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Abstract

Since Bartik (1991), it has become popular in empirical studies to estimate regressions in which
the variable of interest is a shift-share, such as when a regional labor market outcome is regressed
on a weighted average of observed sectoral shocks, using the regional sector shares as weights.
In this paper, we discuss inference in these regressions. We show that standard economic models
imply that the regression residuals are likely to be correlated across regions with similar sector
shares, independently of their geographic location. These correlations are ignored by inference
procedures commonly used in these regressions, which can lead to severe undercoverage. In
regressions studying the effect of randomly generated placebo sectoral shocks on actual labor mar-
ket outcomes in U.S. commuting zones, we find that a 5% level significance test based on standard
errors clustered at the state level rejects the null of no effect in up to 45% of the placebo interven-
tions. We derive novel confidence intervals that correctly account for the potential correlation in
the regression residuals.
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1 Introduction

We study inference in shift-share designs—regression designs in which one studies the impact of a
set of shocks, or “shifters”, on units differentially exposed to them, and whose differential exposure
depends on a set of weights, or “shares”. More precisely, shift-share designs are regressions that have
the form

S S
Y; = BX; + 21/5 + €;, where X; = Z w;s X, and Z wis = 1. (1)
s=1 s=1

For example, in an investigation of the impact of sectoral demand shifters on regional employment
changes, Y; corresponds to the change in employment in region i, the shifter X is a measure of the
change in demand for the good produced by sector s, and the share w;; may be measured as the initial
share of region i’s employment in sector s. Other observed characteristics of region i are captured by
the vector Z;, which includes the intercept, and ¢; is the regression residual.l

Shift-share specifications can be very appealing in many contexts: they are simple to apply and
have the potential to both circumvent complicated endogeneity issues, and to provide estimates of
treatment effects that are robust to different microfoundations. As a result, numerous influential
studies, including Bartik (1991), Card (2001), Autor and Dorn (2013) and Autor, Dorn and Hanson
(2013) have exploited these designs as their main specifications. At the same time, two types of
concerns have been raised: first, the designs may not be appropriate in the presence of cross-regional
general equilibrium effects, and second, it is unclear whether the estimand is interesting when the
effects of the shifters X; are heterogeneous across sectors and regions.” In this paper, we put these
two concerns aside—we assume no cross-regional spillover effects, and, while we allow for shifter-
effect heterogeneity and clarify the definition of the regression estimand in this case, we are agnostic
about its policy relevance. We do this to focus on a different question: how to perform inference in
shift-share regressions.

We find that usual standard error formulas may substantially understate the true variability of
the estimates in shift-share regressions. We highlight this problem in two steps. First, we show that
a simple multi-sector gravity trade model implies that the residuals €; in the shift-share specification
in eq. (1) will have a shift-share structure similar to that of the regressor X;, because, in addition to
the shifter X, regions are subject to other sector-level shocks, not all of which are observable. Conse-
quently, the regression residuals for two regions with similar shares will be correlated, even if they are
far apart geographically, because they will be exposed to similar combinations of unobserved shifters.
In practice, researchers are typically careful to allow for correlations of residuals among regions that
are geographically close to each other by reporting clustered standard errors, with clusters defined as

For simplicity of exposition, we refer to the unit of observation i at which the outcome variable Y; is measured as a
region, and the unit of observation s at which the shifter Xs is measured as a sector. However, the setup applies to any
setting in which the regressor X; of interest admits the representation in eq. (1).

2These concerns are an instance of a broader discussion about whether regression analysis is useful to estimate policy-
relevant parameters; see Heckman, Lance and Taber (1998), and Heckman and Vytlacil (2007a,b). For a discussion in the
context of regional shift-share regressions, see Redding and Rossi-Hansberg (2017), Monte, Redding and Rossi-Hansberg
(2018) and Adao, Arkolakis and Esposito (2018). Shift-share regressions have however also been used to estimate structural
model parameters, see Diamond (2016), Adado (2016), Galle, Rodriguez-Clare and Yi (2017), Burstein et al. (2018b) and
Bartelme (2018).



groups of regions that belong to the same administrative entity (e.g. clustering U.S. commuting zones
by states). However, geographic clustering does not properly account for the shift-share correlation
structure, and, as a result, generates standard errors that are too small.

Second, to illustrate the empirical importance of this problem, we conduct a placebo exercise.
As outcomes, we use 2000-2007 changes in labor market outcomes for 722 commuting zones in
the United States. We then build a shift-share regressor by combining actual sectoral employment
shares in 1990 for each of 398 sectors that correspond to 4-digit SIC manufacturing industries with
sector-level shifters that are randomly generated. We repeat this many times to construct many
placebo samples. Since the shifters are randomly generated, their true effect is zero. Valid 5% level
significance tests should therefore reject the null of no effect for at most 5% of the samples. We find
that traditional standard errors—clustering on state as well as heteroscedasticity-robust, unclustered
errors—are much smaller than the true standard deviation of the OLS estimator, and, as a result, lead
to severe overrejection. Depending on the labor market outcome, the rejection rate can be as high
as 55% for heteroscedasticity-robust and 45% for standard errors clustered on state, and it is never
below 17%. In other words, suppose that instead of using real shifters, 100 researchers used randomly
generated shocks and mistakenly thought that these are, for example, actual changes in trade flows,
tariffs or the number of foreign workers employed in an industry. If these researchers were to use
standard inference procedures, up to 55 of them would find a statistically significant effect of the
randomly generated shocks on U.S. labor market outcomes between 2000 and 2007. The overrejection
is even more severe when 2- and 3-digit SIC codes are used to define the sectors, so that the total
number of sectors is smaller.

To correctly account for the correlations between residuals for regions with similar shares, we
derive novel confidence intervals that are easy to construct, and remain valid under an arbitrary cor-
relation structure of the residuals. The key assumption underlying their validity is that, conditionally
on the covariates Z;, the shifters are as good as randomly assigned and independent across sectors.’
In the special case in which each region is fully specialized in one sector (i.e. for every i, w;; = 1 for
some sector s), the procedure is identical to using the usual clustered standard error formula, with

clusters defined as groups of regions specialized in the same sector.*

Using our novel confidence
intervals, we revisit two seminal papers that have employed shift-share specifications to reach their
main conclusions, Bartik (1991) and Autor et al. (2013), and, as we describe in more detail below, find
that, in some specifications, our confidence intervals are up to over twice as long as those based on
the usual standard errors.

The starting point for our analysis is a simple multi-sector model, in which labor is the sole factor
of production. Our model is a simplified version of that in Adado, Arkolakis and Esposito (2018) and
its purpose is threefold. First, it helps us characterize the estimand B of the shift-share regression
design in eq. (1) when the shifter effects are heterogeneous across sectors and regions. Second, we

use it to guide the specification of the statistical model used to determine the properties of different

3This result is similar to that in Barrios et al. (2012), who consider cross-section regressions estimated at an individual
level, with a variable of interest that varies at a state level. They show that standard errors clustered on state are valid
when the variable of interest is as good as randomly assigned, and independent across states, even when the residuals are
correlated across states.

4For an application that falls within this special case of our inference procedure, see Amiti and Weinstein (2011).



inference procedures in the context of shift-share regressions. Third, and most important, we use it
to characterize the likely correlation structure of the residuals €; in eq. (1).

With these goals in mind, we shut down in our model cross-regional spillovers by assuming that
individuals cannot move across regions, and account for cross-sector spillovers within each region
by allowing individuals to freely choose between employment in any sector of the economy and
being out of the labor force. We then characterize the general equilibrium impact of different sector-
level shocks, which, in the model, correspond to changes in productivity, final demand, and foreign
competition. We establish that the general equilibrium impact of sector-level shocks on changes in
employment and wages may be written, to a first-order approximation around the initial equilibrium,
as an additive function of multiple shift-share structures, where the shares correspond to sectoral
employment shares in the initial equilibrium and the shifters correspond to the different sources of
sector-level shocks in the model.”

We then focus on a set of small open regional economies and consider the problem of recovering
the effect of one particular source of sector-level shocks—foreign competition, as measured by changes
in world sectoral prices—on regional labor market outcomes. To make precise what we mean by “the
effect on an outcome” and to help us express in general terms the implications of our economic
model, we use a potential outcome framework. Let Yj(xy,...,xrs) denote the potential outcome in
region i if the shifters were exogenously set to x1,...,xs, so that the observed outcome would be
Y; = Yi(X3,...,Xs). Our economic model implies that the potential outcomes have the structure

s
Yi(x1,...,x5) = Yi(0) + Y wisxsBis, (2)
i=1

where Y;(0) = Y;(0,...,0) indicates region i’s outcome if all the sector-level shocks of interest were
set to zero, and the shares w;; correspond to sectoral employment shares in the initial equilibrium.

Our economic model has two other important implications. First, even after conditioning on the
observable measure of exposure of region i to a sector s (i.e. the share w;;), the general equilibrium
impact of sectoral shocks on regional outcomes is a function of structural parameters that takes differ-
ent values across sectors and regions; i.e. the parameters f;; vary across i and s. Second, the potential
outcome Y;(0) accounts for the impact of sectoral shocks other than the shifters X of interest, and
consequently, includes terms that also have a shift-share structure. In terms of the elements of the
regression (1), our economic model thus implies that the regression residual generally has the struc-
ture €; = Zle w;s€s + 1;, where w;s is the same share entering the construction of the regressor X;,
& is an unobserved shifter that varies at the same level as the shifter of interest X, and #; captures
other unobserved determinants of the outcome Y;. Consequently, whenever two regions have similar
exposure to the observed shifters, they will also tend to have similar values of the residuals €;.

In the second part of the paper, we establish the asymptotic properties of the OLS estimator of

5We show in Appendix A.4 that this conclusion is robust to additionally allowing for sector-specific factors of production,
as in the seminal paper by Jones (1971) and in the recent application in Kovak (2013). We show in Appendix A.5 that the
expression for changes in regional employment is analogous to that generated by models with Roy-Fréchet workers with
idiosyncratic sectoral productivities, as in Galle, Rodriguez-Clare and Yi (2017), Lee (2017) and Burstein, Morales and Vogel
(2018a). We discuss in Appendix A.3 the differences in predictions that arise from allowing for labor mobility across regions
as in Allen and Arkolakis (2016) and Redding (2016) (see Redding and Rossi-Hansberg (2017) for a review of this literature).



B in eq. (1). We show that the estimand B corresponds to a weighted average of the heterogeneous
parameters B;;, and that the OLS estimator is consistent as the number of sectors and regions goes
to infinity. As we discuss in more detail in Section 4.1.1 below, the estimand B does not in general
equal a weighted average of the shifter effects w;;;;. We also show that the distribution of the OLS
estimator converges to a normal distribution with variance that depends on the cross-regional corre-
lation of €;. When this correlation is zero, this asymptotic variance is identical to the usual asymptotic
variance formula under independent, heteroscedastic errors €;. However, the asymptotic variance can
be substantially larger if €; incorporates a shift-share aggregator of unobserved sectoral shocks, as
in our economic model. We show that our new standard error formula consistently estimates this
asymptotic variance. In our placebo exercise, we show that it correctly accounts for the correlations
between the regression residuals, and therefore, unlike existing methods, yields tests with correct
size.

To illustrate the practical application of our new standard errors, we revisit two applications of
shift-share regressions that are popular in the literature. First, we revisit the empirical analysis in
Autor, Dorn and Hanson (2013). We find that although the 95% confidence intervals that we propose
are between 30% and over 100% larger than those computed using standard inference procedures, the
effect of import flows from China on the reduction in employment and wages in the U.S. during the
period 1999 to 2007 remains statistically significant. Our results indicate that, given the identification
assumptions in Autor, Dorn and Hanson (2013), the negative effect of import flows from China on U.S.
regional labor market outcomes could have been much larger than implied by the usual confidence
intervals.

Second, we estimate the elasticity of average regional wages with respect to regional employment
using the instrumental variables approach in Bartik (1991). Our confidence intervals are in this case
virtually identical to those constructed using standard approaches. Intuitively, the sectoral shifter
used in this empirical approach—the change in national employment by sector—soaks up all sectoral
shocks affecting the labor market outcome of interest and, consequently, there is in this case no shift-
share structure left in the regression residuals. To illustrate this point, we additionally estimate the
same labor supply elasticity using the instrumental variable introduced in Autor, Dorn and Hanson
(2013). The sector shifter in this case—changes in trade flows from China to developed countries
other than the U.S.—leaves other sectoral shocks affecting U.S. commuting zones in the residual and,
consequently, standard inference procedures generate confidence intervals that are too small.

Shift-share designs have been applied with great success to estimate the consequences of a variety
of shocks to economic fundamentals. In seminal papers, Bartik (1991) and Blanchard and Katz (1992)
explore shift-share strategies to analyze the impact on local labor markets of sector-level demand
shocks measured as changes in national sectoral employment. More recently, this strategy has been
applied to investigate the local labor market consequences of exposure to observable shocks of various
sources, including international trade competition (Topalova, 2007, 2010; Kovak, 2013; Autor, Dorn
and Hanson, 2013; Dix-Carneiro and Kovak, 2017; Pierce and Schott, 2017), credit supply (Greenstone,
Mas and Nguyen, 2015), technological change (Acemoglu and Restrepo, 2017, 2018), and industry
reallocation (Chodorow-Reich and Wieland, 2018). Shift-share regressors have been used to study

the impact of sectoral shocks on alternative outcomes, such as political preferences (Autor et al.,



2017a; Che et al., 2017; Colantone and Stanig, 2018), marriage patterns (Autor, Dorn and Hanson,
2018), crime levels (Dix-Carneiro, Soares and Ulyssea, 2017), innovation (Acemoglu and Linn, 2004;
Autor et al., 2017b). Shift-share regressors also have been extensively used to estimate the impact of
immigration on local labor markets, as in Card (2001) and many other papers following his approach;
see reviews of this literature in Lewis and Peri (2015) and Dustmann, Schonberg and Stuhler (2016).
Finally, recent papers have explored versions of shift-share strategies to estimate the effect on firms
of shocks to outsourcing costs and foreign demand (Hummels et al., 2014; Aghion et al., 2018).6

Our paper is related to three other recent papers that study the statistical properties of shift-share
specifications. First, Goldsmith-Pinkham, Sorkin and Swift (2018) focus on the case in which the shift-
share regressor is used as an instrument in an instrumental variables regression. Within this setting,
these authors argue that the full vector of shares (wjy, ..., w;s) can be used as an instrument for the
endogenous treatment. This approach thus requires that the vector of shares be as good as randomly
assigned conditional on the shifters, and independent across regions, or clusters of regions. Given our
interest in exploring the impact of a set of shifters on an outcome of interest, rather than the impact of
a set of shares, this approach is not attractive in our setting. That said, there may be otter settings in
which this approach is more appealing. Second, Borusyak, Hull and Jaravel (2018), also focusing on
the use of shift-share regressor as an instrumental variable, show that it is a valid instrument if the set
of shifters is as good as randomly assigned conditional on the shares, and discuss consistency of the
IV estimator as the number of sectors goes to infinity. Our approach to inference and the way we set
up the potential outcomes framework follows their identification insight; this way of thinking about
the shift-share design validity is also natural given our economic model. Third, Jaeger, Ruist and
Stuhler (2018) study complications with this instrument when the shift-share regressor is correlated
over time and there is a sluggish adjustment of the outcome variable of interest to changes in this
regressor.

The rest of this paper is organized as follows. Section 2 introduces our economic model, and
Section 3 maps the model implications into a potential outcomes framework. Section 4 establishes
the asymptotic properties of the OLS estimator of § in eq. (1), and provides a consistent estimator of
its standard error; we also show how the results extend to an instrumental variables setting. Section 5
presents the results of a placebo exercise in which we compare our novel inference procedures to
those previously used in the literature on shift-share specifications. Section 6 revisits the conclusions
from several prior applications of shift-share regression analysis, and Section 7 concludes. Proofs as

well as additional results are collected in Appendices A to D.

2 Model

This section presents a stylized economic model featuring local labor markets, and discusses two
key implications. Specifically, we illustrate that the general equilibrium impact of sectoral shifters

®There is also a large literature using a shift-share approach that treats the shifters as unobserved, and for this reason
uses the shares directly as regressors. This approach has been applied to investigate the impact of technological shifters
(Autor and Dorn, 2013; Bustos, Caprettini and Ponticelli, 2016), credit supply shifters (Huber, 2018), and immigration
shifters (Card and Dinardo, 2000; Dustmann, Frattini and Preston, 2013; Monras, 2015). We treat the sectoral shares X in
eg. (1) as observed and, leave the extension to the unobserved case to future work.

5



on regional labor market outcomes: (a) has a shift-share structure; and (b) is heterogeneous across

regions and sectors, even conditional on the shares.

2.1 Environment

We consider a model with multiple sectors s = 1,...,S and multiple regions i,j = 1,...,]. Regions
are partitioned into ¢ = 1, ..., C countries, and we denote the set of regions located in a country ¢ by

Jc. Region i has a population of M; individuals who cannot move across regions.

Production. Each sector s in region i has a representative firm that produces a differentiated good.
We assume that the quantity Q;; produced by sector s in region i is produced using labor with a linear
technology Ajs,

Qis = Ais Lis: (3)

where L;; denotes the number of workers employed by the representative firm in this sector-region
pair. Regions thus differ in terms of their sector-specific productivity As.

Preferences for consumption goods. Every individual has identical nested preferences over the
sector-region pair specific differentiated goods. Specifically, we assume that individuals have Cobb-

Douglas preferences over sectoral composite goods,

S

G=T1(c)", @

s=1

where C; denotes the utility level of a worker located in region j that obtains utility Cj; from con-
suming goods in sector s, and Cjs is a constant elasticity of substitution (CES) index of the sector s
differentiated goods produced in different regions; i.e.

Os

] T me(w), 5)

os—1

]
2 (cijs) =
=

Cis =

where c;js denotes the consumption in region j of the sector s good produced in region i. This
preference structure has been previously used in Armington (1969), Anderson (1979) and multiple
papers since (e.g. Anderson and van Wincoop, 2003; Arkolakis, Costinot and Rodriguez-Clare, 2012).

Preferences for sectors and non-employment. Workers located in a region i have the choice of be-
ing employed in one of the sectors s = 1,...,S of the economy or opting for non-employment, which
we index as s = 0. Conditional on being employed, all workers have identical homogeneous prefer-
ences over their sector of employment, but workers differ in their preferences for non-employment.

Specifically, conditional on obtaining utility C; from the consumption of goods, the utility of a worker



¢ living in region j is

u(1)C; if employed in any sector s = 1,..., 5,

u|c) = (6)

G if not employed (s = 0).

We assume that u(1) is distributed independently and identically across individuals ¢ according to a
Pareto distribution with scale v; and shape ¢, so that the cumulative distribution function of u(t) is
given by
u\ "?

F,(u)=1- (1&) , u € [v;, ), ¢ >1 7)
If a worker living in region j chooses to be employed, she will earn wage w; (as workers are indifferent
about the sector of employment and can move freely across sectors, region-specific wages must be
equalized across sectors in equilibrium). If a worker chooses to not be employed, she receives a
benefit b;.” We denote the total number of employed workers in region j by L;, and the employment

ratein j as ¢; = L;/M,;.
Market structure. Goods and labor markets are perfectly competitive.

Trade costs. For simplicity, we assume that there are no trade costs, which implies that the equilib-
rium price of the good produced in region i is the same in every other region j of the world economy;
i.e. pijs = pis for j = 1,...,]. Consequently, for every sector s there is a composite sectoral good that
has identical price Ps in all regions; i.e.

s
(P)' % =Y (pis)' ™%, (8)

s=1

and the final good’s price is P = [T5_; (Ps)"-.

2.2 Equilibrium

We now characterize the equilibrium wage w; and total employment L; of all regions j = 1,...,].

Consumption. We first solve the expenditure minimization problem of an individual residing in
region j. Given the sector-level utility in eq. (5) and the condition that p;js = p;s for j = 1,...,], all

regions j have identical spending shares x;; on goods from region i, given by

1—0;
(s
n= (b)) ©)

7We assume that these benefits are paid by a national government that imposes a flat tax equal to x. on all income earners
in a country c. The budget constraint of the government is thus };c; {xc(wjej + bj(1 —¢;))M;} = Ly {b;(1 —e;)M;}.
Alternatively, we could think of the option s = 0 as home production and assume that workers that opt for home production
in region j obtain b; units of the final good, which they consume. This alternative model is isomorphic to that described in
the main text.




