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International Factor Price Differences:
Leontief Was Right!

DanielTrefler
Universityof Toronto

The factor price equalizationhypothesis is widely at odds with the
large variation in factor prices across countries. Similarly, the
Heckscher-Ohlin-Vanek(HOV) theorem constitutes an incomplete
descriptionof trade in factor services:its predictionsare alwaysrejected empirically.These two issues are examined using a modification of the HOV model that allows for factor-augmentinginternational productivitydifferences. The empiricalresults are stark: this
simple modificationof the HOV theorem explains much of the factor content of trade and the cross-countryvariationin factor prices.

I.

Introduction

Persistent differences in wages and other factor prices characterize
international trade. Yet a treatment of factor price disparities that is
tightly embedded within standard trade theory has eluded empirical
researchers. In this paper, I shall provide an integrated treatment
of factor price differentials and international trade that is based on
international differences in productivity. Understanding factor price
differentials is important for several reasons: they are central to the
North-South development gap; they are critical to explanations of
differing equilibrium growth paths across nations; and they exacerI am grateful to Jim Cassing, Raquel Fernandez, Jim Harrigan, Steve Husted, Frank
Mathewson, Laine Ruus, Aileen Thompson, and participants of the Eleventh Annual
Sloan Conference on International Trade. I have benefited from the encouragement
of my students Werner Antweiler, Jr., Lanier Benkard, Alberto Isgut, and Birgitta
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bate trade frictions between the United States and its trading partners, in particular, Canada, Japan, and the European Economic Community.
The model for my analysis is the increasingly forsaken HeckscherOhlin-Vanek (HOV) model (Heckscher 1919; Ohlin 1933; Samuelson
1948; Melvin 1968; Vanek 1968). If the HOV model is currently out
of fashion, it may seem peculiar to place it center-stage in a modern
model. But this suspicion is misplaced. Once international differences
in factor prices are properly incorporated, the HOV model performs
remarkably well: a simple productivity-related modification of the
HOV model explains much of the factor content of trade and the
cross-country variation in factor prices.
The focus of criticism of the HOV approach has several elements.
One is that the HOV theorem constitutes an incomplete description
of trade in factor services: its predictions were rejected in five important studies (Maskus 1985; Bowen, Leamer, and Sveikauskas 1987;
Brecher and Choudhri 1988; Staiger 1988; Kohler 1991). An oddity
about related empirical work is the invariable wedding of the HOV
theorem to the factor price equalization hypothesis. This is done in
spite of the common knowledge that factor price equalization is
widely at odds with wage data. Another unsatisfactory assumption is
the one maintaining that identical technologies are always in place in
every country. For example, by assumption, India always has costless
access to all U.S. technologies. Conditioning on factor price equalization and identical technologies, the HOV model explains neither factor prices nor trade nor productivity across trading partners.
The basic insight in this paper flows from Leontief (1953). In the
original explanation of the Leontief paradox, Leontief maintained
that the United States is labor abundant when labor is measured in
productivity-equivalent workers: one person year of U.S. labor with
the accompanying technology is equivalent to several person years of
foreign labor with inferior technology. In this paper, I simply correct
for these productivity differences.
An implication of my empirical work is that Leontief was right in
maintaining that in 1947 the United States was labor abundant as
measured in productivity-equivalent workers. This observation is distinct from the question of whether there is a paradox (see Leamer
1980; Brecher and Choudhri 1982b; Casas and Choi 1985). My results leave intact Leamer's conclusion that there is no paradox.
Empirically, this paper is closely related to that of Bowen et al.
(1987), who examined the relationship between productivity and departures from the HOV theorem. Their failure to find an economically meaningful relationship is apparently due to their restrictive
treatment of productivity and factor price differences. Theoretically,
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this paper is related to the literature on the HOV theorem without
factor price equalization (Bardhan 1965; Deardorff 1979, 1982;
Brecher and Choudhri 1982a; Woodland 1982, sec. 7.3.2; Helpman
1984). As with Bardhan and Woodland, my treatment is less general
in that the failure of factor price equalization is driven solely by international productivity differences.
The paper is organized as follows. The model is developed in Section II. Section III provides the bridge between the theory and its
empirical implementation. Sections IV-VIII review the empirical
findings. Conclusions appear in Section IX. Before proceeding, I review the literature in detail.
Relation to the Literature
This paper has implications for research into trade, productivity, and
development (e.g., Chenery, Robinson, and Syrquin 1986) and international comparisons of living standards (e.g., Summers and Heston
1991). It also suggests a factor endowments footing for the growing
literature on convergence and endogenous growth. The paper is
more immediately related to (i) tests of the HOV theorem and (ii)
research into the Leontief paradox.
i) As Leamer and Bowen (1981) noted, logically complete tests of
the HOV theorem must use data on technology, trade, and endowments. Most of the purported tests of the theorem used only two of
these three and so are incomplete. They appear as cross-industry
studies for a single country (e.g., Baldwin 1971), cross-country studies
for a single industry (e.g., Leamer 1984), and factor content studies
(e.g., Leontief 1953). Only five papers have reported complete tests
of the HOV theorem (Maskus 1985; Bowen et al. 1987; Brecher
and Choudhri 1988; Staiger 1988; Kohler 1991). This paper may be
viewed as a complete test of the HOV theorem that rejects it in favor
of a minor generalization of the theorem.
ii) Considering the attention the so-called Leontief paradox has
received, it is surprising that Leontief's original productivity explanation has gone largely unexplored. Previous researchers tackled the
paradox by disaggregating labor by skill classification while maintaining the assumption that within classifications no international productivity differences exist. (For examples, see Leontief [1956], Travis
[1964], Keesing [1965, 1966], Baldwin [1971], Stern and Maskus
[1981], Maskus [1985], and Bowen et al. [1987].) As the literature
illustrated, disaggregating at least partly explains the paradox; however, it cannot explain the overall poor performance of the HOV
theorem since the five empirical studies reporting complete tests rejected the theorem using disaggregated labor data. In contrast, the
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conclusions of this paper hold with equal force whether or not labor
is disaggregated.
II.

