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International Factor Price Differences:
Leontief Was Right!

Daniel Trefler

University of Toronto

The factor price equalization hypothesis is widely at odds with the
large variation in factor prices across countries. Similarly, the
Heckscher-Ohlin-Vanek (HOV) theorem constitutes an incomplete
description of trade in factor services: its predictions are always re-
jected empirically. These two issues are examined using a modifica-
tion of the HOV model that allows for factor-augmenting interna-
tional productivity differences. The empirical results are stark: this
simple modification of the HOV theorem explains much of the fac-
tor content of trade and the cross-country variation in 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 exacer-
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bate trade frictions between the United States and its trading part-
ners, in particular, Canada, Japan, and the European Economic Com-
munity.

The model for my analysis is the increasingly forsaken Heckscher-
Ohlin-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 impor-
tant 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 equaliza-
tion and identical technologies, the HOV model explains neither fac-
tor 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 dis-
tinct from the question of whether there is a paradox (see Leamer
1980; Brecher and Choudhri 1982b; Casas and Choi 1985). My re-
sults 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 de-
partures from the HOV theorem. Their failure to find an economi-
cally 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 inter-
national productivity differences.

The paper is organized as follows. The model is developed in Sec-
tion 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 re-
view 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 inter-
national 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 endow-
ments. 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 explana-
tion has gone largely unexplored. Previous researchers tackled the
paradox by disaggregating labor by skill classification while main-
taining the assumption that within classifications no international pro-
ductivity 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; how-
ever, it cannot explain the overall poor performance of the HOV
theorem since the five empirical studies reporting complete tests re-
jected 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¢ = 1, ..., C index countries, let f = 1, ..., F index factors,
and let: = 1, ..., index industries. Then V/, is the endowment of
factor f in country ¢, Wy, is the price .of factor f in country ¢, and w,
= (W, - . ., wg) 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 ¢. 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 ¢ by country ¢. The term F, = (Fy,, ..., Fg)' is
the vector of factor services embodied in net exports; that is, F, =
A T, The term Y, is the gross national product of country ¢, ¥, =
Z.Y, is world GNP, and B, is the trade balance of country ¢ so that s,
= (Y, — B,)/Y,, is country ¢'s share of world consumption. The HOV
model with factor price equalization and identical technologies (A, =
A, for all pairs of countries ¢ and ¢’) implies the following set of
equations (e.g., Leamer 1980):

C
Fo=Vi=s5.0 Vg f=1,..,Fc=1,...,C, (1)
=1
we =we, f=1,...,F¢c =1,...,C. (2)

Since country ¢ is defined to be abundant in factor f if V, —
S, 2}‘;1 Vi; > 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 ob-
served differences in wages across countries (see table 1 below).

The argument of this paper is that empirical departures from equa-
tions (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 ;. be a parameter with the
interpretation that if V;_ is the labor endowment of country ¢, then
VE = m. V. is the corresponding labor endowment measured in
productivity-equivalent units. In these terms, Leontief claimed that
;. is larger for the United States than for most countries.

To formalize and generalize Leontief’s insight, I proceed as fol-
lows. Define V}t by V£ = m, V. Let w; be the price per unit of Vj
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and let wf be the price per unit of V. Since one unit of V. provides
m, productivity-equivalent units of service, 1/, units of V, provide
one productivity-equivalent unit of service priced at

wh = ﬂ—f f=1,..,Fc=1,...,C. 3)
fc
Let w} = (w}, ..., wf)'. Let A¥(w}) be country ¢’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 differ-
ences.'

AssUuMPTION A. A¥ = A} for all pairs of countries ¢ and ¢'.