Labor supply. Every worker maximizes the utility function in eq. (6) in order to decide whether
to be employed. Consequently, conditional on the wage w; and the non-employment benefit b;, the
employment rate in region i is e; = Pr [u;(1)w; > b;] =1 —Pr [u;(1) < b;/wj]. It therefore follows from
eq. (7) that

e = viw?’, v; = (vi/bi)‘P. (10)

Producer’s problem. In perfect competition, firms must earn zero profits and, therefore,

wi

Pis = 7 (11)
Goods market clearing. Given that labor is the only factor of production and firms earn no profits,
the income of all individuals living in region i is W; = )} w;L;s, and world income is W = }; W,.
Given preferences in eq. (4), all individuals spend a share < of their income on sector s, so that
world demand for the differentiated good s produced in region i is x;;7sW. Goods market clearing
requires world demand for good s produced in region i to equal total revenue of the representative

firm operating in sector s in region i, w;L;;. Thus, using the expression in eq. (9)
Lis = (wi)_gs (Aisps)%71 rsW, (12)

and total labor demand in region i is

S
Li =Y (wi) ™ (AisP)" 9 W. (13)
s=1

Labor market clearing. Labor market clearing requires labor supply in eq. (10) to equal labor de-
mand in eq. (13):
S
Mvi(w;)? =) (wi)™® (AisP) ™1 W (14)

s=1

Equilibrium. Given technology parameters {AiS}i]fl,s:l’ preference parameters { (0, 7s)}5_,, total
employment and labor supply parameters {(M;, vi)}{:y and normalizing world income to equal 1,
W =1, we can use egs. (8), (11) and (14) to solve for the equilibrium wage in every world region,
{wi}llzl, the equilibrium price of every sector-region specific good {pis}{’:sl,szlf and the sectoral price
indices {P;}°_,. Given these equilibrium wages and sectoral price indices, we can use eq. (13) to solve

for the equilibrium level of employment in every region, {Li}{: It

2.3 Labor market impact of economic shocks in a small open economy

We assume that, in every period, our model characterizes the labor market equilibrium in every re-
gion of the world economy. Across periods, we assume that the parameters {c;}°_,, ¢, and {Mi}i]:1
are fixed and that all changes in the labor market outcomes {(w;, Lz‘)}{:1 are generated by changes



in technology {Ais}{’zsl .1, sectoral preferences {7;}5_; and labor supply parameters {vi}{zl. Specif-
ically, in every period, the values of these exogenous parameters correspond to realizations from an
unknown joint distribution F(-):®

({Al’S}zL:SLs:l’ {7s}io1, {Ui}{:l) ~ F(). (15)

We focus in this section on understanding how changes in these exogenous parameters affect the
labor market equilibrium in a set of “small” regions whose share in world output is approximately
zero for all sectors, ie., xj; = 0fors =1,...,S, with x;; defined in eq. (9). Without loss of generality,
we assume that all small regions of interest belong to the same country c. Thus, the sectoral price

index Ps; of every sector s will not depend on the technology and labor supply parameters of the

S
s=1,i€].

any one of these regions, changes in sectoral prices operate as exogenous shocks. Furthermore, as

regions in ¢ (i.e., {Ps}5_; does not depend on {A;} and {v;}ic;.) and, from the perspective of
illustrated in eqgs. (13) and (14) these sectoral prices mediate the impact of all foreign technology and
labor supply parameters on the labor market equilibrium of every region in country c.

We use 2 = ln(zt/ zo) to denote log-changes in a variable z between some initial period t = 0
and any other period t. Therefore, to a first-order approximation around the initial equilibrium, the

equilibrium conditions in egs. (12) to (14) imply that, for every region i in country c,

iis = s+ (Us - 1) (Ais + ps) — 05Wj, (16)
S
O = A; Y I [Fs + (0 = 1) (Ais + B)] = Aoy, (17)
s=1
S
Li=¢oAi Y 1% [9s + (0 — 1) (A + BS)| + (1 — M) 0y, (18)
s=1

where [9. is the initial employment share of sector s in region i, [%. = LY /L;, and A; = [¢ + ¥ 12.05] -
Equations (16) and (17) illustrate that, for any region i, the change in employment in a particular
sector s, Ljs, depends: (a) directly on sector s preferences, technology and price shocks, s, A, and
D;; and, (b) through changes in equilibrium wages, @;, on region i labor supply shocks, 9;, and
on preferences, technology and price shocks to any sector, {4s, Ais, 5 }5_;. The model described in
Section 2.1 thus features cross-sectoral spillovers within each region: exogenous shocks to region i’s
labor demand in a sector k affect equilibrium wages and, consequently, also affect region i’s labor
demand in every other sector s. Importantly, as reflected in eq. (17), the impact of a sectoral shock on
equilibrium wages in a region i increases in the initial share of region i’s employment in sector s, 2.
Consequently, the expression for the total change in wages in eq. (17) includes several terms that have
a shift-share structure: the “share” term is always the initial employment share in a sector 2, and
the “shift” term is either a preference, a technological, or a price shock in the corresponding sector:
4s, Ajs, or P;. Furthermore, as eq. (18) shows, the expression for the change in total employment in

a region i inherits the same shift-share structure featuring in the expression for the total change in

8Since the labor market equilibrium depends on b; and v; only through v;, it suffices to specify a distribution for v;



wages in eq. (17).” We summarize the content of this paragraph in the following remark:

Remark 1. According to the model in Section 2.1, the general equilibrium impact of sectoral shocks on regional
labor market outcomes have a shift-share structure.

For concreteness, we focus in the remainder of this section on the impact of changes in the price
in a sector s on changes in wages and employment across regions in the country of interest c. Similar
points would also apply if we were interested in the effect of sectoral shocks that affect the technology
parameters A;; symmetrically in all regions i of country c. Specifically, without loss of generality, we
can rewrite A;; = A, + /iis and, according to egs. (17) and (18), d@;/dP, = d®;/dAs and dL;/dP, =
dL;/dA,.

As the expressions in egs. (17) and (18) show, the response of regional wages and total employment
to a particular change in the world price of a sector s is

dL;/db, = 198 i, with BLi = ¢pAi(0x — 1); (19)
d@;/dls = 10 s, with  Beis = Ai(os — 1). (20)

The general equilibrium impact of the world price of a sector s on both region-i’s total employment
and wages is thus heterogeneous across sectors and regions. This heterogeneity is not exclusively due
to differences in the initial employment share ll%, as the parameters By ;s and B, ;s will also generally
vary across regions and sectors.!? This is relevant as, while standard datasets will usually contain
information on the initial employment shares for every sector and region, the parameters B; ;s and

Bw,is are not generally known or directly observed and, thus, need to be estimated.

Remark 2. Even conditional on the shares, the general equilibrium impact of sectoral shifters on regional labor

market outcomes will generally be heterogeneous across regions and sectors.

Remarks 1 and 2 are not specific to the model described in Section 2.1. The property that, for some
given functions of structural parameters B ;s and B, s, one can write the impact of D, on @; and L;
as 12Bris and 1By, s, respectively, also holds for models other than that described in Section 2.1.
Specifically, we consider in Appendix A.4 a model a la Jones (1971) in which the production function
in eq. (3) is generalized to be Cobb-Douglas in labor L;; and a sector-specific input Kj; that is in fixed
supply every region i. In Appendix A.5, we consider a Roy (1951) model in which workers have
heterogeneous preferences for being employed in the different s = 1,...,S sectors. Both models are
isomorphic to that described in Section 2.1, with the only difference being the mapping of B; ;s and
Buw,is to structural parameters of the corresponding model.!!s 12

9As illustrated in Appendix A.2, once we substitute the expression for wage changes in eq. (17) into eq. (16), the

expression for the change in employment in a specific region i and sector s also has a term with a shift-share structure.

19The parameters B ;s and B, ;s will vary neither across regions nor sectors if and only if all sectors share the same
elasticity of substitution, i.e. 05 = 0y for all s, 5.

1 According to the models described in Appendices A.4 and A.5, the assumptions on structural parameters needed so
that the corresponding model predicts B ;s and B, ;s to be constant across regions and sectors are even stronger than those
required by the model described in Section 2.1. See Appendices A.4 and A.5 for details.

12The model in Appendix A.4 is very similar to that Kovak (2013). See Autor, Dorn and Hanson (2013, 2016) for an
alternative modeling approach that generates predictions similar to those in egs. (16), (17), (18), (19) and (20).
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The model described in Section 2.1 assumes that each region’s population M,; is fixed. We extend
this framework in Appendix A.3 to allow for migration across regions within each country, and show
that the elasticity of regional labor market outcomes with respect to P; will depend not only on the
elasticities described in egs. (19) and (20) but also on how 2 impacts labor market outcomes in other
regions within the same country. In the context of this model with migration, the elasticities described
in egs. (19) and (20) thus capture only partial effects that do not account for cross-regional spillovers.

3 From theory to inference

In Section 2.3, we focused on the impact of sectoral price shocks on labor market outcomes across the
regions of a small open economy. More generally, we are interested in estimating the effect of sectoral
shocks or shifters on an outcome of interest that varies at the regional level. To make precise what
we mean by “the effect on an outcome”, we use the potential outcome notation, writing Y;(x1, ..., xg)
to denote the potential (counterfactual) outcome that would occur in a region i if the shocks to the
S sectors were exogenously set to {x;}5_,. We assume that the potential outcomes are linear in the
shocks,

S S
Yi(.rl, e ,.1‘5) = YZ(O) + ZwiS'rS,BiSI where 2 wis =1, (21)
i=1 s=1

and Y;(0) = Y;(0,...,0) denotes the potential outcome in region i when all shocks {xs}°_, are set to
zero. The equilibrium relationships in egs. (17) and (18) are both examples of eq. (21). For instance,

eq. (17) maps into eq. (21) if, for every region i and sector s, we define
A S A
Y; = @i, wis =1, x5 =Py, Bis = Buyiss  Yi(0) = Ai Y12 [Fs + (05 — 1) Ais] — Aty (22)
s=1

According to eq. (21), increasing x5 by one unit, and holding the shocks to the other sectors con-
stant, leads to an increase in region i's outcome by w;sB;s units. This is the treatment effect of x,
on Yi(xy,...,x5). The actual (observed) outcome is given by Y; = Y;(Xy,..., Xs), where X1,...,Xs
denote the realized values of these sectoral shifters.

We assume that we observe data for N regions and S sectors on sectoral shocks X, regional
outcomes Y;, region- and sector-specific shares w;s;, and a vector of regional controls Z;. For example,
we may think of the N regions in our data as the set . of regions included in the country c defined in
Section 2.3. We are interested in the properties of the OLS estimator j of the coefficient on the shift-
share regressor X; = Zle w;s Xs in a regression of Y; onto X; and an additional vector of covariates Z;
(we henceforth use the convention that the sector-level shocks X; are written in script font style, and
the region-level aggregates X; are written in normal style). To help us focus on the key conceptual
issues, we abstract away from the covariates in Z; for now, and assume that Xs and Y; have been

demeaned, so that we can omit the intercept in a regression of Y; on X;. The OLS estimator of the

11



coefficient on X; in this simplified setting is given by

N
A i—1 XiYi
p=E il @)
Liz1 X
and we can write the regression equation as
S S
Y; = BXi + €, where X; =) wi X, Y wis =1, (24)
s=1 s=1

and B denotes the population analog of j.

The definition of the estimand f and the properties of the estimator 3 will depend on: (a) what
the population of interest is; (b) how we think about repeated sampling; and (c) which restrictions
we impose on the data-generating process (DGP).

For (a), we define the population of interest to be the observed set of N regions, as opposed

to modeling the regions as drawn from a large superpopulation of regions. Consequently, we are

N,S

interested in the parameters { ﬁls}f\if .1 and the treatment effects {w;sBis};"7 .

, themselves, rather
than the distributions from which they are drawn, which would be the case if we were interested in a
superpopulation of regions.’® For (b), given our interest on estimating the ceteris paribus impact of a
specific set of shocks X7, ..., Xs, we consider repeated sampling of these shocks, holding the shares
w;s, the parameters B;;, and the potential outcomes Y;(0) fixed. Finally, for (c), as we describe in detail
in Section 4 below, we characterize the DGP by imposing restrictions on the joint distribution of the
shifters X, zero-shock potential outcomes Y;(0), and parameters p;;, conditional on the shares w;;.
In particular, we follow Borusyak, Hull and Jaravel (2018) in assuming that the shifters {X;}°_, are
good as randomly assigned conditional on the shares {wis}ss’zl\{/izl.

Given our assumptions on the population of interest and on the type of repeated sampling, the
estimand of interest f is defined as

YN EXY | F)

i YNLEIX? | ]

with 9:70 = {YZ(O)/ ,BiS/ wis}f\iis:y (25)
and the regression error ¢; is then defined as the residual
S
€ =Y — X;B=Y;(0) + ZwisIS(.Bis —B), (26)
i=1
where the second equality uses eq. (21). Thus, the statistical properties of the regression residual

€; will depend on the properties of the potential outcome Y;(0), the shifters {X;}°_; and the shares
{wis}fiiszl. A key implication of the model in Section 2.1 is that the zero-shock potential outcome

130ur definition of the population is consistent with the question of interest outlined in Section 2.3, in which we focus on
a specific set of regions included in a particular country c. It is also consistent with several seminal papers that use a shift-
share approach. For example, the first sentence in the abstract of Autor, Dorn and Hanson (2013) reads: “We analyze the
effect of rising Chinese import competition between 1990 and 2007 on U.S. local labor markets”. Similarly, the first sentence
in the abstract of Dix-Carneiro and Kovak (2017) reads: “We study the evolution of trade liberalization’s effects on Brazilian
local labor markets” (emphases added).
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Y;(0) in eq. (21) will generally incorporate unobserved covariates that have a shift-share structure
analogous to that of the regressor of interest, X;. Specifically, as illustrated in eq. (22), Y;(0) incor-
porates weighted averages of unobserved sectoral shocks (i.e. preference shocks 4s and any sectoral
component of the technology shocks Aj), with weights 19 identical to those used to aggregate the
sectoral shock of interest P; into the regressor X;. Consequently, if two regions i and i’ have similar
shares, they will tend to have similar shift-shares X; and X; as well as similar potential outcomes
Y;(0) and Yy (0). It then follows from eq. (26), that the residuals €; and €; will also tend to be corre-
lated.!* As we discuss in all remaining sections of the paper, this has important implications for the

variance of f. We summarize this discussion in the following remark.

Remark 3. Correctly performing inference for the OLS estimator j3 of the coefficient on a shift-share regressor
requires taking into account that the regression residuals will generally inherit the same shift-share structure.

4 Asymptotic properties of shift-share regressions

In this section, we formulate the statistical assumptions that we impose on the DGP, present the
asymptotic results that we derive using these assumptions, and use the model in Section 2 to provide
an economic interpretation for these assumptions. To convey the main issues that arise in these
regressions, we first consider in Section 4.1 the simple case in which there is a single regressor with a
shift-share structure, and no other covariates, as in Section 3. We introduce covariates in Section 4.2.
Section 4.3 considers further extensions of the basic setup. All proofs are relegated to Appendix B.
We use the notation introduced in Sections 2 and 3. To compactly state our assumptions and
results, we use standard matrix and vector notation. In particular, for a (column) L-vector A; that
varies at the regional level, A denotes the N x L matrix with the ith row given by A!. For a vector 4
that varies at the sectoral level, A denotes the S x L matrix with the sth row given by A.. If L =1,
then A and A are an N-vector, and an S-vector, respectively. Let W denote the N x S matrix of shares,

so that its (i,s) element is given by w;;, and let B denote the N x S matrix with (i,s) element given
by Bis.
4.1 No additional covariates

We study here the statistical properties of the OLS estimator in eq. (23). We assume that, conditionally
on the matrix of shares W, the shocks are as good as randomly assigned in that they are independent

of the potential outcomes Yj(x1,...,xs):
(Y(0),B) L X | W. 27)

In the next subsection, we weaken this assumption by assuming that the shocks are as good as

randomly assigned conditionally on some covariates.

14 As we discuss in Section 4.2, when controls Z; are included, this conclusion remains to hold unless the controls account
for the impact on the outcome of all sectoral shocks other than {xs}§:1 that affect the outcome.
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As in the literature on inference in randomized controlled trials (see Imbens and Rubin, 2015, for
a review), we will consider the statistical properties of B under randomization-style inference: we
will condition on the realized values of the shares, and on the potential outcomes, and consider the
properties of 3 under repeated sampling of the shocks . This approach leverages the random as-
signment assumption in eq. (27), and ensures that the standard errors that we derive will remain valid
under any dependence structure between the potential outcomes, or the shares w;;, across regions.

We impose some regularity conditions on the DGP for (Y (0), B, W, X) that generate the observed
data (Y, X, W). We consider asymptotics with the number of sectors going to infinity, S — oo. For-
mally, the number of regions N = Ng depends on S, but we typically drop the S subscript and keep

the conditioning implicit. Unless stated otherwise, all limits are taken as S — oo.
Assumption 1.

(i) {(Y(0),B,W,X) € RNs x RNs*S x RNs*5 x R5}%® , is a triangular array of random variables
with N = Ng — o0 as S — co that satisfies eq. (27), and E[Y;(0) | W] = 0. The observed data
consists of the tuple (Y, X, W), with Y; = Y;(X3, ..., Xs), such that eq. (21) holds.

(ii) Conditional on W, the shocks Xi,...,Xs are mean zero, independent across s, with fourth

moments that exist and are bounded uniformly over s.

(iil) 4 XN EX? | W] = £ XN, Y8 var(Xs | W)w?, converges in probability to a strictly positive

non-random limit.
Assumption 2.

(i) Conditional on W, the second moments of Y;(0) exist, and are bounded uniformly over i. The

support of ;s is bounded.
(ii) maxsns/N — 0, where ns = Zle w;s denotes the total share of sector s.

By modeling the data as a triangular array, Assumption 1(i) allows the distribution of the data
to change with the sample size.’> The assumption that Y;(0) and X; are mean zero is made to
simplify the exposition in this section by allowing us to drop the intercept from the regression of Y;
on X;, and will be relaxed in Section 4.2. The key assumption underlying our approach to inference
is Assumption 1(ii). This is the only independence assumption that we need; Y;(0) and the shares
wjs can be correlated in an arbitrary manner across i. Consequently, the residuals €; (defined in
eq. (26)) are allowed to be correlated in an arbitrary manner, which in particular allows them to have
a shift-share structure. Furthermore, we do not require X, or any other variables, to be identically
distributed—the sectors and regions may be heterogeneous. Assumption 1(iii) is a standard regularity
condition ensuring that the shocks X have sufficient variation so that the denominator of j3, scaled
by N, does not converge to zero. The bounded support condition on B;s in part (i) of Assumption 2

is made to keep the proofs simple and can be relaxed.

15Tn other words, to allow the distribution of the data to change with the sample size S, we implicitly index the data by
S. Making this index explicit, for each S, the data is thus given by the array {(Y;s(0), Biss, Wiss, Xsg): i = 1,...,Ng,s =
1,...,S}
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Finally, Assumption 2(ii) is a key regularity condition ensuring that the share of each sector is
asymptotically negligible. It generalizes the standard consistency condition in the clustering literature
that the largest cluster be asymptotically negligible. To see the connection, consider the special case
with “concentrated sectors”, in which each region i specializes in one sector; denote it by s(i). Then
w;s = 1if s = s(i) and w;s = 0 otherwise, and n; denotes the number of regions that specialize in
sector s. In this case, X; = X(i), 80 that if eq. (27) holds, B is equivalent to an OLS estimator in
a randomized controlled trial in which the treatment varies at a cluster level; here the sth cluster
consists of regions that specialize in sector s. The condition maxs;n;/N — 0 then reduces to the
assumption that the largest cluster be asymptotically negligible.

Proposition 1. Suppose Assumptions 1 and 2 hold. Then

N S
_ Zi:l 25:1 nisﬁis

leil 25521 — and B = B+op(1), (28)

p

where 15 = w? var(Xs | W).

The proposition gives two results. First, it uses eq. (27) to show that the estimand in eq. (25) can
be expressed as a weighted average of the region- and sector-specific parameters p;;, with weights
that are increasing in the variance of the shock and the share w;. Second, it uses the remaining
assumptions to show that the OLS estimator 3 converges to this estimand as S — co. In the special
case with concentrated sectors, Zle TtisBis = Var(l’s(i) | W)ﬁils(i), so that Proposition 1 reduces to the
standard result from the randomized control trials literature with cluster-level randomization (here
the “cluster” consists of all regions that specialize in the same sector) that the weights are proportional
to the variance of the shock.

For the estimator in eq. (23) to be asymptotically normal, we need to strengthen Assumption 1(ii)
and Assumption 2 slightly:

Assumption 3.
(i) maxsn2/ Y5 ;n? — 0.

(ii) Conditional on W, the eighth moments of X are bounded uniformly over s, and the fourth

moments of Y;(0) are bounded uniformly over i.

Part (i) ensures that the contribution of each sector to the asymptotic variance, which, according
to the standard error formula below, is of the order O(n?), is asymptotically negligible. For instance,
while the estimator j is consistent for 8 when the largest sector share is of the order O(N/+/S) and
the remaining sector shares are of the order O(N/S), Assumption 3 rules this case out; A will not

generally be asymptotically normal in this case due to failure of the Lindeberg condition.

Proposition 2. Suppose Assumptions 1, 2 and 3 hold, and suppose that

1 N
Uy = ——— var X;ei | Y(0),B, W)
Zsszl nz (1 1 o
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converges in probability to a non-random limit. Then

N g = W
NS (Fox2)’

The proposition shows that f is asymptotically normal, with a rate of convergence equal to

+Op(1).

N/ \/Esg:l n2. 1If the sector sizes n are all of the same order, equal to N/S, then the rate of con-
vergence is equal to v/S. However, if the cluster sizes are unequal, the rate may be slower. The
asymptotic variance formula has the usual “sandwich” form.

