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Abstract

Early-career jobs often serve as stepping stones to more productive occu-
pations later in life. Automating such jobs may therefore disrupt skill accu-
mulation. We study this possibility in an overlapping-generations economy
with career ladders. Our main result is that so-so automation of junior tasks is
immiserizing: automation that is just productive enough to be adopted lowers
steady-state output by backloading labor income over the life cycle, reducing the
attractiveness of experience-intensive careers and the future supply of experi-
enced workers. By contrast, sufficiently productive automation raises output
and welfare. The competitive equilibrium is Pareto efficient, and policies that
avert immiseration necessarily hurt some workers. We demonstrate the the-
ory’s relevance both quantitatively and empirically within the context of U.S.

robot automation.
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1 Introduction

Work performed early in one’s career is valuable not only for what it produces,
but also for what it teaches. By carrying out junior tasks, workers accumulate the
experience required to perform more demanding, better-paid tasks later in their
careers. Automation of junior tasks may thus disrupt workers’ skill accumulation.
In this paper, we study the implications of such technological disruption for the

long-run output of the economy.

We consider an overlapping-generations economy in which workers face one key
trade-off: whether to earn higher wages when young or to invest in their human
capital and earn higher wages later in life. Specifically, they can supply labor to
either of two sectors. In the “modern” sector, workers progress along a career
ladder: performing senior tasks requires prior experience in its junior tasks. In the
“traditional” sector, no experience is required. Workers sort into sectors based on

comparative advantage and smooth consumption through financial markets.

Our main contribution is to identify a novel mechanism through which technical
change can reduce long-run output. Specifically, we show that so-so automation
immiserizes: when automation of junior tasks is only just productive enough to be
adopted, marginal improvements reduce steady-state output. The intuition is as
follows. Automating junior tasks backloads labor income over the life cycle by
lowering junior wages and raising senior wages. Because workers discount future
income, this shift in the timing of earnings makes experience-intensive careers less
attractive. Workers thus shift out of the modern sector and into the traditional
one. This reallocation lowers aggregate output because the modern sector must
compensate workers for its more backloaded earnings profile, implying that the

marginal worker is more productive there than in the traditional sector.

So-so automation immiserates despite perfectly competitive and frictionless
labor and financial markets. The key reason is that workers care not only about
how much they earn over their lifetimes, but also about when they earn it. Tech-
nological progress that shifts earnings from early to late in the career can therefore
reduce the attractiveness of occupations that rely on experience accumulation. This

force pushes workers away from the modern sector—the very sector in which



technological progress occurs—and thereby lowers aggregate output.

Importantly, immiseration is not a sign of inefficiency. The competitive equilib-
rium is Pareto efficient, so any policy that prevents immiseration must hurt some
workers. Automation immediately benefits workers who are already senior when it
is adopted: they receive a higher senior wage without having borne a lower junior
wage earlier in life. Nevertheless, immiseration has important long-run welfare
consequences. Welfare in the new stationary equilibrium is lower for workers
pursuing modern-sector careers and may even be lower for all workers. By contrast,
once automation becomes sufficiently productive, it raises both output and welfare

for all workers.

We then show that the immiseration result is robust to a range of extensions. In
particular, it survives relaxing assumptions regarding the production technology,
preferences, experience accumulation, financial markets, and workers’ life cycle.
Perhaps surprisingly, financial frictions do not necessarily amplify the effects of
automation. By affecting equilibrium interest rates and workers” ability to smooth

consumption, they can either dampen or amplify the decline in output.

We use our framework to quantitatively explore the aggregate effects of automa-
tion by robots. We calibrate the model to the US economy in 1980, extend it to allow
for automation of both junior and senior tasks, and interpret the traditional sector
as being out of the labor force. Measuring which tasks robots automate, we find that
junior tasks are more exposed than senior ones. Because robots disproportionately
automate junior tasks, the reallocation induced by wage backloading dominates the
direct productivity gains when cost savings are small. For realistic cost savings from
robots, the total output effect is positive. But the reallocation out of the labor force
significantly dampens this effect and almost completely dissipates the growth in
market output (GDP). These results can help explain sluggish economic growth, the

reduction in labor force participation, and the steepening of the wage-age profile.

Lastly, we find empirical evidence for the prediction that workers move away
from industries where automation disproportionately hits junior tasks. We test
this prediction using measures of exposure to robot and software automation
by industry constructed from U.S. Census data. We classify occupations within

industries as junior or senior based on the experience of their workers and use

2



this classification to construct industry-level measures of exposure to junior- and
senior-task automation. Consistent with the model’s central mechanism, we find
that industries where automation is concentrated in junior tasks experience larger
declines in employment, increases in the average age of employees, and a steepening

of the wage-experience profile.

Related literature. This paper incorporates experience accumulation into a model
of task-based production where capital substitutes for labor (e.g., Zeira, 1998; Ace-
moglu and Autor, 2011; Acemoglu and Restrepo, 2018; Jones and Tonetti, 2025;
Martinez, 2025). Existing work studies how automation changes the allocation
of production across tasks or firms and its implications for productivity, wages,
and growth. By contrast, we emphasize a complementary human-capital channel.
Because performing junior tasks is a prerequisite for performing senior tasks later
in life, automating junior tasks affects not only the allocation of current produc-
tion but also the future supply of experienced workers, with potentially adverse

consequences for long-run output.!

Our findings are related to recent work on apprenticeship, training, and automa-
tion (Garicano and Rayo, 2025; Ide, 2025; Afrouzi et al., 2026). These papers show
that automating junior tasks can reduce skill accumulation because contracting or
coordination frictions prevent private incentives from reflecting the social value
of learning. We show that such frictions are not necessary for immiseration. Even
with competitive labor and financial markets and a Pareto-efficient equilibrium,
junior-task automation can reduce steady-state output by backloading earnings and

shifting workers away from experience-intensive careers.

Our paper applies the central insight of the overlapping-generations literature
that individuals at different stages of the life cycle can have conflicting interests
(Samuelson, 1958; Diamond, 1965). Junior-task automation benefits workers who
have already accumulated the experience required for senior occupations while re-

ducing the incentive of younger and future workers to pursue experience-intensive

! Althoff and Reichardt (2026) also consider a task-based model in which technical change affects
human capital accumulation, but with an entirely different, more quantitative, focus.
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careers.” Our mechanism is therefore most closely related to that in Sachs and
Kotlikoff (2012); Sachs et al. (2015); Benzell et al. (2018). Relative to these papers,
we study how junior-task automation distorts occupational choice rather than cap-
ital accumulation. This shift in focus yields our main result—that “so-so” junior
automation is immiserizing—and, because the mechanism operates through oc-
cupational choice, generates directly testable predictions that allow us to provide

empirical evidence on the theory’s central mechanism.

Beraja and Zorzi (2025) show that automation can be inefficiently fast when
workers face reallocation and borrowing frictions. In their model, automation
generates transitional costs: workers need time to adjust, but once the transition is
complete the economy reaches an efficient higher-output steady state. By contrast,
in our paper the gains from junior-task automation are concentrated in the short
run. Workers who are already senior when automation occurs benefit from higher
senior wages without having borne the lower junior wage earlier in life. The
adverse effects, instead, emerge later as younger cohorts face weaker incentives to
acquire experience, leading to occupational reallocation and, potentially, a lower

steady-state output.

More broadly, our paper is related to the Dutch disease literature, which studies
how favorable productivity shocks or resource discoveries induce labor reallocation
with adverse long-run consequences (Corden and Neary, 1982; Corden, 1984). In
that literature, resource booms contract sectors that generate learning-by-doing
or other dynamic externalities (Wijnbergen, 1984; Krugman, 1987; Torvik, 2001).
Our mechanism is conceptually related but economically distinct. Junior-task
automation is likewise a favorable productivity shock that induces workers to
reallocate across occupations. However, the decline in future productive capacity
does not arise from lost production externalities. Instead, automation lowers the
return to acquiring experience, causing workers to reallocate away from experience-

intensive careers and reducing the economy’s human capital stock.’

The overlapping-generations framework has generated a number of influential insights, in-
cluding the possibility of valued fiat money (Samuelson, 1958), dynamic inefficiency (Diamond,
1965), sunspots (Cass and Shell, 1983), and rational bubbles (Tirole, 1985). Our paper contributes a
different insight: automation can reduce long-run output even though the competitive equilibrium
remains Pareto (and thus dynamically) efficient.

30ur result also echoes the broader idea of immiserizing growth introduced by Bhagwati (1958),

4



Outline. Section 2 presents the framework. Sections 3 and 4 characterize the
equilibrium and develop our main results. Section 5 considers extensions to the
baseline model. Section 6 quantitatively explores robots” aggregate effects in light of
the theory. Section 7 presents empirical evidence on the differential effects of junior-

and senior-task automation. Section 8 concludes. All proofs are in the Appendix.

2 The Model

We begin by describing our model, in which experience accumulation is central
to the labor market, and technical change—through task automation—affects the

returns to such experience.

2.1 Environment

Overlapping generations and preferences. Time is discrete and indexed by t =
0,1,2.... The economy is populated by overlapping generations of workers who live
for two periods. Each generation has a unit mass, and the set of workers born at

date t is denoted by I;. A worker i € I; has lifetime utility:

Ui =u(ch;) + B-u(chy1), (1)

i
LY
B € (0,1) is the workers” discount factor. More generally, for any choice variable x,

where ¢!, > 0 denotes the consumption of worker i from generation t at date t' and

i
LY
preferences can be represented by a CRRA utility function:*

we let x1 , denote the choice of worker i € I; made at date . We assume workers’

1
1=, v =>0.
who showed that economic growth can reduce welfare through adverse movements in the terms of
trade. More recently, Benigno et al. (2025) show that abundant capital inflows can reduce long-run
productivity by reallocating resources away from innovative activities. While the mechanisms are
entirely different, these papers and ours share the broader insight that favorable shocks can generate
adverse aggregate outcomes once the induced equilibrium responses are taken into account.

“For v = 1, we set u(c) = log(c). We generalize our main results to the broader class of
increasing and weakly concave utility functions in Section 5.
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Technology. Each worker is endowed with one unit of labor in each period of life.

Labor can be supplied either to a modern sector or to a traditional sector.

Output in the modern sector is produced competitively according to:
y' = (S)* - (Jr+ k)%, ae(0,1)

where S; > 0 denotes labor input (in efficiency units) employed in “senior” tasks—
i.e., those that require experience—and J; > 0 denotes human labor input in the
remaining, “junior” tasks. k; indicates an automation input that the firm can use to
substitute for human labor in producing junior tasks. We use the Cobb-Douglas
production function primarily for ease of exposition. Later, in Section 5, we extend

our results to a more general class of production functions.

We impose the following assumption to ensure that there is a premium to experi-

ence in the modern sector:
Assumption1 a > %

The automation technology allows firms to convert ) - k; units of the consumption
good at date t into k; efficiency units of junior labor, where x > 0. Automation,
therefore, acts as a perfect substitute for junior labor in production, effectively
expanding the economy’s supply of junior labor at a constant marginal cost x. In
the main analysis, we assume that the cost of automating senior tasks is prohibitive.
This allows us to isolate a form of technical change that selectively expands the
supply of junior labor, thereby tilting workers” earnings profiles by backloading
rewards over the life cycle. We relax this assumption later on, where we contrast
our results with the case where senior tasks are automated, which we show has

markedly different implications.