The Model

Let c = 1, . .. , C index countries, letf = 1, ... , F index factors,
and let i = 1, .. ., I index industries. Then Vfris the endowment of
factor f in country c, Wfr is the price of factor f in country c, and w,
= (w1 , . . . , wFC)'is the factor price vector. It may differ across
countries. The term A,(w,) is the F X I technology matrix giving the
cost-minimizing input requirements of factor f needed to produce
one unit of output i. It may differ across countries. The term T, is
the I x 1 vector of net exports, with typical element giving the net
exports of industry i by country c. The term F, = (FC, . . , FFC)' is
the vector of factor services embodied in net exports; that is, Fc =
ACTC.The term Yc is the gross national product of country c, Yw =
ICY, is world GNP, and B, is the trade balance of country c so that sC
= (Yc - Bc)IYWis country c's share of world consumption. The HOV
model with factor price equalization and identical technologies (AC =
AC for all pairs of countries c and c') implies the following set of
equations (e.g., Leamer 1980):
.

C

FfC=VfC-SCZVfj,

f= 1, ... ,F,c= 1, ... ,C,

(1)

j=1

WfC= Wfc'

f = 1,...,F,c,c'

=

1,...,C.

(2)

Since country c is defined to be abundant in factor f if Vfr Vf > 0, equation (1) implies the HOV theorem: a country
exports the services of its abundant factors. This prediction has been
repeatedly rejected (Maskus 1985; Bowen et al. 1987; Brecher and
Choudhri 1988; Staiger 1988; Kohler 1991). Equation (2) is the factor
price equalization hypothesis. It is incompatible with the large observed differences in wages across countries (see table 1 below).
The argument of this paper is that empirical departures from equations (1) and (2) are largely eliminated by allowing for productivity
differences across countries. For example, Leontief (1953) claimed
that the United States is abundant in labor when labor is measured
in "productivity-equivalent" units. Let ITLc be a parameter with the
interpretation that if VLCis the labor endowment of country c, then
= TLcVLCis the corresponding labor endowment measured in
VL*C
productivity-equivalent units. In these terms, Leontief claimed that
TLCis larger for the United States than for most countries.
To formalize and generalize Leontief's insight, I proceed as follows. Define Vf*}by Vf*C= nfCVfr. Let Wfr be the price per unit of Vfr

Sc J
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*
be the price per unit of V}c. Since one unit of Vfrprovides
and let
lTfr productivity-equivalent units of service, l/wrfcunits of Vfcprovide
one productivity-equivalent unit of service priced at
FACTOR PRICE DIFFERENCES

= 1.,c=

Wf*=-, fr

(3)

Let w* = (w*, . . ., wy)'. Let A*(w*) be country c's technology
matrix when its factors are measured in productivity-equivalent units.
I assume that all differences in technology across countries are caused
by Leontief's factor-augmenting international productivity differences. I
ASSUMPTION
A. A* = AP for all pairs of countries c and c'.
It is straightforward to show that under assumption A the factor
price equalization hypothesis and the HOV theorem hold, with Vfr
replaced by V}e = TrfcVfc,
wfr replaced by w)C = WfcrI1, and Ac(wc)
replaced by A*(w*) (Trefler 1992). This observation is expressed as
C

F1 =

T

Vfr-ScZ

fjVfj, f = 1,. ..,Fc=

1,. . ., C,

(4)

C

(5)

j=l
,
Wfc__Wfr1
=Sarc
Sa'TfI

f=

1,...

,F,c,c'=

1,

where Ffe is a typical element of F* = A *Tc. This paper is devoted
to examining how closely equations (4) and (5) conform to the international data on trade, endowments, consumption shares, and factor
prices.
III.

Empirical Implementation

The following data will be used to examine equations (4) and (5). For
more details, see the Data Appendix. All data pertain to 1983 unless
indicated otherwise. There are 33 countries in the sample, which
together account for 76 percent of world exports and 79 percent
of world GNP. The choice of countries was largely dictated by the
availability of trade data at a detailed industry level (Ti) and, to a
lesser extent, by the availability of factor endowment data. The factor
content of trade (F* = A* Tc) was calculated using the U.S. technology matrix (A*). The usual caveat about using U.S. technology to
calculate the factor content of non-U.S. trade applies here, albeit with
1
Assumption A can also be motivated as follows. Let f' be the production function
of industry i in country c and let Vf, be the input of factor f in industry i. If for all i
and c there exist production functions ft independent of c such that 4)(V'ICI . . .I
.
... I ,lFcV' ) then assumptionA holds (Trefler 1992).
VF) = 1i(TcVVc)
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less force since the technology will be modified in a country-specific,
technologically nonneutral fashion by the nf. There are 10 factors
(Vp): capital, cropland, pasture, and seven categories of labor.2 Since
factor price data (wfp) are available only for capital and aggregate
labor, the data for these two factors are discussed in detail. Aggregate
labor endowment is defined as the economically active population.
Wages are average hourly earnings in nonagricultural activities. They
were converted into dollars using the Summers and Heston (1991)
purchasing power parity (PPP) adjusted exchange rates. Capital endowment is defined as the discounted sum of constant-price investment flows. Capital endowments were converted into dollars using
PPP-adjusted exchange rates. The dual price index for capital constructed in this way is the discounted sum of future investment prices
with discount factors related to future rates of return on capital (e.g.,
Christensen, Cummings, and Jorgenson 1981). Given the lack of data
on future prices and rates of return, the dual price was proxied by
the PPP-adjusted current investment price. In particular, the 1981
price of investment was used in place of the current (1983) price of
investment in order to avoid the debt crisis and the bulk of the 198182 recession; however, the choice of year had little impact. For reasons discussed in Leamer (1984) and Maskus (1991), the capital stock
data should be treated with caution, and, by implication, so should
the capital price data. The GNP data used to calculate the s, are taken
from World Bank (1988). Throughout, very similar results obtain
with the Summers and Heston (1991) PPP-adjusted data for gross
domestic product. The only unknown data are the irrp.In principle,
the rrfccould be obtained from international productivity studies;
however, reliable productivity estimates are always restricted to a very
limited number of industrial countries.
When one examines relations (4) and (5), it is tempting to tack on
error terms and calculate the likelihood of the nrfcgiven the observed
data. However, under the assumption of a normally distributed error
process for each equation, there are 2CF observations (equations) and
CF + 3 unknowns (three covariances) so that the ratio of observations
to parameters is very low. In addition to the estimation issue is the
trickier problem of deciding whether the model is "reasonable": this
is often inadequately conveyed by the reporting of a few test statistics.
Proposition 1 below provides the basis for a different approach to