Since X; is directly observed, to construct a consistent standard error estimate, it suffices to con-
struct a consistent estimate of {y, the middle part of the sandwich. Suppose that the effects of the
shocks are homogeneous across regions and sectors, so that ;s = B for all i,s, and €; = Y;(0).!® Then
it follows from eq. (27) and Assumption 1(ii) that

_ X var(X [ W)R?

Un
S
Zs=1 Tlg

N
, Rs =) wise;. (29)
i=1

The contribution of sector s to Vy is given by R2, which is of the order n2. Replacing var(JX; | W) by
X2, and €; by the regression residual & = Y; — X;, we obtain to the standard error estimate

. /ES:1 X2R2 A N
se(B) = A, R, Z

ZN ; X2 & wiséi. (30)
i= i i=

In the case with concentrated sectors, Y2_; X'2R2 = Y5 (YN, I{s(i) = s} X;é;)?, so that the standard
error formula in the preceding display reduces to the usual cluster-robust standard error, clustered
on the sectors. In the general case, the standard error accounts for the fact that regions with similar
sectoral composition will have similar errors—unless the regression error €; = Y;(0) has no sectoral
component (so there are no unobserved sector-level shocks), it will generally not be the case that
cov(X;e, X]-e]-) = 0 for i # j. In contrast, the usual heteroscedasticity-robust standard error fails to
account for this correlation. Furthermore, standard errors clustered by groups of regions defined
by their geographical proximity to each other will also fail to account for this correlation unless all
regions are fully specialized in a single sector and the sector of specialization is the same for regions

belonging to the same geographically defined cluster.

Remark 4. In the expression for Vy in eq. (29), the only expectation is taken over X, we do not take any
expectation over the shares w;s or the residuals €;. This is because, as mentioned earlier, our inference is
conditional on the realized values of the shares and on the potential outcomes. In terms of the linear regression
equation Y; = X;B + e;, this effectively means that we consider the properties of B under repeated sampling of
Xi =Y s wis X5 conditional on the shares w;s and conditional on the residuals €; (as opposed to, say, considering
properties of B under repeated sampling of the residuals €; conditional on the realized values of X;). As a result,

16The standard error formula that we provide remains valid under heterogeneous effects as long as some mild restrictions
on the form of heterogeneity apply; see Appendix B.5 for discussion.
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our standard errors allow for arbitrary dependence structure between the residuals €;.

4.1.1 Economic interpretation of assumptions and results

We now interpret the assumptions described in Section 4.1 in terms of the economic model described
in Section 2. To fix ideas, we consider the case in which the outcome of interest is the change in
average wages between any two periods (Y; = @;), the sectoral shocks of interest are changes in
sectoral prices (X; = Ps), and all N regions in the sample are “small” (the spending shares x;; in
eq. (9) are close to zero for all s and i). As discussed in eq. (22), the shares then correspond to
initial employment shares (w;; = I7), the parameter B;; corresponds to the combination of structural
parameters B ;s defined in eq. (19), and the potential outcome Y;(0) is a sum of shift-share variables.

In terms of our economic model, Assumption 1(i) imposes that the potential outcomes Y (0) are
independent of the sectoral price changes {P}5_,. As illustrated in eq. (22), the potential outcomes
Y(0) depend, among other variables, on the changes in sectoral preferences {§s}>_; and the changes
in technology, {AiS}f\if,s:l‘ As illustrated in Appendix A.1, the sectoral price changes depend on the
changes in: (a) sectoral preferences; and (b) technology parameters of all world regions that are large
(i.e. affect the sectoral world prices). Consequently, the independence assumption in eq. (27) imposes
that: (a) there are no shocks to sectoral preferences, §s; = 0 for all s; (b) the technological shocks in the
N regions in the population of interest are independent of those in every large region. As we discuss
in Section 4.2, adding controls to the regression equation allows us to relax these assumptions.

Assumption 1(ii) imposes that the sectoral price changes {P;}5_; are independent across sectors.
However, according to the model described in Section 2, any sector s price change, P;, will respond
to changes in preferences and technology not only for sector s but also for any other sector s’ # s
(see Appendix A.1). Our model thus predicts that sectoral price changes are not independent across
sectors. In Section 5.2, we perform several simulations to study the importance of violations of the
assumed sectoral independence of shocks imposed in Assumption 1(ii). In Section 4.3.1, we relax the
independence restriction in Assumption 1(ii) and allow the shocks X to be correlated within groups
of sectors, maintaining its independence across sectors belonging to different groups.'”

Intuitively, Assumption 2(ii) imposes that no one sector dominates the others in terms of initial
employment at the national level; i.e. YN, L%/ Y, L;s is not too large for any one sector. As we
illustrate in Section 5.2, this condition is satisfied for the U.S. when only manufacturing sectors are
taken into account; it would not hold if the non-manufacturing sector is included as one of the S
sectors incorporated into the analysis (unless the distribution of X for the non-manufacturing sector
is degenerate at zero).'®

17The assumption that the shifters Xs are independent across sectors or groups of sectors may be more accurate in settings
in which the shifters X are not market equilibrium outcomes, such as tariffs and non-tariff trade barriers (Topalova, 2007,
2010; Kovak, 2013; Hakobyan and McLaren, 2016; Dix-Carneiro and Kovak, 2017, 2018), productivity (Table 10 in Autor,
Dorn and Hanson, 2013), or tax rates (Zidar, 2018). In the context of the model in Section 2, the independence assumption
would hold if the sectoral shocks of interest were sectoral technology shocks affecting equally all technology parameters
Ajs of the N regions in the population of interest.

18When analyzing the impact of international trade shocks on regional labor market outcomes, it is standard to either
set the shock to the non-manufacturing sector to zero (Topalova, 2007, 2010; Autor, Dorn and Hanson, 2013; Hakobyan and
McLaren, 2016) or to remove the non-manufacturing sector from the analysis and rescale the shares of all manufacturing
sectors so that they add up to one (Kovak, 2013). Either of these approaches will satisfy the restriction in Assumption 2(ii).
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Concerning the result in Proposition 1, it is important to remark that the estimand B does not
equal a weighted average of the heterogeneous treatment effects: as discussed earlier, the effect of
increasing the value of the sector s shock in one unit on the outcome variable is heterogeneous
and equal to wjsB;s. Consider a set of region- and sector-specific weights {;s ZN:’iS:l chosen by the
researcher (the weights may depend, for instance, on the policy that the researcher is interested in
evaluating), and define the corresponding weighted average of the treatment effects as

e = le\il 25:1 giswisﬁis
¢= N vS x
Zi:] Zs:l C:-rzs

If Bjs is constant across i and s, then 7z = Bwg, with Wz = YNIYS  Ewie/ YN, Y5 | Es. Given that
wWe is a function of the observed shares in W and the weights {Cis}lNz'is:l' the researcher can use 3
to compute a consistent estimate of 7z as ng. Furthermore, in this case, the common parameter
such that B;; = B for all i and s has the interpretation that it measures the total effect of increasing
the shifters simultaneously in every sector by one unit. Conversely, when B;; varies across regions
and sectors, then it is not clear how to exploit knowledge of the estimand B defined in eq. (28) to
learn something about 7. This point has been made before in Monte, Redding and Rossi-Hansberg
(2018).17

Finally, as Assumptions 1 and 2 impose no restriction on the cross-regional correlation of the po-
tential outcomes Y/(0), the standard error estimate introduced in eq. (30) is consistent for the standard
deviation of 8 no matter what the correlation in the labor supply shocks v; (defined in eq. (10)) is: it
remains consistent even if labor supply conditions are similar across regions that are geographically

close to each other (e.g. due to labor market policies defined by a supra-regional entity).

4.2 Adding covariates

In many applications, assuming that the shocks X are as good as randomly assigned is unrealistic.
However, they may be as good as randomly assigned conditional on a vector of covariates. In par-
ticular, we assume that there is a latent K-vector of covariates, Z;, measured at a sectoral level, such
that conditional on {Z;}5_,, the shocks X are as good as randomly assigned. We do not necessarily

observe these covariates directly, but we do observe a region-level proxy
S
Zi=) wiZs+ U, (31)
s=1

for each region i (as with the shocks X, we use the notational convention that the sector-level variable
Zs is written in script font style, while the region-level variable Z; is written in standard style). With

19An alternative estimation approach is to use the mapping between B;; and structural parameters implied by an eco-
nomic model; e.g. eq. (20) expresses B, ;s as a function of the demand elasticities {05}5:1 and the labor supply elasticity
¢. By imposing this mapping and obtaining consistent estimates of these structural parameters, researchers may obtain
consistent estimates of B;; for every i and s. This approach is however less robust to alternative modeling assumptions;
e.g. the model in Appendix A.4 is isomorphic to that in Section 2.1 up to the mapping from B ;; and B, ;s to structural
parameters. Thus, both models are consistent with the potential outcomes framework in eq. (21), and consequently, both
models justify an estimation approach based on a regression of the type in eq. (24). Conversely, they will imply different
estimates if the mapping from ;s to structural parameters is exploited for identification.
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this setup, we replace eq. (27) with the assumption that
(U,Y(0),B) L X | Z,W. (32)

where Z denotes the S x K matrix with sth row given by Z/, and U denotes the N-vector with ith
element given by U;.

The condition in eq. (32) may be difficult to interpret directly because different variables are mea-
sured at different levels: the potential outcomes are measured at a regional level, and the covariates
and shocks are measured at a sectoral level. It is therefore useful to consider a projection of the poten-
tial outcomes onto the sectoral space. For simplicity, consider the case with constant effects, B;; = j,
and project Y;(0) onto the sector-level controls Z;, so that we can write Y;(0) = Y.5_; w; s Zlx + 7.
Then eq. (32) holds if the residuals 7; in this projection are independent of X'—if there are any other
unobserved sector-level shocks that affect the outcomes (and are therefore in 7;), these must be unre-
lated to (Xs, Zs). The variable U; in eq. (31) can be thought of in two ways. First, one can think of it
as measurement error in Z when controlling for Z: U = 0 if the proxy Z; is perfect (it controls for
L1k, - - ., Lgk without error). Alternatively, the kth covariate Z; may be included in the regression to
increase precision—in this case Zs = 0 for all s, and Zj; is included because 7; and Uy are correlated.

To ensure that it suffices to include the covariates in the regression linearly (instead of having
to control for them non-parametrically), we assume that the expectation of Xs conditional on Z; is
linear in Z,,

E[Xs | 2] = Z{r, (33)

where 7 is a K-vector that equals 0 if and only if the scalar X is mean independent of the K-vector Z;.
We now study the properties of the OLS estimator B, the coefficient on X; in a regression of Y; onto
X; and Z;. Let Z denote the N x K matrix with ith row given by Z/, and let X = X — Z(Z'Z)"1Z'X
denote an N-vector whose ith element is equal to the regressor X; with the covariates in the vector
Z; partialled out (i.e. the residuals from regressing X onto Z). Then by the Frisch-Waugh-Lovell

theorem, f can be written as
YNOXY: XY

B = AL 34
SRS R O o

and the OLS estimator of the coefficient on Z; can be written as
5=(2'2)"17'(y — XB).
To state the consistency result, we first need to generalize Assumption 1 to allow for covariates:

Assumption 4.

@) {(Y(0),B,W,U,X,Z) € RNs x RNs*S x RNs*S 5 RNs*K x RS x ]RSXK}‘S"’:1 is a triangular array
of random variables with N = Ng — oo as S — co that satisfies egs. (32) and (33). The observed
data consists of the tuple (Y,X,Z, W), with Y; = Y;(X3,...,Xs), such that egs. (21) and (31)
hold.
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(ii) Conditional on W and %, the shocks X7, ..., Xs are independent across s, with fourth moments
that exist and are bounded uniformly over s.

(iii) & T4 Yo var(Xs | W, Z)w? converges in probability to a strictly positive non-random limit,

and Z'Z/N converges in probability to a positive definite non-random limit.

(iv) Conditional on W, the second moments of U; and Z; exist and are bounded uniformly over i
and s.

Parts (i), (ii) and (iii) are straightforward generalizations of parts (i), (ii) and (iii) of Assumption 1.

Part (iv) imposes very mild restrictions on U and Z.
Proposition 3. Suppose Assumptions 2 and 4 hold, and that Ulyy =0 fori =1,...,N. Then

N S
_ Yoit1 Yo—1 TsPis

, (35)
Zfil 25:1 Ttis

B=p+op(1), B

where 1t;; = w2 var(Xs | W, Z).

The result is very similar to Proposition 1; the only difference is that the weights 77;; now reflect
the variance of X that is conditional on Z and W, rather than just conditional on W. An important
additional assumption is that U{ v =0fori=1,...,N. Effectively, this requires that, for each covariate
k, either Uy, = 0 for all i, so that Zj is a perfect proxy for the sector-level variables Zy, ..., Zg, or
else v, = 0, so that the Zg is unrelated to the shock JXs—in this case the proxy need not be perfect,
since it is not necessary to control for Zy in the first place. If Uy # 0, then there will be omitted
variable bias due to inadequately controlling for the confounders Z.

To state the asymptotic normality result, let

6 =E[Z'Z)'E[Z/ (Y — XB)]
denote the population regression coefficient on Z;, so that we can write the regression model as
Yi = Xi,B + Z:(s + €;,

where the regression residual ¢; is defined as €; = Y; — X; — Z/5. Let 0 = (Z'Z)~'Z'(Y — XB) denote
the regression coefficient in a regression of Y — X on Z, that is, the regression coefficient on Z; in a
regression in which j is restricted to equal to the true value .

Assumption 5.

(i) Conditional on W, the fourth moments of Z;, and U; exist and are bounded uniformly over s
and i.

(i) ﬁ@ — ) = Op(1)

Part (i) strengthens Assumption 4(iv). Part (ii) is a high-level assumption that implies 6 converges

at least as fast as f3; otherwise the error in estimating § could dominate the asymptotic variance of 8.
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Proposition 4. Suppose Assumptions 2, 3, 4 and 5 hold, and that U~y = 0. Suppose also that

1

Un = =5 1 5 var (Z(Xl — Zl{’)/)é—?i | Y(0),B,U, Z, W>
Zs:l g

converges in probability to a non-random limit. Then

L R (S B
\/ﬂ(ﬁ B) n<0,(§]ZiX?)2>+0P(1)

The result is very similar to that in Proposition 2; the only difference is that X; in the definition of
Uy is replaced by X; — Z!7, and that X; is replaced by X; in the outer part of the “sandwich”.

To construct a consistent standard error estimate, similarly to the case without covariates, it suf-
fices to construct a consistent estimate of 1y, the middle part of the sandwich. We derive the standard
error formula under the assumption that ;s = B for all i,s; in Appendix B.5, we discuss the restric-
tions under which it remains valid when the effects are heterogeneous. Under this assumption,
€; = Y;(0) — Z/4, and it follows from eq. (32) and Assumption 4(ii) that, analogously to eq. (29),

B Yo, var(Xs | W, Z)R? R.—
= , o=

Un
S 2
Zs:l ng i

wisei, Xs=Xs— Zly.

™=z

Il
_

A plug-in estimate of Rs can be constructed by replacing €; with the estimated regression residuals
é =Y — X,ﬁ — 7;5. To construct an estimate of the variance var(Xs | W, Z), note that, under the
assumption that Uy = 0 for i = 1,...,N and the assumption that W has full column rank—this
requires that N > S, i.e. there are more regions than sectors—the sector-level variable X; can be
backed out from the region-level variable X; — Z!7y as the coefficients from the regression of X; — Zvy
onto the shares W;,

X = (WW)TW(X —-2Z'y).

Therefore, if v was known, we could estimate var(X; | W, Z) = E[X2? | W, Z] as the square of the sth
element of the vector (W'W)~1W'(X — Z'7). Since vy is unknown, this estimate is infeasible. However,
it follows from the proof of Proposition 3 that 4 = (Z'Z)'Z'X = 7 + 0p(1), so that X; = X; — Z!§ is
a consistent estimate of X; — Z/y, which suggests the feasible estimate

X = (WW)'"W'X, (36)

of X, and the standard error estimate

L 2R A
se(f)=+=—"— """ Ry =) wjé;. (37)

7 S

N 2
i=1X; i=1
The next remark summarizes these steps:

Remark 5. To construct the standard error estimate in eq. (37):
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1. Obtain the estimates B and 6 by regressing Y; onto X; = Y, w;s Xs and the controls Z;. The estimate é;
corresponds to the estimated regression residuals.

2. Construct X;, the residuals from regressing X; onto Z;. Compute Xs, the regression coefficients from
regressing X onto W.

Plug the estimates &;, X;, and p X into the standard error formula in eq. (37).

Consider again the case with concentrated sectors. Suppose that U; = 0 for all i, so that the
regression of Y; onto X; and Z; is identical to the regression of Y; onto X;y and Z,(;). Then Xs =
X; — Z!4, and the standard error formula in eq. (37) reduces to the usual cluster-robust standard
error, with clustering on the sectors s(i).

In the clustering literature, it has been shown that the cluster-robust standard error is generally
biased due to estimation noise in estimating €;, which can lead to undercoverage, especially in cases
with a few clusters (see, for example, Cameron and Miller, 2014 for a survey). Since the standard
error in eq. (37) can be viewed as generalizing the cluster-robust formula, similar concerns arise
in our setting. We therefore also consider a modification sAe/;O(ﬁ) of s¢(B) that imposes the null
hypothesis when estimating the regression residuals to reduce the estimation noise in estimating ¢;.
In particular, to calculate the standard error seg,( B) for testing the hypothesis Hy: B = By against a
two-sided alternative at significance level a, one replaces & with &z ;, the residual from regressing
Y; — XiBo onto Z; (that is, €g; is an estimate of the residuals with the null imposed). The null is
rejected if the absolute value of the t-statistic (B — Bo)/5eg, (B) exceeds z;_,,, the 1 — /2 quantile
of a standard normal distribution (1.96 for &« = 0.05). To construct a confidence interval (CI) with
coverage 1 — &, one collects all hypotheses By that were not rejected. It follows from simple algebra
that the endpoints of this CI are a solution to a quadratic equation, so that they are available in closed
form—one doesn’t numerically have to search for all the hypotheses that were not rejected. The next

remark summarizes this procedure.

Remark 6 (Confidence interval with null imposed). To test the hypothesis Hy: B = Bo, or equivalently, to
check whether By lies in the confidence interval:

1. Obtain the estimate [3 by regressing Y; onto X; = Y, w;s Xs and the controls Z;. Obtain the restricted
regression residuals g, ; as the residuals from regressing Y; — X;Bo onto Z;.

2. Construct X;, the residuals from regressing X; onto Z;. Compute Xs, the regression coefficients from
regressing X onto W (this step is identical to step 2 in Remark 5).

Compute the standard error as

Yo, X2R?2

S ‘B(),S A N A
ZN1 X2 ’ R/So,s = Z% Wis€By,i- (38)
1= i 1=

S/Z’ﬁo (B) =

Reject the null if | (B — Bo)/5eg,(B)| > z1-u2. A confidence set with coverage 1 —  is given by all nulls that
were not rejected, Cli_o = {Bo: |(B — Bo)/Sep,(B)| < z1_ay2}. This set is an interval with endpoints given
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A se(p)? S X2R Y wi X,
— A+ A2 Miﬁ), A= Zsfl s 4vs L Wis 1’
g \/ G4z 0

where Q = (X'X)2/22_, ,, — Yoy XL wisX;)? and se(B) and R, are given in eq. (37).

Since in both é; and ég; are consistent estimates of the residuals, both sAeﬁO(B) and g¢(pB) are
consistent estimates of the standard error and, consequently, yield tests and confidence intervals that

are asymptotically valid. The next proposition formalizes this result.

Proposition 5. Suppose that the assumptions of Proposition 4 hold, and that B;s = B. Suppose also that either
max; Y| ((W'W)~YW');| is bounded, or else that U; = 0 for i = 1,...,N. Define X as in eq. (36), and let
Ry = Zfil w;s€;, where & = Y; — Xi[; — Z{5, and E and & are consistent estimators of 6 and B. Then

S 2 H2
Zs:l Is Rs

2521 n2 = Un +op(1). (39)

The additional assumption of Proposition 5 is that either max; Y;|((W'W)~1W’)| is bounded,
or else U; = 0 for all i. This assumption ensures that the estimation error in X, that arises from
having to back out the sector-level shocks Zs from the covariates Z; is not too large. If the sectors are
concentrated, then ((W'W)~1W'),; = I{s(i) = s}/ns, so that max; Y;|((W'W) 1W'),| = 1, and the
assumption always holds.

4.2.1 Economic interpretation of assumptions and results

The role that the vector of covariates Z; plays in our framework is twofold. First, the kth element of
the vector Z; may proxy for the impact on region i of an unobserved sectoral shock (Zyy, ..., Zsk).
In the context of the model in Section 2, regional labor market outcomes are potentially affected by
several sectoral shocks: price shocks P, preference shocks 4s, and any sectoral component of the
region- and sector-specific technology shocks A;. As in Section 2.3, let us consider again the case
in which the economic shock of interest is the price shock D,. Then, as discussed in Section 4.1.1,
when the regression of Y; on X; does not include a vector of covariates Z;, consistent estimation of
}zz\i’ig,s:l
presence of preference shocks (§s = 0 for all s), and imposing an independence restriction between

the weighted average of the parameters {B;s described in eq. (35) requires assuming away the
the technology shocks A of the regionsi = 1,..., N included in the analysis and those of the regions
impacting the sectoral prices. These restrictions can be relaxed once we allow for additional covariates
in the shift-share regression of interest. As an example, if we can construct measures of changes in
sectoral preferences (or perfect proxies for their impact in every region i = 1,..., N in the sample),
we can control for them in our regression and, thus, Proposition 3 holds even in the presence of

sectoral preference shocks. Similarly, if we can build a proxy for the changes in technology in the N
NS

i=1,5=1"
part of the vector Z; and, in this case, Proposition 3 holds even if these technology shocks are not

regions included in the sample, {A;} then we can include them in the regression equation as

independent of the sectoral price shocks of interest.

