the zonal
TCM. The remainder of the paper will
now discuss this heteroskedasticity and
methods for correcting the problem.

It is stationary because the probability of
each visit being sampled is constant
throughout the sampling period. For notational purposes, let:

Heteroskedasticity When Visits
On-Site Are Sampled

The number of trials in this Bernoulli
sampling process is the number of visits
from origin i, Ti, and the number of successes is the number of visits actually sampled, ti. In other words, origins send visits
to the site which each have known probability p of encountering a sampler. The
probability of ti visits being sampled from
T, total visits is,

The nature of heteroskedasticity in the
zonal TCM depends on the manner in
which the data is collected. The three major ways in which data can be collected
for travel cost models are through (1) random samples of visits at the recreation site,
i.e., on-site data collection, (2) random
samples of individuals surrounding the
recreation site, i.e., household survey, and
(3) random samples of individuals holding
licenses to participate in certain activities
on the site, such as hunting or fishing. Data
collected in each of these ways results in
a different heteroskedasticity problem.
Therefore, corrections for heteroskedasticity problems must be specific concerning which type of data and model they
apply to.
When data are collected by randomly
sampling visits on-site, the process can be
viewed as a stationary Bernoulli process.

Ti = number of visits from origin i
(i = 1 ... m) to the recreation
site;
Ni = population of zone i;
vcapi = Tii visits per capita from zone
Ni
i;
ti = number of visits (trips) sampled at the recreation site from
zone i;
Ti = estimated number of visits
from zone i;
p = the sampling rate or the probability of sampling any visit to
the site;
q = 1 - p; and
Pi = average travel cost from zone
i to the recreation site.

/T\
p(t,)=

t iq i-i

with mean Tip and variance Tipq. Using
the method of moments the estimated
number of visits from zone i, Ti, is
Ti = ti/p with variance

VarT)

=

Var(t)

Tpq

Tiq

p2

p2

p

Using the above information, the esti61
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mated visits per capita from zone i,
vcapi, is

Visits

vcap, = Ti/Ni.

For large Ti, vcapi is approximately distributed as
2

vcapi - N[vcapi,Tiq/pN

m

1

where:

- f(Xi) 2

(12)

f(X) = a function of X.

In the case of sampling visits at the recreation site the weight that should be used,
i.e., l/Var(vcapi,), is shown in Table 1.
Therefore, the visits per capita-travel cost
relationship should be found by minimizing

i=l

N2

2
-a[vcap - f(P,)]

(13)

1i

The weighted least squares results in error
terms having approximately constant
variance, q/p.
The form of the function f(Pi) in equation (13) can be quite general. Depending
on what the researcher feels is appropriate, a linear, quadradic, cubic, or logarithmic form can be used. Recent research
indicates that a semi-log model (log dependent variable) might be the appropriate functional form (Ziemer et al.; Sutherland; Vaughan et al.; Strong). However,
if the dependent variable is transformed
in this manner the weights given in Table
1 no longer hold.
For it to be appropriate to take the log
of the dependent variable and fit the
equation using ordinary least squares the
original function should be of the form
62
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Inspection of the variance term for
vcapi, reveals a heteroskedasticity problem. The larger Ni or the smaller Ti, the
less the variance.
The solution to heteroskedasticity problem in general, is to minimize

C
V-[Yi
i=1 Var(Yi)

TABLE 1. Regression Weights by Sampling
Method.

vcapi = exp(A - BP, +

,i)

(14)

where ei is a normally distributed random
disturbance term with zero mean and
constant variance. Theoretically, the error
should enter in the exponential term so it
becomes additive in the log-linear regression.
However, from the derivations presented above it is apparent there is a heteroskedastic and normally distributed
error component due to sampling that enters in an additive manner of the form
vcap, = exp(A - BP, + ei) + A
i

(15)

If the Eiterm in (15) is assumed negligible,
it can be estimated using a non-linear
regression program such as BMDP P3R
(Dixon). If such a program is used then
the weights in Table 1 still hold because
the dependent variable is no longer transformed.
The point of this discussion is that further research into the pros and cons of loglinear versus non-linear regression would
be worthwhile. As the sampling rate, p,
decreases the additive error term in (15)
becomes increasingly significant. Past research has indicated that log-linear ordinary least squares gives surprisingly robust coefficient estimates even when the
error term is misspecified (Barr and Horrell).
Heteroskedasticity When
Individuals Surrounding the
Recreation Site Are Sampled
For notational purposes, let:
vij = number of visits to the site
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(j = 1 . . . N) person,
Ni

vcap, =

3 vij/Ni = visits per capita
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For large samples, or small samples
when vij is normally distributed, vcapi, has
the following distribution:

j=l

vcapj ~ N(vcapi, a2/ni*).

from the ith zone,
Ni

c2

= ~ (vi - vcapi)2/N, = variance
j=l

of visitation rates at origin i,
ni* = number of individuals sampled in ith origin, and
ni*

vcapi =

3 vij/ni* = estimated visits
j=l

per capita from the ith zone.