It is straightforward to show that under assumption A the factor
price equalization hypothesis and the HOV theorem hold, with Vj
replaced by Vit = m.V,, w, replaced by wf = wg/m, and A (w,)
replaced by A¥(w¥) (Trefler 1992). This observation is expressed as

Fr=mVi=s. ) mVy f=L...Fe=1...C @

e JEE o1, Fed=1,...,C (5)
’ﬂ'fc Tl'fc'

where F} is a typical element of F¥ = A¥T,. This paper is devoted

to examining how closely equations (4) and (5) conform to the inter-

national 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 (T},) and, to a
lesser extent, by the availability of factor endowment data. The factor
content of trade (F¥ = A¥*T,) was calculated using the U.S. technol-
ogy matrix (A¥). The usual caveat about using U.S. technology to
calculate the factor content of non-U.S. trade applies here, albeit with

! Assumption A can also be motivated as follows. Let ¢ be the production function
of industry i in country ¢ and let V}, be the input of factor f in industry i. If for all i
and ¢ there exist production functlons & mdependent of ¢ such that &i(V},, . . .,
Vi) = &i(m, Vi, ..., mgVE), then assumption A holds (Trefler 1992).
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less force since the technology will be modified in a country-specific,
technologically nonneutral fashion by the m. There are 10 factors
(Vy.): capital, cropland, pasture, and seven categories of labor.* Since
factor price data (wy) 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 en-
dowment is defined as the discounted sum of constant-price invest-
ment flows. Capital endowments were converted into dollars using
PPP-adjusted exchange rates. The dual price index for capital con-
structed 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 1981—
82 recession; however, the choice of year had little impact. For rea-
sons 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 m,. In principle,
the m; could 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 m, given 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 in-
cluded 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) de-
tailed, 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):

Ff A=sDVy =51V = =5V Lol
F}% =59V (1 —s9)Vpp oo+ =5,V T
12 2V 2V 2 Ve 72
F;‘ = . ) Xf= : E .‘. : s nf= . . (6)
Fl =sc¢Vp =scVp o (L =s0)Vpe T
Then equation (4) can be written as F = X/II,f = 1,..., F. By

analogy to the linear regression model, (F}", Xf) is the data and IIf is
the regression coefficient.
ProposiTION 1. Fix factor f and assume V;, > 0 for all ¢. Then

i) there exists a solution ﬂf = (frqy, ..., fig) to Ff = X1, unique
up to the normalization fr = 1;
ii) there exist values for (F}", X,) such that #r;, < 0 for some ¢; and
iii) for almost all values of (Ff, X/) and (wp, . . . , wy), the 4, 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 m, are the
same across factors. They were not satisfied by this alteration of the
model since estimates of the m, that produced the best fit were often
negative. Part i of proposition 1 shows that if the m;, 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 equa-
tion (4) fits exactly. This is true regardless of the data (Ff, X) on
factor contents of trade, consumption shares, and factor endow-
ments. Indeed, the l°If that makes the HOV equation (4) fit exactly is
not even unique: it is unique only up to a normalization of one ele-
ment. Implicit in part i is a useful feature of the l°If: 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 l°[f 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 7. I can therefore follow Bowen
et al. in treating negative fr;, 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 proposi-
tion 1 states that when the 4, are chosen to make the HOV equation
(4) fit exactly, it is unlikely that the 4, will also make the factor price
equation (5) fit exactly. Specifically, the 4, need not satisfy
e T W (1)
Trus  Wrus
Equation (7) plays a central role in that it imposes C — 1 exact restric-
tions on the 4, restrictions that are satisfied with probability zero.
Departures from these restrictions will be used to evaluate the plausi-
bility 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 fr,
are not functions of the wy,.

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 7, and m, for the
normalization 7, ys = 1.

Consider aggregate labor. To interpret the wage data, Bangladeshi
workers earn 5 percent of the U.S. wage. Although part ii of proposi-
tion 1 established that the m;, can be negative, empirically they are
all positive. In contrast, using a very different methodology, Bowen
et al. (1987) estimated many negative productivity parameters. Equa-
tion (7) states that the ;. /m; ys must equal the w; /w; ys. This is a
strong restriction in that factor price data are not used to compute
the ;. It is thus surprising that the correlation between the
/7, us and wy Jw, s series (.90) is extremely high.?

The wy /m ys for capltal are also sensible in that they are nonnega-
tive (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 /7 ys. The theory predicts that
g/ Tk us = wg/wg ys- Indeed, there is a high correlation between
the g /mg ys and wy/wg ys series (.68), as predicted.

