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Summary

We analyze the evolution of earnings mobility in Germany between 2011 and
2018. We use transition matrices and parametric and semi-nonparametric cop-
ula models to assess the impact of the introduction of the national minimum
wage on January 1, 2015, on individual positional persistence in the wage dis-
tribution. We find a drop in mobility at the bottom of the distribution. This is
confirmed both by the parametric and the semi-nonparametric methods used.
Prediction accuracy of the semi-nonparametric model is higher than that of the
fully parametric model.
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1 INTRODUCTION

The aim of this paper is to assess the impact of the introduction of a statutory minimum wage on January 1, 2015, on
earnings mobility patterns in Germany.1 The contribution of this paper is twofold. First, we compare and contrast the
performance of econometric methods characterized by different degrees of flexibility. Second, we show that the two-step
semi-nonparametric copula model proposed by Naguib and Gagliardini (2020) excels at depicting mobility patterns; that
is, it allows for more flexibility and has a better fit to the data.

The present paper is an extension of Bonhomme and Robin (2009). The major difference between that paper and ours is
that Bonhomme and Robin (2009) consider a parametric copula family, namely, the Plackett copula (Plackett, 1965), while
our copula specification is semi-nonparametric. This choice is dictated by our interest in discovering nonparametrically
the patterns of dependence between the current and past earnings ranks. The price to pay for this increase in flexibility
describing earnings mobility patterns is that the inclusion of transitions into and out of unemployment into our model
is computationally intractable.2 On the other hand, the advantage is that our model allows to estimate the degree of

[Correction added on 10-Oct-2022, after initial online publication. A duplicate of this article was published under the doi:10.1002/jae.2925. This
duplicate has now been deleted and its DOI redirected to this version of the article.]
1This minimum wage has been fixed at 8.5 euros/h starting on January 1, 2015, and it has been raised to 8.84 euros/h since January 1, 2017. It was
further raised to 9.19 euros/h in 2019 and to 9.35 euro/h in 2020. By law, it is revised at least every 2 years.
2The estimation of the semi-nonparametric copula model implies the computation of several integrals by Monte Carlo simulation. Given the size of
the dataset used in the present paper, this implies that a single estimation, which is performed with the software R, requires more than 16 h working

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Author. Journal of Applied Econometrics published by John Wiley & Sons, Ltd.
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2 NAGUIB

earnings mobility virtually for any individual (i.e., conditional on the value of his/her covariates) at any point of the
rank distribution. This is an improvement over the fully parametric model. Even if we are not able to explicitly include
transitions into and out of unemployment in our model, in the exploratory data analysis, we study raw earnings transitions
matrices, with and without including a separate state for zero earnings observations. This provides us with some intuition
on the employment effects of the minimum wage reform.

Estimation is composed by three separate steps. In the first step, we obtain earnings residuals from a latent class panel
regression in the spirit of Bonhomme and Robin (2009), and we compute the corresponding empirical residual ranks as
percentiles of the empirical cross-sectional distribution of the residuals. Then, we estimate a semi-parametric single-index
model for the conditional distribution of the rank at a given date conditionally on the individual characteristics. Finally, we
estimate the semi-nonparametric copula model with the method of Sieves. As opposed to most of the existing literature on
individual earnings dynamics, we model the dynamics of the ranks of the residuals, instead of modelling the dynamics of
the residuals directly. This last option would correspond to the study of absolute earnings mobility (e.g., Hu et al. (2019)),
whereas we focus on so-called relative or rank mobility. Finally, after performing the three above-described steps, we use
the estimation results to recover the predicted wage for each individual at each time t. Hence, we compute estimated tran-
sition matrices between past wage (recorded in the data) and current predicted wage. In the third estimation step, we use
both a fully parametric copula (in the spirit of, e.g. Bonhomme and Robin (2009)) and a semi-nonparametric copula3 to
estimate earnings mobility patterns. In the empirical application, we contrast the estimates from the two models, and we
provide empirical evidence that our semi-nonparametric approach improves the understanding of earnings mobility pat-
terns. As mentioned above, we aim at assessing whether the policy change of 2015 brought about a change in the degree
of earnings mobility. We find evidence of a drop in mobility at the bottom of the earnings distribution. This finding is con-
firmed both by our preliminary data analysis and by the estimation results of the parametric and the seminonparametric
models. Further, when comparing the prediction accuracy of the parametric and of the semi-nonparametric models, we
find that the latter has a better performance than the former.