2 Forests, oil, coal, and minerals have been used in other studies but were not included in this study. Forests were excluded because the forestry and fishing production
data are merged at the level of aggregation used. Oil, coal, and minerals were excluded
because they are heavily traded internationally, so that, as Leamer (1984, p. 22) detailed, they should not be thought of as internationally immobile factors.
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empirical implementation. Fix factor f and introduce notation that
stacks equation (4):
-Ffg--

F__=

[F

LFfcJ

(1 -SI)Vf

I

SI *Vf

-S2Vfl

(1 -S )Vf

-SCVf

SC
V/*

-S -Vfc

1fl

-S2VfC
(1 -SC) VfcJ

[l = 7f|

(6)

LufCJ

, F. By
Then equation (4) can be written as Ff* = Xf Hf, f = 1, .
analogy to the linear regression model, (Ff*, Xf) is the data and Hf is
the regression coefficient.
PROPOSITION 1. Fix factor f and assume Vfr> 0 for all c. Then

Xfnf, unique
i) there exists a solution ftf = (*rf, ... *Tc) to Ff
up to the normalization *fl = 1;
ii) there exist values for (Ff*, Xf) such that Aff < 0 for some c; and
iii) for almost all values of (Ff*, Xf) and (wf , . w. , Wfc), the Aff do
not satisfy equation (5).
Proposition 1 may be motivated as follows. Bowen et al. (1987)
examined the HOV equation (4) for the case in which the irf are the
same across factors. They were not satisfied by this alteration of the
model since estimates of the nfr that produced the best fit were often
negative. Part i of proposition 1 shows that if the nrf are allowed to
vary across factors, I am able in effect to adjust upward or downward
the measured factor supplies in each country so that the HOV equation (4) fits exactly. This is true regardless of the data (Ff*, Xf) on
factor contents of trade, consumption shares, and factor endowments. Indeed, the flf that makes the HOV equation (4) fit exactly is
not even unique: it is unique only up to a normalization of one element. Implicit in part i is a useful feature of the Ift: they do not
depend on data for other factors and so can be calculated one factor
at a time without worrying about how other factors are treated. For
example, the (fi for labor is not affected by the mismeasurement of
capital endowments or by the exclusion of oil endowments.
Since the HOV equation (4) can be made to fit exactly, I cannot
assess my productivity modification of the HOV model in terms of
how well it fits the trade and endowment data. But I can judge the
model in two other ways. First, part ii of proposition 1 indicates that
for some data there will be negative Af . I can therefore follow Bowen
et al. in treating negative Afe as evidence that the model does not fit
the data. Second, I can exploit the factor price equation (5), which
states that the productivity parameters ought to be proportional to
factor price differences. For example, if it is necessary to assume that
British labor productivity is only two-thirds of U.S. labor productivity
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in order to make the HOV equation (4) fit exactly, then British wages
ought to be about two-thirds of U.S. wages as well. Part iii of proposiare chosen to make the HOV equation
tion 1 states that when the
(4) fit exactly, it is unlikely that the Afe will also make the factor price
equation (5) fit exactly. Specifically, the Afe need not satisfy
A

Tfc
Tf, US

-

WfC

C=

1,...,C.

(7)

Wf, US

Equation (7) plays a central role in that it imposes C - 1 exact restrictions on the Afe, restrictions that are satisfied with probability zero.
Departures from these restrictions will be used to evaluate the plausibility of the model. By analogy to econometrics, equation (7) imposes
C - 1 overidentifying restrictions that are the basis for hypothesis
testing. These overidentifying restrictions are strong in that the fAe

are not functions of the Wfcr
IV.

Cross-Country Results for Capital and
Aggregate Labor

Since factor price data are available only for capital and aggregate
labor, this section develops the detailed implications of the model for
these factors only. Table 1 reports the calculated FFLCand SKc for the
normalization f, us = 1.
Consider aggregate labor. To interpret the wage data, Bangladeshi
workers earn 5 percent of the U.S. wage. Although part ii of proposition 1 established that the FFLCcan be negative, empirically they are
all positive. In contrast, using a very different methodology, Bowen
et al. (1987) estimated many negative productivity parameters. Equation (7) states that the 'TFLc/ITLUS must equal the WLc/WLUs. This is a
strong restriction in that factor price data are not used to compute
the rrLc. It is thus surprising that the correlation between the
and WLC/WL,US series (.90) is extremely high.3
TLc'/L,Us
The TrKcITK, US for capital are also sensible in that they are nonnegative (part ii of proposition 1) and, in general terms, agree with casual
empiricism: the developing countries are at the top of the list and
the developed countries are at the bottom. Bangladesh is the only
country with a blatantly unusual ITKc1/TKUS. The theory predicts that
=
Indeed, there is a high correlation between
Kc/TKUS
WKc/WKUS
the ITKc/TK,Us and WKc/WK,US series (.68), as predicted.
3 The only data from country c used to construct the ITLc are data motivated by the
HOV theorem: U.S. technology (AUS), consumption shares (s,), labor endowments
(VL), and trade (T,). It is tempting to argue that the high correlation is due to the
dependence of ILc on s,; however, the correlation between 'fLc"fL,US and sc/sus (.39) is
less than half the correlation between 1TLC/1TL,USand WL/WL,US.
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There are two notable differences between the capital and labor
results. First, the SrK, are more tightly distributed than the ITLC,perhaps reflecting the greater mobility of capital relative to labor that
would likely reduce international capital productivity differences.
Second, the correlation is lower for capital, which may reflect the
conceptual and data difficulties relating to the construction of capital
stock and capital price series.
The theory predicts more than just a high correlation between the
fclT/irfus