3 The only data from country ¢ used to construct the m;, are data motivated by the
HOV theorem: U.S. technology (Ays), consumption shares (s.), labor endowments
(Vy), and trade (T,). It is tempting to argue that the high correlation is due to the
dependence of m;, on s_; however, the correlation between /7 ys and s./sys (.39) is
less than half the correlation between w /7 ys and w /wy ys.
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There are two notable differences between the capital and labor
results. First, the 7y, are more tightly distributed than the m, , per-
haps 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
/Ty us and wy/wy ys series: it also predicts that the two series will
be equal. Figure 1 is a scatter plot of w; /w; ys against ./ ys that
helps to examine this point. The diagonal of the box indicates where
observations would lie if the /7, ;s exactly equalled the w; /w; .
For example, the model is an almost perfect predictor of Japanese
wages relative to U.S. wages (as well as Japanese trade in factor ser-
vices).* The figure reveals a systematic predictive bias in that the
7/ ys 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(w;,) = —0.180 + 0.678 log(w,,), R?= .90.
(0.061) (0.042)

The slope is statistically less than unity. One explanation is that the
7, are measured with error. Let B be the slope coefficient of the
(direct) regression just reported and let 8° denote its ordinary least
squares estimate. Let 3% be the estimate of the slope coefficient of
the following (reverse) regression:

log(m,,) = 0.142 + 1.330 log(w,,), R? = .90.
(0.094) (0.082)

If the error structure of the log(w,,) and log(m,,) follows that postu-
lated by the normal errors-in-variables model, then the maximum
likelihood estimate of B is not unique. In particular, when 0 < 82 <
1/B%, the set of maximum likelihood estimates is the interval [B2,
1/BR] = [0.678, 0.752] (Klepper and Leamer 1984, theorem 1).’ Since
this interval excludes unity, the normal errors-in-variables model can-
not explain why the slope is less than unity.

Another explanation is that the wage data pertain to nonagricul-
tural activities. Agricultural wages tend to be lower than nonagricul-

* A bold conclusion from Saxonhouse’s (1989) residual analysis is that Japanese pro-
tection has not distorted Japanese wages or trade in labor services. A

®Even without normality, it is well known that B lies between plim(8°) and
plim(1/B®). Notice that the direct and reverse regressions share the same R?
1/BR = B2/R2, and the t-statistics for B2 and ¥ are necessarily identical (¢ = 16.23).
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12

0.8

0.6

Wages

0.4

0.2

| | | | |
0 1 1 1 1 1

o 0.2 0.4 0.6 0.8 1 12

Labor Technology Parameters

Fic. 1.—Wages and labor technology parameters

tural wages. Also, employment in the agricultural sector is propor-
tionately 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
(m;us = 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 myg/mg ys and wg/wg ys. 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
g/ T us by o = C wi/wg us)! E Tk / Tk ys)- It is immediately ap-
parent that Bangladesh and the United States are by far the largest
outliers. On the other hand, there is no systematic bias or other anom-
alies in the way the m /7y ys predict the wg /wg ys. To see this, omit
Bangladesh and the United States, rescale the my, /7 ys series so that
it has the same mean as the wg /wg ys series, and consider the follow-
ing regressions (standard errors in parentheses):

log(wg,) = —0.004 + 0.816 log(my,), R2= .72,
(0.038) (0.094)

log(mg,) = —0.016 + 0.883 log(wy,), R?=.72.
(0.040) (0.102)

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 m, and the wy,
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 evaluat-
ing the economic reasonableness of the m. This section provides
four such criteria. The first is that the m, must be nonnegative (part
ii of proposition 1). Table 2 lists factor-country pairs having negative
.. Only 10 of the 384 m, are negative, and they are primarily con-
centrated among the land factors and the three countries in the sam-
ple with the smallest land endowments, namely, Hong Kong, Singa-
pore, and Trinidad and Tobago.