The minimum wage literature is wide, and a comprehensive review of it lies beyond the scope of the present paper.
However, to the best of our knowledge, the influence of a minimum wage on the degree of earnings mobility, that is, the
defining feature of the present paper, has not been put under scrutiny yet. When analyzing the impact of the introduction
of a statutory minimum wage, a fundamental distinction has to be made between immediate reactions to the minimum
wage and permanent changes in the wage structure and in wage dynamics.4 Immediate changes taking place between
2014 and 2015 may include wage cuts for those workers being slightly above the minimum wage threshold (as firms need
to keep their labor costs approximately constant) or overall wage raises, in order to preserve wage differentials and their
relationship with employees' productivity differentials. This last phenomenon is called “within-establishment positive
spillover” (Bossler & Gerner, 2020). The two types of immediate reactions described above are not captured by the our
empirical analysis performed in Section 4. On the contrary, the focus of the present paper lies in permanent changes in
earnings dynamics due to the minimum wage introduction. The main theoretical channels that may cause permanent
changes in the wage structure and in wage dynamics following the introduction of a minimum wage are described in the
following.

The first transmission channel is linked to firms substituting low-skilled workers with high skilled ones after the intro-
duction of a minimum wage. Indeed, after a minimum wage has been introduced, the price of low-skilled workers relative
to that of high-skilled workers becomes higher, thus encouraging the firms to substitute low-skilled with high-skilled
workers (Clemens (2021); Giuliano, 2013; Neumark et al. (2004); Neumark and Wascher (2008); Zavodny (2000)). This
may lead to a rise in the demand for certain types of more skilled labor, depending on substitutability, and hence to
increased wages for certain types of workers already above the minimum. Further, it may lead firms to reorganize how
they use their workforce to realign the marginal products of their minimum wage workers with the new minimum, and
this may have effects on the marginal products of other workers (Stewart, 2012). Thus, minimum wages may cause per-

on a server with 16 cores. Adding a part on transitions into and out of unemployment to the semi-nonparametric copula model would further notably
lengthen the required estimation time. Using more efficient estimation packages in R (e.g., nlm, optimx, or DEoptim) only marginally reduces the
required computational time.
3This model is extensively described in Naguib and Gagliardini (2020).
4In the present paper, we use the terms “wage” and “earnings” interchangeably. By both terms, we mean the sum of all wages and salaries earned by
the individual during a certain period (i.e., a year in our data). Further, most of the analyses presented are based on hourly wages/hourly earnings, that
is, the total annual sum of all wages and salaries earned by the individual, divided by the total number of hours that the individual has worked in that
given year.
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NAGUIB 3

manent changes in the mix of low-skilled/high-skilled workers employed by the firms. This may lead to (i) an increase in
downward mobility of low-educated workers from the first bottom decile to the zero earnings decile, if low-skilled work-
ers are laid off,5 (ii) a decrease in upward mobility in the bottom part of the distribution for low-educated workers, as
promotions and pay raises become rarer for them, and (iii) an increase in upward earnings mobility in the bottom part of
the distribution for high-educated workers (for the opposite reasons: promotions and pay raises become more frequent
for them).

Consistently with the hypothesis of input substitution by the firm, in our empirical results (see Figure 4 in Section 4),
we we find evidence of a drop in mobility for workers with a high school diploma being at the bottom of the distribution.
On the other hand, we witness an increase in mobility for workers with a university degree initially being at the same
point (i.e., in the bottom decile of the distribution). At the aggregate level (i.e., transition matrices), the former effect
prevails; that is, we notice a drop in positional mobility at the bottom of the distribution after the reform, since in our data,
most workers in the bottom decile have a high school diploma (around 67%). However, we do not record any relevant
change in downward mobility from the first bottom earnings decile to the zero earnings state. This can be due to (i) the
absence of meaningful disemployment effects, as suggested in the literature, or (ii) to the fact that such transitions are
non-permanent and already materialized between 2014 and 2015. In the latter case, the short run-effect would not be
captured by the empirical design of the present paper. Further, consistently with Neumark et al. (2004), we also find that
higher wage workers are essentially not affected by the reform (i.e., our estimated transition probabilities in the middle
and upper part of the distribution do not relevantly change after 2015).

Consequently to the change in the low-skilled/high-skilled workers mix employed by firms, minimum wages have
also been found to promote innovation and to push firms to adopt more technologically intensive production techniques
(Askenazy, 2003; Clemens, 2021). Minimum wages tend to raise overall productivity by eliminating low-productivity jobs
(Dustmann et al., 2022; Nickell & Layard, 1997). Permanent changes induced by the introduction of (or the increase in) a
minimum wage also include greater incentives for the workers to accumulate human capital and for the firms to pay for
training (Acemoglu & Pischke, 1999; Cahuc & Michel, 1996; Neumark & Wascher, 2008; Romer, 1986, 1989). However, we
are not able to test this hypothesis, as in our data, we only observe education that takes place before labor market entry.
We do not observe on-the-job-training.