Output in the traditional sector is produced competitively according to:
yi =L,

where L; > 0 denotes efficiency units of labor input in that sector.



Occupations, tasks, and comparative advantage. Workers are heterogeneous
in their productivity in the modern sector. Each worker i € I; draws ¢’ from
a continuous distribution F(-), with support (0,0) and [ ¢dF(y) < co. The
productivity ¢ scales up a worker’s effective units of labor in the modern sector,

generating a comparative advantage across workers.?

A key feature of the economy is that experience is accumulated through work in
the modern sector and determines access to experience-intensive tasks later in life.

In each period, worker i € I; chooses an occupation:
Oi,t/ e {], S, T},

where | and S denote work in the modern sector performing junior and senior tasks,

respectively, while T denotes work in the traditional sector.

Letel , € {0,1} denote whether worker i € I; has accumulated modern-sector

experience by date . Young workers enter the labor market without experience:
eilt =0.
Experience is gained by working in junior tasks in the modern sector when young:
ei,tJrl =1{o}, = J}.

Given occupation and experience, effective labor supply is:

P if Oi,t’ =7,
ty =14 e, ifol, =5, @
1 ifol , =T.

LE T

Thus, experience is sector-specific: only those who work in the modern sector
when young as juniors can access experience-intensive (senior) jobs when old. This

creates a life-cycle trade-off: working in the modern sector when young yields lower

SProductivity heterogeneity ensures a unique equilibrium in pure strategies. In particular,
workers sort across sectors according to a cutoff rule, avoiding mixed strategies that would otherwise
be required if all workers were ex ante identical.



current returns but enables access to higher-paying senior jobs later on. Section
5 discusses an extension where we allow for young workers to be productive in

senior tasks too.

Labor market. There is a perfectly competitive labor market. At date ¢, firms take
as given the wages per efficiency unit of labor—denoted by w/, w?, and w{ in the
traditional sector, senior tasks, and junior tasks, respectively—and demand labor to

produce output. Wages thus equal the marginal product of labor:

(1—a)- (]tsLtkt)_lx ifo=1],
wf = ¢ «- <M>la ifo=S5, 3)

S

1 ifo=T.

Workers take these wages as given and choose where to supply their labor.

Financial market. There is also a perfectly competitive financial market in which
workers trade claims to future consumption. We let R; denote the gross interest rate
between dates t and t 4 1, i.e., borrowing one unit of the consumption good at date

t requires a repayment of R; units at date t + 1.

Worker’s optimization problem. A worker i € I; chooses occupations {of;,t, of;,t 1)
and borrows b; (or saves, when negative) to maximize her lifetime utility subject to

the budget constraints:

, ol .
1 t,t 1 1
Crp Swp” - by + by, 4)
i b1 i i
Crpp1 S Wiy Apppr — Re- by, )

i
b+
is the wage per effective unit of labor in occupation o € {J, S, T} as defined in (3).

where Ef;’t and ¢}, , ; are the worker i’s effective units of labor defined in (2) and w?



2.2 Equilibrium

Having defined the environment, we now define a competitive equilibrium.

Definition 1 (Competitive Equilibrium) Given an initial stock of experienced labor
{y, (3"_1,0}1-G 1_,, @ competitive equilibrium consists of sequences of prices {w{ , Wy, w}, R}t

and allocations {c’t,t, Ch 41011 0f 41s bi}irand {Jt, St, Lt, k¢ }+, such that:

* Given prices, workers maximize lifetime utility in (1) subject to (2), (4) and (5);
* Given wages, firms maximize profits when allocating inputs to tasks;

 Labor and asset markets clear at every date:

" {i€lol, =]} fhadi+ {i€l 10} _;,=J} i (6)
St:/{ielt:oi,t—S} i,tdi—i‘ - f‘fl,tdir )
Li= /{ — Oy di+ S i .
0= /{ ielt}bidi. o)

In what follows, we focus primarily on the stationary equilibria (steady states)
of the economy, as our main results concern the long-run effects of automation. We
therefore begin by characterizing the economy’s steady states and how they vary
with the cost of automation. Section 4 subsequently studies the transition dynamics

induced by technological change.

Definition 2 (Stationary Equilibrium) A stationary equilibrium is a competitive equi-

librium in which all prices and allocations are constant over time.

We next establish that the economy admits a unique stationary equilibrium. We
then characterize this equilibrium by showing how the cutoff occupational choice

and the equilibrium interest rate are jointly determined.



Proposition 1 (Existence and Uniqueness) A stationary equilibrium exists, and it is

generically unique.®

Stationary equilibrium wages are pinned down by technology. In any steady
state, the mass of juniors and seniors employed in the modern sector are equal.”

Competitive factor pricing therefore implies that equilibrium wages are:

1—a

w =min{y,1 —«a} and w° =a- (1;]“) " (10)

When x > 1 — a, junior tasks are not automated, and junior workers receive a share
1 — & of output per efficiency unit of labor in the modern sector. By contrast, when
X < 1—a, firms automate part of the junior tasks, and junior wages are pinned
down by the automation cost x. Similarly, traditional sector wages are pinned down

by technology: w’ = 1.

Two conditions together determine the stationary equilibrium allocation of work-

ers across sectors and the interest rate that clears the financial market.

First, workers choose occupations to maximize the present value of income. For
a given interest rate R, there exists a cutoff worker ¢ who is indifferent between

entering the modern and traditional sectors:

(w2 2 L
P <w+R)—1—|—R. (11)

This condition equates the discounted lifetime labor income associated with the
two sectors for the marginal worker. As the wage profile in the modern sector is
more backloaded than in the traditional sector, i.e., w/ < w®, condition (11) induces
a positive relationship between R and ¢, depicted by the upward-sloping Labor

Market curve in Figure 1. Intuitively, the modern sector is less attractive when

By generically unique, we mean unique except for a non-generic set of parameters. Namely,
when ¢ = 0, at R = B~! workers are indifferent over the time path of consumption, giving rise
to a continuum of equilibrium borrowing and saving decisions and, hence, consumption profiles.
This indeterminacy is immaterial for our results, however, as all equilibrium objects of interest are
uniquely determined.

7Since we have assumed that & > %, senior tasks pay a premium and all experienced workers
perform senior tasks in equilibrium.
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the interest rate is high because it offers more delayed compensation. When the
interest rate increases, the marginal worker must thus be characterized by a stronger

comparative advantage in the modern sector.

Second, the interest rate is such that the supply of savings meets the demand for
credit in the financial market. In equilibrium, workers in the traditional sector are
the savers, whereas workers in the modern sector are the borrowers. For a given

cutoff worker 1, financial market clearing therefore requires that:
. 1 o0 T wS T
F) |1-w(R) (14 :/_ PaE(p) - |w(R) (o + ) @l |, 12)
¥

where w(R) = R/[R+ (B~ R)%] denotes the share of discounted lifetime labor
income that a worker consumes when young.® The left-hand side of (12) corre-
sponds to aggregate savings by workers in the traditional sector, while the right-
hand side corresponds to aggregate borrowing by workers in the modern sector.
Condition (12) induces a negative relationship between R and ¢, depicted by the
downward-sloping Financial Market curve in Figure 1.7 Intuitively, when more
workers enter the modern sector, i.e., { decreases, the mass of borrowers relative to
savers increases. Financial market clearing therefore requires a higher interest rate

to incentivize workers to save more (or borrow less).

The intersection of the two schedules pins down the equilibrium cutoff worker
P* and the interest rate R*. Together, these objects fully characterize the unique
stationary equilibrium. In the next section, we study how the equilibrium responds
to changes in technology, first by characterizing comparative statics across stationary
equilibria and then by analyzing the associated transitional dynamics. Before
turning to this analysis, however, we establish that the steady state provides a

natural point of departure: it is stable under the economy’s equilibrium dynamics.

Proposition 2 (Stability) The stationary equilibrium is locally stable: for any initial stock

8For v = 0, we have w(R) = 1if R < B~!, w(R) = 0if R > B!, and w(R) € [0,1] if R = B~ L.

9The relationship is downward sloping over the relevant range ,B*l <R <L ,B*l . (ws Jw! )W.
IfR < ,3’1, all workers would borrow, contradicting market clearing. Conversely, if R > ﬁ’l .
(w’/w!)”, all workers would save, again contradicting market clearing.
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Figure 1: Stationary Equilibrium Determination

Labor market

Financial market

i ’
Notes: R is the interest rate. § is the marginal worker’s comparative advantage in the modern sector.
Workers enter the modern sector iff ¢ > ¢ so a larger ¢ implies a smaller modern sector.

of experienced labor generated by a cutoff of {1 in the neighborhood of ¢*, there is a unique

path along which prices and allocations converge to their stationary equilibrium values.

3 Immiseration

We now study how automation affects the stationary equilibrium of the economy.
Our main result is that so-so automation is immiserizing. We begin by defining so-so

automation and immiseration formally.

Definition 3 (So-so Automation) So-so automation is a marginal reduction in the au-
tomation cost x at the adoption threshold x =1 — a.

A reduction in x to below 1 — « implies that automation inputs replace junior

tasks previously performed by human workers. In this sense, it is automation. '

1%While we do not explicitly model automation as an expansion in the set of tasks that can be
feasibly performed with the automation input as is common in the literature (e.g., Acemoglu and
Restrepo, 2018), our analysis is equivalent to studying how the effects of such technological change
hitting the junior task depends on how productive the automation technology is. For the quantitative
exercise in Section 6, we adapt the model so that a subset of junior and senior tasks is automatable.
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However, when y is only just below 1 — &, automation is only marginally more

cost-efficient than human labor. In this sense, the automation is “so-so.”1!

To define immiseration, we first provide a definition of output.

Definition 4 (Output) Output is the economy’s total production net of automation costs:
Ye=yi +yi" —x ke

Because the economy cannot borrow or save in the aggregate, output equals
aggregate consumption. In equilibrium, output is equal to the sum of wages earned

by workers because constant returns to scale imply that firms make zero profits.

Immiseration is a reduction in output due to technical change.

Definition 5 (Immiseration) Technical change is immiserizing if it reduces stationary-

equilibrium output.

The remainder of this section builds toward our main result that so-so automation
is always immiserizing. The following lemma is the first step in that direction.
It shows that so-so automation decreases the junior wage exactly as much as it

increases the senior wage.

Lemma 1 (So-so Automation Rotates Wages) So-so automation rotates wages while
leaving their sum unchanged:

J S
dw =1 and dﬂ =—1.

X =10 X lx=(1-a)-

This result follows from profit maximization and competitive factor pricing. Con-
sider the stationary-equilibrium allocation along the automated branch, y <1 —a.

Zero profits in the modern sector imply

yM(S(X), T(x) + k(x)) — xk(x) — w®(x)S(x) — @ (x)] (x) = 0.

We adopt the term “so-so automation” from (Acemoglu and Restrepo, 2019).
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Totally differentiating zero-profit condition in the modern sector with respect to x
gives
dwS  dw!

= —k—So— — .
0 Sar g

As x approaches the adoption threshold from below, k — 0. Consequently,

dw’ dw/
s &0 = .
X lx=(1-0)- X x=(1-2)-

At the same time, when automation is adopted, junior wages are w/ = x and thus
P ) g X
gl —(1_a- = 1. Since the stationary equilibrium has an equal number of juniors
ox Ix=(1-a) yeq q J
) . . S .
and seniors, i.e., | = S, it follows that aa%’ x=(1—a)- = —1. Thus, as automation

becomes viable, it rotates wages by lowering junior wages and raising senior wages

one-for-one.