The second criterion is based on casual empiricism: U.S. productiv-
ity is among the highest in the world for each factor. Since ;s = 1,
this observation suggests that for each factor, the distribution across
countries of the m, will be centered at less than unity. A robust sum-
mary statistic is the median. This is easily culled from Appendix tables
A1l and A2, which report the ™, sorted by size. For all but administra-
tive workers and pasture, the median is less than unity as expected.
The high median for administrative workers may be due to a classifi-
cation error since the United States has more than half the world



¥ 100 ut sxeadde 1 *, 3 Sures 3y daey suoissa1dar om1 Sy, °g [0D ul sreadde
1 "onsneIs-) dures Yy IAey ¢ m\n pue %n ‘saremnsa oMy 3y L Y1 aaneSsuuou yim satnunod Ajuo apnpur suoissaidax 3y, *(g) *bo jo sajewnsa sazenbs 1ses Areurpio axe 49 pue A“n|.m._,oz

8T 69°g (0L°€ ‘99°) 8uoy] Suoy sImisegq
29° 099 (€2°1 ‘9L") axode8urg ‘[e8muiog ‘pepruir], ‘Suoyy Suoy puerdoin
Ly 86'% (141 ‘08" [e8muoq ‘pepruir], ‘Suoy] Suoy pueq
g6 16°63 (94" “8L) SuoN 110dsuen pue uononpoid
a8’ SPIr (891 ‘8¢'D) peprutl T, ‘3uoy Suoy Ansa10j pue [exmMUSY
68" 96°G1 (gL ‘99") suoN 301A19G
€6' $6°08 (26" ‘98) SuoN safes
e8 6911 (gs" ‘g¥) suoN eE)ie)
e (U4 (€61 ‘s¥) JuoN [er1aSeurwr pue SANENSIUTWPY
08" ¥e1l (Lg" ‘s¥) suoN [E21UYD3) pUE [BUOISSIJOIJ

~1oqe
@ (€ @ (D 10108
A I 8/1 “39) 0>"u

Ju SYALINVIVJ ALIALLDONAOYJ THL ¥Od SOILSILVLS AAVINNNG

SATdVL



FACTOR PRICE DIFFERENCES 975

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 m, that 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 doubt-
less related to the classification error noted above. Another set of
outliers is associated with agricultural workers, where many of the
, are virtually zero. For this factor, the m, are forced to zero by the
choice of normalization (s = 1) and the fact that the United States
is so productive in agriculture. The second most productive country
is the Netherlands, with a 7, of only 0.61. Finally, for many countries
the land factors have unreasonably large values of . The largest
value of m, 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 s, it
appears that the capital-intensiveness of agriculture in rich, geo-
graphically small countries is captured by the 7, for land. For exam-
ple, the largest parameters include those for Japan (15.56), the Neth-
erlands (11.57), Denmark (4.10), Switzerland (3.55), and Belgium
(3.53). Thus many of the unusual 7, 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 corre-
lated with y,. If this were also true for the developing countries, then
the larger y, is, the larger wy, should be for each f. Equation (7) then
predicts that y /yys and ./, s will be positively correlated for each
f- This suggests the following regressions, one for each labor occupa-
tion:

log(my) = a}’ + le? log(y,) + €4, ¢=1,...,C,

8
log(y,) = af + Bflog(m) + uy, c=1,...,C. ®)

If any of the B}) or Bf are negative, then the calculated m, are ques-
tionable. Note that the same argument for the land factors is less
compelling.

The estimated regression coefficients and R?’s are reported in
table 2. For each labor factor, 0 < B}’ < 1/B% so that the esti-
mated coefficients are all positive. The very large Qf’ and Bf 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 R? is at least .80 and for production workers it
reaches .95.°

In the absence of factor price data, alternative criteria must be used
to evaluate the 7. Overall, the , are plausible as judged by the four
criteria adopted in this section.