The second transmission channel from minimum wage to wage mobility (which is the inverse of wage persistence) is
explained by the job ladder model. In a job ladder model, minimum wages reduce job-to-job transitions by lowering the
arrival rate of better-paying job offers. This means that minimum wages reduce incentives to on-the-job search (Dube
et al., 2016). Indeed, in this model, the arrival of a superior offer affects a worker's willingness to stay at his or her current
job; therefore, changes in the offer wage distribution can affect the steady-state rate at which workers leave their jobs to
take better ones (Dube et al., 2016). If (as assessed by the previous literature) a minimum wage induces compression of
the wage distribution, this then entails a lower rate of job-to-job transitions. This may translate into a lower degree of
(upward) wage mobility overall across the wage distribution. Empirically, we do not find confirmation of this transmission
channel in the data.

The third transmission channel is explained by search and match models. From the viewpoint of these models, a higher
(or new) minimum wage increases the gap between the expected returns to employment relative to unemployment, induc-
ing additional search effort from unemployed workers (even if it also reduces demand for labor expressed by the firms,
by raising the marginal cost of employing a new worker). By increasing the pool of searching workers (and the intensity
of their searching), the minimum wage improves the quality of matches between employers and employees, thus gener-
ating surplus (Meer & West, 2016). This may lead to an increase in upward mobility out of the zero earnings state (i.e.,
more individuals exit from unemployment). Further, surplus creation due to higher productivity may also lead to higher
upward earnings mobility in general across the earnings distribution. Empirically, we record slight increases in the shares
of those who leave the zero earnings state to reach the middle and upper deciles (i.e., from the fifth upwards) after 2015,
which is consistent with the predictions of the search and match model.

Finally, there could be another reason why earnings mobility is influenced by the introduction of a minimum wage.
Given that a minimum wage is expected to decrease the variance of wages, at least in the bottom deciles, this wage com-
pression may make it easier to jump from one decile to another (“mechanically”), just because there would be less wage
dispersion in the bottom deciles. A test for the difference in variances on our data shows that we can reject the hypothesis

5This is more an “immediate” adjustment than a permanent change. However, depending on the institutional framework and on the degree of input
substitutability by the firms, it may take a considerable time span (i.e., more than one year) in order to be completed. Hence, we may find traces of it in
our estimations.
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4 NAGUIB

that variance of hourly wages was the same before and after minimum wage introduction within the first bottom hourly
wage decile (the corresponding p value is zero). The alternative hypothesis of this test is that the variance diminished
after 2015. We obtain the identical test result within, respectively, the second and the third bottom hourly wage deciles.
Between-deciles variance in hourly wage in the bottom part of the hourly wage distribution also decreased after 2015.
This drop in variance is statistically significant at the 99% confidence level.6 This means that we actually record a drop in
earnings variance in our data after 2015. However, in Sections 3 and 4, we record empirically a decrease in upward mobil-
ity out of the first bottom decile and, in particular, a (slight) decline in the probability of jumping from the first bottom to
the second-bottom hourly earnings decile (22% after 2015 vs. 24% before). Further, the share of individuals passing from
the second bottom decile to the first bottom decile after 1 year also dropped (from around 21% to around 18%), mean-
ing that we also witness a decrease in downward wage mobility towards the bottom earnings decile. Hence, the other
transmission channels must have had a greater role in determining permanent changes in mobility patterns after 2015.

The remainder of the paper is structured as follows. Section 2 presents the semi-nonparametric econometric model.
Section 3 is devoted to the description of the dataset and to some exploratory analysis. In Section 4, estimation results
of the parametric and semi-nonparametric models are presented and discussed. Section 5 concludes. Appendix A in
the supporting information presents the details of the estimation strategy for the semi-nonparametric copula model.
Appendix B in the supporting information presents additional data analysis and robustness checks.