and wfclwfus series: it also predicts that the two series will

be equal. Figure 1 is a scatter plot of WLc/WL,Us against TLc/TL,US that
helps to examine this point. The diagonal of the box indicates where
observations would lie if the ITLC/ITLuS exactly equalled the WLCIWLUSA
For example, the model is an almost perfect predictor of Japanese
wages relative to U.S. wages (as well as Japanese trade in factor services).4 The figure reveals a systematic predictive bias in that the
TLc'rL, US underpredict wages in the poorest countries and, to a lesser
extent, overpredict wages in the wealthy European countries. This is
affirmed most clearly by the following regression (standard errors
are in parentheses):
log(wL,)

=

-0.180 + 0.6781og(rrLc),
(0.061) (0.042)

R2 = .90.

The slope is statistically less than unity. One explanation is that the
7Lc are measured with error. Let IBbe the slope coefficient of the
(direct) regression just reported and let 1D denote its ordinary least
squares estimate. Let OR be the estimate of the slope coefficient of
the following (reverse) regression:
log(1TLc)= 0.142 + 1.330Olg(wLc),
(0.094) (0.082)

R2

=

.90.

If the error structure of the log(wLc) and log(1TLc)follows that postulated by the normal errors-in-variables model, then the maximum

likelihood estimate of
1

c

is not unique. In particular,when 0

<

,

<

the set of maximum likelihood estimates is the interval AD
= [0.678, 0.752] (Klepper and Leamer 1984, theorem 1).5 Since
this interval excludes unity, the normal errors-in-variables model cannot explain why the slope is less than unity.
Another explanation is that the wage data pertain to nonagricultural activities. Agricultural wages tend to be lower than nonagriculAR,

IAR]

4 A bold conclusion from Saxonhouse's (1989) residual analysis is that Japanese protection has not distorted Japanese wages or trade in labor services.
5 Even without normality, it is well known that 1 lies between plim(pD)
and
plim(1/13R). Notice that the direct and reverse regressions share the same R
= 16.23).
-R =
pDIR2, and the t-statistics for AD and OR are necessarily identical (t
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1.-Wages

and labor technology parameters

tural wages. Also, employment in the agricultural sector is proportionately larger in developing than in developed countries. These
two facts bias upward the developing country wage data and bias
downward the developed country wage data. A final explanation of
the systematic bias is the use of a developed country as the norm
(rfus = 1); however, the similarity of the series means reported at
the bottom of table 1 implies that any normalization that weights all
countries equally will reproduce similar results (i.e., the United States
is not an "outlier").
For capital, the United States is an outlier as is confirmed by the
very different table 1 means for ITKc/IIK,Us and WKcIWK,US. For this
reason, a more informative normalization is one that weights all coun-
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tries equally and sets the means of the two series equal. (As the proof
of part i of proposition 1 indicates, such a normalization is legitimate.)
This is reported in column 5 of table 1, which simply multiplies
It is immediately apby (x = (XCwKc/wKUS)I(EcTrrKC/rrKUS).
TKc'7K,Us
parent that Bangladesh and the United States are by far the largest
outliers. On the other hand, there is no systematic bias or other anomalies in the way the TKc/TKUS predict the WKc/WKUS. To see this, omit
US series so that
Bangladesh and the United States, rescale the rrKCb/K
it has the same mean as the WKcIWKUs series, and consider the following regressions (standard errors in parentheses):

log(wKc)= -0.004 + 0.816log(,TKc),
(0.038)

R2 = .72,

(0.094)

log('rrKc)= -0.016 + 0.883 log(WKc),
(0.040) (0.102)

R2 = .72.

As expected, the intercept is statistically close to zero and the slope
is statistically close to unity. Further, the set of maximum likelihood
slope estimates, (0.816, 1.133), contains unity.
To conclude, the close correspondence between the 7rfcand the wfc
strongly supports an HOV model that allows for factor-augmenting
international technology differences and the implied international
factor price differences.

V.

Cross-Country Results for Each Factor

For factors other than capital and aggregate labor, the absence of
factor price data leads to a search for alternative criteria for evaluating the economic reasonableness of the wfc. This section provides
four such criteria. The first is that the Trfcmust be nonnegative (part
ii of proposition 1). Table 2 lists factor-country pairs having negative
Trfc.Only