VI. An Explanation

Given that the m are 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 Vg, = 2V, be the world endowment of factor f. Gross
national product at factor prices can be expressed as Y, = 2, w, V.
If trade is balanced so that the consumption share s, equals Y /Y,,
this GNP equation can be rewritten as

1= > w,FAR, 9)
7

where o), = w,V,/Y, and FAR, = (V,/V)/s,. The term FAR is
the factor abundance ratio: by definition, it exceeds unity if and only
if country ¢ is abundant in factor f. In the standard HOV model with
identical technologies and factor price equalization, Ef Wy = 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 FAR/, is negative for all factors; that is, developed

% The cross-section R? of .95 led me to an extensive search for an underlying identity
in the construction of the m. The search was unsuccessful. For example, the correla-
tions of the m, with country characteristics (e.g., s., 5., and Y./Vj,) 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 RATIOS
wiTH PER CapriTA GNP

(VilV)ls, (VEIVEs,
) )
Capital —.65' .63
Labor — .95 .32
Land —.64" -.16

NoTe.—Col. 1 is the rank correlation of per capita GNP with the
factor abundance ratio (V,,/Vg,)/s,. Col. 2 is the rank correlation of
per capita GNP with the productivity-equivalent factor abundance
ratio (VE/VE,)/s,.

* 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 disaggre-
gated factors as well. An obvious explanation is that the developed
countries have a more productive relationship between endowments
(inputs) and s, (output) than the developing countries and so need
less of all endowments to attain a given s.. This observation suggests
the need for modeling international productivity differences, that is,
for modeling the .

Column 2 of table 3 suggests that it is this feature of the data that
drives the pattern of the calculated ;. Let V, = X V¥ be the world
endowment of factor f measured in productivity-equivalent units. By
productivity-equivalent factor price equalization the wf are equal
across countries so that wf = wf. With VE = @V, and wf = wg/m,
(eq. [3]), Y, = 2, w;V/, can be written as Y, = X, wf Vf. Rearranging
yields

1= wfFAR, (10)
7

where of = wfVE/Y, and FARY = (VE/V],)/s.. The term FARY is
the factor abundance ratio measured in productivity-equivalent units.
Since Y,, = 2, w}Vf, it follows that 2, wf = 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 FAR} must vary across factors; otherwise,
countries are scarce or abundant in all factors. Alternatively, the cor-
relations 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 de-
velopment. Thus the feature of the data that drives the m, 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 Fyg = AysTys and Fyg = Vg — sysV, (and
scaled by ) 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 FAR; ys = (Vys/Vp,)/sys can be calculated (col. 3).
If this ratio exceeds unity, then the United States is abundant in
factor f. 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* Xys]y Fpus — Frus Vivs/Va Vius/VE

[A*Mys], Frus s, s,
Factor 1) (2) (3) 4)
Capital .84 -.95 71 .97
Labor .78 -.98 .54 .96
Land 2.12 —.40 1.28 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: Fyys = [A* Tys]; is the factor content of U.S. trade and I:‘/_ us = Vrus —
susVpw is the endowment-based prediction of Fy ys. In the HOV theorem, a factor is defined to be abundant if its
factor abundance ratio (Vy,ys/Vp,)/sys exceeds unity. In the productivity-equivalent version of the HOV theorem
(eq. [4]), a factor is defined to be abundant if (Vﬁus/vfw)/sus exceeds unity.
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was labor abundant as measured in productivity-equivalent units.”
Column 4 reports abundance ratios measured in productivity-
equivalent units, that is, FARys = (Vifys/V},)/sys. (Note that since
mrus = 1, Viius = Vjus; however, VE, # V) It is immediately appar-
ent that there is considerable validity to Leontief’s claim: the abun-
dance ratio for labor almost doubles from 0.54 to 0.96. This upward
adjustment makes the United States approximately labor neutral. Al-
though 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.® 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 para-
dox, Leontief’s own insight was right!

VIIL. Interpretation of the m,

The interpretation that properly attaches to the 7, is not crystal clear.
Consider the m, of 0.66 for British workers. One possibility is that
British workers simply work two-thirds as hard as U.S. workers. An-
other 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 technol-
ogy are the same globally, but the United States and Britain lie in
different cones of diversification: Britain uses labor-intensive tech-
niques 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 technologi-
cal 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 supply per ‘equivalent worker’ turns out to be comparatively smaller, rather
than larger, than that of many other countries. This, I submit, is the analytical explana-
tion of the results of our empirical findings” (Leontief [1953] 1968, pp. 523—24; italics
added).