2 THE MODEL

The aim of this section is to distil the key features of the analytic framework developed in Naguib and Gagliardini (2020).
In particular, this section relies on sections 2 and 3 in Naguib and Gagliardini (2020). For the theoretical details, as well
as for the proofs of theorems and propositions, we refer the interested reader to the above-mentioned companion paper.
The objects of both the parametric and the semi-nonparametric models are the individual residual earnings ranks, that
is, the individual positions in the cross-sectional distribution of the earnings residuals at a given date. In order to obtain
the earnings residuals, we first regress log earnings on age and age squared, in order to disentangle the “deterministic”
earnings component from the residual component. The model reads

Earningsi,t = 𝛼1Ageit + 𝛼2Age2
it + 𝜎t𝜂i + 𝜀i,t (1)

where Earningsi,t stands for log real earnings, Ageit stands for individual age, 𝜎t is a time-varying shifter, and 𝜀i,t is the
error term7. 𝜂i is a strictly exogenous random effect, independent of the covariates (age) for all t. We assume that this latent
variable 𝜂i follows a discrete distribution with K support points, 𝜂1, 𝜂2, ...𝜂K , with respective probabilities p1, p2, … , pK .
This approach for modelling latent classes is the same as in Bonhomme and Robin (2009).8 From the residuals of this
preliminary regression, we obtain the Gaussian residual earnings ranks via the following formula:

Zi,t = Φ−1(Ft(𝜀i,t)) (2)

where 𝜀it are the error terms from (1) and Ft(·) is the cross-sectional distribution of these error terms at each date t. Hence,
Zit ∼ N(0, 1). As far as the initial conditions are concerned, having purified the residuals from the individual-specific
unobserved heterogeneity (multiplied by a time shift) before transforming them into Gaussian ranks for the sub-
sequent estimation steps, we can safely assume that Zi0 is independent from the unobserved heterogeneity 𝜂i (see
Wooldridge (2005)).

6We obtain identical test results when considering variance of residual earnings instead of variance of raw hourly earnings, that is, both within and
between decile variance of residual earnings statistically significantly decreased in the bottom deciles of the residual earnings distribution after 2015.
7Note that 𝜎t includes indeed a separate time shift for each year, thus allowing aggregate shifts in individual heterogeneity, while there is still a constant
time effect and a time-constant individual heterogeneity.
8Equation (1) is not estimated with fixed effects, because this would entail a bias due to the incidental parameter problem (Lancaster, 2000) in the
estimated second-stage copula parameters (both with the fully parametric and with the semi-nonparametric copula model). In that case, one option
would be to correct, at least partially, the bias, by using the method proposed by Fernández-Val and Vella (2011), or that developed by Hahn and
Kuersteiner (2011). In the present paper we do not follow this route, but rather we estimate equation (1) via latent classes. Equation (1) is hence
essentially the same as equation (1) in Bonhomme and Robin (2009).
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NAGUIB 5

In the empirical application, we replace the theoretical residuals 𝜀it with their empirical counterparts, and we obtain
the estimated Gaussian ranks9:

Ẑi,t = Φ−1(F̂t(�̂�i,t))

where F̂t(·) is the estimated counterpart of Ft(·), that is, the empirical cross-sectional distribution of the estimated residu-
als. This quantity corresponds to the (individual) percentile in the empirical cross-sectional distribution of the residuals.
We use the function Φ−1 to transform the uniform ranks into their standard Gaussian counterparts for ease of interpre-
tation and mathematical modelling. Equation (1) is estimated separately for the two periods, that is, before and after the
introduction of the minimum wage.10 We do not account for the possible endogeneity of the unemployment patterns, but
we present (in Appendix B.3 in the supporting information) a robustness check performed on a subsample of individ-
uals with strong labor market attachment (i.e., males between 25 and 55 years old) who where continuously employed
during the period considered. Further, in the wake of Bonhomme and Robin (2009) we assume that the coefficients for
age and age squared in equation (1) are the same for all individuals. This means that our model belongs to the family of
the restricted income profiles (RIPs) specifications, sharing this feature with, for example, Hryshko (2012) and Arellano
et al. (2017).

We now need to model the dynamics of the Gaussian residual earnings ranks Zit. To start with, let us assume that the
pair (Zit,Zi,t−1) has copula probability density function (pdf) c(u, v) for arguments u, v ∈ [0, 1],u = Φ(Zit), v = Φ(Zi,t−1). A
copula is a multivariate distribution with standard uniform marginals; it couples marginal distributions to obtain a joint
one. Copulas are used to describe the dependence between random variables. Given that we are interested in the depen-
dence structure between the present and the past residual earnings ranks, copulas are a natural choice. Copulas are useful
devices, since they allow tackling the modelling of the joint and that of the marginal distributions as separate problems.
For a comprehensive survey of copulas and their properties, we refer the reader to Joe (1997) and Nelsen (1999). To sim-
plify the exposition, we abstract for a moment from the presence of individual covariates. We will introduce individual
explanatory variables back later. Then, the conditional expected rank is