We next show that so-so automation reduces employment in the modern sector

as a result of the backloading of earnings.

Lemma 2 (So-so Automation Shrinks the Modern Sector) So-so automation reduces

employment in the modern sector:

dp*

<O0.
dx Tx=01-a)

The intuition is illustrated in Figure 2. Lemma 1 shows that so-so automation
rotates wages in the modern sector by lowering earnings when young and raising
earnings when old, without affecting average earnings. Since workers value earlier
earnings relatively more than later earnings (as R* > 1), this reallocation of earnings
over the life cycle makes the modern sector less attractive. As a result, the marginal
worker must have a stronger comparative advantage in the modern sector for any
given interest rate, shifting the Labor Market curve to the right. At the same time,
the greater backloading of earnings increases borrowing demand by modern-sector
workers, shifting the Financial Market curve to the right. Both forces push workers

away from the modern sector and into the traditional sector.
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Figure 2: So-So Automation Shrinks the Modern Sector

Labor market

Financial market

¢

ll_)* ll_J*/

Notes: R is the interest rate. § is the marginal worker’s comparative advantage in the modern sector.
Workers enter the modern sector iff > 1 so a larger 1 implies a smaller modern sector.

Finally, this shrinkage of the modern sector reduces output. Equation (11) shows
that a marginal worker is paid the same in the modern sector and traditional sector
in present value terms. This implies that their average wage is strictly higher in
sectors where the workers earns a larger share of their income later in life. Formally,
from the labor market indifference condition (11), the interest rate being above one,

and the positive experience premium, w° > w/, it follows that:
- <w]+w5> >2-wl,

The marginal worker ¢* thus sees a reduction in their average wages as so-so
automation pushes them into the traditional sector. Average wages of the infra-
marginal workers are not affected (by Lemma 1). Therefore, with fewer workers in
the modern sector, total wages decline. Since a worker’s average wage equals her

contribution to stationary-equilibrium output, output decreases too.

The theorem below formalizes our main result.

Theorem 1 (So-so Automation Immiserizes) So-so automation is always immiseriz-

ing. In particular, there exists a x < 1 — a such that stationary-equilibrium output is
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Figure 3: So-So Automation Immiserizes

0.9+

J
0 Cost savings from automation (%) 100

Notes: This figure depicts output relative to its pre-automation level as a function of cost savings
from automation 1 — x /(1 — a). Worker ability ¢ is log-normal with mean E[¢] = 3 and variance
Var[p] = 1/2. The remaining parameters are « = 2/3, f =4/5,and v = 2.

strictly lower when the cost of automation satisfies x € (x,1 — a) than when x > 1 — a.

We note that the technical change considered here strictly expands the economy’s
production possibility frontier: the pre-automation allocation remains technolog-
ically feasible after automation becomes available. Immiseration arises because
workers choose occupations based on the discounted present value of earnings
rather than their average wage. By backloading earnings in the modern sector, au-
tomation makes experience-intensive careers less attractive, reducing employment

in the very sector where technological progress occurs.

Figure 3 illustrates the process of immiseration that occurs as automation be-
comes efficient enough to be adopted. Aslong as x > 1 — a, automation is not used
in equilibrium, so local changes in its efficiency have no effect on output. Once x
falls just below 1 — a, however, further reductions reduce output by Theorem 1. The
economy, therefore, enters an immiseration region in which technological progress
lowers output, eventually reaching a trough. As automation becomes sufficiently

productive, however, the direct productivity gains start dominating the reallocation
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effect, and output begins to rise with further improvements in technology.

Proposition 3 (Great Automation Drives Growth) Sufficiently productive automation
always increases output. In particular, there exists a ¥ < 1 — a such that stationary-

equilibrium output is strictly higher when x < X than when x > 1 — a.

The immiserizing nature of so-so automation extends beyond some specific
assumptions adopted here for tractability. In particular, as we show in Section 5,
the arguments underlying Theorem 1 do not rely on the Cobb-Douglas production
function, CRRA preferences, or the assumption that workers only live for two peri-
ods.!? Rather, the key ingredient is that automation disproportionately substitutes

for tasks performed early in the life cycle and thus backloads labor income.

The mechanism also makes clear that the consequences of automation depend
on which tasks are automated. Our baseline model isolates the automation of junior
tasks to highlight its effects on experience accumulation. Automation of senior
tasks has the opposite implications. By raising the rewards for juniors, senior-task
automation frontloads labor income and increases the attractiveness of experience-
intensive careers. Workers therefore move into the modern sector, raising aggregate
output. Whether so-so automation raises or lowers long-run output thus depends

on the stage of the career ladder at which it substitutes for labor.

The immiseration result is qualitatively different from the predictions of the
now-standard task-based models of automation (Acemoglu and Restrepo, 2018,
2019). In those models, even so-so automation always increases output. Whether
wages fall depends on how strongly automation reduces labor’s share of the pie (the
“displacement effect”) relative to how much the overall pie grows (the “productivity

effect”). Instead, in this model so-so automation reduces the size of the pie itself.

120ur conclusions would also be unchanged if firms could offer enforceable long-term wage
contracts. Competition would equate the present value of workers’ compensation to the present
value of their marginal products, and frictionless financial markets imply that workers are indifferent
to the timing of payments conditional on that present value.
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4 Transitions and Welfare Consequences

We now study the transition following the adoption of so-so automation. Suppose
the economy is initially in a stationary equilibrium without automation and that, at
date t = 0, the automation cost unexpectedly falls marginally below the adoption
threshold 1 — a. Throughout, we focus on the locally stable equilibrium dynamics
characterized in Proposition 2. Along this path, the cutoff worker ¢}, the interest
rate R}, wages, and occupational choices jump immediately to their new stationary-
equilibrium values. Instead, the stock of experienced workers is fixed on impact, as

it is determined by occupational choices made before automation was adopted.

Proposition 4 (Transition Dynamics) Along the locally stable equilibrium path after

S0-so automation:

1. The cutoff worker {;, the interest rate R}, and wages immediately jump to their new

stationary-equilibrium values.

2. Output initially rises and then reaches a new stationary-equilibrium level that is

lower than before.

3. The initial cohort of experienced workers strictly benefits from automation.

Figure 4 illustrates these dynamics. Figure 4a shows that junior and senior wages
immediately jump to their new stationary-equilibrium levels. Figure 4b shows
that output follows a different path. While prices and occupational choices adjust
on impact, the stock of experienced workers is predetermined. Consequently, the
economy initially inherits the larger stock of senior workers accumulated before
automation was adopted. Since automation increases the productivity of junior
tasks while the supply of senior workers remains temporarily unchanged, output

initially exceeds its new stationary-equilibrium level.

The initial rise in output may suggest that automation is benign. But the tem-
porary boom reflects the stock of experienced workers accumulated under the

pre-automation allocation. Once occupational choices adjust and the inherited stock
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Figure 4: Wages and Output During the Transition

(a) Wages (b) Output
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Notes: t indexes time, with so-so automation adopted at ¢ = 0.

of human capital is depleted, output falls to a lower steady-state level. In this sense,
the immiserizing effects of automation are not immediately visible in aggregate
output. So-so automation leaves existing experience intact but reduces workers’

incentives to acquire experience, decreasing the future supply of senior labor.

The transition also creates winners. The initial cohort of senior workers in the
modern sector benefits as it receives the higher senior wage induced by automation
without having borne the lower junior wage earlier in life. Thus, although so-so

automation reduces stationary-equilibrium output, it strictly benefits this cohort.

We now turn to welfare of workers in the new stationary equilibrium.

Proposition 5 (Welfare Effects) So-so automation reduces stationary-equilibrium wel-

fare for all modern-sector workers and possibly for all workers.

All modern-sector workers are made worse off because so-so automation back-
loads their wages. While a decrease in the interest rate can dampen their welfare
loss, it cannot overturn the cost of backloading. The fact that the marginal worker

moves to the traditional sector reflects this welfare loss.

The effect on traditional-sector workers” welfare is ambiguous. Being savers,
these workers are also worse off if the interest rate falls. If the interest rate rises,

they are better off. Both situations can occur in equilibrium.
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Propositions 4 and 5 together raise the question of whether policy can pre-
vent immiseration without creating losers. Although so-so automation reduces
stationary-equilibrium output and the welfare of at least some, if not all, future
workers, it also creates a cohort of transition winners: the senior workers employed
in the modern sector when automation is adopted. These workers receive the higher
senior wage induced by automation without having borne the lower junior wage

earlier in life. As we show next, this conflict cannot be eliminated by policy.

Proposition 6 (Pareto Efficiency) Given an initial stock of experienced labor, the com-

petitive equilibrium is Pareto efficient.

Proposition 6 shows that immiseration does not require an underlying ineffi-
ciency. In our frictionless benchmark, the decline in long-run output reflects an
efficient equilibrium response to the changing timing of labor income rather than a
distortion that can be eliminated without creating losers. This does not imply that
there is no role for policy. Policies may be desirable on redistributive grounds, and
additional frictions—such as financial constraints or other market imperfections—
may both amplify the effects of automation and create scope for Pareto-improving
interventions. Our point is simply that such frictions are not necessary for technical

change to reduce long-run output.

5 Extensions and Robustness

We consider several extensions of the baseline environment, including more general
preferences and production technologies, the presence of financial frictions, and
longer-lived households. We show that our main result, that so-so automation
of junior tasks is immiserizing, is robust to these alternative specifications and
generalizations. Below, we discuss each extension briefly, and we relegate more

detailed analysis to Appendix B.

General Preferences and Technologies. The immiseration result does not depend

on the Cobb-Douglas and CRRA specifications used in the baseline model. On
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the production side, it is sufficient for the technology to exhibit constant returns to
scale, complementarity between junior and senior tasks, and a positive experience
premium. Under these conditions, junior automation continues to rotate earnings
toward later stages of the career. On the preference side, the result requires only
that utility be increasing and weakly concave. Weak concavity implies that shift-
ing income from youth to old age weakly increases workers” desired borrowing
and therefore raises the attractiveness threshold for entering the modern sector.
Consequently, both the Labor Market and Financial Market schedules shift in the
same direction as in Figure 2, reducing modern-sector employment and output.
CRRA preferences are useful primarily for ensuring uniqueness of the stationary

equilibrium, not for generating immiseration.

Financial Frictions. The baseline model assumes that workers can freely borrow
against future labor income. Because modern-sector careers feature a strongly
backloaded wage profile, one might expect borrowing constraints to amplify the
immiserizing effects of automation. We show that this intuition is incomplete. We
introduce limited pledgeability of labor income in the spirit of Hart and Moore
(1994). Tighter borrowing constraints reduce the attractiveness of modern-sector
careers and discourage experience accumulation. However, they also reduce aggre-
gate borrowing demand and lower equilibrium interest rates. Since modern-sector
workers are net borrowers, the resulting decline in interest rates partially offsets the
reduced attractiveness of modern-sector careers. Consequently, financial frictions
affect immiseration through two opposing channels. While so-so automation re-
mains immiserizing, financial frictions may either attenuate or amplify the decline

in output relative to the frictionless benchmark.