8 United States technology factors “must have increased—in comparison with other
countries—the productivity of American labor much more than they have raised the
efficiency of American capital” (Leontief 1968, p. 526).



980 JOURNAL OF POLITICAL ECONOMY

since it fits squarely within traditional HOV concerns. Indeed, cones
of diversification creep into proposition 1 via the assumption that all
the V}, 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 m,V/ rather
than factor supplies V. This pushes me strongly toward the other
two possibilities: industriousness and technology.

It is formally impossible to distinguish between these two possibili-
ties. To see this let ¢} be the production function for industry i in
country ¢ and let V}, be the input of factor f'in industry i. Assumption
A is satisfied if for all : and ¢ there exist internationally identical
production functions ¢’ such that ¢:(Vi,, ..., VL) = &'(m, Vi, ...,
. Vi,). Hence, the component of 7 interacting with V, (call it indus-
triousness or factor quality) is indistinguishable from the component
of m, interacting with &} (call it technology). This feature is shared
with much of the productivity literature, a point highlighted by the
fact that the m, are closely related to Malmquist indices of productiv-
ity differences (Caves, Christensen, and Diewert 1982). My view, nec-
essarily 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 technol-
ogy (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 coun-
tries.

Given that for expositional purposes I am interpreting the m, as
productivity parameters, it is of some interest to compare my calcu-
lated m, 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 . 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 w;, = 0.66 and wg, = 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, produc-
tivity relative to the United States varied between 0.77 and 0.91. The
corresponding ranges of the m, for these countries are (0.66, 0.88)
for labor and (0.53, 0.84) for capital. Thus my m, have a downward
bias but are otherwise close to the carefully constructed Christensen
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et al. figures. This suggests that the m, at least partly capture what is
commonly termed “productivity.”

IX. Conclusions

The factor price equalization hypothesis and the Heckscher-Ohlin-
Vanek 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: factor-
augmenting international technology differences imply that endow-
ments must be adjusted to reflect international productivity differ-
ences.

My method was to calculate international productivity differences
that make the HOV theorem perfectly fit the data on trade and en-
dowments. I then showed that these international productivity differ-
ences are consistent with observed international factor price differ-
ences. 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, Brit-
ish 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 in-
vestigation, 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

Part i: Iy is defined as a solution to the system F}* = X(IIs, where X/ is given
in equation (6). Consider the rank of X, The sum of column ¢ is (1 —
2;s;)Vy = 0. Deleting row ¢ and taking aj-weighted linear combinations of
the remaining rows yield a ¢ element equal to —V, Z;.. a;s;, which is nonzero
when at least one «; is nonzero. Thus rank(Xy) = C — 1] . Consider the rank
of the augmented matrix [X;, Ff]. Since 2, T, = 0 implies 2, Ff = 0,
rank[Xf, F}"] = 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 m;; = 1 and assume that country 2 imports the services
of factor f so that Ff, < 0. Solving for mp, yields mp = (Ff + s9V)/(1 —
s9) Vyz. A simple numerical example shows that 7y, can be negative.

Part iii: By part i, l°lf 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.

A Note on Computations

The flf were calculated by setting 7/ s to unity and omitting the equation
corresponding to the United States. This results in a full-rank, C — 1 dimen-
sional linear system that is easily solved. In theory, the choice of omitted
country does not matter unless 2, T, is nonzero, as is the case in the data set.
In practice, the small size of £, T, means that the choice of omitted country
makes little difference.