23



Second, each element of the vector Z; may proxy for regional covariates that, although indepen-
dent of the sectoral shocks of interest X, have an effect on the outcome variable and, thus, enter
the regression residual €; in eq. (24). Controlling for these covariates is not necessary for Proposi-
tion 3 to hold, but including them would increase the precision of . In the context of the model
described in Section 2, the region-specific labor supply shock 9; is an example of these covariates,
as long as {0;}, are independent of the analogous labor supply shocks impacting regions that are
large enough to affect the sectoral price indices {}3_,. If this independence condition does not hold,
then it is important, as discussed above, to always control for these labor supply shocks in order to

ensure consistency of .

4.3 Extensions

We now discuss two extensions of the basic setup: first, we weaken Assumption 4(ii), and allow X
to be correlated with X if s and k are in the same “cluster” of sectors. Second, we consider using the

shift-share regressor X; as an instrument in an instrumental variables regression.

4.3.1 Clusters of sectors

Suppose that the sectors s = 1,...,S can be grouped into larger units, which we will refer to as
“clusters”, with c(s) € {1,...,C} denoting the cluster that sector s belongs to. For instance, s may
be a four-digit industry code, while c(s) is a three-digit or a two-digit code. With this structure, we
replace Assumption 4(ii) with the assumption that, conditional on Z and W, the shocks Xs and X}
are independent if c(s) # c(t).>° Replace Assumption 2(ii) with the assumption that as C — oo, the

largest cluster makes an asymptotically negligible contribution to the asymptotic variance,
C

max 7i2 / ) iz — 0,

‘ =1

where 7i. = Y I{c(s) = c}n; is the total share of cluster c. Then, generalizing the arguments in

Section 4.2, one can show that as C — oo, 8 remains asymptotically normal,

N ot
\/ﬂ(ﬁ p) n<0,(11]2i§'(i2)2>+0p(1)/

and, assuming that B;; = B, the term ¥y is now given by

_ Lo Ly M{e(s) = e(t) = JELLTG | W, ZIRRy
- ~ 7 S —
25:1 2 i

20Using the tools described in this section, one may also weaken Assumption 1(ii) in the context of a shift-share regression
without covariates. We limit however the exposition to the more general case of the shift-share regression with covariates.
Adjusting the standard error formulas to the setting without covariates requires only setting the K-vector Zs to equal a
vector of 1s for every sector s.

Wis€j, fs = Is - zsff)/

1=

Un

Il
=
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In other words, instead of treating XsR; as independent across s, the asymptotic variance formula

clusters them. As a result, we replace the standard error estimate in eq. (37) with

Yo Y He(s) =c(t) = ¢} XsRs iR, ) N
= \/ e = ’ Rs:Zwiséi/ (40)

se(p) YN, X2 ~
1= 1 1=

with X defined as in Remark 5. Confidence intervals with the null imposed can be constructed as in
Remark 6, replacing é; with &g, ; in the formula in eq. (40), and using this formula instead of that in
eq. (38).

4.3.2 Instrumental variables regression

Consider the problem of estimating the effect of a regional variable Y;;, that we refer to as a treatment
variable, on an outcome variable Y3;, using an instrumental variables (IV) regression, with the shift-
share regressor X; = ) ; w;sXs as an instrument, and a vector Z; of regional controls. We assume there
is a K-vector of latent covariates Z;, measured at a sectoral level, such that the regional controls Z;
have the structure in eq. (31) and that eq. (33) holds.

We assume that the effect of Y; onto Yj; is linear and constant across regions, so that the potential

outcome when Yy; is exogenously set to y» is given by

Yi (y2) = Yi1(0) + youn,

where « is the treatment effect of Y; onto Yj; for every region i. The observed outcome is thus given
by Yi1; = Y3;(Y2;). The observed treatment level Y,; may be correlated with the potential outcomes (i.e.
endogenous), even when conditioning on a vector of covariates Z;. In analogy with eq. (21), let

s
Yoi(x1,...,x5) = Yoi(0) + Y wisxsBrs (41)
i=1

denote the potential treatment levels in region i that would occur if the region received shocks
x1,...,xs. The observed treatment level is given by Y, = Y5;(X3,...,Xs). For simplicity, we as-
sume that Brs does not vary across sectors or regions. Finally, we assume that conditional on %, the
shocks X are as good as randomly assigned and satisfy the exclusion restriction, so that the following

independence restriction holds:
(U, Y1(0),Y2(0)) L X | Z,W. (42)

Under this setup, both the reduced-form regression of Y;; onto X; and Z;, and the first-stage regression
of Y; onto X; and Z; fit into the setup of Section 4.2. Therefore, by generalizing the arguments in
Section 4.2, it is straightforward to derive the joint asymptotic distribution of the OLS estimates
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of the reduced-form and first-stage coefficients on X;, respectively. To state the result, define the
reduced-form and first-stage regression errors

€1 = Y1i — Z{6rr — XiBrr, €2i = Yai — Z[6rs — XiBrs,

where orr = E[Z'Z]7'E[Z' (Y1 — XBrF)] and 0ps = E[Z'Z] 'E[Z' (Y2 — XBrs)], and it follows from
eq. (42) that the population reduced-form coefficient on X; is given by Brr = Brsa. Then, under
appropriate regularity conditions,

N .BRF ,BRF _ #
\/ﬁ ((BH) - (ﬁps)) =N (0' (% Y, Xiz)ZVIV,N> +op(1),
where

S N
Viv,N = Y var(Xs | Z, W)RvsRiy s Rivs = ) wise;, Xy = X5 — Zy,

S 2
Zs:l ng s=1 =1

and €; = (€1, €2;)". Since the IV estimate of a is given by the ratio of the reduced form estimates,

YN XY _ Brr
YN XiYa  Prs

&= (43)

it follows by the delta method that, so long as Brs # 0, so that the shift-share instrument is relevant,
N 15 Y5 var(Xs | Z,W)R?

S
——~ (@a—a)=nlo 2=
\ 25:1 n

This suggests the standard error estimate

~ VIS X2R2 /Y5 X2R? . N
se(ﬁc) = ° C = ° ’ s’ Rs = ZwiséA,i/ (44)
i—1

©Brs| Y, X2 N, XY

=

+OP<1)1 RS =

- wis(€1; — €xitx).

Il
—_

with X constructed as in Remark 5, and éy = Y| — Yoi — Z/(Z'Z)"'Z' (Y1 — Yai) corresponds to
the estimate of the residual in the structural equation, €1; — esin.?! The difference between the IV
standard error formula in eq. (44) and the OLS version in eq. (37) is analogous to the difference
between IV and OLS heteroscedasticity-robust standard errors: €; is replaced in the numerator by the
estimate of the structural residuals é,;, and the denominator is scaled by the first-stage coefficient.
The IV analog of the standard error estimate with the null Hyp: & = a9 imposed instead estimates
the residual as (I — Z'(Z'Z)~'Z")(Y1 — Yaa), and the resulting confidence interval is a generalization
of the Anderson and Rubin (1949) confidence interval (which assumes that the structural errors are

independent). As a result, this confidence interval will remain valid even if the shift-share instrument

2ISince the IV regression uses a single constructed instrument, &, is numerically equivalent to &;; — &;&, where & and
é, are the reduced-form and first-stage residuals.
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is weak.

Faced with the problem of estimating the treatment effect a in a setting in which the instrument
has a shift-share structure, our approach to identification follows Borusyak, Hull and Jaravel (2018),
who impose an assumption analogous to that in eq. (42), and also discuss the extension to a setting
in which Brs is allowed to vary across sectors and regions, and « is allowed to vary across regions. In
contrast, Goldsmith-Pinkham, Sorkin and Swift (2018) suggest replacing the shift-share instrument
X; with the full vector of shares (wj, ..., w;s). As pointed out by Tim Bartik in an online discussion,
there are settings in which the shift-share instrument X; satisfies the exclusion restriction, but the full
vectors of shares (wjq, ..., w;s) does not, and is thus not a valid instrument.?? Intuitively, this will be
the case when the residual €, in the structural equation has a shift-share structure. Our independence
restriction in eq. (42) allows for this possibility and, consequently, we adopt here the approach that

has been standard since Bartik (1991), and use the the shift-share X; as an instrumental variable.

5 Placebo exercise

In this section, we implement a placebo exercise to illustrate the finite-sample properties of the stan-
dard error estimators introduced in Section 4, and compare their behavior to that of standard error
estimators typically used in applications of shift-share regressions. To this end, we use data on
initial sectoral employment shares and changes in labor market outcomes observed for regional mar-
kets in the United States, and explore the properties of the OLS estimator of the coefficient on the
shift-share covariate built from the combination of the actual employment shares with randomly
generated sector-level shocks. Thus, consistently with the conceptualization of shift-share regres-
sions in Section 4, we condition on observed data, Y and W, and combine it with randomly drawn
shocks X. We use this placebo analysis to explore the properties of: (a) the standard error estimates
described in Section 4; (b) the Eicker-Hubert-White—or heteroskedasticity-robust—standard errors;
and (c) cluster-robust standard errors with clusters defined as groups of regions geographically close

to each other.

5.1 Data

In our baseline specification, we identify each region i with a U.S. Commuting Zone (CZ) and each
sector s with either a 4-digit SIC manufacturing industry and an aggregated non-manufacturing
sector. Specifically, the “shares” w;s correspond to employment shares in 1990 and the outcomes Y;
correspond to changes in employment rates and wages for different subsets of the population between
2000 and 2007. We index all manufacturing industries ass =1,...,S — 1 and reserve the index s = S
for the non-manufacturing sector. To build this data, we follow the procedure described in the Online
Appendix to Autor, Dorn and Hanson (2013). The County Business Patterns (CBP) is our main source
of data on employment shares by sector and county in 1990. Our measures of changes in employment

rates and average wages are based on data from the Census Integrated Public Use Micro Samples in

22Gee https://blogs.worldbank.org/impactevaluations/comment/5042#comment-5042. See also Borusyak, Hull and
Jaravel (2018) for a discussion of different identification assumptions in this setting.
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2000 and the American Community Survey for 2006 through 2008, which provide information at the
Public Use Micro Area (PUMA) level.”> We refer the reader to this Online Appendix to Autor et al.
(2013) for details of the data construction.

The resulting baseline sample contains N = 722 regions and S = 399 sectors. To explore the
robustness of our conclusions to the definition of regions and sectors in the data, we also perform our

analysis using counties to define regions, and 3-digit and 2-digit SIC codes to define sectors.

5.2 Placebo exercise: impact of sector-level shocks on labor market outcomes

We consider a placebo exercise in which in each simulation draw m = 1,...,1000, we generate a
random vector of sector-level shocks,

(..., XM ~n(0,x), (45)

where 0 denotes an S-vector of zeros and X is an S x S variance-covariance matrix given below. For
each simulation draw m, we use the vector of generated sector-level “shifters” (X7}, ..., X{") and the
data on the employment “shares” {wis}f\i"iszl to construct a shift-share covariate X" = Yo Wi X"
for every CZ i. Notice that in every simulation draw m, our computer-generated shocks {X}5_,
have no effect on the actual changes in labor market outcomes observed in U.S. CZs between 2000
and 2007. Thus, for the parameters { B}

N,
i=1,5=

1 introduced in eq. (21) we have B;; = 0 for all CZs i

and sectors s. Consequently, the value of the parameter B defined in eq. (35) is also zero.

5.2.1 Baseline specification

Given data on the observed outcome Y; and the generated shift-share covariate X", we compute for
each simulation draw m the OLS estimate in eq. (34), the heteroskedasticity-robust standard error
(which we label as Robust in our tables below), the standard error that clusters CZs in the same state
(with label St-cluster), the standard error in eq. (37) (with label AKM), and the confidence interval and
standard error in Remark 6 (with label AKMO0). As this baseline specification includes no controls, we
fix the matrix Z to be a column of ones when implementing the formulas in egs. (34), (37) and (38).
In our baseline placebo specification, we impose two sets of restrictions on the variance-covariance
matrix X. First, we set to 0 all elements in the Sth row and column of ¥; i.e. we assign to the aggregate
non-manufacturing sector a shock of 0 in all the simulations.?* Second, for all remaining elements of

the matrix X, we set the element sk of ¥ equal to ¢ I{s = k}, with o = 5.

23We download the CBP source data from the ICPSR website (https://www.icpsr.umich.edu/icpsrweb/), and apply the
procedure in Autor, Dorn and Hanson (2013) to obtain employment by county and sector. The employment numbers in the
CBP are often reported as an interval instead of an exact count; we use the cleaner files from Autor, Dorn and Hanson (2013)
to estimate employment numbers within the indicated intervals. We also impose the sampling restrictions in Autor, Dorn
and Hanson (2013) to construct our measures of employment rates and average wages. We match the resulting county- and
PUMA-level information into CZs using the matching strategy in Dorn (2009), which has been previously applied, among
others, in Autor and Dorn (2011, 2013). We thank the authors for making all codes publicly available through David Dorn’s
website: https://www.ddorn.net/data.htm.

24 As discussed in footnote 18, this is standard practice in the literature that employs shift-share regressions with sectoral
shocks. We explore the implications of this assumption in Section 5.2.2.
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Table 1: Magnitude of standard errors.

Estimates Median effective std. error
Average Std. dev Robust St-cluster AKM  AKMO0
(1) (2) (3) (4) (5) (6)
Panel A: Change in the share of working-age population
employed —0.03 1.95 0.73 0.92 1.87 217
employed in manufacturing —0.05 1.83 0.60 0.76 1.76 2.04
employed in non-manufacturing 0.03 0.94 0.58 0.67 0.88 1.02
Panel B: Change in average log weekly wage
employed —0.03 2.60 1.00 1.32 2.52 2.93
employed in manufacturing —0.02 2.94 1.67 2.09 2.71 3.16
employed in non-manufacturing —0.05 2.57 1.04 1.31 2.50 291

Notes: For the outcome variable indicated in the first column and the inference procedure indicated in the first row, “median
effective std. error” refers to the median length of the 95% confidence interval across the 1000 simulated datasets divided by
2 x 1.96. Robust is the Eicker-Huber-White standard error; St-cluster is the standard error that clusters CZs in the same state;
AKM is the standard error in Remark 5; and AKMO is the confidence interval in Remark 6.

Table 1 presents the moments of the empirical distribution of the OLS estimates obtained with
eq. (34), along with the median length of standard errors for different inference procedures. Since
for AKMO, the standard error depends on the null being tested, the table reports “median effective
standard error”—the median length of the 95% confidence interval divided by 2 x 1.96. For Robust,
St-Cluster, and AKM, the “effective standard error” is the same as the actual standard error.

In line with our theoretical results, across simulations, the average of the estimated coefficient
is approximately zero for all outcomes. Column (2) reports the standard deviation of the estimated
coefficients. This dispersion is the target of our estimators of the standard error of the OLS estimator.®
Columns (3)—(6) of Table 1 report the median effective standard error for Robust, St-cluster, AKM,
and AKMO, respectively. Columns (3) and (4) show that Robust and St-cluster are downward biased
relative to the standard deviation of the OLS estimator. On average across all outcomes, the median
magnitude of the heteroskedasticity-robust and state-clustered standard errors are respectively 55%
and 45% lower than its true value. In contrast, columns (5) and (6) show that our proposed methods
perform much better. On average across all outcomes, the median standard error based on AKM is
5% lower than the true value. The median effective standard error of AKMO is slightly larger than the
standard deviation of B, by about 10% on average.?

Traditional inference methods assume that the regression residuals are independent across all
regions, as in robust standard errors, or between geographically defined region groups, as in state-
clustered standard errors. Given that shift-share regressors are correlated across regions with similar

shares w;; (similar sector employment composition in our application), these methods generally lead

BFigure C.1 in Appendix C.2 reports the empirical distribution of the estimated coefficients when the dependent variable
is the change in each CZ’s employment rate. It distribution resembles a normal distribution centered around g = 0.

2Figure C.2 in Appendix C.2 presents histograms representing the empirical distribution of the effective standard errors,
its mean and, for comparison, the standard deviation of the distribution of the OLS estimates { 3’”}1119201 for the placebo
exercise based on change in the CZ’s employment rate. Our new standard error estimators have a larger dispersion than
the traditional ones, but are centered around the standard deviation of estimated parameters.
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to a downward bias in the standard error estimate whenever the cross-region correlation in the regres-
sion residuals depends on the same shares used to construct the shift-share covariate; i.e. if regions
with similar sector employment composition also tend to have similar regression residuals. Our pro-
posed estimators allow for such a correlation and, for this reason, properly reflect the variability of
the OLS estimator whether such correlation is present or not.

The difference between the confidence intervals based on the AKM and AKMO procedures and
those based on either heteroskedasticity-robust or state-clustered standard errors indicates that the
outcome variables used in the placebo have an important sectoral component. Consequently, when-
ever a researcher is running a shift-share regression in which the shifts are sectoral shocks, such as
import, tariffs or technology shocks, both heteroskedasticity-robust and state-clustered standard er-
rors will generally be biased downward. The only exception is the case in which either the shifters X
or the controls Z fully account for all sectoral shocks affecting the outcome variable: only in this case
the regression residual will have no remaining sectoral component. In contrast, the AKM and AKMO
procedures will be valid, whether there is a sectoral component in the residual or not. We illustrate
these points in Section 6.2, where we use different shift-share instruments to estimate the elasticity of
regional employment to average wages.

The downward bias in the Robust and St-cluster standard errors translates into severe overrejection
of the null hypothesis Hy : B = 0. To show this, we report in Table 2 rejection rates for 5% significance
level tests of this null hypothesis. Since the true value of B equals 0 by construction, a correctly
behaved test statistic should generate a rejection rate of 5%. The results in Table 2 show that traditional
standard error estimators yield much higher rejection rates. For example, when the outcome variable
is the CZ’s employment rate, the rejection rate for a 5% significance level for the null hypothesis
Hy : B = 0is 48.8% and 37.2% when robust and state cluster standard errors are used, respectively.
These rejection rates are very similar when the dependent variable is instead the change in the average
log weekly wage.

The results in Table 2 thus indicate that, if we were to provide our 1000 simulated samples to 1000
researchers without disclosing to them the origin of the data (e.g. telling them instead that the sectoral
shocks we provide to them are changes in trade flows, tariffs, or the number of foreign workers
employed in an industry) and each of these researchers were to use standard inference procedures to
perform a 5% significance level test for the null hypothesis Hy : B = 0, at least a third of them would
conclude that our computer generated shocks had a statistically significant effect on the evolution of
employment rates in the United States between 2000 and 2007.

In contrast to the clear overrejection implied by traditional standard error estimators, our proposed
inference procedures perform well. The AKM standard error has a rejection rate that is between 7.1%
and 10.5% and the AKMO procedure has a rejection rate that is always between 4.1% and 5.5%. As
discussed in Proposition 5 in Section 4.2, the standard error estimates in egs. (37) and (38) are both
consistent estimates of the true standard error of the OLS estimator of the coefficient on the shift-
share covariate and, consequently, tests and confidence intervals that use either the AKM or the
AKMO approach are asymptotically valid. The differences in rejection rates between AKM and AKMO
in Table 2 are thus due to differences in finite-sample performance. In this context, the improved

performance of the AKMO procedure, with rejection rates close to 5%, is not surprising. The improved
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Table 2: Rejection rate of Hy: B = 0 at 5% significance level.

Robust St-cluster AKM AKMO

Panel A: Change in the share of working-age population

Employed 48.8% 372%  72%  4.1%
Employed in manufacturing 55.8% 44.7%  7.1% 4.0%
Employed in non-manufacturing  23.0% 17.0%  8.9% 5.5%

Panel B: Change in average log weekly wage

Employed 46.6% 328% 82%  4.5%
Employed in manufacturing 27.4% 18.1% 10.5% 4.6%
Employed in non-manufacturing  44.1% 323%  7.7% 5.0%

Notes: For the outcome variable indicated in the first column and the inference procedure
indicated in the first row, this table indicates the percentage of the 1000 simulated datasets for
which we reject the null hypothesis Hy : B = 0 using a 5% significance level test. Robust is
the Eicker-Huber-White standard error; St-cluster is the standard error that clusters CZs in the
same state; AKM is the standard error in Remark 5; and AKMO is the test in Remark 6.

performance in small samples of standard errors computed under the null has been noted in other
contexts; e.g., see Lazarus et al. (2018). Intuitively, imposing the null helps to reduce the finite-sample
estimation noise when estimating the regression residuals.?”