Beyond Two-Period Careers. The baseline model adopts a stark life-cycle struc-
ture in which workers spend one period as juniors and one period as seniors. We
show that the immiseration result obtains in a perpetual-youth economy a la Yaari
(1965) and Blanchard (1985), where workers face uncertain lifetimes and accumulate
experience over the course of their careers. Although the environment is substan-

tially richer, the equilibrium remains governed by the interaction of a Labor Market
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and a Financial Market schedule, as in Figure 2. So-so automation continues to
backload labor income by reducing the return to early-career work relative to later-
career work. Consequently, entry into modern careers declines, the modern sector

contracts, and aggregate output falls, just as in the baseline economy.

Alternative Paths to Senior Occupations. The baseline model assumes that ex-
perience acquired in junior jobs is the only route into senior careers. We relax this
by allowing inexperienced workers to enter senior occupations directly, though
at lower productivity than workers who accumulate experience through appren-
ticeship. This alternative path does not eliminate immiseration. Direct entry is
attractive because it flattens the life-cycle wage profile: relative to apprenticeship,
it shifts income toward youth and reduces borrowing demand. As a result, once
automation makes direct entry attractive, the economy passes through an inter-
mediate regime in which apprenticeship and direct entry coexist. In this region,
workers substitute away from experience accumulation even though apprenticeship
remains more productive, so direct entry can amplify the output decline before

sufficiently productive automation eventually raises output.

6 A Simple Quantification of Robots’ Aggregate Effects

In this section, we extend our baseline economy to explore the aggregate effects of
automation by robots. The only departure from the model studied before is that
we allow for both junior and senior tasks to be subject to automation and set it to
match data on tasks” exposure to robots. We use a back-of-the-envelope calibration

for the remaining model parameters.

6.1 A Task-Based Model With Junior and Senior Automation

Technology. As in the baseline model, modern sector output is produced by

combining senior and junior inputs:

v = (x8)" - (xD) 13)
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where we again assume that & > % so that there is an experience premium. Unlike
in the baseline model, junior and senior inputs are bundles of a continuum of tasks

combined in fixed proportions :

X{ = min x{(7) foro € {],S}
T€[0,1]

Tasks T < I are automatable and can be produced with labor or with the automa-

tion technology, while tasks T > I° require labor:

LY(7) +ki(T) ift <I°
LY(7) ift>1°
where L{(7) is labor in efficiency units and k7 () is the automation input (Acemoglu

and Autor, 2011; Acemoglu and Restrepo, 2019, 2020). The automation technology

converts x° units of final good output into one efficiency unit of occupation-o labor.

The rest of the model. Besides the task-based production function, the model is

identical to that in Section 2, summarized below:

* Workers live for two periods, have CRRA preferences with elasticity of in-

1

tertemporal substitution -

, and a discount factor g;

* Each worker i € I; draws her effective units of labor supply in the modern

sector ¢ from a distribution F(-);

¢ Performing senior tasks in the modern sector requires experience as a junior,

while the traditional sector does not reward experience;
¢ There are perfectly competitive labor and financial markets;

* Workers choose their occupations to maximize lifetime utility.

When all junior tasks and no senior task is automatable, i.e., I J=1and I° =0,

the model is equivalent to the model in Section 2.
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6.2 Equilibrium

The competitive equilibrium of this model is defined analogously to the baseline
version in Section 2. The only difference is that firms are now allocating factors to a
continuum of tasks in both occupations. They do so to minimize costs. We again

focus on the stationary equilibrium of the model.

Task allocation. Firms allocate factors to tasks to maximize profits. Let k° =
folo k°(t)dt be the total automation input allocated to occupation o € {J,S}. Opti-
mal allocation under Leontief implies that firms produce the same amount of each
task and that the total output of an occupation equals the total efficiency units of

labor and automation input allocated to that occupation:
X =J+k and X° = S+ &5,

where | and S are the total efficiency units of human junior and senior labor input,

respectively. From there, the firm solves the following maximization problem:

s\* e s S. (xS

max (X ) (X]) W J—wS S (X =) = x5 (X5 - 8)
subjectto X+ (1-1/) <j<x/ and X° (1-1°) <s<X".

(14)

If the wage w? is below the cost of using the automation technology x° for some

o € {J,S}, the firm assigns all tasks to humans in that occupation, regardless of

automatability. In other words, the automation threshold I° is not binding in that

case. If the wage is above x?, firms only allocate labor to non-automatable tasks.

Wages. The share of modern sector revenue earned by each occupation is the total
expenditure accruing to the input that the occupation produces after subtracting

the automation costs:

w]'fz(l—IX)'yM—X]-(Xf—]),

ws'sza'yM—xS-<XS—S)_ (15)
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6.3 Quantifying Robots” Aggregate Effects

Baseline calibration. Table 1 shows the calibrated values of the parameters and
how we set them. Since we want to consider the effects of robots, we calibrate the
parameters to match the US economy in 1980, before widespread robot adoption
(Acemoglu and Restrepo, 2020). For calibration purposes, we thus assume that
neither junior nor senior tasks are automatable in the baseline, i.e., Iy, = 0 for
botho € {J,S}.

For the purpose of this exercise, we interpret the traditional sector as home
production (measured as being out of the labor force). We assume the modern-
sector productivity distribution F(-) is Fréchet with shape parameter x and scale
parameter A. The scale parameter A governs the average productivity of workers
in market work (relative to home production), while ¥ > 1 governs the strength of

comparative advantage and thus the elasticity of labor supply.

Table 1: Calibration

Parameter Target
Symbol Value Moment Equation Value Source
« 0.654  Experience premium wSZ;]wl =2-1 887% Lagakos etal. (2018)
0% 3 Elast. of intertemporal substit. % % Havranek (2015)
K 2.86  Labor supply elasticity Eq. (M.1) 0.75 Chetty et al. (2011)
A 3.45 Share out of labor force, 1980  Eq. (M.2) 10.4% Census
0.92 Annualized interest rate Eq. (M.3) 10%

Notes: A period is taken to be twenty years, e.g., from age 20 to 39 and from age 40 to 59. The share of
people out of the labor force in 1980 refers to men within that age range. Given the other parameters,

an annualized interest rate below 9% implies a discount factor 8 above one.'3
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Measuring Junior and Senior Automation by Robots. To measure junior and
senior tasks’ exposure to robots, we first classify occupations as “junior” and “senior”
based on the amount of experience they require.'* We classify an occupation as
senior if it has above median experience requirements, weighted by employment.
We then compute the share of tasks in each occupation that Garg et al. (2026) classify
as “automatable” by robots.!> From there, we set I J and I3

Robots Robots
share of junior and senior tasks that are automatable by robots, respectively.

to the average

Junior occupations were substantially more exposed to automation by robots
than senior occupations. Quantitatively, we find II]{ obots — 0-21 and IIS{ obots — 0-06.
We use our calibrated model to gauge what this implies for the aggregate effects of

robots.

Results. Figure 5 shows robots’ effects on aggregate output, depending on the
cost savings they induced. Since robots disproportionately automated junior tasks,
the logic behind Theorem 1 applies: when robots are so-so, the reallocation effect
induced by wage backloading in the modern sector dominates the direct productiv-
ity effect from the technical progress, inducing a decrease in output. The dashed
line in Figure 2 shows the output effect that arises if workers were to maximize the

average wage over their lifetime rather than their discounted stream.'®

13The moments targeted are the following functions of the parameters:

dln (1 —F(¢p*)) F(*) - In F(¢7*)
oln(w +wS/R) " 1-E(§*) (M.1)
X A-(1-— + @ K
F(§") = exp <— (W) ) (M.2)

a [® 5 v
1.<( I3 9 dF() + F) )) )

p\(—a): [gpdF(p)+ F(P
Hwe use O*NET'’s Education, Training, and Experience module that contains information on the
years of related work experience required for each occupation. For each occupation, we compute the
average value reported across respondents. The questionnaire can be found here.
15As measure of occupation-level exposure to robots, we use the share of tasks exposed to
automation through the “physical execution” channel, which captures tasks exposed to substitution
by “robotics, mechanical actuation, and embodied systems that physically perform the task, such as
warehouse picking or assembly automation” (Garg et al., 2026).
16Tn the competitive equilibrium, workers maximize average lifetime wages if the gross interest
rate is one. We achieve this by setting 8 = 1 and = 0, while keeping the other parameters as in

26


https://web.archive.org/web/20250317132520/https://www.onetcenter.org/dl_files/MS_Word/Education_and_Training.pdf

Figure 5: The Output Effect of Robot Automation
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Notes: This figure shows the effect of robot automation on output, depending on the cost savings
per automatable task. The share of automatable junior tasks and senior tasks are 0.21 and 0.06,
respectively. The solid line shows the effect on output under the competitive equilibrium given the
calibrated parameters shown in Table 1. The dashed line shows the effect of the technical change on
the maximum steady state output the economy can achieve. Cost savings for juniors and seniors are
assumed to be the same.

The shape of the output effect reveals the economics behind it. When cost savings

are low enough, the junior automation threshold 11]Q is not binding, and junior

obots
workers perform both automatable and non-automatable tasks. In this region, the
wages are pinned down by the cost of using the automation technology /. As cost
savings increase, the automation threshold eventually becomes binding, inducing a
kink. Once the economy hits the threshold, junior workers concentrate on the non-
automatable tasks and any further efficiency gains to the automation technology
only increase their marginal product. From that point onward, further cost savings

increase output.

Citing complementary evidence, Acemoglu and Restrepo (2020) estimate that

Table 1.
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cost savings from robots were around thirty percent. At that level, Figure 5 implies a
positive output effect of about 2.6%. Absent the reallocation mechanism emphasized
in this paper, the same technical change would have raised output by roughly 3.5%
(as reflected by the dashed line showing growth under output maximization). Wage

backloading thus dissipates around a quarter of the potential gain.

Steady-state modern sector output—closest to standard measures of economic
output—barely increases even under large cost savings. While Figure 5 shows out-
put growth when accounting for home production, such production is not captured
in GDP growth. Figure 6a shows that robots’ effect on GDP growth amounts to only
around half a percentage point even at thirty percent cost savings. These results
can explain the robust GDP growth of the 1980s and 1990s and the subsequent
stagnation (e.g., Antolin-Diaz et al., 2017): the transition path highlighted in this
paper predicts a boom while the current generation of experienced workers is com-
plemented by the technology, followed by a decline as incentives to accumulate

experience fall.

The model also speaks to the decline in labor force participation. By backloading
earnings, junior automation pushes a significant share of workers out of the labor
force: at thirty percent cost saving, the model predicts a 4.5 percentage-point fall
in participation (Figure 6b). Robotization of predominantly junior tasks could
thus have contributed to the observed fall in labor force participation: the share
of 20-to-59-year-old men out of the labor force rose from 10.4% in 1980 to 15.0% in
2019. While other forces are likely to have also spurred a decline in male labor force
participation (e.g., Krueger, 2017), this exercise shows that junior automation offers

an additional, and quantitatively powerful, explanation.

Lastly, the model can further help rationalize the observed increase in the wage-
age gradient. Career earnings growth in the US roughly doubled between 1980 and
2017 (Deming, 2021, Figure 5). Junior automation by robots can offer an explanation:
Figure 6d shows an increase in the wage-age gradient for market work. At the same
time, this paper shows that such wage backloading may have had negative effects

on labor force participation, output, and welfare.