10 of the 384 lTfc are negative, and they are primarilycon-

centrated among the land factors and the three countries in the sample with the smallest land endowments, namely, Hong Kong, Singapore, and Trinidad and Tobago.
The second criterion is based on casual empiricism: U.S. productivity is among the highest in the world for each factor. Since Tfus = 1,
this observation suggests that for each factor, the distribution across
countries of the mTfcwill be centered at less than unity. A robust summary statistic is the median. This is easily culled from Appendix tables
Al and A2, which report the rrfcsorted by size. For all but administrative workers and pasture, the median is less than unity as expected.
The high median for administrative workers may be due to a classification error since the United States has more than half the world
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endowment of administrative workers whereas France has virtually
none. The U.S. productivity edge is known to be most dramatic in
agriculture; correspondingly, the median for agricultural workers is
the lowest of all factors.
The third criterion is the absence of Ffrfthat are inexplicably small
or large, that is, the absence of outliers. From Appendix table Al,
there are many outliers for administrative workers, but this is doubtless related to the classification error noted above. Another set of
outliers is associated with agricultural workers, where many of the
are forced to zero by the
'rf, are virtually zero. For this factor, the mrfr
choice of normalization (ry, us = 1) and the fact that the United States
is so productive in agriculture. The second most productive country
is the Netherlands, with a 7rf,of only 0.61. Finally, for many countries
the land factors have unreasonably large values of 7rff. The largest
value of 7rf,for aggregate land (101.76 for Singapore) coincides with
the fact that by any measure, the Singapore endowment of pasture
is the smallest endowment of any factor in any country in the data
set. For the other aggregate land parameters in excess of nf us, it
appears that the capital-intensiveness of agriculture in rich, geographically small countries is captured by the 'rfyfor land. For example, the largest parameters include those for Japan (15.56), the Netherlands (11.57), Denmark (4.10), Switzerland (3.55), and Belgium
(3.53). Thus many of the unusual mrfr
are not spurious; rather, they
can be related to economically interpretable features of the data.
The fourth and final criterion applies only to labor. Consider the
developed countries. Occupational wage structures are stable across
the developed countries and aggregate wages are correlated with per
capita GNP, y, Hence, wages for each occupation are positively correlated with YC.If this were also true for the developing countries, then
the larger yc is, the larger wfcshould be for each. Equation (7) then
predicts that ycIyus and Trrfcrbuswill be positively correlated for each
f This suggests the following regressions, one for each labor occupation:
log(TrfC)=
log(yc)

D+

of log(yC)

=a7 + I3 logrc)

+ Ef
+Ufr,

c

1

(8)

c=1.

If any of the ED or 1R are negative, then the calculated lfc are questionable. Note that the same argument for the land factors is less
compelling.
The estimated regression coefficients and R2's are reported in
table 2. For each labor factor, 0 < 17D
< 1/1R so that the estimated coefficients are all positive. The very large AD and OR for
agricultural workers mirror the very low rural living standards in
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developing countries relative to developed countries. The surprising
feature of the results is the strength of the relationship between the
labor parameters and per capita GNP. For all but one type of labor
the cross-country R2 is at least .80 and for production workers it
reaches .95.6
In the absence of factor price data, alternative criteria must be used
to evaluate the nf, Overall, the Trfrare plausible as judged by the four
criteria adopted in this section.
VI.

An Explanation

Given that the rfrare calculated using data on the deviations from
the HOV theorem, it is not immediately obvious why they are so
plausible. This section suggests a feature of the data that explains the
results. Let VfW = CVf, be the world endowment of factor. Gross
national product at factor prices can be expressed as Y, = If wfrVfr.
If trade is balanced so that the consumption share s, equals YJYW,
this GNP equation can be rewritten as
1 = A (FpFARfr,
(9)
f
where awi = wfzVfwlYwand FARf, = (VfrlVfw)ls,. The term FARfr is
the factor abundance ratio: by definition, it exceeds unity if and only
if country c is abundant in factor. In the standard HOV model with
identical technologies and factor price equalization, YEf Wfr = 1 so
that the weighted average of the factor abundance ratios is unity. In
particular, no country can be scarce or abundant in all factors. Yet
inspection of Leamer's (1984) resource abundance profiles reveals
that each developed country suffers a scarcity of almost all factor
endowments and each developing country enjoys an abundance of a
large number of factor endowments. Strictly reasoned, this is not
inconsistent with equation (9) since no country is scarce or abundant
in all factors and since some factors are omitted from Leamer's study;
nevertheless, the strength of the pattern is at odds with the spirit of
a theory whose cornerstone is factor abundance.
Table 3 illustrates that the same pattern appears in the current
data. Column 1 reports that the cross-country correlation between
per capita GNP and FARfris negative for all factors; that is, developed
6 The cross-section R2 of .95 led me to an extensive search for an underlying identity
in the construction of the nrf. The search was unsuccessful. For example, the correlations of the rrfcwith country characteristics (e.g., sC,y, and YC/Vfc)were never nearly
as high as those reported in table 2 and were often quite small. The proof of part ii
of proposition 1 provides a simple example that shows there is no such underlying
identity.
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TABLE 3
CORRELATIONS OF FACTOR ABUNDANCE
WITH PER CAPITA GNP

)I SC
VfW
(VfSG/

(1)
Capital
Labor
Land

RATIOS

(VfV *)/ s

(2)
.63t
.32
- .16

- .65k
- .95'
-.64'

NOTE.-Col. 1 is the rank correlation of per capita GNP with the
factor abundance ratio (VfiVf,,,)/s,. Col. 2 is the rank correlation of
per capita GNP with the productivity-equivalent factor abundance

ratio(Vf*'1Vf*ZV)/s,
t

Statistically significant at the 5 percent level.

countries tend to be scarce in all factors and developing countries
tend to be abundant in all factors. This pattern appears for disaggregated factors as well. An obvious explanation is that the developed
countries have a more productive relationship between endowments
(inputs) and Sc (output) than the developing countries and so need
less of all endowments to attain a given sc, This observation suggests
the need for modeling international productivity differences, that is,
for modeling the irfc.
Column 2 of table 3 suggests that it is this feature of the data that
drives the pattern of the calculated fC. Let Vf*>= ,c V9ftbe the world
endowment of factor measured in productivity-equivalent units. By
productivity-equivalent factor price equalization the wi*c are equal
t7. With Vf*C=
across countries so that W7=
(eq. [3]), Yc = If WfcVfc can be written as Yc =

rfCVfr and w7=

WfcIrfc

w*f
w* V}*CRearranging

yields
FAR*

1=

(10)

f

The term FARf*cis
and FAR}* = (VVf*Cl/f*W)sc.
where V7= w7 V]~WIYW
the factor abundance ratio measured in productivity-equivalent units.
Since Yw = Ef w V7*wit follows that Yf x}* = 1. Hence, measured in
productivity-equivalent units, no country can be scarce or abundant
in all factors. It follows that the signs of the cross-country correlations
of per capita GNP with FARJ*must vary across factors; otherwise,
countries are scarce or abundant in all factors. Alternatively, the correlations must be statistically insignificant. Table 3 reveals that this is
the case. Further, the table reveals that in productivity-equivalent
terms, the developed countries are capital abundant, a pattern that
accords with the well-known link between capital formation and development. Thus the feature of the data that drives the ?fC appears
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to be productivity differences between the developed and developing
countries.