We summarize the conclusions from Table 1 and Table 2 in the following remark:

Remark 7. In shift-share regressions, traditional inference methods suffer from a severe overrejection problem
and yield confidence intervals that are too short and undercover; the inference procedures described in Remarks 5
and 6 yield tests with correct size and confidence intervals with the right coverage.

Our placebo exercise follows closely our conceptualization of the shift-share regressions and,
specifically, the notion that the sampling noise affecting the OLS estimator of the coefficient on the
shift-share covariate arises from the fact that we only observe a particular realization of the “shifts”
(X1,...,Xs) and, thus, we do not observe the potential outcome for each region i from every pos-
sible realizations of these shocks (see Remark 4). As discussed in Section 4.3.2, this conceptualiza-
tion differs from that in Goldsmith-Pinkham, Sorkin and Swift (2018), who instead treat the shares
(wi, ..., wis) as independent across i and as good as randomly assigned. To explore the robustness of
our inference procedures to this alternative characterization, we perform also an alternative placebo
exercise in which we construct the shift-share covariate X" for each simulation m by randomizing
the vector of sectoral shares {w;s}°_; while holding constant across simulations the vector of sectoral
shocks (X7y,...,Xs); ie. X" = 255:1 wl’-”l’s.zs Under this randomization scheme, all inference pro-

S
cedures considered in Table 2 have rejection rates close to 5%. Thus, while the consistency of the

27 Appendix C investigates the sensitivity of our results to the definitions of geographic and exposure units. When we use
counties (instead of CZs) as the regional unit of analysis, Table C.3 shows that rejection rates for all inference procedures
are very similar to those in Table 2. We also investigate the performance of different inference procedures in an analogous
placebo exercise using actual occupation employment shares in 1990 and randomly drawn shocks to 331 occupations.
Table C.4 shows that the overrejection of traditional inference methods is more severe with shift-share regressors based on
occupations; in this case, our inference procedure under the null yields the correct test size.

28Speciﬁcally, we generate a single random draw of (X7, ..., Xs) from the distribution in eq. (45) and we keep this draw
constant across the 1000 simulated samples. Then, in each simulation draw m, we assign to each CZ i a vector of shares
(wl, ..., wi%) drawn from the empirical distribution of the CZ shares {(wjy, ..., w;s)}Y ;.

31



Table 3: Rejection rate of Hy: B = 0 at 5% significance level. Sectoral composition.

Robust St-cluster AKM  AKMO AKM  AKMO
Sector Shock Correlation: Independent 3-digit cluster
Panel A: Number of sectors
2—digit (§ =20) 72.5% 59.2% 12.8% 6.1% — —
3-digit (S = 136) 53.6% 42.9% 7.1% 4.7% — —
4-digit (S = 398) 46.8% 36.8% 7.7% 4.6% — —
Panel B: Simulated shocks to non-manufacturing sector

93.0% 90.2% 78.0%  77.4% — —
Panel C: Simulated shocks with correlation within 3-digit SIC sectors
o = 0.00 47 .6% 36.6% 6.6% 4.2% 6.9% 4.1%
o =025 48.5% 32.3% 7.0% 6.3% 5.0% 4.7%
p = 0.50 47 9% 31.8% 7.2% 8.1% 4.8% 5.5%
o =075 53.7% 37.3% 9.3% 10.1% 4.9% 5.2%
o = 1.00 52.0% 36.5% 11.6%  13.2% 5.3% 5.3%

Notes: All estimates in this table use the total employment share in each CZ as the outcome variable Y;. The inference
procedure employed to compute the rejection rate in each of the columns is indicated in the first row. This rejection rate
indicates the percentage of the 1000 simulated datasets for which we reject the null hypothesis Hy : B = 0 using a 5%
significance level test. Robust is the Eicker-Huber-White standard error; St-cluster is the standard error that clusters CZs in
the same state; AKM (Independent) is the standard error in Remark 5; AKMO (Independent) is the test in Remark 6; AKM
(3-digit cluster) is the standard error in eq. (40); and AKMO (3-digit cluster) is the confidence interval described in the last
sentence of Section 4.3.1.

heteroskedasticity-robust and state-clustered standard error estimates depends crucially on the con-
ceptualization of the shift-share regression, the inference procedures that we provide in Remarks 5
and 6 generate the right rejection rates when either the “shifts” or the “shares” are as good as ran-
domly assigned.

5.2.2 Alternative number of sectors and correlated sectoral shocks

The inference procedures described in Remarks 5 and 6 generate tests and confidence intervals that
are valid only if: (a) the number of sectors goes to infinity (see Assumption 4(i)); (b) all sectors are
asymptotically “small” (see Assumption 3(i)); (c) all sectoral shocks are independent of each other
conditional on the matrix of shares W and other sectoral shocks Z that we proxy for in the regression
(see Assumption 4(ii)). We test how sensitive different inference procedures are to the number of
sectors, the size of the largest sector and the correlation structure of the sectoral shocks in panels A,
B, and C, respectively, of Table 3.

In Panel A, we perform the placebo exercise described in Section 5.2.1 with different sector def-
initions used to build the region- and sector-specific shares. The results in Panel A of Table 3 show
that the overrejection problem affecting standard inference procedures is worse when the number of
sectors decreases: the rejection rates for Robust and St-cluster standard errors reach 72.5% and 59.2%,
respectively, when only the 20 2-digit SIC sectors are considered in the analysis. The rejection rates
for AKM also increase to 12.8%, but those for AKMO0 remain quite close to the 5% significance level.

In Panel B, we redo the placebo exercise assigning a randomly generated sectoral shock also to
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the aggregate non-manufacturing sector. Across the CZs in our analysis, the non-manufacturing
sector accounts on average for 78% of employment, with a minimum employment share of 38%. Our
simulation indicates that all methods perform poorly in this case. So, in practice, it is important to
have small sectors.

In Panel C, we allow the shocks X corresponding to industries that belong to the same 3-digit
sector to be correlated. Specifically, we set again all elements in the Sth row and column of X to 0
and, for all remaining elements of X, we set the element sk of the matrix X equal to (1 — p)cI{s =
k} + pol{c(s) = c(k)}, where, for every s, c(s) indicates the 3-digit sector that industry s belongs
to. When implementing either the standard inference procedures Robust and St-cluster or the version
of the AKM and AKMO confidence intervals that assume no correlation across the sectoral shocks,
we observe that within-cluster correlation in sectoral shocks has a small impact on the rejection rate.
However, the inference procedures described in Section 4.3.1, which generalize AKM and AKMO0 to
allow for correlation in sectoral shocks X7, ..., Xs across sectors belonging to the same cluster, yield
the right rejection rate.

We summarize the conclusions from Table 3 in the following remark.

Remark 8. In shift-share regressions, overrejection is more severe when there is a small number of large sectors.
In this case, our methods significantly reduce the rejection rate, although they may still overreject relative to the
nominal significance level when the number of sectors is very small.

5.2.3 Confounding sector-level shocks: omitted variable bias and solutions

In Appendix C.1, we investigate the consequences of violations of Assumption 1(i) that requires
observed sectoral shocks of interest X7, ..., Xs to be independent from other sectoral shocks affecting
the outcome variable of interest. In particular, we study the impact that violations of this assumption
have on the properties of the OLS estimator of the coefficient on the shift-share regressor of interest.
We also consider the properties of two solutions to this problem: (i) the inclusion of regional controls
as a proxy for sector-level unobserved shocks (discussed in Section 4.2), and (ii) the use of a shift-share
instrumental variable constructed as a weighted average of exogenous sector-level shocks (discussed
in Section 4.3.2).

Our simulations confirm that confounding sector-level shocks introduce bias in the OLS estimator
of the coefficient on the shift-share regressor of interest. In such cases, region-level controls eliminate
the bias only if they are a perfect proxy for the sector-level confounding shock. Otherwise, an IV
approach is needed. We also verify that, whenever the corresponding estimator is consistent, the
patterns discussed in Remark 7 apply to both OLS and IV estimators: traditional inference methods
suffer from a severe overrejection problem and yield confidence intervals that undercover; the infer-
ence procedures described in Remarks 5 and 6 yield the correct test size and confidence intervals

with the right coverage.
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6 Empirical applications

We now apply our methodology to two empirical applications. First, the study of the effect of Chinese
competition on labor market outcomes across U.S. Commuting Zones, as in Autor, Dorn and Hanson
(2013). Second, the estimation of the elasticity of labor supply, as in Bartik (1991). In both of these
applications, we use the data sources described in Section 5.1.

6.1 Effect of chinese exports on U.S. labor market outcomes

Autor, Dorn and Hanson (2013), henceforth referred to as ADH, explore the impact of exports from
China on labor market outcomes across U.S. Commuting Zones. Specifically, they present estimates
such as those in eq. (43) where Yj; is the ten-year equivalent change in a labor-market outcome in
CZ i in 1990-2000 and 2000-2007, w;s is the CZ i employment share in the 4-digit SIC sector s in the
initial year of the corresponding period (either 1990 or 2000), Y}, is a weighted average of the change
in sectoral U.S. imports from China normalized by U.S. total employment in the corresponding sector,
and X; is analogous to Yj; with the only difference that, instead of using U.S. imports from China as
shifters, it uses imports from China to other high-income countries. As the K-vector of covariates Z;,
we will include the largest set of controls accounted for in ADH; see, e.g., column (6) of Table 3 of
ADH.

Table 4 reports our replication of results presented in Tables 5 to 7 of ADH, along with 95%
confidence intervals computed with different methodologies. Panel A presents the IV estimates; Panel
B presents reduced-form estimates, and Panel C presents the first stage estimates. These corresponds
to &, Bre and Prs, respectively, in the notation introduced in Section 4.3.2. Our estimates closely
replicate those in ADH.?

We focus on the comparison between confidence intervals obtained with different inference pro-
cedures. In all panels, state-clustered confidence intervals are very similar to the heteroskedasticity-
robust ones. This suggests that there is not much correlation in residuals within states. In contrast,
our proposed confidence intervals are wider than those implied by state-clustered standard errors. In
the IV regression reported in Panel A, across all outcomes, the average increase in the length of the
95% confidence interval is 25% with the AKM procedure and 100% with the AKMO procedure. When
the outcome variable is the change in the manufacturing employment rate, the length of the 95% con-
fidence interval increases by 36% with the AKM procedure and by 136% with the AKMO procedure.*
In light of the lack of impact of state-clustering on the 95% confidence interval, the wider intervals

implied by our inference procedures indicate that cross-region residual correlation is mostly driven

PThe slight difference between our estimates and those reported in ADH for both the point estimates &, ,@ rr and BFS
and the Robust and Cluster standard errors is due to differences in the measures of employment shares w;; and total
U.S. employment by sector, which are not directly reported in the replication package shared by the authors. Note that
information on these variables is generally not needed to replicate ADH once information on the shift-share variables Y,
and X; is provided (what the authors certainly do), but it is need in order to compute the confidence interval estimates
introduced in Section 4.

30The AKM and AKMO estimates reported in Table 4 account for correlation in the sectoral shifters across periods and
across 4-digit SIC sectors included in the same 3-digit SIC sector. Table D.2 shows that similar increases in the length of
the 95% confidence intervals are implied by AKM and AKMO0 when we assume that sectoral shifters are: (a) independent
across 4-digit SIC sectors and periods; (b) independent across 4-digit SIC sectors but possibly correlated across periods.
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Table 4: Effect of Chinese exports on U.S. commuting zones—Autor et al. (2013).

Change in the employment share Change in avg. log weekly wage

All Manuf. Non-Manuf. All Manuf. = Non-Manuf.

1) (2) (3) (4) (5) (6)
Panel A: 2SLS Regression
B —0.75 —0.58 —0.17 —0.70 0.20 —0.72
Robust [—1.09, —0.42] [-0.77,—0.39] [-0.48,0.13] [-1.18,—0.22] [-0.79,1.19] [—1.23,—0.21]
Cluster [—1.12,—-0.39] [—0.78,—0.38] [—0.47,0.12] [-1.19,—0.21] [-0.76,1.16] [—1.22,—0.22]
AKM [-1.24,—-0.26] [-0.85,—0.31] [-0.55,0.20] [-1.31,—0.09] [—0.73,1.13] [-1.37, —0.07]
AKMO [-2.02,—-0.34] [-1.25,—0.31] [—0.96,0.15] [—1.95,—0.09] [—1.45,1.17] [—2.23,—0.16]
Panel B: OLS Reduced-Form Regression
B —0.66 —0.50 —0.15 —0.61 0.18 —0.63
Robust [—0.97, —0.35] [—0.65, —0.36] [—0.43,0.12] [-1.05,—0.17] [-0.67,1.02] [-1.11, —0.15]
Cluster [—0.87, —0.44] [—0.62,—0.39] [—0.39,0.09] [—1.01,—0.21] [—0.67,1.02] [—1.06, —0.20]
AKM [-1.11,-0.20] [-0.73,—0.28] [-0.49,0.18] [-1.17,—0.05] [—0.62,0.97] [—1.23,—0.02]
AKMO [—-1.72,-0.30] [—0.94,—-0.30] [—0.89,0.12] [—1.66,—0.08] [—1.45,0.87] [—1.97, —0.13]
Panel C: 2SLS First-Stage
B 0.87
Robust [0.63,1.11]
Cluster [0.62,1.12]
AKM [0.71,1.03]
AKMO [0.72,1.17]

Notes: N = 1,444 (722 CZs x two time periods). Models are weighted by start of period CZ share of national population.
All regressions include the full vector of baseline controls in ADH. 95% confidence intervals in square brackets. Robust is the
Eicker-Huber-White standard error; Cluster is the standard error that clusters of CZs in the same state; AKM is the standard
error in eq. (40) with 3-digit SIC clusters; AKMO is the confidence interval with 3-digit SIC clusters described in the last sentence
of Section 4.3.1.

by similarity in sectoral compositions rather than by geographic proximity.

Panel B of Table 4 reports confidence intervals for the reduced-form specification. In this case, the
increase in the confidence interval length is slightly larger: across outcomes, it increases on average
by 54% for AKM and 129% for AKMO. The smaller relative increase in the confidence interval length
for the IV estimate & relative to its increase for the reduced-form estimate g is a consequence of the
fact that all inference procedures yield very similar confidence intervals for the first-stage estimate
Brs, as reported in Panel C.

As discussed in Section 5, the differences between the AKM (or the AKM0) standard errors and
state-clustered standard errors are related to the importance of the sector-level component in the
regression residual. The results in Panel C suggest that, once we account for the changes in sectoral
imports from China to other high-income countries, there is not much sectoral variation left in the
first-stage regression residual; i.e., there are no other sectoral variables that are important to explain

the changes in sectoral imports from China to the U.S.3! To formally investigate this claim, Table D.3

31This is similar to the effect of state-specific regression covariates on state-clustered standard errors: if one includes
enough covariates that vary at the state level, state-clustered standard errors in regressions in which the variable of interest
also varies at the state level will be similar to heteroskedasticity-robust standard errors, since there is not much within-state
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reports the rejection rates implied by a placebo exercise analogous to that described Section 5 when
the outcome variable in the placebo exercise is the same as that in the first-stage specification reported
in Panel C of Table 4. Panel A in Table D.3 shows that, when no covariates are included, traditional
methods still suffer from severe overrejection problems and our methods yield the correct test size.
However, as shown in Panels B and C in Table D.3, the problem is greatly attenuated when controlling
for the instrumental variable and other covariates used in ADH. This indicates that the instrumental
variable and additional covariates included in ADH soak most of the cross-CZ correlation in the CZs
exposure to Chinese imports; i.e. most of the cross-CZ correlation in the ADH treatment variable.
Overall, Table 4 shows that, despite the wider confidence intervals obtained with our procedure,
the qualitative conclusions in ADH with respect to the effect of U.S. imports from China on CZs labor
market outcomes remain valid at usual significance levels. However, the increase in the length of
the 95% confidence interval indicates that there is more uncertainty regarding the magnitude of the
impact of Chinese import exposure on labor markets. In particular, the AKMO confidence interval
is much wider than that based on state-clustered standard errors; it is asymmetric around the point
estimate, and it indicates that the negative impact of the China shock could have been 2 to 3 times

larger than the effect implied by the point estimates.?

6.2 Estimation of labor supply elasticity

Our second application focuses on the estimation of the labor supply elasticity. Following the model

in Section 2, we consider the estimation of the parameter ¢ using eq. (10) as estimating equation:
& = ¢w; + Z;6 + V;, (46)

where, as in Section 2, we use £ = In(zf/z°) to denote log-changes in a variable z between some initial
period t = 0 and some other period t. In our empirical application, we define each region i as a U.S.
CZ and use the same vector of covariates Z; as in the application described in Section 6.1; i.e., the
vector of controls listed in column (6) of Table 3 of ADH.

As illustrated through the model in Section 2, changes in local supply shocks, 7;, will generally
affect both changes in equilibrium local average wages and local employment rates. Thus, @; and 7;
are correlated and the OLS estimator of ¢ in eq. (46) will be biased. To circumvent this problem, a
popular approach in the literature is the use of shift-share instrumental variables. In this section, we
implement this strategy with two different sector-level shifters: (i) the national employment growth,
as in Bartik (1991); and (ii) the increase in imports from China by a set of high-income countries that
does not include the United States, as in Autor, Dorn and Hanson (2013).

Table 5 presents first-stage, reduced-form and IV estimates associated to the estimation of the

correlation left in the residuals.

321t follows from the formula in Remark 6 (see the expression for the quantity A, by which the confidence interval is
recentered) that the asymmetry comes from the correlation between the regression residuals R and the shifters cubed,
which is zero in large samples. In fact, it can be shown that AKM and AMO are asymptotically equivalent. The differences
between the confidence intervals in Table 4 thus reflects differences in their finite-sample properties, which are not captured
by the asymptotics. This notwithstanding, the placebo exercise presented in Section 5 shows that both inference procedures
yield close to correct rejection rates in a sample with the same number of regions and sectors as that used to generate the
estimates in Table 4.
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Table 5: Estimation of labor supply elasticity.

First-Stage Reduced-Form 25LS
w; éi éi
D) ) 3)
Panel A: Bartik IV
30.08 37.99 1.26
Robust [21.05,39.12] [28.18,47.80] [0.97,1.55]
Cluster [18.28,41.89] [24.07,51.91] [0.89,1.63]
AKM [16.68,43.49] [22.77,53.21] [0.97,1.56]
AKMO0 [15.73,44.81] [21.68,54.69] [0.98,1.72]
Panel B: ADH 1V
—-0.61 —-0.97 1.58
Robust [—1.05, —0.17] [—1.43,—0.50] [0.75,2.42]
Cluster [—1.01, —0.21] [—1.27, —0.66] [0.78,2.39]
AKM [—1.17,—0.05] [—1.64, —0.29] [0.53,2.64]
AKMO0 [—1.66, —0.08] [—2.54, —0.45] [0.88,4.79]

Notes: N = 1,444 (722 CZs x two time periods). Models are weighted by start of
period CZ share of national population. All regressions include the full vector of
baseline controls in ADH. 95% confidence intervals in square brackets. Robust is
the Eicker-Huber-White standard error; Cluster is the standard error that clusters of
CZs in the same state; AKM is the standard error in eq. (40) with 3-digit SIC clusters;
AKMO is the confidence interval with 3-digit SIC clusters described in the last sentence
of Section 4.3.1.

parameter ¢ in eq. (46). Panel A reports results using the Bartik (1991) instrumental variable with
sectoral national employment growth as shifters, and Panel B reports results using the ADH instru-
mental variable with sectoral imports from China by high-income countries other than the US as
shifters. In both cases, the estimates of the labor supply elasticity are similar: 1.26 in Panel A and
1.58 in Panel B.

We now compare the different IV confidence intervals in column (3). In Panel A, our proposed
confidence intervals are wider than heteroskedasticity-robust 95% confidence intervals, but tighter
than state-clustered 95% confidence intervals. For Panel B, our proposed confidence intervals are
30%-140% wider than those obtained with state-clustered and heteroskedasticity-robust standard
errors. As discussed in Section 6.1, such differences are related to the sector-level component of the
cross-regional correlation in residuals. Our results suggest that the national employment growth in
the Bartik (1991) instrumental variable absorbs the bulk of this component, leaving little correlation
left for our inference procedures to correct. In contrast, the ADH instrumental variable absorbs a
lower fraction of the sectoral component of residuals, which implies that our procedure has a larger

impact on the length of the 95% confidence interval.

7 Concluding remarks

This paper analyzes the statistical properties of shift-share empirical specifications. Our analysis
shows that standard economic models predict changes in regional outcomes to depend on observed
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and unobserved sector-level shocks through several shift-share covariates. Our model thus implies
that the residual in shift-share regressions is likely to be correlated across regions with similar sectoral
composition, independently of their geographic location, due to the presence of unobserved sectoral
shifters affecting the outcome of interest. Such a correlation is ignored by inference procedures
typically used in shift-share regressions, such as when standard errors are clustered on geographic
units. To illustrate the importance of this shortcoming, we implement a placebo exercise in which
we study the effect of randomly generated sector-level shocks on actual changes in labor market
outcomes across CZs in the United States. We find that traditional inference procedures severely
overreject the null hypothesis of no effect. We derive two novel inference procedures that yield
correct rejection rates.