The exercise above is a simple back-of-the-envelope calculation, illustrating the

quantitative relevance and applicability of the theory. Since we kept the model
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Figure 6: The Effects of Robot Automation on Other Economic Outcomes
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Notes: This figure shows, clockwise, the effect on modern sector output, or GDP; the share of people
out of the labor force; the wage-age gradient; and the junior wage. GDP and the junior wage are
shown relative to their pre-automation levels.

purposefully simple, one should exercise caution when interpreting its quantitative
implications. For instance, we abstract from various frictions that may be quantita-
tively important, such as borrowing frictions. Further, some industries within the
modern (market) sector have seen stronger robot automation than others. Section
7 shows that this led to reallocation within the market sector, which could either

strengthen or dampen the effects shown here.
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7 Empirical Evidence

In this section, we use differences across U.S. industries in the exposure of junior
and senior tasks to robotization to empirically test the theory’s main mechanisms.
The theory predicts that when automation is concentrated in the junior tasks a sector
becomes less attractive to workers because it backloads earnings. In support of this
theory, we find that industries where junior tasks were disproportionately exposed
to automation by robots saw a relative decrease in employment, an increase in the

average age, and a steepening of the wage-experience profile.

7.1 Data and Empirical Specification

We use micro-data from the US Census and the American Community Survey from
1970 to 2020. These data provide, for a representative sample of workers, their
industry, occupation, age, and wage. We conduct the analysis at the level of the
1990 Census industry classification, which is consistently available across all years.
For each industry and year we construct total employment, the total wage bill, and

the average worker’s age.

For the baseline exercise, we rely on exposure to robots by occupation constructed
by Garg et al. (2026) using large language model prompts. This measure is strongly
correlated with other commonly used measures of exposure to robots that are not
constructed using large language models. As a robustness exercise, we also show

results when using Webb (2019)’s exposure measure.

Using these measures of occupational exposure, we first construct a measure of
each industry’s overall exposure as the average occupation-level exposure of each

person working in this industry. That is:

1
Automation; = — Z OccAutomation,; , (16)
n 80

gl
1iSgy=S$

where s indexes the industry (or sector), sk, is the 1990 Census industry group in
which worker i was active in 1980, n; = ) .. =5 is the sum of workers in sector s,

OccAutomation, is occupation 0’s exposure to automation, and og, is worker i’s
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occupation in the 1980 Census.'”

We then construct measures of the degree to which an industry’s automation
exposure is concentrated in the more junior tasks. Our baseline measure of the
junior-bias of automation is the negative of the correlation between a worker’s age

and their exposure. That is, for sector s:
JuniorBias; = —Corr (OccAutomationoéo, Ageg0 | séo = s) , (17)

where Agef30 is the age of the worker in the 1980 Census. Being a correlation, this
measure is bounded between -1 and 1. If it is one, it means that there is a perfect
negative correlation between age and exposure within the industry, so that the
exposure is strongly biased to juniors. An advantage of this measure is that it
captures how automation is distributed across tasks separately from how much

automation the industry faces overall.

We show that the results are robust to alternative measures of junior bias. Specif-
ically, we also show results measuring junior bias as the difference between the
exposure of workers who are younger vs. older than the industry-specific median
age. We use the industry-specific median age to ensure that both measures are
computed based on equally-sized populations. Moreover, we show results when
junior bias is instead based on the within-industry correlation between occupations’

experience requirements and exposure to robotization.

We estimate the following difference-in-difference specification:

log yst = Z 1{t' =t} - (By - JuniorBias, + 7y - Automations) + ps + At + €,
#£1980
(18)

where y; is the outcome of interest for industry s in year t and ys and A; are
industry- and year fixed effects, respectively. Both the junior bias and the measure
of overall automation exposure are fixed at their 1980 values and interacted with

year indicators, with 1980 as the omitted base year.

The coefficients of interest are the , which reflect how the outcome of an

17We use the 1990 occupational classification system, which is consistently available in the census
data.
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industry is correlated with the degree to which its automatable tasks are junior
tasks, holding total exposure fixed. The model predicts that automating junior tasks
depresses sector employment relative to automating senior tasks, so that we expect

these parameters to be negative.

7.2 Results

In line with the theory’s prediction, we find that exposure to robots has had a more
negative effect on industry-level employment when it was biased to junior tasks.
Figure 7 reports the estimates of the regression in equation (18) with log employment
as the dependent variable. Junior bias is correlated with a substantial decline in
employment after 1980. Quantitatively, the effects suggest that an industry for
which the junior bias was one standard deviation stronger saw an additional decline

of about 10% in employment.

The result that employment decreases more with junior than with senior automa-
tion is robust to various alternative model specifications. First, it is robust to using
the difference between junior and senior exposure as the independent variable as
opposed to the correlation between age and exposure (Figure C.4). Second, the effect
size and direction are similar when replicating the exercise using robot exposure
measures constructed by Webb (2019) (Figure C.5). Lastly, it is robust to measuring
exposure using 1990 as the baseline instead of 1980 as in Acemoglu and Restrepo
(2020) (Figure C.6).

Further, we find that junior-biased automation predicts an increase in the average
age of workers in the industry. To show this, we use the same specification as in
equation (18), except for changing the dependent variable to the log average age
in the industry. Figure C.7 shows positive effects of junior bias in robotization on
the industry-specific average age. These results are consistent with our model’s
prediction along the transition path where junior entry is reduced relative to the

existing stock of seniors.

Lastly, we find evidence that exposure to junior-biased robotization led to wage

backloading. To test this, we use data from the CPS on a given worker’s weekly
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Figure 7: Employment Effects of Junior Bias in Robot Exposure
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Notes: This figure reports estimates of the parameters B, in equation (18). The dependent variable
is an industry’s log employment. The coefficients are normalized by the standard deviation of
the independent variable so that they reflect effects per standard deviation of junior bias. The
regression controls for year- and industry- fixed effects and for the overall exposure of the industry
to automation by robots, interacted by year. The bars reflect 90% confidence intervals.

earnings in two subsequent years. The longitudinal aspect of these data allows us to
compute each worker’s annual wage growth. We regress this wage growth on the
junior bias in automation of the industry the worker was employed in, interacted
with time as in equation (18).'® We find that junior-biased automation predicts an

increase in wage growth, implying a steepening of the wage schedule (Figure C.8).

8 Conclusion

This paper studies how junior automation affects workers’ incentives to accumulate
experience and, ultimately, the economy’s output. In our model, performing junior
tasks is necessary to acquire the skills to perform senior tasks. Automating junior

tasks reduces the marginal product of junior work and thus backloads wages towards

18We control for age, sex, and monthly fixed effects, cluster standard errors at the industry level,
and only include workers if they were employed in the same industry in both years. To compute
wages, we divide weekly earnings by the usual number of hours worked.
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old age. When the automation is “so-so”, i.e., it does not come with large productiv-
ity effects, this wage backloading makes experience accumulation less attractive
and induces workers to reallocate away from experience-intensive occupations. As
a result, so-so automation reduces the future supply of experienced workers and
thus long-run output. We show that this immiseration result is robust to a variety of
extensions, including more general technologies and preferences, financial frictions,
and longer life cycles. Through an exploration of robots” aggregate effects, we show
that the theory can have quantitatively important implications for the aggregate
effects of technical change. We also provide empirical evidence consistent with the
model’s central prediction: industries in which exposure to automation by robots is
concentrated in junior tasks saw larger employment declines, an aging workforce,

and steepening wage growth.
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Appendix

A Proofs and Derivations for Sections 2-4

Proof of Proposition 1. Since both the Labor Market and Financial Market sched-
ules, given by (11) and (12), define continuous maps from ¢ to R, to establish
existence and uniqueness, it is sufficient to show that one of them is downward

sloping in (¢, R)-space while the other is upward sloping.
The labor market condition (11) implies:
CPpewt -1
C1-w P
which yields an upward sloping curve in (R, ) since ¢ - w® > 1 and w/ - ¢ < 1.

The financial market condition (12) implies:

(B-R)" =1 Jy vaE®)

Since the left-hand side of this equation is increasing in R, while the right-hand side
is decreasing in ¢, equation (12) induces a negative relationship between R and .

This establishes uniqueness.

To prove existence, note that for ¢ = %, R = 0 and there must be strictly
more demand for borrowing than supply of saving. Also, when ¢ — %, R — o0
and there must be excess supply of savings. Since both equations are continuous,

existence follows from the intermediate value theorem. m

Proof of Proposition 2. We establish the result separately for the case with and

without automation.

Case without automation: x > 1 — «. The dynamic equivalent of the financial
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market conditions implies:

F (i, ) = ((B-RDT 1) - F (@) = (wha — (B R)Tw]) - [ gaF(y)

=0,

where prices w{ , wy ; and Ry are functions of $;_1, P, 111 only. The dynamics of

the economy can therefore be characterized by the second-order difference equation
in 77Z7t_1, ‘/_’t/ and ¢t+1'
We establish local stability by analyzing the stability of the first-order approxi-

mation to the nonlinear dynamic system:

oF
IPr_1

_ - oF

. ] OF
Py — P )+a—4—]t

(lpt - ¢’ ) + alpt—l—l

- (Y1 —¢97) = 0.

where -|, indicates the derivative is evaluated at the steady state.

Some algebra yields:
O | BRI (gl [ gary) - 2o [
ol = R el (F@) el [ Cyar) ) - S5 | wdE(y)
OF| _(B-R)T dR (r@ )+l [ yare)
al/_Jt . R*-’)f al/}t i P(’nb )+w e lde(Eb)
_ 1 Jw?
FA@) [ R 1] = FE [ yaE(y),
1 ow! o0 1 _
HE RS [ dE@) + (07— (B R (),
t P
OF | _(B-R)T R, (v =l [ yar)
5= Ry ag] (@ [ par)
Wioowl | e
H(BRYT G| [ aE(y)

For stability of the linearized system, we require one eigenvalue to be within

the unit circle and the other outside the unit circle. In other words, we require the
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characteristic polynomial:

doF
AP
. oy

oF

oF
¢ A+
oPi41

. 0P; 1

H(A)

*

to have exactly one root between -1 and 1.

To show that the linearized system is locally stable, it is sufficient that H(1) and
H(—1) are of opposite sign. To see why, note that the opposite signs of H(1) and
H(—1) impliy that H(A) has an odd number of roots within (—1,1). Since H(A) is

quadratic it has at most two roots and thus exactly one root within (—1,1).

We use that:
Tk aw}g 1
IR B ¥ 81/3;1 .
W1l 1—wl ¢’
* « 0w} R
gy Rl ] R g
|, 1—w - ¢* ’
* Tk duw]
JR; _ R*-g7- all_)t—t1
agbt—l *_ 1_w]l/_)* ’
aa_)ts+1 _ awt?tl — _(1-a) @ UAPAC
0Pt i1 § oy . ﬁ;: wdF ()
owj| _ _ ow A
alpt N a4’t—1 " fq}* EbdFW’)
From there:
oF oF oF
H 1 — = + — + =
( ) alpt—i-l * alpf * alpt—l *
1
(B-R*)" ( - J /°° ) ( dR; dR; IR; )
=~ . (F +w’ - dF . _ + — + —=
R* Y (IP ) P* IP (lp) alpt+1 * allJt * alpt*l *

£ ((B-R)T=1) + (05— (B-RY)7-wl) - §* - £ ()
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so that:

H(1) >0
since: S |
R*.
OR: | | ORi| |, OR | _w+RT-w Z >0
a¢t+1 * aEL’t * awt—l x 1—ZU]'1P
and
1< (B-R¥)7 < w?
<(B-R)" < o

It remains to prove that H(—1) < 0. Again, combining terms, we obtain

oF oF oF
H(_l)_all_]t—kl *_a_lpt*_’_aq_]t—l*
:(ﬁ-R*ﬁ_( o [ )(aRt AR, oR, )
R* -y Fyh) o ¢*¢dP(¢) oPri1 |, 3¢t*+31ﬁt_1*
—f ) ((B-R)7=1) = (w® = (B-R)7 ) -4 £ ()
—2((B-R)7T=1)a-(1—a)-§* - £ ()
so that
H(-1) <0
because
_. 0w’ . aw!
sl OPr|,  OPr1l, 1—wl-¢*
and S
1< (B-R)T < O

The linearized system thus has exactly one eigenvalue within the unit circle. Since
the model has one predetermined variable and one forward-looking variable, this
linearized system is locally stable. That is, there exists a locally unique path toward
the stationary equilibrium. By the Hartman-Grobman theorem, this implies that

the non-linear system is locally stable too.