VII.

Leontief Was Right!

Using 1947 U.S. data, Leontief (1953) showed that the capital/labor
ratio for imports exceeded the capital/labor ratio for exports. I refer
to this fact as the Leontief paradox. Note, though, that Leamer (1980)
showed that there is nothing paradoxical about it. Table 4 presents
several features of the 1983 U.S. data. Column 1 shows that the ratio
of capital exports to capital imports (0.84) is almost identical to what
it was in 1947 (0.83). However, the ratio of labor exports to labor
imports (0.78) fell from its 1947 level (1.07). Hence, the Leontief
paradox has disappeared. Stern and Maskus (1981) found that the
paradox disappeared sometime between 1958 and 1972. Column 2
illustrates that departures from the HOV theorem as measured by
the difference between Fus = AusTus and Fus = Vus - susVw (and
scaled by Fus) are substantial. Large prediction errors like those in
column 2 are the basis for the Bowen et al. (1987) rejection of the
HOV theorem.
Since the data set includes the world endowment of factors, factor
abundance ratios FARfus = (Vf uslVfw)lsus can be calculated (col. 3).
If this ratio exceeds unity, then the United States is abundant in
factor. Land is abundant and both capital and labor are scarce. That
the United States is labor scarce is to be expected: more surprising is
that the United States is capital scarce. This coincides with the general
scarcity of factors among the developed countries.
Leontief (1953) conjectured that the reason U.S. exports were more
labor intensive than U.S. imports in 1947 was that the United States

TABLE 4
THE LEONTIEF PARADOX AND His EXPLANATION

[A* XUS]f

Ff,US -f,US

Vfus/Vfw

Vf,US/VfW

Ff US
(2)

SC

SC

Factor

[A* MUS]f
(1)

(3)

(4)

Capital
Labor
Land

.84
.78
2.12

- .95
-.98
-.40

.71
.54
1.28

.97
.96
1.19

NOTE.-Col. 1 reports the factor content of exports relative to the factor content of imports. Col. 2 reports
deviations from the HOV theorem: Ff us = [A* Tusif is the factor content of U.S. trade and F'fus = Vf Us endowment-based prediction of Ff,Us- In the HOV theorem, a factor is defined to be abundant if its
factor abundance ratio (Vf Us/Vf.)/sus exceeds unity. In the productivity-equivalent version of the HOV theorem
(eq. [4]), a factor is defined to be abundant if (v*US1V7/
)1sus exceeds unity.

SUsVf. is the
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was labor abundant as measured in productivity-equivalent units.7
Column 4 reports abundance ratios measured in productivityequivalent units, that is, FAR*us = (V*usIV7*)/sus. (Note that since
1
= VfUS; however, V7f*W
ITf US
Vfw.)It is immediately apparent that there is considerable validity to Leontief's claim: the abundance ratio for labor almost doubles from 0.54 to 0.96. This upward
adjustment makes the United States approximately labor neutral. Although this does not satisfy Leontief's claim that in 1947 the United
States was labor abundant as measured in productivity-equivalent
units, the discrepancy likely reflects the narrowing of the productivity
gap between the United States and its major trading partners that
has occurred since Leontief wrote. Leontief went on to argue that
the productivity adjustment for labor would be much more dramatic
than the productivity adjustment for capital.8 This prediction is also
borne out by the data, which show that while the capital abundance
ratio rose from 0.71 to 0.97, it did not rise as much as the labor
abundance ratio. Overall, these striking results support the view that
in the extensive discussions surrounding the so-called Leontief paradox, Leontief's own insight was right!

VIII.

Interpretation of theaf,
The interpretation that properly attaches to the arf1is not crystal clear.
Consider the nf, of 0.66 for British workers. One possibility is that
British workers simply work two-thirds as hard as U.S. workers. Another possibility is that British workers are just as industrious, but
they have access to a technology that makes them only two-thirds as
efficient. A final possibility is that both industriousness and technology are the same globally, but the United States and Britain lie in
different cones of diversification: Britain uses labor-intensive techniques to produce a labor-intensive mix of products and the United
States uses capital-intensive techniques to produce a capital-intensive
mix of products. This third possibility has some intellectual appeal