Early reviews of this paper indicated
there is confusion about what of is. While
each value of vij if fixed, the population
of vi values from any origin varies about
vcapi with variance ao. This variance is of
concern when trying to estimate the demand curve for a particular site.
Under this sampling arrangement, the
sampling unit is individuals. Therefore, in
each zone there are as many sample units
as there are individuals. Data is collected
by randomly sampling individuals in an
origin zone and asking them how many
trips they made (will make) to the site
during a specified time period. The estimated visits per capita is simply the average of the indicated number of trips.
The heteroskedasticity correction, therefore, follows along the usual lines for
grouped data (Maddala, p. 268).
At this point it should be noted that
knowledge of the variables listed above is
almost sufficient to use the individual TCM
instead of the zonal TCM. If the price per
trip for each individual could be determined, then the individual TCM could be
used. That might be the preferable approach. The option of assuming Pi
Pij,
as is done in the zonal TCM, and then
using the individual TCM creates its own
set of problems related to measurement
error which are beyond the scope of this
paper (Brown et al.).

Inspection of the variance term reveals a
heteroskedasticity problem caused by
grouping. The larger ni* or the smaller
a , the smaller the variance. The weight
to be used in this case is shown in Table 1.
The critical issue in determining the actual weights to use for each case is whether or not oa is constant across origin zones,
i.e., oa = a2. Christensen and Price discuss
this issue and interested readers are referred to their paper. However, it should
be noted that no assumptions about ao were
needed to derive the weights for the previously described case of sampling visits
on-site. If the variance is constant then
ni* can be used as the weight. Assuming an
equal proportion of all individuals in each
zone have been sampled, weighting by
ni* is equivalent to weighting by Ni (they
differ only by a constant proportion) as
originally suggested by Bowes and Loomis
2i

(1980).

1

Heteroskedasticity When License
Holders Are Sampled
In some recreation activities, notably
fishing and hunting, there are good records of individuals who hold licenses to
participate in certain activities. If these
license holders are sampled, then a slightly different heteroskedasticity problem
emerges than when individuals are sampled. For notational purposes, let:

Bowes and Loomis state the weighting factor is /N~.
Minimizing equation (12) using Ni as the weight
results in exactly the same solution as multiplying
all variables in the regression by \/N and using
ordinary least squares to estimate a regression which
is forced through the origin. Therefore, the Bowes
and Loomis solution is exactly the same as suggested
here, but the terminology differs.

63
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Li = number of license holders in origin i,
~i = number of license holders sampled, and
ai*2 = variance of visitation rates for license holders in origin i.
Under this sampling scheme, the objective is still to derive an estimate of vcapi;
only now people not holding licenses are
assumed to have a zero value for vij. As
before, vcap, is estimated by dividing the
total number of trips from origin i by the
population of origin i. This procedure takes
into account both the changing number
of trips per year by license holders and
the changing percentage of the population that holds licenses.
The estimated number of trips per sampling period by license holders has a mean

:

vcapi(license) = =

vj

a"*2

and variance

It should be noted that vcapi(license) is
not a good dependent variable to use in
the TCM because it does not reflect how
the percentage of-population visiting the
site falls off with distance. It only reflects
how the number of-trips per capita for
those who own licenses varies with distance. To estimate vcap, for all people in
the zone, not just license holders, vcapi(license) should be multiplied by Li and divided by Ni. If this is done, vcapi, approaches the following distribution
vcapi ~ N(vcapi, ai*2L 2 / £iN).

Conclusion
Under three different sampling
schemes, three different heteroskedasticity problems were found. Each of these
problems requires a different weighted
least squares approach if the parameters
of the visits per capita-travel cost relationship are to be efficiently estimated. Thus,
corrections for heteroskedasticity problems suggested in the literature need to be
specific concerning what type of data they
are applicable to.
Additionally, when data are collected
by sampling visits on site, no assumptions
about (o need to be made to derive the
heteroskedasticity problem. This is a fortunate outcome, because one of the
strengths of the zonal travel-cost model is
that it is well suited to using on-site data.
Because of sampling errors in estimates
of vcapi, log-linear regression might not
be appropriate when estimating per capita demand curves. Further research in this
area is needed because choice of functional form can markedly affect estimates of
consumer surplus (Sutherland; Strong;
Ziemer).
The zonal travel cost model is consistent
with individual recreationists acting as
utility maximizers. However, there is apt
to be some aggregation bias associated with
estimates of consumer surplus based on the
zonal model. This bias stems from the fact
that it is unlikely all recreationists within
an origin zone face the same price of visiting the recreation site. As the variation
of individual prices within a zone increases, the potential aggregation bias becomes more of a concern.
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