Case with automation: y < 1 — «a. With automation, wages are pinned down by x
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in a neighborhood around the steady state. This implies that wages do not respond

locally to changes in entry thresholds and thus

IR, —0
alpt+1 * B
OR;,  w®+R*-w
all_Jt’* 1wy
IRy . =0.
9P 1

The result then follows from the same reasoning as above because it implies that
H(l) >0and H(—1) <0. m

Proof of Lemma 1. See text. m
Proof of Lemma 2. See text. m

Proof of Theorem 1. See text for the proof that the stationary-equilibrium output
must be strictly increasing in x near the automation threshold y = (1 —«)~. By
continuity of output in x, this implies that there exists a x < 1 — & such that output
is strictly lower when the cost of automation satisfies x € (x,1 — «) than when

XxX>1—a m

Proof of Proposition 3. It is sufficient to show that stationary-equilibrium output
goes to infinity as x — 0. When x < 1 — a, senior wages (per efficiency unit of

labor) are:
1—«

1—a\ «©
wS:oc-( X“) —ooas )y — 0.

Since output equals total wages, it is sufficient to show that the senior wage bill

must go to infinity, i.e., that:

5. - dF 0.
w /¢¢ (1) —

If p remains bounded, the result is immediate since w®

that ) — oo so that fl;OngF(tp) — 0and F(¢) — 1.

— 0. Thus, suppose instead
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From the Labor Market condition (11), if employment in the modern sector goes

5 — o0, the interest

to zero, i.e.,  — oo, while senior wages tend to infinity, i.e., w
rate must tend to infinity too, i.e., R — co. The Financial Market condition (12)

implies that:

flpoo#]dlj(lp) B 1—w(R).<1+%>
F(ll_}) - w(R) - (w] + %) — w].

Since the denominator is no greater than w(R) - w® /R, we obtain:

w® - [5 pdF(y)
F(¢)

1 1
>R-(——~—-1-=)=(B-R)V/7-1 1
=R (Gl 1) TR
where we used the expression for w(R) defined by Equation (12)."” Since R — oo,
the right-hand side of (19) tends to infinity too. Since F(y) — 1:

5. - dF 0.
w /1,-,"’ (1) —

Hence, total wages and output must tend to infinity as x — 0, which in turn
implies that output is higher with automation than without it whenever x € (0, )

for x small enough. m

Proof of Proposition 4. From Proposition 2, there exists a unique locally stable
equilibrium path converging from the pre-automation steady state to the post-
automation steady state. The text constructs an equilibrium in which both the cutoff
Py and the interest rate R} jump immediately to their post-automation steady-state
values following the adoption of automation. Since this equilibrium converges
to the post-automation steady state, uniqueness implies that it coincides with the

locally stable path.

Workers who are already senior in the transition period receive the higher senior
wage induced by automation without having experienced the lower junior wage

earlier in life. Their lifetime income therefore increases, implying that they strictly

9The expression for w(R) is only valid for o > 0. But note that for v = 0 (linear preferences), the
result is immediate since it implies that R = % so that modern-sector employment can not go to zero

S

as w- — oo,
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benefit from so-so automation.

Finally, output rises on impact. The cutoff rises immediately, so some workers
who would have entered the modern sector as junior workers instead work in the

traditional sector. The marginal worker at the pre-automation cutoff satisfies:

S
- w 1
Since w® > w/ and R* > 1, it follows that:

Pt -wl < 1.

Hence the marginal worker produces less than one unit of output as a junior worker
in the modern sector but exactly one unit in the traditional sector. The induced

reallocation therefore raises output on impact. m

Proof of Proposition 5. We first show that modern-sector workers must be worse-
off after so-so automation. Let UM (1, w!, w’, R) be the lifetime utility of a worker
with productivity ¢ in the modern sector when junior and senior wages are w/ and

S

w>, respectively, and the interest rate is R.

CRRA preferences imply that consumption scales linearly with lifetime income
(and thus with ¢). This implies that modern-sector utility increases for all ¥ if
and only if it increases for any ¢. Thus if UM(w/,w®, R) = UM(y = 1,w/,w®, R)
declines, UM (, w/, w®, R) declines for all .

Suppose towards contradiction that UM (w/, w®, R) increases after so-so au-
tomation. Since the marginal worker moves to the traditional sector (Lemma
2), traditional-sector utility UT (R) must increase too (by revealed preference). Since
traditional-sector utility is increasing in R by the envelope theorem, this implies
that R increases. However, when R increases, and the senior wage increases by
as much as the junior wage decreases, the discounted value of the modern-sector

career decreases, and thus utility aM (w] LW, R) must decrease, a contradiction. =

Lemma 3 Given an initial stock of experienced labor, let { R} }¢>( denote the interest rates

along the corresponding competitive equilibrium path. Define the associated inter-temporal
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prices as qo = 1 and qy11 = %for all t > 0. Then:
Y i < oo (20)
t=0

Proof. Let I and I? denote the average income of the young and old at date ¢,

respectively. Financial market clearing implies that:

7
Rf = 1 (Tn ,
t ’B Ity
Hence, for every t > 1:

— Y1y Yy Y Y _ Y
q:ﬁi:[gf. M = pt- 5 ) ﬁg
: R; L5 - If 17 e )

s=0 s=1

Since the old are choosing occupations to maximize their income and they have
weakly more experience than the young, they must earn more than the young on

average at any given point in time. That is, I > I/ for all dates ¢. Thus:

Y
t > If .

Finally, every old worker can earn an income of 1 in the traditional sector, so I} > 1
and Ig is finite because total labor income equals date-0 output, which is bounded
since [ ¢ dF() < oo. Thus, there exists M < oo such that:

[e9) o0 M

Y <MY p=r <o,
t=0 t=0 —B

since we have assumed that § € (0,1). =

Proof of Proposition 6. Fix an initial mass of experienced old workers and the

corresponding competitive equilibrium path. For simplicity, suppose that the initial

old enter date 0 without assets or debts. This assumption is inessential: inherited

financial positions can be included in their date-0 budget constraints and cancel in
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the aggregate, as their net supply is zero.

Let {R} }>0 denote the interest rates along the corresponding competitive equi-

librium path. Define the associated inter-temporal prices as follows:

g0 =1, Ji+1 = q—i forallt > 0.
R;

By Lemma 3 above, we have:

Y qr < eo. (21)
t=0

Since [ ¢pdF(y) < oo, aggregate consumption, output, and labor income are uni-

formly bounded. Thus, the present-value aggregates used below are well defined.

The argument below follows the standard proof of the First Welfare Theorem
in Chapter 16 of Mas-Colell et al. (1995), adapted to the overlapping-generations

structure of our economy.

For a worker i € I; born at date t > 0, let zi/t and zi f1 denote her labor
income when young and old, respectively, evaluated at the competitive wages.
Because workers can borrow and save freely, their sequential budget constraints

are equivalent to the present-value constraint:

Gt~ Crp+ qei1 C;,t+1 < qr-zpp+qea 'Zi,t—&-l' (22)

Each worker chooses consumption and a feasible occupational path to maximize
lifetime utility, subject to (22) and the technological constraint that working in senior
occupations in the modern sector requires prior junior experience in that sector.
An initial old worker i € I_; takes her inherited experience as given and chooses

consumption and a feasible date-0 occupation subject to ci_1 0 < zi_l,o.

Suppose, for contradiction, that there exists an alternative feasible allocation,
indicated by hats, that respects the initial condition, makes almost every worker
weakly better off than under the competitive allocation, and makes a set of workers

of positive mass strictly better off. For every worker i € I; and t > 0, individual
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optimality implies:

gt - (@t - ?tt) T+ ge41 - (&,tﬂ — Z,H—l) > 0. (23)

If the left-hand side of (23) were negative, the alternative consumption and occupa-
tional plan would cost strictly less, at the competitive prices, than the labor income
generated by that plan. Hence the plan would lie strictly inside the worker’s budget
set. Since preferences are locally non-satiated, there would then exist an arbitrarily
nearby affordable consumption plan that the worker strictly prefers to the alter-
native plan. Because the alternative plan already makes the worker weakly better
off than the competitive allocation, this nearby plan would be strictly preferred to
the competitive allocation, contradicting the optimality of the competitive choice.
Moreover, the inequality (23) is strict whenever the worker is strictly better off.
Otherwise, the strictly preferred alternative plan would itself be affordable under

the worker’s equilibrium budget constraint.

The analogous argument for the initially old workers gives:

with strict inequality whenever that worker is strictly better off. Summing (23) and

(24) over workers and across cohorts yields:

/11 (Zj_lro - 2i—l,O) di + ji)*/lt [ﬂt : (@t - %t) + qt41 - (/C\lt’,t+1 — /Z\i,t—kl) ] di > 0.
(25)

The inequality is strict because we have assumed that a positive measure of workers

is strictly better off.

We next use firms’ profit maximization. Let Ti, 51, Ly, and k; denote the aggregate

inputs induced by the alternative allocation, and let:
Wt :ZU{Tt—l—ZUfé\t—f—th/L\t
be the corresponding labor income evaluated at equilibrium wages. At these wages,
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the equilibrium modern-sector production plan maximizes:
S (J+k) Y —x k—w - J—w?-S.

Because the modern-sector technology has constant returns to scale and equilibrium

profits are zero, any alternative production plan satisfies:
(S i+ k)™ —x ks <wl - Ji +w} - 5. (26)
In the traditional sector, th =1, so that:
jf = w] - Ly. (27)
Combining (26) and (27), alternative output net of automation costs satisfies:

~

Y, < W (A.9)

Let C; denote aggregate consumption at date t. Feasibility requires:
ét < ?t — ét — Wt < 0 for every t > 0. (28)

Multiplying by g; and summing across dates yields:
Z qe - (ét — Wt) <0. (29)
t=0

Note that the left-hand side of (29) equals the left-hand side of (25). But, whereas

the latter is strictly positive, the former is weakly negative, a contradiction.

Hence no feasible allocation respecting the initial mass of experienced old work-
ers can make almost every worker weakly better off and a set of workers of positive
measure strictly better off. The competitive equilibrium allocation is therefore

Pareto efficient. m
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B Details on Extensions

We consider several extensions of the baseline environment, including more gen-
eral preferences and production functions, financial constraints, and longer-lived
households. We show that our main result, that so-so automation of junior tasks is
immiserizing, is robust to these alternative specifications and generalizations. We

also discuss some additional insights that these extensions provide.