7 "Let us, however, reject the simple but tenuous postulate of comparative technological parity and make the plausible alternative assumption that in any combination with
a given quantity of capital, one man year of American labor is equivalent to, say, three man
years of foreign labor.... Spread thrice as thinly as the unadjusted figures suggest the
American capital supplyper 'equivalentworker'turns out to be comparativelysmaller, rather
than larger, than that of many other countries. This, I submit, is the analytical explanation of the results of our empirical findings" (Leontief [1953] 1968, pp. 523-24; italics
added).
comparison with other
8 United States technology factors "must have increased-in
countries-the productivity of American labor much more than they have raised the
efficiency of American capital" (Leontief 1968, p. 526).
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since it fits squarely within traditional HOV concerns. Indeed, cones
of diversification creep into proposition 1 via the assumption that all
the Vft are strictly positive. However, it is not transparent how to
create a multicone HOV model that allows the HOV factor content
prediction to be couched in terms of factor earnings nrfCVf,
rather
than factor supplies Vfr. This pushes me strongly toward the other
two possibilities: industriousness and technology.
It is formally impossible to distinguish between these two possibilities. To see this let 44be the production function for industry i in
country c and let vfs be the input of factor in industry i. Assumption
A is satisfied if for all i and c there exist internationally identical
production functions 4Xsuch that 4C(V'1,. .. Vi) = 4'(-TVlc, ..i .
aFc VFc).Hence, the component of rfcinteracting with Vfc(call it industriousness or factor quality) is indistinguishable from the component
of zfc interacting with 44 (call it technology). This feature is shared
with much of the productivity literature, a point highlighted by the
fact that the nfc are closely related to Malmquist indices of productivity differences (Caves, Christensen, and Diewert 1982). My view, necessarily informal in light of this, is that the productivity parameters
reflect national differences that strike at the heart of the imperfectly
understood development process. One facet of national differences
that I have discussed elsewhere is the ability to commercialize technology (Trefler 1993a). While basic research is internationally available
through publications of the scientific community, the translation of
basic research into low-cost production processes is both a guarded
secret of firms and the comparative advantage of the developed countries.
Given that for expositional purposes I am interpreting the 'Mfcas
productivity parameters, it is of some interest to compare my calculated lrfc with existing productivity estimates. For the small subset of
developed countries for which reliable productivity indices have been
computed, it is possible to compare them with my rfc. Denny and
Fuss (1983) found that in 1973, Japan was 8 percent more productive
than the United States, a figure that is much higher than the table 2
values for Japan of MLc = 0.66 and ITKC = 0.67. On the other hand,
Christensen, Cummings, and Jorgenson (1981) found that in 1973,
Japan was only 77 percent as productive as the United States, a figure
similar to my own. The Christensen et al. study is by far the most
comprehensive in terms of country coverage. It covers Korea (which
is not in my sample) and eight OECD countries in 1973. Christensen
et al. found that across the OECD countries in their sample, productivity relative to the United States varied between 0.77 and 0.91. The
corresponding ranges of the nfc for these countries are (0.66, 0.88)
for labor and (0.53, 0.84) for capital. Thus my lrfc have a downward
bias but are otherwise close to the carefully constructed Christensen
,
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et al. figures. This suggests that the nf, at least partly capture what is
commonly termed "productivity."

IX. Conclusions
The factor price equalization hypothesis and the Heckscher-OhlinVanek theorem are widely at variance with observed international
differences in factor prices and international trade in factor services.
Departures from the factor price equalization hypothesis and the
HOV theorem were examined theoretically and empirically using a
generalization of the HOV model. The generalization was motivated
by Leontief's original explanation of his so-called paradox: factoraugmenting international technology differences imply that endowments must be adjusted to reflect international productivity differences.
My method was to calculate international productivity differences
that make the HOV theorem perfectly fit the data on trade and endowments. I then showed that these international productivity differences are consistent with observed international factor price differences. For example, it was necessary to assume that British labor
productivity is only two-thirds of U.S. labor productivity in order to
make the modified HOV theorem fit exactly. Correspondingly, British wages were found to be about two-thirds of U.S. wages.
An alternative method is to work in the opposite direction from
factor prices to the HOV theorem. I could have inferred international
productivity differences from international factor price differences
and shown that the inferred productivities make the modified HOV
theorem fit remarkably well. The modification of the HOV theorem
under consideration would have been to replace factor endowments
with factor endowment earnings. No matter what the method of investigation, the conclusion remains: There is a simple modification
of the HOV model that explains most of the factor content of trade
and the cross-country variation in factor prices.
Appendix
A. Mathematics
Proof of Proposition 1
Parti: Hf is defined as a solution to the system Ff*= XfHf, where Xf is given
in equation (6). Consider the rank of Xf. The sum of column c is (1 I s1)Vfr = 0. Deleting row c and taking a.-weighted linear combinationsof
the remainingrows yield a c element equal to - V Yj c a s , which is nonzero
when at least one ot is nonzero. Thus rank(Xf) = C- i. Consider the rank
of the augmented matrix [Xf, Ff*]. Since Yc Tc = 0 implies Yc Ff*C= 0,
rank[Xf, Ff*] = C - 1. Hence, a solution exists that is unique up to a
single normalization(Theil 1971, sec. 1.3).
Part ii: Consider an example with two countries and two goods. Without
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loss of generality, let IrfI = 1 and assume that country 2 imports the services
so that F* < 0. Solving for rf2 yields rrf2 = (Fk + s2Vfl)/(l
S2)Vf2. A simple numerical example shows that af2 can be negative.
Part iii: By part i, flf has only one degree of freedom. But equation (5) (or
see eq. [7]) imposes an additional C - 1 > 1 linearly independent restrictions
so that flf cannot also satisfy equation (5). Q.E.D.
of factor