It has become standard practice to report cluster-robust standard errors in regression analysis
whenever the variable of interest varies at a more aggregate level than the unit of observation. This
practice guards against potential correlation in the residuals that arises whenever the residuals contain
unobserved shocks that also vary at a more aggregate level. In the same way, we recommend that
researchers report confidence intervals in shift-share designs that allow for a shift-share structure in

the residuals, such as one of the two confidence intervals that we propose.
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Appendices

A Economic model: details and extensions

A.1 Sector-specific price index

The price change in every sector s, Db, depends on the shocks A, 4s and 9; of all sectors and regions

of the world economy. Specifically, the change in the sector-specific price index is

— ) b Zx]s/ Ajy + A5 — A Zl]k Y+ (o — 1) Ag]), (A1)

s’ j=

where {6,y }s¢ are positive constants, and Xjs is the share of the world production in sector s that
corresponds to region j, x;.)s = Xjs/ 2{21 Xjs. Imposing that all regions j in a country c are small is
equivalent to assuming that x?s ~ O Oforallj € J.and fors = 1,...,S. Therefore, when all regions

Jj € Jc are small, we can rewrite the change in the sector-specific price index as

2955/ Z x]s’ A]s’ + A; U] A Zl]k Yr + (O'k — 1)A]k]) (A.2)
s j&le

In this case, P; does not depend on the labor supply shocks and technology shocks in any region j

included in country c; i.e. P does not depend neither on {A]-S/} s5=1,j ¢j. nor on {0},

Proof of eq. (A.1). Equations (9) and (14) imply that

ZBSkPk Zx]s (A Zl]k Y + (0% — 1)Ajk} — Ajd; — Ajs)z

where 0, = ) x?sl?k)\j(ak —1). Let us use bold variables to denote vectors, y = [ys]s, and bar bold

variables to denote matrices, @ = [ag]s . Thus,

and, therefore,
This immediately implies eq. (A.1). [
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A.2 Expression for sector- and region-specific employment

Similarly to eq. (18), we can write the change in employment in sector s in a region i as

S
Lis = s+ (05 = 1) (Ais + Ps) — 0sAi Y I [4s + (05 — 1) (Ais + Ps) | + 0uA 05 (A.3)
s=1
This expression shows that the change in employment in a particular sector- and region-specific pair
also depends on the same set of shocks affecting each region’s total employment and wages according
to egs. (17) and (18). However, as a comparison of egs. (18) and (A.3) illustrates, the response of total
regional employment L; to, for example, a particular change in the world price of a sector s, D, is
different from the response of sectoral employment, L;;, no matter whether we focus on its response
to the same sector prices, P;, or its response to changes in prices in a different sector k # s, P.

Specifically,
dLis/dPs = (05 — 1) — 1B s, with  Bpis = 0sAi(0s — 1); (A.4)
dtis /dpk == —l?kﬁL,isk/ with ,BL,isk = 0'5)&1'(0']( — 1), Vs 7& k. (A5)

The expression in eq. (A.5) reflects the presence of cross-sectoral spillovers in the model described in
Section 2.1: exogenous shocks to labor demand in one sector k affect employment in every other sector
s. By doing simple algebra, the expressions in egs. (A.4) and (A.5) also show that one can recover
the total impact of P, on regional employment Liin eq. (19) as the appropriate weighted average of
the elasticities in eqs. (A.4) and (A.5): dL;/dP; = l?sdﬁis /dPs + Yts l?k(diik/ dP;).® Following this
approach would however require estimating S parameters just to compute dL;/dP; for a particular is
pair; i.e. {Brisk};_,. Conversely, using the expression in eq. (18) as basis for analysis only requires
estimating one single parameter: the parameter f; ;s introduced in eq. (19).

A.3 Allowing for regional migration

We extend here the baseline environment described in Section 2.1 to allow for mobility of individuals
across regions within a single country c. We still assume that the number of individuals living in

each country c is fixed and equal to M,.

Environment. The only difference with respect to the setting described in Section 2.1 is that the
mass of individuals living in a region i, M;, is no longer fixed. Instead, we assume that, before the
realization of the shock u(1) in eq. (6), individuals must decide their preferred region of residence
taking into account their idiosyncratic preferences for local amenities in each region. Specifically, we

assume that the utility to individual ¢ of residing in region i is
U(t) = (1) (Ui(wi/P,bi/P) — 1) (A.6)

where U;(w;/ P, b;/P) is the expected utility of residing in region i, as determined by egs. (6) and (7),

3Note that L; = Y7 _; 1%L and, therefore, dL;/dPs = Y§_1 19 (dLy/dPs) = 19dL;s/dPs + Ty ss 19, (dLix /dPs).
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and 7;(¢) is the idiosyncratic amenity level of region i for individual . For simplicity, we assume that
individuals draw their idiosyncratic amenity level independently (across individuals and regions)

from a Type I extreme value distribution:
Ti() ~ Ex(@)=e "', §>0. (A7)

A similar modeling of labor mobility has been previously imposed, among others, in Allen and
Arkolakis (2016), Redding (2016), Allen, Arkolakis and Takahashi (2018), Monte, Redding and Rossi-
Hansberg (2018) and Fajgelbaum et al. (2018). See Redding and Rossi-Hansberg (2017) for additional

references.

Equilibrium. To characterize the labor supply in region i, we first compute U;(w;/ P, b;/P):

_ w;j o] bl b; /w;
{y(w;/ P, b;/P) = ?/b udPu(u)+f/_ dE, (u),

i/ wi

. oo — . b/ w; —¢p—1
:(p% e (%) ¢du+llj;[w i(i) ’ du,
5Pt R0 G
-5t 6))
To simplify the analysis, we assume that the unemployment benefit is identical in all regions and

equal to the price index P; i.e. b; = P for all i € J. Defining v; = (v;/b;)? as in eq. (10), the assumption
that b; = P for all i € | implies that v; = v;/P and, thus,

] 1 wi\ ¢
iwi/P,bi/P) =1+ o0 ()

and the share of national population in region i is

M; = Pr [i; (1) (U;(wi/ P, bi/P) — 1) > i;(1) (Uj(w;/P,b;/P) —1), Vje]]
=Pr [fll’(l) ( ) > uj(t)vj(a)] ¢, v] € ]c]

Given the distributional assumption in eq. (A.7), it holds that

vi(w;)

M; = M, such that @, = )_vj(w;)? and ¢ = P¢. (A.8)

¢ j€le

Combining egs. (14) and (A.8), we obtain the following equilibrium equation

i (w;)Pm - -1
Y Mo (w)? =Y (w;) "% (AiDPs)" W, A9
Zje]c U]'((U]')(Pm c ( ) Xs:( ) ( S S) Vs ( )
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or, equivalently,
(®6)71Mcvi(wi)¢+¢m = Z(wi)i% (AisPS)Us_l rsW, (A.10)

s
for every region i in every country c. As in the model described in Section 2, W = };c; W; and
W; = ). W; and we impose the normalization W = 1. Conditional on this normalization, the system
of ] labor market clearing conditions in eq. (A.9) and the system of S price indices in egs. (8) and (11)
jointly determine the set of equilibrium wages {w;}ic; as a function of the technology levels in all
regions {Ajs}3_; i ;» sectoral preferences {7s}5_,, labor supply shifters {v;};c;, and the parameters

{o:}5_,, ¢, and ¢y

Labor Market Impact of Economic Shocks in a Small Open Economy. Assuming that {M.}<_,,
{o:}5_,, and (¢, pm) are fixed and totally differentiating eq. (A.9) with respect to the remaining de-
terminants of @;, we can express the changes in wages in every region i of the small economy c
as

S
0 = Aide + A Y I [s + (05 — 1) (Ais + Dy)] — A9y,
s=1
where A; = (¢ + ¢ + Y [%05) 7 and 19, is the share of workers living in region i that were employed
in sector s at the initial period 0; i.e. I9 = L% /LY. Eliminating sectoral differences in the constant

elasticity of substitution in demand in eq. (5), 05 = ¢ Vs, the expression for the change in wages
simplifies to:

S
v; = CDC—f—/\Zl?S ['?’s+(0'_1)(Ais+Ps)] — A9, (A-ll)
s=1
where A = (¢ + ¢ + X 1%0) ! and

S = Y m) (pmd; + i),

i€]e
S
= Apu D+ Ap Y m? Y 10 [45+ (0 — 1) (Ass + B)| — A Y mP0;,
i€]; s=1 i€
A S S A )
= O Y 0 Y I [+ (0= 1)(As + P)] — 2 s, (A12)
1=Adm i, 3 L= Adw g,

where m? is the share of individuals living in country c that had residence in region i at the initial
period 0; i.e. m? = M? / M(C), with M? = Yie), M?. As in the main text, let’s consider the case in which
all regions i in country c are small open economies. The variable &, thus depends on technology

. . . A ~ S
shocks and labor supply shocks in all regions i of country c, i(Ais, 0i) Yot e
sectoral preference shocks and sectoral prices changes, { (s, PS)}Sszl. Furthermore, the sectoral price

and on the aggregate

changes themselves depend on the aggregate sectoral preference shocks and on the technology shocks
and labor supply shocks in every other region of the world, {(A;, 9;)} y lic N

Once we impose the assumption that 0, = ¢ Vs, the expression in eq. (17) is identical to that in
eq. (A.11) under the restrictions that &, = 0 and ¢ = 0. Specifically, focusing again on the impact of
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sectoral price shocks P, note that
d@;/dP; = A(dd./dPs) + 104 (0 — 1), s=1,...,5,i=1,...,], (A.13)

and A = A if § = 0. Therefore, the second term in eq. (A.13) has a shift-share structure, being the
product of an observed weight [9 and an unobserved parameter A(c — 1). However, even if one
could consistently estimate the parameter A(c — 1) (e.g. using eq. (A.11) as estimating equation and
controlling for &, through a country ¢ dummy variable) the expression 1A (o — 1) will not capture
the impact of P; on ;. It will only capture some partial impact that does not take into account the
effect that P, has on &, through the term d..

To recover the total effect of P on &; one would need to substitute for &, in eq. (A.11) using the

expression in eq. (A.12). Interestingly, once we rewrite eq. (A.12) as

OZO - 1)(Ais +

llS

ze]c 16]

one can observe that the term that depends on P; in this equation also has a shift-share structure,
where the “share” corresponding to the shifter P; equals Y. I. (m?1). More precisely, from egs. (A.11)
and (A.12), one can rewrite the relationship between @; and the vector of sectoral price shocks {P} SS:1

as

S
Y Ro—-1)P+AY I(c—1)P+§, (A.14)

where [ = ¥, 5. (m; 919) and £; accounts for all remaining terms impacting ; in egs. (A.11) and (A.12).
As the expression in eq. (A.14) shows, we can rewrite the effect of P, on @&; in eq. (A.13) as

dcon/dBs = T B + 1B 1%(0—1) and Bus=Ac—1), (A15)

for every sector s = 1,...,S and every regioni =1,..., J..

Analogously, we can also construct an expression for the change in population in a location i as
M; = =D + 0; + gy, (A.16)
and an expression for the change in employment in a location i as
Li = o; + p; + M, (A.17)

where @; is defined in egs. (A.11) and (A.12). Therefore, estimating the impact of D, on either M;
or L; also requires accounting for the impact that it has on the country-c specific term &,. If, on the
contrary, a researcher builds an estimating equation for M; using as basis the equilibrium condition in
eq. (A.16) and controls for the term ®. using a country-c specific dummy, then the resulting estimate
will at best capture only a partial effect of P; on M;. The same is true if the effect of P; on L; is
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estimated using the equilibrium condition in (A.17) as estimating equation and controlling for &,
through a country-c fixed effect.

A.4 Sector-specific factors of production

We extend here the model described in Section 2.1 to incorporate other factors of production. In
particular, we introduce a specific-factor in each sector, as in the seminal paper by Jones (1971). More
recently, Kovak (2013) uses a specific-factors model to derives a shift-share specification.

Environment. The only difference with respect to the setting described in Section 2.1 is that the
production function in eq. (3) is substituted for a Cobb-Douglas production function that combines
labor and capital inputs:

Qis = Ais (Lis)' ™% (Kis)% .

We additionally assume that capital is a sector-specific factor of production (sector-s capital has no
use in any other sector) and that, for every sector s = 1,...,S, each region has an endowment of

sector-specific capital Kjs.

Equilibrium. Conditional on the region-i equilibrium wage w; and rental rate of sector-s capital R;;,
the cost minimization problem of the sector-s region-i representative firm and the market clearing
condition for sector-s region-i specific capital imply that

1-0i5Kis _ wi
Gis Lis Ris

Conditional on the sector-s region-i final good price p;s, the firm’s zero profit condition implies that
] 1-6;s Ois
pisAistis = (wi) " (Ris)™,

where 0;; = (91'5)6"“ (1- 91'5)179". The combination of these two conditions yields the demand for labor

in sector s and region i,

1

1—06. AB.\ s
Ll‘s — 9 HZS Kls <P15 ISGZS> , (A18)
is Wi
and the total sales of the sector-s region-i good are
1 K ~ L 1—-L
Xis = ——wiLis = == (pisAisbis) % (w;)™ % . (A.19)
1—06; Ois

Given the normalization that sets world income to one, W = 1, the total expenditure in the sector-s
region-i good is equal to x;s7;, with x;; defined as a function of the equilibrium prices p;; and Ps in
eq. (9). Equating egs. (9) and (A.19), we can solve for the equilibrium value of p;; as a function of the
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sector-s price index Ps:

Kis B (;L 1_% Psl—(TS _915771'5
pis = | 5 (Aishis) % (wi) % ——— (A.20)
Bis Vs

where 77, = (14 6;5(cs —1))"" € (0,1). Furthermore, combining the expression for p;; in eq. (A.20)
and that for P; in eq. (8), we can solve for the equilibrium value of the sectoral price Ps as a function
of {w;}ic; and exogenous parameters.

Combining the expression in eq. (A.20) with eq. (A.18) we obtain an expression for labor demand
in sector s of region 7 as a function of equilibrium wages wj, the sector-s price Ps and other exogenous
determinants:

LZS - KZS’)/SIq (AZSPS)( )77!9 ( l) outlis

1
where ks = (1 — 0;5)(Kis 9 s/ Qi) s, Adding across sectors, we obtain aggregate labor demand in

region i:
> i (os—1)7; —0%1];
L; = Z KisYs (Aisps) s s (wl) osMlis
s=1

Finally, equalizing labor demand and labor supply in every region, we obtain the following | labor
market clearing conditions:

s
Mvi(wi)? = Y kisy 1 (AP) W ()™ j =1, ] (A.21)
s=1

Given these | equations and an expression for every sectoral price index P; as function of the com-

plete vector of wages in every region of the world, we can solve for these equilibrium wage levels
{wities-

Labor Market Impact of Economic Shocks in a Small Open Economy. Assuming that {M,}ic;,
{os}51, ¢ and {(Kis, 0;5)}5 4 e ; are fixed and totally differentiating eq. (A.21) with respect to the
remaining determinants of w;, we can express the changes in wages in every region i of the small

open economy c as

= ;\ 2 7715')’5 )7715 (A + 155)} + A0, (A.22)

where A; = (¢ + ¥, 1047735 - Finally, plugging this expression into an equation relating changes in
employment in region i to changes in wages in region i, L; = 9; + ¢@;, we can express the changes in

employment in every region i of the small open economy c as

L - ¢A les [771575 ( )7715 (Azs + PS)] + (1 - ¢A1)ﬁl (A23)
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Given egs. (A.22) and (A.23) and focusing again on price shocks D, for illustrative purposes, note
that we can write, for every region i and sector s,

dl;/dP, = 1981 i, with  BLis = pAigis (05 — 1); (A.24)
d@;/dls = 19 s, with  Beis = Aitgis (05 — 1). (A.25)

Conditional on the values of the reduced-form parameters B; ;s and B s, these two expressions are
identical to those in egs. (19) and (20). Furthermore, the reduced-form parameters entering eqgs. (A.24)
and (A.25) will be identical to those entering egs. (19) and (20) if and only if 8;; = 0 for every i and s.

A.5 Sector-specific preferences

We extend here the model described in Section 2.1 to allow workers to have idiosyncratic preferences

for being employed in the differents =1, ..., S sectors and for being non-employed s = 0.

Environment. The only difference with respect to the setting described in Section 2.1 is that the
utility function in egs. (6) and (7) is substituted by an alternative utility function that features workers
idiosyncratic preferences for being employed in the different s = 1,...,S sectors and for being non-
employed s = 0. Specifically, we assume here that, conditional on obtaining utility C; from the

consumption of goods, the utility of a worker ¢ living in region j is
Ul-s = us(t)Cz-, (A26)

and, to simplify the analysis, we assume that 1(1) is distributed independently and identically across
individuals ¢ and sectors s with a Fréchet cumulative distribution function; i.e. for every region i =

1,...,J] and sectors =0,...,S,
F(u)=e %"  ¢>1. (A.27)

A similar modeling of workers’” sorting patterns across sectors has been introduced in Galle, Rodriguez-
Clare and Yi (2017) and Burstein, Morales and Vogel (2018a). See Addo (2016) for a framework that
relaxes the distributional assumption in eq. (A.27). Given that individuals have heterogeneous prefer-
ences for employment in different sectors, workers are no longer indifferent across sectors and, thus,
equilibrium wages {w;s}5_; may vary across sectors within a region i. As in the main text, we as-
sume that workers that choose the non-employment sector s = 0 in region i receive non-employment
benefits b;, which are financed as indicated in Section 2.1.

Equilibrium. Conditional on the equilibrium wages {w;s}3_,, the labor supply in sector s = 1,...,S
of region i is

Uis (wis)?

S
Lis = M; with @; = vb! + Y vis(wis)?, (A.28)
q)i s=1
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and the labor supply in the non-employment sector s = 0 is

vio(b;)?

Lo = M; o,
1

(A.29)
By combining the expression in eq. (A.28) and the labor demand in eq. (12), and imposing the normal-
ization W = 1, the labor market clearing condition in every sector s =1,...,S and regioni =1,...,]
is

vis (wis)?

D = (wis>7% (Aisps)as_l Ys- (A30)
i

M;
The system of | x S equations formed by this expression for every every sector s = 1,...,S and region
i=1,...,] yields the equilibrium wages {w;s}°_, el
In equilibrium, Burstein, Morales and Vogel (2018a) show that the average wage in every sector s

of the region i is

1
w; = y®d!, (A.31)

1

where v =T (1 —1/¢) with I'(.) denoting the Gamma function.

Labor Market Impact of Economic Shocks in a Small Open Economy. Assuming that {M;}ic;,
{os}5_,, and ¢ are fixed and totally differentiating eq. (A.30) with respect to the remaining determi-
nants of w;;, we can express the changes in wages in every sector s and every region i of the small
open economy ¢ as

Wis = (¢ + 0'5)71 ((iDz + s + (05 — 1>(Ais + D) — ﬁis) .

From the definition of ®; in eq. (A.28), we can derive the expression

S
élzz z’jls—'l_(i)l b"’(PZl (UZS,
5s=0

S=

and, plugging in the expression for @;; and grouping terms, we obtain
S ~ A
A LI+ 097 [T+ (05 = 1)(As+ B)]

where 4, = (1—¢ Y5 1%(¢p+05)"")", and 9; = A; IEN bi + AdY 0i0 + A Y2 1 1905(¢ + 05) 10ss. Thus,
plugging this expression back in the expression for @;;, we obtain that

s
Qis = (¢ +03)7" {ﬁi — Ois + s + (06 = 1) (Ais + Po) + Aip Y 15+ 010) ™ [Fe + (0 — 1) (Aie + Po)] ]
=1

We can similarly compute an expression for the change in total employment in region i as
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+A¢Zl (@ +05) " (Fs + (05 — ) (Ais + ) (A.32)

where 9; = 19(1 — 1) 71 (6; — ¢b;), and A; = 19(1 —19) ' As.

In addition, the change in the average in region i is

@ ;vzm Y (p+ )t [Fe+ (05— 1)(Ais + B)] (A33)
s=1

Given eq. (A.32) and eq. (A.33), the effect of price shocks D, is

dlL;/db; =128y ;. with Bris = pAi(¢ +05) (o5 — 1) (A.34)
de;/dls = 19Bis, with  Beis = Ai(¢+05) (o5 — 1). (A.35)

Conditional on the value of the reduced-form parameters f; ;s and B, ;s, these expressions are identi-
cal to those in equations egs. (19) and (20).

B Proofs and additional details for Section 4

Since Propositions 1 and 2 are special cases or Propositions 3 and 4, we only prove Propositions 3,
4 and 5. Before proving these results in Appendices B.2, B.2 and B.4, we collect some auxiliary
Lemmata used in the proofs in Appendix B.1. Finally, Appendix B.5 discusses inference when the
effects B;; are heterogeneous. Throughout this appendix, we use the following notation. We use the
notation Ag =< Bg to denote Ag = O(Bs), i.e. there exists a constant C independent of S such that
Ag < CBg. We denote the o-field generated by (Y(0),B,W, U, Z) by F = c(Y(0), B,W,U,Z). Define
Wer = Zf\il wiswi, Xs = Xs — Zly, and 02 = var(Xs | Fy) = var(Xs | Z,W).