B.1 General Preferences and Technologies

Production functions. The Cobb-Douglas assumption is not necessary for im-
miseration to occur. It is sufficient that the aggregate production function exhibits
constant returns to scale, complementarity between junior and senior tasks, and a

positive experience premium.

Let modern output be produced according to a constant-returns-to-scale produc-
tion function YM(S, J + k). Under constant returns to scale, wages depend only on
the effective junior-senior task ratio (J + k) /S. In a stationary equilibrium without
automation, k = 0, this task ratio is one. Once automation is efficient enough to

be used in steady state, the marginal cost of automation pins down the marginal

o ((15))

where YM is the derivative of YM(-,-) with respect to the second argument. The

product of junior tasks:

automation cost x thus determines the task ratio and junior and senior wages. The

experience premium is positive absent automation if YM(1,1) > YM(1,1).

Any CRS production function implies that so-so automation increases the senior
wage by as much as it decreases the junior wage. This follows directly from the
same envelope argument used to prove Lemma 1, which does not rely on the Cobb-

Douglas form, only on constant returns to scale and competitive factor pricing.

From there, the mechanism illustrated in Figure 2 carries over. So-so automation

backloads wages in the modern sector, shifting both curves to the right, reducing
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modern-sector entry and output.

Note that aggregate constant returns to scale are consistent with decreasing
returns to scale on the firm level, as long as there is free entry that drives profits
to zero. Thus immiseration by so-so automation carries over to such settings too.
Absent free entry, automation may generate rents, and the welfare and output

effects depend on how those rents are allocated.

Preferences. Immiseration by so-so automation does not depend on CRRA utility.

It holds for any increasing and weakly concave utility function.

Preferences affect the stationary equilibrium only through workers’ saving and
borrowing decisions and thus shape the Financial Market curve in Figure 1. For a

general utility function u(-), the Financial Market equation in (12) becomes:
“F§) bR 1L1) = [ b(Ry-wlpw) dF(y),
¥

where b(R, wy, w;) denotes the demand for borrowing when the interest rate is R

and the income when young and old are w; and wj, respectively:

b(R, w1, w;) = arg max {u(wy+b)+p-u(wy—R-b)}.

Weak concavity of u(-) is enough to ensure that borrowing demand increases
when income is shifted from youth to old age.?’ Since so-so automation generates
exactly such shift, it increases borrowing demand for any given interest rate R.
Financial market clearing then requires a smaller mass of borrowers and a higher
cutoff ¢, shifting the Financial Market curve to the right. Since the shape of the
Labor Market is not affected by preferences, both equilibrium schedules shift to the

right, as in Figure 2, and so-so automation increases ¢* and reduces output.

20A weakly concave utility function implies that for any 0 < w; < wy, R > 0,and € > 0,
b(R,wi —e€,wy+€) >b(R,wy,wy).

For linear utility, optimal borrowing is not uniquely defined. However, in that case the Financial
Market curve is horizontal and the rightward shift of the Labor Market curve is sufficient to generate
immiseration. Hence, weak concavity suffices.
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The immiseration result thus only requires a weakly concave utility function.
CRRA is useful to ensure that the stationary equilibrium is unique, for which a

concave utility function is not sufficient.

B.2 Financial Frictions

We formalize the two channels summarized in Section 5 by limiting the pledgeability
of senior labor income. In particular, we assume that a worker can pledge at most a

fraction 6 € [0, 1] of senior labor income, so that:
Ri-bi<o-y¢-w.

The parameter 6 € [0,1] captures the degree of financial development. When
8 = 1, future labor income is fully pledgeable and the economy coincides with our
baseline specification. Lower values of 8 tighten borrowing constraints by reducing

the fraction of future earnings that can be pledged to investors.

The introduction of financial frictions leaves the structure of the equilibrium char-
acterization largely unchanged. There are, however, two important modifications
relative to the baseline model. First, the analogue of the indifference condition (11)
between the modern and the traditional sector must now account for the possibility
that workers in the modern sector are financially constrained. The occupational
cutoff is thus determined by equality of lifetime utility rather than of discounted

lifetime income. The resulting Labor Market condition becomes:

(30)

cT(R)"7+ - [1+R—R-cT(R)]'” =
MR 4+ B [wS+R-w —R-MR)T|

where:

¢’(R) = w(R) - (1 + %) ; M(R) = min {w(R)~ (w] + %S) ;w4 6 '1205 }

Here, cT(R) and cM(R) are the consumption levels (per efficiency unit of labor) of

traditional- and modern-sector workers, and w(R) is the share of lifetime income
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consumed if constraints were slack. When constraints bind, young modern-sector
workers consume less than in the baseline model, as limited pledgeability prevents
them from fully smoothing consumption over the life cycle. As in the baseline

model, this condition defines an upward-sloping relationship between ¢ and R.

Second, the analog of the financial market clearing condition (12), which defines

the Financial Market curve, is now given by:
F@)-[1="®R)] = [ wdE(y)- [MR) -] 31
@) [1=T®)] = [ war)- [M(R) -] (31)

Whereas the savings function 1 — cT (R) of the traditional-sector workers is as before,
the borrowing function ¢™(R) — w/ is now depressed due to limited pledgeability.
Nevertheless, as in the baseline model, this condition yields a downward-sloping

relationship between ¢ and R.

The unique stationary equilibrium is given by the intersection of the Labor
Market and Financial Market schedules. The two conditions make transparent how
financial frictions affect immiseration. Through the Labor Market condition (30),
tighter borrowing constraints reduce the utility value of a modern-sector career
because workers cannot fully transfer resources from their high-earning senior
years to their low-earning junior years. Holding R fixed, this lowers entry into the
modern sector and amplifies the decline in experience acquisition. Through the
Financial Market condition (31), tighter borrowing constraints reduce borrowing
demand and therefore lower the equilibrium interest rate. Since modern-sector
workers are net borrowers while traditional-sector workers are net lenders, the
resulting decline in interest rates improves the intertemporal terms of trade faced

by the former and offsets the occupational-choice distortion.

Financial frictions therefore affect immiseration through a tension between an
occupational-choice distortion and a terms-of-trade effect. Despite this ambiguity,
the qualitative effect of automation remains unchanged: a decline in the automation
cost shifts both the Labor Market and Financial Market schedules to the right (as
in Figure 2), raising the occupational cutoff, reducing modern-sector employment,

and lowering stationary-equilibrium output.
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Figure B.1: Immiseration Under Financial Frictions
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Notes: This figure depicts output relative to its pre-automation level as a function
of cost savings from automation 1 — x /(1 — «), with financial frictions (8 = 1/8,
solid line) and without (¢ = 1, dashed line). Both economies are governed by
the same preference and technological parameters as the economy depicted in

Figure 3.

Figure B.1 illustrates these forces. The dashed curve corresponds to our baseline
economy, while the solid curve corresponds to an economy in which borrowing
constraints begin to bind only after the economy enters the immiseration region.
Initially, financial frictions attenuate immiseration because the equilibrium-interest-
rate effect dominates. As the cost of automation becomes lower, however, the
occupational-choice distortion becomes increasingly important and eventually
dominates. Consequently, financial frictions first mitigate and later amplify the

decline in output relative to the frictionless benchmark.

B.3 Beyond Two-Period Careers

We now formalize the perpetual-youth extension summarized in Section 5. Follow-
ing Yaari (1965) and Blanchard (1985), workers die between periods with probability
¢ € (0,1), and a mass ¢ of newborn workers enters each period, keeping the popu-

lation constant. Workers who enter the modern sector begin their careers as juniors
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and, conditional on survival, become seniors with probability A € (0,1) each period.

Once senior, a worker remains senior until death.

Workers have an expected lifetime utility:

[ee]

Ur=Y [1-0)-B " ulcre),

s=t

1
—
v > 0. Financial markets are frictionless and complete, so workers can fully insure

where c; is the period-s consumption of a worker born at t and u(c) = ‘i'—_7 with

against mortality and experience-accumulation risk.?! Define
gR)=-—= and  x(R)=1-q(R)-(B- R)/7.

Standard consumption-smoothing arguments imply that consumption is propor-
tional to lifetime wealth:
c=x(R)-W.

The stationary stocks of junior and senior workers per efficiency unit of labor

supplied to the modern sector are:

Consequently:

/4
Since the stock of seniors no longer equals the stock of juniors, to ensure that there
is a positive experience premium, we now assume that a > gf(z—f)@)‘)t

Let W3(R, x) denote the discounted lifetime labor income of a modern-sector

S (1-0)-A

worker who is already senior, and let W/ (R, x) denote that of a worker entering the

21Such insurance can be implemented through annuities and state-contingent borrowing against
future labor income.
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modern sector as a junior. These are given by:

and
J o AAR)A
w +1_q(R) w

A R )

The corresponding lifetime labor income of a traditional-sector worker is:

1

T _
A )

Because a type-¢ worker’s modern-sector labor income is scaled by 1, occupational

choice is characterized by the cutoff:
§-W(R x) = W (R). (32)

Workers with ¢ > 1 enter the modern sector, while the rest enter the traditional
sector. Equation (32) defines the Labor Market schedule relating ¢ and R.

To derive the Financial Market schedule, define:

as the lifetime labor-income wealth of the modern-sector workforce per efficiency

unit of labor supplied to that sector. Aggregate consumption is

C(R§,x) = K(R) - [P(@ W)+ [ gaF(9)- WH(R )]

Aggregate output net of automation costs is:

Y(§,x) = F() + /; PaF(p) - YM,

where YM denotes net output per efficiency unit of labor supplied to the modern
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sector. Goods-market clearing, C(R, {, x) = Y (i, x), can be written as:
F)-ST(R) = [~ 9aF(y) - BY(R ) )
where:
ST(R) =1—x(R)-WI(R) =1— ———
is saving per traditional-sector worker and:
BM(R, x) = k(R) - WM(R, x) — YM

is borrowing per efficiency unit of labor supplied to the modern sector. Equation (33)
defines the Financial Market schedule. The intersection of (32) and (33) determines
the stationary-equilibrium pair (¢*, R*).

We now characterize the effect of so-so automation. Gross modern-sector pro-
duction per efficiency unit of labor is S* - (] + k)!~*. Since firms make zero profits

after paying for automation, modern-sector output net of automation costs satisfies:
YM =g (i)t —x-k=]-w +5 w.

Without automation, k = 0, and the junior wage equals the marginal product of

junior labor. When automation is used, its marginal cost caps that wage. Hence:

o mmfuo (5}

The automation-adoption threshold is therefore:

o 5 s (S22

Hence, near the threshold, we have:

dw’

x|t

X=X
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1—w

Moreover, because w° = « - <1w;,”‘) *  we have:

tw®
Ax |y—z-

Thus, a decline in x lowers the junior wage and raises the senior wage, making

modern-sector labor income more backloaded. At the same time,
dYM =T.dw! +S-dw’® =0.

Marginal automation therefore rotates the modern-sector wage profile without

changing net output per efficiency unit of modern-sector labor.

Consider first the Labor Market schedule. Holding R fixed and differentiating
W/ (R, x) near the adoption threshold (from below) yields:

qR)-A _
ox () 1-4) 1-Lf.a-x) 7

where the inequality follows from the fact that R > 1 in any stationary equilib-
rium.?? A decline in x therefore reduces the discounted lifetime labor income of a
worker entering the modern sector as a junior. By equation (32), the modern-sector

career becomes less attractive and the Labor Market schedule shifts to the right.