That 2, T, is nonzero is partly due to omitted countries. Suppose that there
are data for countries ¢ = 1, ..., C and no data for countries c = C +
1,..., C'. Then equation (4) can be nyritten as F}" = X/I; + an, where v
isa C X 1 vector of ones and oy = 2,'=c+1 ﬂﬁVﬁ~ In this case, it is trivial to
show that proposition 1 remains the same with Xfﬂf replaced by Xfflf + &
and Iy replaced by (flf, é,). In light of this, it is not surprising that the re-
ported Hf are very similar to those calculated under the assumption of in-
complete 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 Yearbook of
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 Yearbook of Labour Statistics (1989-90).° 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 (Mark 5) as documented in Summers and
Heston (1991).

Capital.—International capital stock data were constructed using the most
common method, namely, the double declining balance method (e.g., Leamer
1984). The investment flows, domestic investment price indexes, and invest-
ment-based PPP adjustments needed to construct dollar-denominated capital
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 capital is the 1981 (PPP-adjusted) investment price index
from the Penn World Table. See Section I1I above for further details.

Land.—International land endowment data are taken from the United
Nations Food and Agricultural Organization’s Production Yearbook (1984) and
are measured in hectares.

Consumption shares.—Consumption shares (s, = [Y, — B_/Y,) were com-
puted using data on GNP, imports, and exports from World Bank (1988).

Technology Data

The technology matrix A} was constructed from the U.S. input-output table
(U.S. Department of Commerce 1989) and from data on U.S. factor usage
by industry. Data on factor usage are detailed in Trefler (19935) 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 Cur-
rent Population Survey. Further, for the very few industries for which disag-
gregated 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 Census of Agriculture rather than imputed from the U.S.
input-output table. This means that input-output table 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 sensibly based on Census of Agriculture
data. It also means that land endowments in the United States are calculated
on a consistent basis with land endowments in other countries.

International Trade Data

Trade data are taken from the United Nations Statistical Office Trade Tape
(1988). They were converted from the four-digit Standard Industrial Trade
Classification (SITC) (revision 1) industry classification into the 79-sector,
input-output industry classification. While finer input-output industry classi-
fications are available, they were not used because it was felt that commodity
conversion at finer levels of disaggregation is not reliable (see U.S. Depart-
ment 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 Imports Extract Master (Concordance) (U.S. Depart-
ment 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 my, for each labor classification. Table A2 reports the
y, for each land classification.
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TABLE A2

PrODUCTIVITY PARAMETERS 7/, BY DISAGGREGATED LAND CLASSIFICATION

All Land Cropland Pasture

HK —289.97 HK —224.07 HK —817.18
Tri —.41 Sin —-20.92 Uru .10
Por —.10 Tri —.85 Col .13
Ban .10 Por -.37 Pan 31
Uru .15 Ban .03 NZ .37
Pak .18 Pak .10 Ind 47
Col 21 Ind 17 Pak .49
Ind .28 Sri .23 Grc 52
Sri .33 Spa .25 Ire .62
Pan 40 Tha .30 Yug .66
Yug .48 Yug .33 Sri .82
Spa .52 Can .48 Can .98
Grc .56 Uru .58 usS 1.00
Tha .57 Bel .59 Spa 1.05
NZ .59 Pan .59 Ban 1.30
Can .65 Col .60 Por 1.73
Ire 77 Grc .62 Aus 2.04
UsS 1.00 Ita .68 Isr 2.22
Ita 1.44 Fin 71 UK 2.33
Aus 1.67 Swe .95 Fra 3.25
UK 2.04 UsS 1.00 Ita 3.29
Fin 2.12 Ger 1.16 Swz 3.44
Fra 2.27 Aus 1.21 Tri 5.88
Swe 2.30 Ire 1.50 Ger 7.13
Isr 2.35 UK 1.57 Bel 7.14
Ger 3.46 Fra 1.60 Swe 7.95
Bel 3.53 Dnk 1.79 Nid 13.31
Swz 3.55 Nor 1.89 Tha 17.20
Dnk 4.10 Isr 2.60 Fin 22.90
Nor 5.50 Swz 4.00 Dnk 29.16
Nid 11.57 Jap 4.59 Nor 35.56
Jap 15.56 NZ 7.58 Jap 104.33
Sin 101.76 Nid 9.27 Sin 837.81
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