B.1 Auxiliary results

Lemma 1. {Asy,..., Ass}S , be a triangular array of random variables. Fix y > 1, and let Ag;i =
Y wisAss, i = 1...,Ns. Suppose E[|Ass|" | W] exists and is bounded uniformly over S and s. Then
E[|As;i|" | W] exists and is bounded uniformly over S and i.

Proof. By Holder’s inequality,

s g o1 T s =1 g
E[|Asi|" | W] =E [ Y w wlAss |w] < (2%) Y wisE[ Al | W]
=1 s=1 s=1
S
= ) wisEl A | W] < max E[A | W],
s=1
which yields the result. O
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Lemma 2. {Agy,..., Asng }2 be a triangular array of random variables. Suppose E[A%; | W) exists and
is bounded uniformly over S and i. Then N2 Y5 | E[(LN, w;sAsi)? | W] — 0, provided Assumption 2(ii)
holds.

Proof. By Cauchy-Schwarz inequality,

s=1i=1j=1

s N 2 N N
N_ZZE |:<ZwisASi> W] < 12 Zzzwzsw]s ‘W]l/zE[Az |W]1/2
s=1 i=1
S N N S
ZXﬁ:Z%ZNQZ@
s=1i=1j=1

s=1

The result follows from the fact that N=2Y"5_; n2 < max, 15/ N, which converges to zero by Assump-
tion 2(ii). O

Lemma 3. let {Ag1,..., AsNng, Bs1, ..., Bsng, Ast, - .., Ass }oy be a triangular array of random variables
such that E[A%; | W], E[BS, | W), and E[ A2, | W] exist and are bounded uniformly over S, i and s. Then
(X n3) 1 Ly s wiswjs AsiBsjAss = Op(1).

Proof. Let Rg = (Y n2)~! Yijs WiswjsAsiBsj Ass. Then by Cauchy-Schwarz inequality,

1
E[|Rs| | W] < T2 Y wiswjsE[|AsiBsj Ass| | W]

S s i,j,S

1
wisw;sE[|Bsi|* | WIVAE[|Agi* | WIVAE[AZ, | W)Y/ < wiswjs = 1.

1
S ¥ o2
ZS nS i,j/s

- ZS S 1]5

The result then follows by Markov inequality and the dominated convergence theorem. O
B.2 Proof of Proposition 3
Let Ey denote expectation conditional on W. We first show that

lXZ:lZwZWZ+0m (B.1)

N N ' s i P .

]‘ ! ]- / -

XX =5 Xﬁw%+ﬁzzn%%w+wG) (B.2)

1 1

NZY:N;ZH +N;Zm@ﬁm+@u) (B.3)

1

NX Y = Zwlswlt s')’ Zt'}’),th + = Zw 02,315 + = Zwls (0) + OP(l)' (B4)

zst

Consider (B.1). We have
1

1
— NZISZwiSZi Z Zwlsz + NZwZS ZlyZ;.
s i 1,8

s i
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It therefore suffices to show that

% st Zwiszi = OP(l)' (B5)

The left-hand side has mean zero conditional on W, with the variance of the kth row given by

2 2
1 - 1 1
var <N Y wis X Zi | W> =Nz Y Ewo? <Zwiszik> = N2 Y Ew (Zwiszik> :
is 5 7 5 i

By Lemma 1, Assumption 4(iv), and the C,-inequality, Ew[Z3] = Ew[(¥ wisZs + Uix)?] is bounded,
so that by Lemma 2, the right-hand side converges to zero. Equation (B.5) then follows by Markov
inequality and the dominated convergence theorem.

Next, consider eq. (B.2). We have

1
7X’X = — ZISItwiswit =

N N NZIItwstJr ZJC’Z E[X2? | Zs, W) w2

i,s,t s<t 1,8

1 _
+ = N ZZ ')/xtwst + = Z(T wss + N Z‘zélyzt,’ywst- (86)
s#t st

We will show that the first three summands are of the order op(1). All three summands are mean zero
since they are mean zero conditional on Fj, so by Markov inequality and the dominated convergence

theorem, it suffices to show that their variances, conditional on W, converge to zero. To that end,

va <NZISItwst|W) NZZEW(Tatw %—Zwst

s<t s<t

1
Zwlsw]s =Nz an — 0. (B.7)
S

i,j,5

where the last inequality follows from } ; wiwjs < Y ;w;s = 1, and the convergence to 0 follows
by Assumption 2(ii). The variance of the second summand can be bounded by

2
1 1 1
var (N Y(00 — B2 | 7o, W])ei2 | W) < NZE(DU?S) <Lt
s i s

1,8

which converges to zero by Assumption 2(ii). Finally, variance of the third summand in eq. (B.6) can
be bounded by

2

2 - 4

var <N Z Zly Xywiswiy | W> < ﬁZEWUt <Z]Zn\wlsw,t)
i,5#t t s,i

2
1
= ﬁZEW (Zwis Zwit‘z;')”) .
5 i t

By Lemma 1, the second moment of ), w;|Z;v| is bounded, so by Lemma 2, the right-hand side
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converges to zero.
Next, consider eq. (B.3). We can decompose

1 1 - 1
NZIY = N Zziwisxsﬁis + N ZZiYi ‘|‘ ZZ wztzt’)’ﬁzt
1,5 i it

We will show that the first summand is op(1). Since it has mean zero, by Markov inequality, it suffices
to show that the variance of each row k conditional on W converges to zero. Now,

2
1
va ( Zzlkwltxtﬁlt ‘ W) N2 ZEWUSZ (Zzikwisﬁis>
s i

it
, 2
= Y Ew (ZMJZH)
s i

where the convergence follows by Lemma 2, since as observed above, Ey[|Z|*] is bounded. Finally,
consider eq. (B.4). Decompose

1 1 - 1 .
N ZXiYi =N sz ZwisYi(O) + N Z Wisw;ir Xs LBt
i s i

is<t

+ N Z wlswztx xt,th + = Z s’)’)*f’tzwiswitﬁit
i,s>t syét i

+ = N sz Zy) szswztﬁzt+ szs (X2 — E[X7 | Zs, W))Bis
s£t

Zwlswzt Z 7) Zt7 ,th + Zw 0'2,815 Zwis(zslr)’)yi(o)'
i,s

zst

We will show that all summands except for the last three are op(1). Since they are all mean zero
conditional on %, it suffices to show that their variances conditional on W converge to zero. The

variance of the first summand is bounded by

2

T —
2

=) Ew (ZwisYi(0)> —0

by Lemma 2. The variance of the second summand is bounded by

2
1 _
va (N Z wzswltxsxtﬁzt | W) N2 ZEWUSUL‘ <Zwiswztﬁzt> = N2 Zw?,t — 0,

is<t s<t

where the convergence to zero follows by arguments analogous to those in (B.7). The variance of the
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third summand converges to zero by analogous arguments. Variance of the fourth summand satisfies

2

1 - 1

var (N Z(zs{')/)thZUiswit,Bit ‘ W) < NZEWO—SZ (Z‘(Z;y)‘ Zwiswit‘ﬁis‘>
i s t i

s#t
2
1
= NZEW (Zwis Zwit\(zh)o ,
s i t

which converges to by Lemma 2, since by Lemma 1, the second moment of Y, w;|(Z{7)| is bounded.
Variance of the fifth summand converges to zero by analogous arguments. Finally, variance of the

sixth summand satisfies

2
1 ) 1
Var<N2:ZUi(I52—E[ISZ|235,W])[3is]W)5N22EW<Zwlzsﬁis> <Ly,
0,5 . i ES —

which yields (B.4). We now use eqs. (B.1), (B.2), (B.3) and (B.4) to derive the result. Since Uy =
0, Equation (B.1) implies Z'X/N = Z'Zv/N + op(1). Consequently, since by Assumption 4(iii),
(Z'Z/N)~t = op(1),

1..,.. 1 1 _ 1 _ 1
NX/X = NX/X - ﬁX/Z(Z/Z) 'Z'X = N Zs:aszwss +or(l) = & ;ﬁis +op(1), (B.8)
and, since Z'Y/N = op(1),
Lyy = Lxy 7’12/Y+o (1) = 1 Y misBis +op(1)
N N N P N -~ isPis P .

Combining Assumption 4(iii) with the preceding two displays then yields the result.

B.3 Proof of Proposition 4

Let ry = 1/ Y n2, and let Eyy denote expectation conditional on W. Note that o'U; = 0 implies
Zvy = WZ-y. Therefore, X admits the decomposition

X=(1-2(Z22)'2")X=(1-2Z2'2)ZX-2y)=(1-2(Z'2)"'ZYWX.
Using this decomposition, we obtain

X X)(B—p) =ry?X (Y = X'B) = n{2X'W' (Y — XB — Z9)
= r2T'W (Y — XB — Z8) — P2 W' Z(8 - 6)
- C'W'Z % 7
= 2 Y Tewner — Ty (rNA) (8~ 8) = rif ¥ Tswer + o (1).

s,i 5,1
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where the last line follows by Assumption 5(ii) and (B.5). It follows from eq. (B.8) and Assump-
tion 4(iii) that (X'X/N)~1 = (1+0p(1)) (N1 ¥, mis) !, so that

N A 1 i
maya P~ = W or) g ) Tuwiei + on (1)

s,i

Therefore, it suffices to show

N2 Y Lswise; = N(0, plim V) + op(1).

s,i

Define V; = Y;(0) — Z{6 + ¥y wirZ,v(Bit — B), and
as = sz’sVi/ bst = Zwiswit(ﬁit - B).
i i

Then we can write €; = V; + Y, wi; X3(Bir — B), and, using the fact that 0 = Y,  m;s(Bis — B) = Ls 02bss,
we can decompose

1/ZZ:‘I‘swzsez - 71/223@ Zwis <Vz + ;witjf(ﬁit - ) - r}\l/z Zys,
s i

Sl

where
s—1

yS == jsﬂs + (rsz - asz)bss + Z '-f‘sjt(bst + bts).
t=1

Observe that U is a martingale difference array with respect to the filtration % = o (X3, ..., Xs, H).
By the dominated convergence theorem and the martingale central limit theorem, it suffices to show
that 73, Yo Ew[U4 — 0 so that the Lindeberg condition holds, and that the conditional variance
converges,

S
rn Y E[YZ | Foa] — Un = o0p(1).
s=1

To verify the Lindeberg condition, by the C,-inequality, it suffices to show that

rx Y Ewl[Xial] =0, % Z Ew[(X2 —a2)*i] — 0
S

4 4
s—1 5—
& Y Ew (Z xsxtb5t> -0, N Y Ew (Z JCSJC}th> — 0.
S t=1 s
Note that since Y|}, wi Z[v(Bit — B) |4 <YLY witZ{'y]4, it follows from Lemma 1, Assumption 3(ii),

Assumption 5(i), and the C, inequality that the fourth moment of V; exists and is bounded. Therefore,
by arguments as in the proof of Lemma 2, ", Ew[a%] < ¥, n?, so that

rx Y EwlXial] = 3 Y Ewl[E[XCE | Folal] -<rNZEW ] =y Y ni—0
S S S
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by Assumption 3(i), since Y nf < max;n?/ry. Second, since Bj; is bounded by Assumption 2(i),
bss < Ei wzzs < n,, so that

Y Ew[(X2 — 02)*be] 2 & Y Ew[(X2 — 02)*nd] =1 Y nt — 0.
S S S

Third, by similar arguments

_ 4
rNZEW (Z X, bst> =1y Y_EwE[X} | H)E
t=1 S

. 4
The claim that r%\] Yo Ew (Zi;% sttbts> — 0 follows by similar arguments.
It remains to verify that the conditional variance converges. Since {5y can be written as

1
N = =g var <Z(X1 —Zi7)ei | 9”0> = ) E[Y | Sl
Yo—1 15 i s

t=1

we have
2 R
rn Y E[U2 | F 1] — Uy = 2D + Dy +2D;,
S

where

s—1
Dl =TrN Z(‘Tszas + E[Is | go]bss) Z xt(bst + bts)/
s t=1

s—1
Dy =rnY 02 Y (X7 —07)(bst + bis)?,
S t=1

s—1t—1
D3 =TN 205,2 E Z jtxu(bst + bts)(bsu + bus)-
s t=1u=1

It therefore suffices to show that D; = op(1) for j = 1,2,3. Since E[D; | F] = 0, it suffices to show
that var(D; | W) = Ew[var(D; | %)] — 0. Since bs; + bs =< Ws:, and since Ew/[|asa;|] =< nsny, and
|bss| = Wss < g, it follows that

var(D; | W) = T’NZEW |:(7't

Mm

2
st+bts Uﬂs+E[x3 "70] ss)) ]
s 2 2
jr%?( ) wstns> grlz\,m?xnfzt:<zs:wst> :ergxn§—>0,
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where the convergence to zero follows by Assumption 3(i). By similar arguments, since wg; < n;

s=t+1

2
var(D;, | W) —”NZEW Xz — (Z 0 (bst + bis) ) jrzz\]z
t

Finally,

2
S S
t —

u=t+1

2
S S
2 i —
=ry E E ( E wstwsu> < rN E Wt Wey WotWey < I'N maxn — 0,

t u=t+1 \s=u+1 s, t,u,v

where the last line follows the fact that since Y}, ws; = n; and wg; < ng,

Z Wyt Wsy Wot Woy < maX ns Z Wiy WotWoy = maX ns Znunvwvu
s,t,u,v s,t,u,v u,0

< max nf vaww = max nf/rN.
u,v

Consequently, D; = o p(1) for j = 1,2, 3, the conditional variance converges, and the theorem follows.

B.4 Proof of Proposition 5

)= (B,8"),0=(B,9), Mi = (X;, Z})!, ry =1/ X5_; n2, and let
On =rn Y AR
s
Since Uy = ry s 02R2, we can decompose this estimator as
On =1y Y (X2 = THRZ+7ry Y XZ(R2—R?) +rn ) (X2 — )R + V. (B.9)
s s s

We'll show that the first three terms are op(1). Since & = €; + M!(0 — ), with €; = Y;(0) — Z!5, we
can decompose

R: = Y wiwjséiéj = RZ+ 2 wjswisM(0 — b)ej + Y wiswisM; (6 — §) M}(6 — 6). (B.10)
i,j i,j i,j
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Therefore, the second term in eq. (B.9) satisfies

N Zif(Rg — R?) =2 [TN ijswisjgengl (9 - é) + (9 - é)/ [VN szsszsz]M; (9 — é)
s

8,0, S,i,j
= Op(1)(0 — ) + (0 —0)'Op(1)(0 — 8) = 0, (1),

where the second line follows from Lemma 3. Second, the variance of the third term in eq. (B.9) can
be bounded by

var(ry (002 — 02)R2 | W) = 3 D E[(X2 — o2 °RE | W] < & D E[R! | W] < 7 Yo
S S S S
since 3, Y, nt < max, n?/ ¥, n? — 0by Assumption 3(i). Since E[ry Yo (X2 —02)R? | W] = E[rny L, E[(X? —
02) | H]R? | W] = 0, it follows by Markov inequality and the dominated convergence theorem that
N s (X — 02)RE = op(1).
It remains to show that the first term in eq. (B.9) is op(1). Let 4 = (Z’Z)"'Z'X. Since WX = X
and Z = WXZ + U, it follows that

X =(WW)'WX = (WW)'"W/(X - Z(Z'2)7'2'X) =X — (WW)'W'Z(Z'2) ' Z'X
=X — (WW)'WZ(§ —7) — (WW)"'W'Zy
=T — (WW)T'WZ(§ - 7)
=X =Z(7—7) - (WW) WUy - 7).

Let U = (W'W)~!W'U, and denote the sth row by U/. Since U} = (L;((W'W) " 1W')Uj)*, it follows
by the Cauchy-Schwarz inequality that

E[Ug | W] < max E[()(W'W) ™' W/)silye)* | W] = max(} | (W'W)~TW')g])%,

i i

which is bounded assumption of the proposition. Therefore, the fourth moments of U; are bounded

uniformly over s. Consequently,

N Z (X2 = XR> = (4 —7)rn Y ZRZ— (9 —7)rn Y URE

where the second line follows by applying Lemma 3 after using the expansion in eq. (B.10), and the

third line follows since by eq. (B.1) and Assumption 4(iii), ¥ = v + op(1).
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B.5 Inference under heterogeneous effects

For valid (but perhaps conservative) inference under heterogeneous effects, we need to ensure that
that that when B;; # B, eq. (39) holds with inequality, that is,

S p2p2

_1 XER

2575}7525 > Uy +op(1). (B.11)

Zs=1 1
To discuss conditions under which this is the case, observe that the “middle-sandwidch” in the
asymptotic variance sandwich formula, Vi, as defined in Proposition 4, can be decomposed into
three terms:

_var (L XsRs | Fo)

N

255:1 ng
. Y E[jfszRg | S _ Y E[sts | 90]2 + Zs;étE[(*sts B E[‘rsRs ‘ 50])<tht - E[sts ’ 940]) | ‘70]
25:1 n 25:1 ng 25:1 n

where, as before Ry = Y wise;, and €; = Y;(0) — Z/6 + Y_¢ Xswis(Bis — B). Under homogeneous effects,
Rs is non-random conditional on %, and the second and third term are equal to zero, since in this
case E[XsRs | Fo] = E[Xs | Fo]Rs = 0, and E[XsRiR; | Fo] = RRE[X: X | Fo] = 0if s # ¢.
Therefore, only the first term remains, and the standard error estimator consistently estimates this
term by Proposition 5.

It can be shown that the proposition remains valid under regularity conditions if the effects f;;
are heterogeneous, so that to ensure valid inference under heterogeneous effects, one needs to ensure
that the sum of the second and third term is weakly negative. This is the case under several different
settings. We now discuss two of them.

First observe that since E[XsR; | Fo] = E[Xs Y5y Xiwit(Bir — B) | Fo] = o2w;s(Bis — B), the second
term equals

Yo (Zzzil Tis(Bis — B))z
- 2;9:1 ng

as in the statement Proposition 3. The term is always negative, and it reflects the

7

where 71,5 = wo?
variability of the treatment effect. It makes the variance estimate that we propose conservative if the
third term equals zero. This is analogous to the result that the robust standard error estimator is
conservative in randomized trials, and that the cluster-robust standard error estimator is conservative
in cluster-randomized trials (see, for example Imbens and Rubin, 2015, Chapter 6). The third term
reflects the correlation between XsR; and X:R;, and it has no analog in cluster-randomized trials.

Indeed, the term can be written as

1
T2 Y o707 Y wiswie(Bir — B)wjswit(Bjs — B)-
S 7S s#£t ij

In the example with “concentrated sectors”, which is the analog of the cluster-randomized setup if

there are no covariates, the term is thus zero, since in that case w;;w;; = 0 for s # t. Our standard
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errors are thus valid, although conservative, in this case. Another sufficient condition for validity
of inference is that B;; and B;; are uncorrelated if t # s, in which case it follows from the display
above that the third term converges to zero. Numerical work, not reported here, indicates that the
correlation between B;s and B;; needs to be quite high and depend on the weights w;s in order for
the third term to dominate the second term. We therefore expect our inference to remain valid for

empirically relevant distributions of the effects B;;.

C Placebo Exercise

C.1 Confounding sector-level shocks: omitted variable bias and solutions

In this appendix, we investigate the consequences of violations of Assumption 1(i) that requires
observed sectoral shocks of interest X7, ..., Xs to be independent from other sectoral shocks affecting
the outcome variable of interest. We study in this section the impact that violations of this assumption
have on the properties of the OLS estimator of the coefficient on the shift-share regressor of interest.
We also consider the properties of two solutions to this problem: (i) the inclusion of regional controls
as a proxy for sector-level unobserved shocks (discussed in Section 4.2), and (ii) the use of a shift-share
instrumental variable constructed as a weighted average of exogenous sector-level shocks (discussed
in Section 4.3.2).

To generate both confounding sectoral shocks and an instrument for the sectoral shock of interest,
we extend the baseline placebo exercise and, for each sector s and simulation m, we take a draw of a
three-dimensional vector

(xcam, xcbm xemy ~ N(0;2),

where X7 is the variable of interest, X! is the unobserved confounding effect, XS is an observed
instrumental variable. Specifically, the matrix ¥ is such that var(X?) = var(X}) = var(XE) = &,
cov(X8, XYY = cov (X8, XE) = pF, and cov(XE, XE) = 0. Thus, we impose that X? has a correlation
of p with both X! and X¢, but X! and X¢ are independent. In our simulations, we impose that
p=0.7and § = 12.

To assign the role of a confounding effect to X?, we generate an outcome variable as

Y=Y 45 i Wi X0,
s=1
where Y7 is the observed 2000-2007 change in the employment rate in CZ i, and J is a parameter
controlling the impact of the unobserved sectoral shocks (X b .., X é’ ) on the simulated outcome Y;".
The parameter § thus modulates the magnitude of the confounding effect of the unobserved shock
Xr. We explore the impact of 6 by simulating data both with § = 0 and with 6 = 6.
In addition, we assume that we observe a regional variable that is a noisy measure of CZ i’s

exposure to the unobserved sectoral shocks (X' b .. é’ ),

Xf"m =u" + ZwisIsb'm where u]" ~ N(0,0y).
S
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The parameter 0, thus modulates the measurement error in X as a proxy for the impact of the
unobserved sectoral shocks (X7,...,X?) in CZ i. We explore the impact of ¢, by simulating data
both with ¢, = 0 and with ¢, = 6.3*

For each set of parameters (9, ;) that we explore and for each simulation draw, we compute three
estimators of the impact of X! = Yo, w;is X8 on ;. First, we ignore the possible endogeneity problem
and compute the OLS estimator without controls; i.e. the estimator in eq. (23). Second, we consider
the OLS estimator in a regression in which we include X’ as a proxy for the vector of unobserved
confounding sectoral shocks (JClb,...,Ié’); i.e. the estimator in eq. (34). Third, we consider the IV
estimator that uses X7 = ) w;s Xy as the instrumental variable; i.e. the estimator in eq. (43). For each
of these three estimators, we compute four estimates of its standard error: Robust, St-cluster, AKM
and AKMO. All results are reported in Table C.1.