Next, consider the Financial Market schedule. Differentiating aggregate modern-

sector lifetime wealth near the adoption threshold (from below) yields:

WMRy)  Ja®)-A (1)

o TR I-a®-1-A) "

Thus, a decline in x raises the lifetime labor-income wealth, and thus desired

consumption, of the existing modern-sector workforce. Since marginal automation

22The gross interest rate exceeds one because workers discount future consumption and modern-
sector labor income is backloaded.
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leaves current modern-sector output unchanged,

dBM(R, x)
ax

‘ IWM(R, x)

= x(R) 3

< 0.

A decline in ) therefore raises borrowing demand per efficiency unit of modern-
sector labor. For a given interest rate, financial-market clearing requires fewer
modern-sector borrowers and more traditional-sector savers, so the Financial Mar-
ket schedule also shifts to the right.

Both equilibrium schedules consequently shift to the right following a marginal
decline in x below the adoption threshold, raising the equilibrium cutoff ¢*. Because
marginal automation has no first-order effect on modern-sector net output, dyM =,
its only first-order output effect operates through the reallocation of workers across
sectors. The modern sector must compensate workers for its backloaded wage
profile and is therefore more productive at the occupational margin, so that ¢* -
YM > 1. The increase in * reallocates workers away from the modern sector lowers
aggregate output. So-so automation thus remains immiserizing when workers have

longer careers and accumulate experience gradually.

B.4 Alternative Paths to Senior Occupations

We have assumed that workers must accumulate experience in junior tasks before
performing senior tasks. To relax this assumption, we suppose that a young worker
worker of type 1 who enters senior tasks directly supplies «x; - i efficiency units of

senior labor when young and x; - i efficiency units when old, where:*
0<Kx1 <K<l

The restriction x; < 1 implies that workers who bypass junior tasks never become
as productive as workers who first accumulate experience in junior occupations.
Experience accumulation therefore remains valuable from an output perspective,

even though it is no longer technologically necessary to perform senior tasks.

23 An old worker who has worked in the traditional sector when young is assumed to supply
K1 - i efficiency units when entering the modern sector.
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Workers choose among three career paths:
D:(¢p-x1-wS, ¢ Ky w), A:(p-w,p-w), T:(1,1),

where D denotes direct entry into the modern-sector senior occupation, A denotes
“apprenticeship” in the modern sector, and T denotes a traditional-sector career.
Workers rank occupational paths by discounted lifetime labor income. Direct entry
is weakly preferred to apprenticeship whenever:

S

oS
2% zw’+%. (34)

K1-w5+

We focus on the case in which this condition fails in the pre-automation equilib-
rium but is satisfied once automation sufficiently reduces the value of junior tasks.
Direct entry is therefore inactive before automation is adopted but emerges as an

alternative career path after automation becomes sufficiently advanced.

One might conjecture that allowing workers to enter senior occupations directly
weakens the immiseration mechanism. After all, workers displaced from junior
tasks can remain in the modern sector by moving directly into senior work. This
intuition is incomplete. At the point at which workers are indifferent between the
two modern-sector paths, direct entry pays more when young and less when old
than apprenticeship. It therefore flattens lifetime earnings and reduces borrowing
demand. At the same time, workers who enter directly bypass apprenticeship and

acquire less experience, making them less productive in senior tasks.

Once automation depresses the junior wage enough to make direct entry attrac-
tive, workers begin to substitute away from apprenticeship. Because all modern
entrants rank the two paths in the same way, a strict preference for direct entry
would cause all of them to switch at once. Such a switch would generally reduce
borrowing demand too sharply for the financial market to clear. The economy
therefore passes through an intermediate regime in which apprenticeship and direct
entry coexist and the apprenticeship share adjusts to balance savings and borrowing.
In this regime, the loss of experience can deepen the decline in aggregate output.

Eventually, as the cost savings from automation become sufficiently large, their
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Figure B.2: Immiseration Under Expanded Career Paths

J
Cost savings from automation (%) 100

Notes: This figure depicts output relative to its pre-automation level as a function
of cost savings from automation 1 — x /(1 — «), with the direct-entry path (x; =
kp = 1/4) shown by the solid line and the baseline model without direct entry
shown by the dashed line. Both economies are governed by the same preference
and technological parameters as the economy depicted in Figure 3.

direct effect dominates and output recovers. Figure B.2 illustrates this pattern.

We next characterize the equilibrium underlying this pattern. We begin with the
intermediate regime, in which apprenticeship and direct entry coexist. Indifference

between the two paths implies

(1—1xp) - w’

0.
R >

Kk -w® —w =

Thus, holding discounted lifetime earnings fixed, direct entry shifts income from
old age to youth. Since the comparison between the two paths is independent of
1, coexistence requires this indifference condition; otherwise, all modern entrants

choose the same path.
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The tie between apprenticeship and direct entry pins down the interest rate:

1—K2
ol
wS

Rap =
K1 —

At this interest rate, apprenticeship and direct entry share the same cutoff against

traditional work:

1+1/Rap - 1+1/Rap
wf+w5/RAD Kl-w5+K2-w5/RAD'

II_JAD =

Let m € [0,1] denote the fraction of modern entrants assigned to apprenticeship.

Financial market clearing in the mixed regime implies:

F($ap) - [1 —w(Rap) - (1 + L)}

Rap

- [ WdF () - {m [W(RAD)' (w]Jer_S) —w]}

PAD AD

+ (1 =m)- {W(RAD)' (Kl'ws-f-KZ.WS) —K1'ws} }

Rap

(35)

This equation determines the apprenticeship share m. The mixed regime is valid
when the implied value of m lies in [0, 1]. If the implied value exceeds one, the
apprenticeship-only regime is the relevant candidate; if it is negative, the direct-only

regime is the relevant candidate.

In the apprenticeship-only regime, condition (34) fails at the equilibrium interest
rate and the baseline Labor Market and Financial Market conditions apply. In the

direct-only regime, the cutoff against traditional work is:

1+1/R
K1 wS +xp -wS/R’

¥p =
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The interest rate is determined by:

F(o) - [1-a(®)- (143 )|

0 Ko - W

= [ ¢dF(y)- {w(R)~ (Kl-w5+ R S) —K1~ws} , (36)

together with the requirement that condition (34) holds at the resulting interest rate.

The hybrid path in which a worker starts in traditional work and enters senior
tasks directly when old does not create an additional regime. To see this, let ¢
denote the cutoff between traditional work in both periods and modern work in
both periods. At this cutoff, ¢ - k1 - w° < 1; otherwise, since x, > K1, direct entry
in both periods would strictly dominate traditional work. For ¢ < ¢, the hybrid
path has the same young income as traditional work and lower old income, so
traditional work dominates it. For ¢ > 1, scale the cutoff comparison by /.
Homotheticity implies that entering modern in both periods is at least as good as
the scaled traditional profile, and this scaled profile dominates the hybrid path
because its young income is above one and, by ¢ - k1 - w® < 1, its old income is at

least ¢ - k1 - w®. Thus, the hybrid path is never chosen.

Production in the apprenticeship-only regime is:

Ja=5a= /; dF ().

In the mixed regime:

Jap =m - _oo pdE(y), Sap = [m+ (1 —m) - (11 +x2)] '/_Oo pAF(y).

YaD Yap

In the direct-only regime:

Ip =0, SD:(K1+K2)' l;oybdF(lp)
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Factor prices satisfy the usual competitive conditions:

S o k 1—-a
w}:(l_(x).(ﬂ——k) <X Uﬁ:ﬂé'(%) ,

with equality w/ = y whenever automation is used. Since firms make zero profits
after paying for automation, stationary net output equals total labor income. Thus,

in the mixed regime:

Yap =2+ F(fap) + [ () [m- (0] + %)+ (1=m)- (s + 1) -],

YaD

while in the direct-only regime:
Yp =2 F(Pp) + (k1 +x2) - w® - ; WdF ().
D

The apprenticeship-only output expression is the same as in our baseline.

C Empirical Evidence: Additional Figures

Figure C.3: Employment Effects of Junior Bias in Software Exposure
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Notes: This figure reports estimates of the parameters §, in equation (18). The dependent variable
is an industry’s log employment. The coefficients are normalized by the standard deviation of
the independent variable so that they reflect effects per standard deviation of junior bias. The
regression controls for year- and industry- fixed effects and for the overall exposure of the industry
to automation by software, interacted by year. The bars reflect 90% confidence intervals.
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Figure C.4: Employment Effects of Junior Bias in Robot Exposure When Using an
Alternative Measure of Junior Bias
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Notes: This figure reports estimates of the parameters B in equation (18). The dependent variable is
an industry’s log employment. In contrast to the baseline, junior bias is here defined as the difference
between the exposure of workers who are younger vs. older than the industry-specific median age.
The coefficients are normalized by the standard deviation of the independent variable so that they
reflect effects per standard deviation of junior bias. The regression controls for year- and industry-
fixed effects and for the overall exposure of the industry to automation by robots, interacted by year.
The bars reflect 90% confidence intervals.

Figure C.5: Employment Effects of Junior Bias in Robot Exposure When Using an
Alternative Occupational Exposure Measure
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Notes: This figure reports estimates of the parameters B in equation (18). The dependent variable is
an industry’s log employment. These estimates rely on exposure measures constructed by Webb
(2019) rather than those by Garg et al. (2026) as in the baseline. The coefficients are normalized by the
standard deviation of the independent variable so that they reflect effects per standard deviation of
junior bias. The regression controls for year- and industry- fixed effects and for the overall exposure
of the industry to automation by robots, interacted by year. The bars reflect 90% confidence intervals.
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Figure C.6: Employment Effects of Junior Bias in Robot Exposure When Computing
Exposure Based on 1990 Census
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Notes: This figure reports estimates of the parameters §, in equation (18). The dependent variable
is an industry’s log employment. Exposure to automation and the junior bias in automation are
computed based on data in the 1990 Census rather than the 1980 Census in the baseline. The
coefficients are normalized by the standard deviation of the independent variable so that they reflect
effects per standard deviation of junior bias. The regression controls for year- and industry- fixed
effects and for the overall exposure of the industry to automation by robots, interacted by year. The
bars reflect 90% confidence intervals.

Figure C.7: Age Effects of Junior Bias in Automation Exposure
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Notes: This figure reports estimates of the parameters B, in equation (18). The dependent variable
is an industry’s log average age. The coefficients are normalized by the standard deviation of
the independent variable, so that they reflect effects per standard deviation of junior bias. The
regressions control for year and industry fixed effects and for the overall exposure of the industry to
automation, interacted by year. The bars reflect 90% confidence intervals.
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Figure C.8: Wage Backloading Effects of Junior Bias in Automation Exposure

0.0101
0.008
0.006

0.004

Effect on yearly wage growth (in logs)

0.0027

Notes: This figure reports estimates of the correlation between the junior-bias in automation and
the wage growth of workers employed in that industry. The dependent variable is an individual
worker’s log wage growth. The coefficients are normalized by the standard deviation of the
independent variable, so that they reflect effects per standard deviation of junior bias. The regressions
control for time (year and month), sex, age and industry fixed effects and for the overall exposure of
the industry to automation, interacted by year. Standard errors are clustered on the industry level.
The bars reflect 90% confidence intervals.
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