A Note on Computations
The (If were calculated by setting serfus to unity and omitting the equation
corresponding to the United States. This results in a full-rank, C - 1 dimensional linear system that is easily solved. In theory, the choice of omitted
country does not matter unless Yc T, is nonzero, as is the case in the data set.
In practice, the small size of Yc T, means that the choice of omitted country
makes little difference.
That ECTc is nonzero is partly due to omitted countries. Suppose that there
are data for countries c = 1, . . ., C and no data for countries c = C +
C'. Then equation (4) can be written as F * = Xf Hf + OtfL, where L
1,.
is a C x 1 vector of ones and ctf = yf=c+ lfj Vfj-.In this case, it is trivial to
show that proposition 1 remains the same with
(Iffreplaced by Xf (If + aft
and Of replaced by ((If, &f). In light of this, it is not surprising that the reported (f are very similar to those calculated under the assumption of incomplete country coverage.
B. Data
All data pertain to 1983 unless otherwise stated.
International Factor Endowment and Factor Price Data
Labor.-International labor endowments are defined as the economically
active population as reported in the International Labour Office Yearbookof
Labour Statistics (1945-89). Labor is disaggregated into the seven one-digit
International Standard Classification of Occupations categories. These data
are taken from national censuses that were often conducted in years other
than 1983 and so were adjusted by multiplying the data by the ratio of
population in 1983 to population in the census year. Population data are
taken from World Bank (1988). International wage data are earnings per
hour in nonagricultural activities as reported in the International Labour
Office Yearbookof Labour Statistics (1989-90).9 Wages were converted into
U.S. dollars using a consumption-based PPP adjustment for exchange rates
9 Details of the construction of the wage series are as follows. (i) For most countries,
weekly or monthly earnings and hours worked were used to compute hourly wages.
Where wages were reported per month and hours per week (nine middle-income
countries), I converted by the factor 52/12. Where wages were reported per day and
hours per week (Bangladesh, Hong Kong, and Indonesia), I assumed 5.5 working
days per week. (ii) Where only manufacturing wages were available, they were adjusted
using the U.S. ratio of manufacturing wages to nonagricultural wages. (iii) On the
basis of similar per capita incomes, wages in Colombia and Indonesia were proxied by
wages in Paraguay and the Philippines, respectively, and hours per week in Pakistan
were proxied by Sri Lankan hours per week. (iv) For Bangladesh, unskilled wages
were used rather than skilled wages. (v) For Switzerland, wages for males only were
used. (vi) For Singapore, 1986 wages deflated by the consumer price index were used.
Errors introduced by points i-vi seem small relative to national differences in the
collection of the underlying data on earnings and hours worked.
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taken from the Penn World Table (Mark5) as documented in Summersand
Heston (1991).
Capital.-International capital stock data were constructedusing the most
common method, namely, the double declining balancemethod (e.g., Leamer
1984). The investment flows, domestic investment price indexes, and investment-basedPPP adjustmentsneeded to constructdollar-denominatedcapital
stock data are taken from the Penn World Table. The assumed asset life is
15 years, though longer lives of 20 and 25 years made no difference to the
results.The price of capitalis the 1981 (PPP-adjusted)investmentprice index
from the Penn World Table. See Section III above for further details.
Land.-International land endowment data are taken from the United
Nations Food and AgriculturalOrganization'sProductionYearbook
(1984) and
are measured in hectares.
Consumption
shares.-Consumption shares (s, = [Y, - B,]IYW) were computed using data on GNP, imports, and exports from World Bank (1988).
Technology Data
The technology matrix A* was constructedfrom the U.S. input-outputtable
(U.S. Department of Commerce 1989) and from data on U.S. factor usage
by industry. Data on factor usage are detailed in Trefler (1993b) and were
computed from the Current Population Survey, March 1984, and various
U.S. Department of Commerce industry censuses. Note that the occupation
data have been updated using 1983 data contained in the March 1984 Current PopulationSurvey. Further, for the very few industriesfor which disaggregated capital stock data were not available from industry censuses, the
aggregated data were prorated on the basis of the value of fixed assets as
reported in U.S. Internal Revenue Service(1986). Land is treated differently
than in most factor content studies in that land is measured in hectares and
is taken from the Censusof Agriculturerather than imputed from the U.S.
input-outputtable. This means that input-outputtable industries 1 and 2 are
not treated as the sole users of pasture and cropland, respectively;rather,
land use by type and industry is more sensiblybased on Censusof Agriculture
data. It also means that land endowments in the United Statesare calculated
on a consistent basis with land endowments in other countries.
InternationalTrade Data
Trade data are taken from the United Nations StatisticalOffice Trade Tape
(1988). They were converted from the four-digit StandardIndustrialTrade
Classification(SITC) (revision 1) industry classificationinto the 79-sector,
input-outputindustry classification.While finer input-outputindustryclassificationsare available,they were not used because it was felt that commodity
conversion at finer levels of disaggregation is not reliable (see U.S. Department of Commerce 1985; Maskus 1991). Conversion was based on an
SITC(R1)-SITC(R2)converter supplied by the World Bank, the SITC(R2)SIC converter in the 1983 ImportsExtractMaster(Concordance)
(U.S. Department of Commerce), and appendix B of U.S. Department of Commerce
(1984). In the conversion process, classifications"stepped down" from four
digits to two digits.
C. Productivity
Parameters
Table Al reports the 7fcfor each labor classification.Table A2 reports the
lafcfor each land classification.
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TABLE A2
PRODUCTIVITY

PARAMETERS lTf BY DISAGGREGATED

All Land
HK
Tri
Por
Ban
Uru
Pak
Col
Ind
Sri
Pan
Yug
Spa
Grc
Tha
NZ
Can
Ire
US
Ita
Aus
UK
Fin
Fra
Swe
Isr
Ger
Bel
Swz
Dnk
Nor
Nld
Jap
Sin

- 289.97
-.41
-.10
.10
.15
.18
.21
.28
.33
.40
.48
.52
.56
.57
.59
.65
.77
1.00
1.44
1.67
2.04
2.12
2.27
2.30
2.35
3.46
3.53
3.55
4.10
5.50
11.57
15.56
101.76

LAND CLASSIFICATION

Cropland
HK
Sin
Tri
Por
Ban
Pak
Ind
Sri
Spa
Tha
Yug
Can
Uru
Bel
Pan
Col
Grc
Ita
Fin
Swe
US
Ger
Aus
Ire
UK
Fra
Dnk
Nor
Isr
Swz
Jap
NZ
Nid

- 224.07
-20.92
-.85
-.37
.03
.10
.17
.23
.25
.30
.33
.48
.58
.59
.59
.60
.62
.68
.71
.95
1.00
1.16
1.21
1.50
1.57
1.60
1.79
1.89
2.60
4.00
4.59
7.58
9.27

Pasture
HK
Uru
Col
Pan
NZ
Ind
Pak
Grc
Ire
Yug
Sri
Can
US
Spa
Ban
Por
Aus
Isr
UK
Fra
Ita
Swz
Tri
Ger
Bel
Swe
Nld
Tha
Fin
Dnk
Nor
Jap
Sin

-817.18
.10
.13
.31
.37
.47
.49
.52
.62
.66
.82
.98
1.00
1.05
1.30
1.73
2.04
2.22
2.33
3.25
3.29
3.44
5.88
7.13
7.14
7.95
13.31
17.20
22.90
29.16
35.56
104.33
837.81
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