When there is no confounding sectoral shock (6 = 0), Panel A shows that all three estimators yield
an average coefficient close to zero. Panels B and C report results in the presence of confounding
sectoral shocks (6 > 0), in which case the OLS estimator in a simple regression of ¥; on X? that does
not include any additional covariates is positively biased (8 = 4.23). The introduction of the regional
control only yields unbiased estimates when it is a good proxy for the underlying confounding
sectoral shocks (i.e. if 0, = 0). In contrast, the IV estimate always yields an average estimated
coefficient of zero due to the orthogonality between the sector-level instrumental variable and the
sector-level unobserved confounding shock.

Traditional inference methods under-predict the dispersion of estimated coefficients both in the
case of the OLS and the IV estimators. As discussed above, this is driven by the correlation between
the unobservable residuals of regions with similar sector employment compositions. By allowing for
such a correlation, our proposed methods yield, on average, estimates of the average length of the
95% confidence interval equal or higher to the standard deviation of the empirical distribution of
estimates. As a result, Table C.2 in Appendix C reports that, while traditional methods overreject the
null Hp : B = 0 in the context of both OLS and IV estimation, our methods yield the correct test size
for both estimators.

34Using the notation in Section 4.2, the simulated variable X} corresponds to s, the simulated variable Isb is a column
in the matrix Z (which also includes a column of ones), u; corresponds to U;, and le to Z;. The value of the parameter y
in eq. (33) is thus equal to p.
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Table C.1: Magnitude of standard errors. Confounding effects.

Estimates Median effective std. error
Average Std. dev Robust = St-cluster AKM AKMO0
Panel A: No confouding effect (6 = 0)

OLS without controls —0.02 1.27 0.48 059 121 1.40
OLS with regional control —0.04 1.75 0.67 0.83  1.68 1.94
2SLS —0.04 1.77 0.68 085 1.72 1.99
Panel B: Confouding effect (6 = 6) and perfect regional control (0, = 0)

OLS without controls 4.23 1.47 0.58 070 137 1.58
OLS with regional control —0.05 1.75 0.67 082 1.67 1.93
25LS —0.05 1.79 0.68 084 1.72 1.98
Panel C: Confouding effect () = 6) and imperfect regional control (o, = 2)

OLS without controls 4.26 1.45 0.58 069 136 1.57
OLS with regional control 4.16 1.44 0.58 069 1.38 1.58
2SLS —0.15 2.45 0.93 1.08  2.06 2.58

Notes: All estimates in this table use the total employment share in each CZ as the outcome variable Y;. For
the inference procedure indicated in the first row, “median effective std. error” refers to the median length of the
95% confidence interval across the 1000 simulated datasets divided by 2 x 1.96. Robust is the Eicker-Huber-White
standard error; St-cluster is the standard error that clusters CZs in the same state; AKM is the standard error in
eq. (37); AKMO is the confidence interval Remark 6.

Table C.2: Rejection rate of Hy: f = 0 with significance level of 5%, Confounding Effects.

Estimates Rejection rate of Hy: p = 0 at 5%
Average Std. Dev Robust St-cluster AKM  AKMO
Panel A: No confouding effect (6 = 0)

OLS without controls —0.02 1.27 49.1% 36.9% 7.6% 4.0%
OLS with regional control —0.04 1.75 48.8% 38.8% 6.8% 3.1%
I\Y -0.04 1.77 48.1% 39.3% 6.8% 3.4%
Panel B: Confouding effect (5 = 6) and perfect regional control (c;, = 0)

OLS without controls 423 1.47 97.9% 96.8%  82.2% 74.7%
OLS with regional control —0.05 1.75 48.3% 38.5% 7.3% 3.4%
v -0.05 1.79 46.7% 37.2% 7.1% 4.0%
Panel C: Confouding effect (/ = 6) and imperfect regional control (c;, = 2)

OLS without controls 4.26 1.45 98.6% 97.6%  83.4% 76.0%
OLS with regional control 4.16 1.44 98.4% 96.9%  81.5% 74.0%
v -0.15 2.45 40.6% 33.3% 9.7% 5.7%

Notes: All estimates in this table use the total employment share in each CZ as the outcome variable Y;. For the inference
procedure indicated in the first row, this table indicates the percentage of the 1000 simulated datasets for which we reject
the null hypothesis Hy : B = 0 using a 5% significance level test. Robust is the Eicker-Huber-White standard error;
St-cluster is the standard error that clusters CZs in the same state; AKM is the standard error in eq. (37); AKMO is the test
in Remark 6.
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C.2 Additional Results

0.1

0.08

0.06

Frequency

0.04

0.02

Estimates

Figure C.1: Empirical distribution of estimated coefficients in the placebo exercise.

Notes: The blue line indicates the average estimated coefficient; the red lines indicate the 2.5% and 97.5%
percentiles of distribution of ﬁ”‘ across the m = 1,...,1000 simulations we perform. The dependent
variable Y is the 2000-2007 change in the employment rate.
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Panel A: Robust Panel B: State Cluster
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Figure C.2: Empirical distribution of effective standard errors for different standard error estimators

in the placebo exercise.

Notes: In each of the four panels, the red line indicates the standard deviation of the empirical distribution of estimated coefficients
represented in Figure C.1 (i.e. 1.95); the green line indicates average of the estimated effective standard error (95% confidence interval
divided by 2 x 1.96) and the light blue bars represent the distribution of the effective standard errors across the 1000 simulations. The
dependent variable Y is the 2000-2007 change in the employment rate in all four panels.

Table C.3: Rejection rate of Hy: B = 0 at 5% significance level: County-level analysis.

Robust St-cluster AKM  AKMO0

Panel A: Change in the share of working-age population
employed 47.4% 38.0% 7.7% 4.4%

employed in manufacturing 65.2% 52.3% 7.7% 3.5%
employed in non-manufacturing  28.5% 26.8% 8.0% 5.2%

Notes: The content of this table is analogous to that in Table 2. The only difference is that 3107
counties (instead of CZs) are used as regional unit of analysis.
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Table C.4: Rejection rate of Hy: B = 0 at 5% significance level: Occupation employment shares.

Robust St-cluster AKM  AKMO

Panel A: Change in the share of working-age population
employed 84.0% 63.8%  23.7% 4.0%
employed in manufacturing 90.2% 76.2%  32.8% 3.5%
employed in non-manufacturing  63.9% 38.7%  17.9% 3.6%

Panel B: Change in average log weekly wage
employed 84.6% 64.8%  30.3% 3.8%
employed in manufacturing 55.7% 28.3%  12.9% 5.7%
employed in non-manufacturing  84.3% 66.4%  30.4% 3.5%

Notes: The content of this table is analogous to that in Table 2. The only difference is that the
placebo exercise is based on random shocks for 331 occupations.

Table C.5: Magnitude of standard errors. Sectoral composition.

Estimates Median effective std. error

Average St Dev Robust St-cluster AKM AKMO AKM  AKMO
Sector Correlation: Independent 3-digit cluster
Panel A: Number of sectors
2-digit (S = 20) 0.04 3.16 0.67 097 298 5.45 — —
3-digit (S = 136) 0.04 2.21 0.72 0.93 2.15 2.68 — —
4-digit (S = 398) 0.01 194 0.73 091 185 217 — —
Panel B: Simulated Shocks to non-manufacturing sector

0.08 4.21 0.58 0.75 1.16 1.31 — —

Panel C: Simulated shocks with correlation within 3-digit SIC sectors
p = 0.00 0.00 195 0.73 092  1.86 2.16 1.85 2.20
p =025 —0.06 2.06 0.77 1.07 2.00 2.14 211 2.33
p = 0.50 —0.06 210 0.76 1.06 199 213 222 2.46
p =075 —0.03 2.24 0.76 1.08 1.98 2.08 2.30 2.55
p = 1.00 0.00 231 0.76 1.08 196 2.04 2.39 2.65

Notes: All estimates in this table use the total employment share in each CZ as the outcome variable Y. For inference
procedure indicated in the first row, “median effective std. error” refers to the median length of the 95% confidence interval
across the 1000 simulated datasets divided by 2 x 1.96. Robust is the Eicker-Huber-White standard error; St-cluster is the
standard error that clusters CZs in the same state; AKM (Independent) is the standard error in Remark 5; AKMO (Independent)
is the confidence interval in Remark 5; AKM (3-digit cluster) is the standard error in eq. (40); and AKMO (3-digit cluster) is the
confidence interval described in the last sentence of Section 4.3.1.
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D Empirical application: additional results

Table D.1: Effect of Chinese on U.S. Commuting Zones in Autor, Dorn and Hanson (2013): Reduced-

Form Regression

Change in the employment share

Change in avg. log weekly wage

All Manuf. Non-Manuf. All Manuf. Non-Manuf.

) (2) ) (4) (5) (6)
Panel A: All Workers
B -0.66 -0.50 -0.15 -0.61 0.18 -0.63
Robust [-0.97,-0.35] [-0.65,-0.36] [-0.43,0.12] [-1.05,-0.17] [-0.67,1.02] [-1.11,-0.15]
Cluster [-0.87,-0.44] [-0.62,-0.39] [-0.39,0.09] [-1.01,-0.21] [-0.67,1.02] [-1.06,-0.20]
AKM (indep.) [-1.08,-0.23] [-0.71,-03] [-0.46,0.15] [-1.1-0.11] [-0.61,0.96] [-1.17,-0.09]
AKMj (indep.) [-1.47,-0.32] [-0.85,-0.32] [-0.72,0.10] [-1.41,-0.14] [-1.21,0.85] [-1.62,-0.18]
AKM (4d cluster) [-1.09,-0.22] [-0.73,-0.28] [-0.46,0.16] [-1.15,-0.07] [-0.62,0.97] [-1.20,-0.06]
AKMj (4d cluster) [-1.53,-0.32] [-0.92,-0.32] [-0.73,0.11] [-1.55,-0.11] [-1.27,0.87] [-1.73,-0.17]
AKM (3d cluster) [-1.11,-0.20] [-0.73,-0.28] [-0.49,0.18] [-1.17,-0.05] [-0.62,0.97] [-1.23,-0.02]
AKMj (3d cluster) [-1.72,-0.30] [-0.94,-0.30] [-0.89,0.12] [-1.66,-0.08] [-1.45,0.87] [-1.97,-0.13]
Panel B: College Graduates
B -0.34 -0.49 0.15 -0.64 0.42 -0.63
Robust [-0.55,-0.13] [-0.65,-0.32] [-0.06,0.35] [-1.12,-0.15] [-0.14,0.97] [-1.14,-0.13]
Cluster [-0.52,-0.17] [-0.65,-0.33] [-0.07,0.36] [-1.10,-0.17] [-0.18,1.01] [-1.09,-0.18]
AKM (indep.) [-0.60,-0.09] [-0.68,-0.30] [-0.05,0.34] [-1.11,-0.16] [-0.15,0.98] [-1.13,-0.14]
AKM (indep.)  [-0.75,-0.10] [-0.74,-0.28] [-0.17,0.33] [-1.35-0.15] [-0.48,0.96] [-1.45,-0.18]
AKM (4d cluster) [-0.60,-0.08] [-0.70,-0.28] [-0.06,0.35] [-1.17,-0.11] [-0.18,1.01] [-1.16,-0.11]
AKM (4d cluster) [-0.80,-0.11] [-0.81,-0.28] [-0.16,0.35] [-1.48,-0.11] [-0.54,1.00] [-1.55,-0.16]
AKM (3d cluster) [-0.61,-0.07] [-0.71,-0.27] [-0.06,0.35] [-1.19,-0.08] [-0.17,1.00] [-1.21,-0.06]
AKMj (3d cluster) [-0.85,-0.09] [-0.82,-0.22] [-0.24,0.35] [-1.63,-0.07] [-0.57,1.05] [-1.79,-0.13]
Panel C: Non-College Graduates
B -0.94 -0.49 -0.45 0.18 -0.63 -0.64
Robust [-1.38,-0.49] [-0.65,-0.33] [-0.82,-0.07] [-0.67,1.02] [-1.11,-0.15] [-1.12,-0.15]
Cluster [-1.26,-0.62] [-0.63,-0.35] [-0.76,-0.13] [-0.67,1.02] [-1.06,-0.20] [-1.10,-0.17]
AKM (indep.) [-1.61,-0.26] [-0.74,-0.23] [-0.93,0.04] [-0.61,0.96] [-1.17,-0.09] [-1.11,-0.16]
AKM (indep.) [-2.27,-0.42] [-0.97,-0.28] [-1.38,-0.06] [-1.21,0.85] [-1.62,-0.18] [-1.35,-0.15]
AKM (4d cluster) [-1.62,-0.25] [-0.76,-0.22] [-0.94,0.04] [-0.62,0.97] [-1.20,-0.06] [-1.17,-0.11]
AKMj (4d cluster) [-2.36,-0.42] [-1.03,-0.28] [-1.42,-0.06] [-1.27,0.87] [-1.73,-0.17] [-1.48,-0.11]
AKM (3d cluster) [-1.67,-0.20] [-0.75,-0.22] [-0.99,0.09] [-0.62,0.97] [-1.23,-0.02] [-1.19,-0.08]
AKMy (3d cluster) [-2.71,-0.38] [-1.10,-0.28] [-1.69,-0.03] [-1.45,0.87] [-1.97,-0.13] [-1.63,-0.07]

Notes: N = 1,444 (722 CZs x two time periods). Models are weighted by start of period CZ share of national population. All
regressions include the full vector of baseline controls in ADH. Robust is the Eicker-Huber-White standard error; Cluster is the
standard error that clusters CZs in the same state; AKM is the standard error in Remark 5 (for independent shocks), or that in eq. (40)
(for correlated shocks). AKMO is the test in Remark 6 (for independent shocks) or that described in the last sentence of Section 4.3.1
(for correlated shocks). The table reports confidence intervals computed under the assumption of independent shocks, 4-digit SIC
correlated shocks, and 3-digit SIC correlated shocks.
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Table D.2: Effect of Chinese on U.S. Commuting Zones in Autor, Dorn and Hanson (2013): 2SLS

Regression

Change in the employment share

Change in avg. log weekly wage

All Manuf. Non-Manuf. All Manuf.  Non-Manuf.

1) (2) 3) (4) (5) (6)
Panel A: All Workers
B -0.75 -0.58 -0.17 -0.70 0.20 -0.72
Robust [-1.09,-0.42] [-0.77,-0.39] [-0.48,0.13] [-1.18,-0.22] [-0.79,1.19] [-1.23,-0.21]
Cluster [-1.12,-0.39] [-0.78,-0.38] [-0.47,0.12] [-1.19,-0.21] [-0.76,1.16] [-1.22,-0.22]
AKM (indep.) [-1.18,-0.33] [-0.81,-0.35] [-0.51,0.16] [-1.24,-0.16] [-0.72,1.13] [-1.28,-0.16]
AKM (indep.) [-1.41,-0.38] [-0.89,-0.36] [-0.67,0.13] [-1.42,-0.16] [-1.11,1.07] [-1.54,-0.22]
AKM (4d cluster) [-1.19,-0.32] [-0.84,-0.32] [-0.51,0.16] [-1.29,-0.11] [-0.74,1.14] [-1.31,-0.13]
AKM) (4d cluster) [-1.66,-0.38] [-1.12,-0.33] [-0.73,0.14] [-1.72,-0.13] [-1.21,1.16] [-1.83,-0.20]
AKM (3d cluster) [-1.24,-0.26] [-0.85,-0.31] [-0.55,0.20] [-1.31,-0.09] [-0.73,1.13] [-1.37,-0.07]
AKM) (3d cluster) [-2.02,-0.34] [-1.25,-0.31] [-0.96,0.15] [-1.95,-0.09] [-1.45,1.17] [-2.23,-0.16]
Panel B: College Graduates
B -0.39 -0.56 0.17 -0.73 0.48 -0.73
Robust [-0.62,-0.16] [-0.79,-0.33] [-0.08,0.42] [-1.28,-0.18] [-0.19,1.15] [-1.29,-0.17]
Cluster [-0.64,-0.15] [-0.81,-0.31] [-0.08,0.41] [-1.33,-0.14] [-0.19,1.14] [-1.30,-0.16]
AKM (indep.) [-0.67,-0.12] [-0.81,-0.32] [-0.08,0.41] [-1.27,-0.19] [-0.22,1.18] [-1.27,-0.19]
AKM (indep.) [-0.76,-0.12] [-0.85,-0.28] [-0.16,0.41] [-1.42,-0.16] [-0.46,1.17] [-1.46,-0.21]
AKM (4d cluster) [-0.68,-0.11] [-0.83,-0.29] [-0.08,0.42] [-1.33,-0.13] [-0.25,1.21] [-1.30,-0.16]
AKM) (4d cluster) [-0.89,-0.12] [-1.05,-0.27] [-0.16,0.47] [-1.71,-0.12] [-0.52,1.32] [-1.72,-0.19]
AKM (3d cluster) [-0.70,-0.09] [-0.85,-0.27] [-0.09,0.42] [-1.36,-0.11] [-0.23,1.19] [-1.35,-0.11]
AKMj (3d cluster) [-1.03,-0.09] [-1.13,-0.21] [-0.24,0.46] [-1.94,-0.08] [-0.58,1.39] [-2.07,-0.15]
Panel C: Non-College Graduates
B -1.08 -0.56 -0.51 0.20 -0.72 -0.73
Robust [-1.56,-0.59] [-0.74,-0.38] [-0.93,-0.10] [-0.79,1.19] [-1.23,-0.21] [-1.28,-0.18]
Cluster [-1.60,-0.55] [-0.75,-0.37] [-0.95,-0.08] [-0.76,1.16] [-1.22,-0.22] [-1.33,-0.14]
AKM (indep.) [-1.74,-0.41] [-0.82,-0.30] [-1.02,-0.01] [-0.72,1.13] [-1.28,-0.16] [-1.27,-0.19]
AKM (indep.) [-2.13,-0.52] [-0.95,-0.33] [-1.29,-0.08] [-1.11,1.07] [-1.54,-0.22] [-1.42,-0.16]
AKM (4d cluster) [-1.75,-0.40] [-0.84,-0.28] [-1.02,-0.01] [-0.74,1.14] [-1.31,-0.13] [-1.33,-0.13]
AKMj (4d cluster) [-2.49,-0.51] [-1.17,-0.31] [-1.44,-0.07] [-1.21,1.16] [-1.83,-0.20] [-1.71,-0.12]
AKM (3d cluster) [-1.86,-0.29] [-0.86,-0.26] [-1.09,0.06] [-0.73,1.13] [-1.37,-0.07] [-1.36,-0.11]
AKMj (3d cluster) [-3.11,-0.45] [-1.36,-0.30] [-1.86,-0.03] [-1.45,1.17] [-2.23,-0.16] [-1.94,-0.08]

Notes: N = 1,444 (722 CZs x two time periods). Models are weighted by start of period CZ share of national population. All
regressions include the full vector of baseline controls in ADH. Robust is the Eicker-Huber-White standard error; Cluster is the
standard error that clusters CZs in the same state; AKM is the standard error in Remark 5 (for independent shocks), or that in eq. (40)
(for correlated shocks). AKMO is the test in Remark 6 (for independent shocks) or that described in the last sentence of Section 4.3.1
(for correlated shocks). The table reports confidence intervals computed under the assumption of independent shocks, 4-digit SIC
correlated shocks, and 3-digit SIC correlated shocks.
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Table D.3: Rejection rate of Hy: B = 0 with significance level of 5%. Placebo exercise based on the
first-stage regression in Autor, Dorn and Hanson (2013):

Estimates Rejection rate of Hy: p = 0 at 5%
Average St Dev Robust St-cluster AKM  AKMO

Panel A: Baseline simulation without controls
0.02 1.72 42.0% 374% 5.7% 3.6%

Panel B: Controlling for ADH IV
—0.08 1.32 30.0% 22.8% 7.5% 4.3%

Panel C: Controlling for ADH IV and baseline controls
0.00 0.73 13.3% 12.3%  7.5% 4.5%

Notes: Dependent variable is the “shift-share” regressor in ADH contructed
from the interaction of CZ’s employment share in 4-digit SIC manufacturing
industries and the normalized U.S. imports from China in the same indus-
tries. The inference procedure employed to compute the average length of
the 95% confidence interval in each of the columns is indicated in the first
row. Robust is the Eicker-Huber-White standard error estimate; St-cluster is
the standard error clusters CZs in the same state; AKM is the standard error
in Remark 5; AKMO is the test in Remark 6.
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