E[Zit|Zi,t−1] = ∫
∞

−∞
zc(Φ(z),Φ(Zi,t−1))Φ(z)dz

= ∫
1

0
Φ−1(u)c(u,Φ(Zi,t−1))du,

(3)

where Φ is the pdf of the N(0, 1) distribution. This is the formula that we will use in the empirical part for forecasting
future ranks given the present rank and the value of the individual covariates. The easiest way to measure rank mobility in
this framework is to use a fully parametric copula in equation (3). In the following, we resort to the one-parameter Plackett
copula, because it has been used by Bonhomme and Robin (2009). The Plackett copula bivariate cumulative distribution
function (cdf) is (Plackett, 1965)

C(u, v) ≡ C(u, v; 𝜏) = 1
2𝜏

[
1 + 𝜏(u + v) − a(u, v; 𝜏)1∕2] , (4)

where a(u, v; 𝜏) = [1 + 𝜏(u + v)]2 − 4𝜏(1 + 𝜏)uv and u, v ∈ [0, 1],u = Φ(Zit), v = Φ(Zi,t−1). The copula parameter 𝜏 is a
function of individual covariates (age and education). On the basis of the estimated parameter for the Plackett copula, we
can then predict the estimated Z̃it for each individual in both our pre-reform and post-reform samples, given the value
of Zi,t−1 and those of the individual covariates, according to the following formula, which is the empirical counterpart of
Equation (3):

Z̃i,t = E[Zit|Zi,t−1] = ∫
1

0
Φ−1(u)ĉ(u,Φ(Zi,t−1))du (5)

where Φ−1(·) is the standard normal quantile function, Φ(·) is the standard normal cdf, and ĉ(·, ·) = c(·, ·, 𝜏), that is,
the Plackett copula density, whose parameter depends on the individual covariates and has been estimated by

9In the empirical part, equation (1) has been estimated with the STATA package gllamm. To construct the estimated residuals, the latent variable 𝜂i is
replaced by its empirical Bayes predictions (�̂�i), which have been obtained via the STATA command gllapred.
10Note that this implies that the distribution of permanent earnings heterogeneity is allowed to change after the reform. In Appendix B in the supporting
information, we present a robustness check in which equation (1) is estimated on the full sample. Our main results are robust to this check.
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6 NAGUIB

maximum likelihood. The integral is computed by Monte Carlo simulation with 1000 simulations. Once we have the
predicted residual rank Z̃i,t, we are able to recover the predicted wage via the following formula:

̃Earningsi,t = 𝛼1Ageit + 𝛼2Age2
it + �̂�t�̂�i + F̂−1

𝜀,t (Φ(Z̃i,t)). (6)

The relationship between predicted earnings at time t and Zi,t depends on the individual fixed effect 𝜂i multiplied by
the time shift 𝜎t, the observable regressors Ageit and Age2

it, and the calendar time t (via the time fixed effect and cdf F𝜀,t).
This allows us to construct estimated transition matrices between Earningsi,t−k (recorded in the data) and ̃Earningsit for
k = 1, 2. We then effectively report all of our results in terms of wage transitions (and not in terms of residual earnings
transitions).

Let us now relax the assumption that the copula function is fully parametric. In the wake of Naguib and
Gagliardini (2020), we construct a new family of copulas, in which the finite-dimensional parameter is replaced by a
functional parameter, which in turn is allowed to depend on covariates. As shown by Naguib and Gagliardini (2020), a
flexible nonparametric family of copula functions can be written as follows. Let us consider the nonlinear autoregressive
dynamics:

Zi,t = Λ(𝜌(Zi,t−1) + 𝜖i,t) (7)

where by hypothesis 𝜖i,t ∼ IIN(0, 1), Λ is a strictly monotonic increasing function and 𝜌 is a function that expresses the
dependence between the past and the present individual ranks. The larger is the value of the partial derivative of the
function 𝜌(·)with respect to the past rank, the higher is the degree of individual positional persistence. Under the condition
that Λ(k) is such that

𝛬(k) = Φ−1
[
∫

∞

−∞
Φ(k − 𝜌(Zi,t−1))Φ(Zi,t−1)dZi,t−1

]
, (8)

the invariant distribution of Markov process (Zi,t) is N(0, 1). Following Naguib and Gagliardini (2020), the copula density
of Zi,t and Zi,t−1 reads

c(u, v; 𝜌(·)) = Φ[𝛬−1(Φ−1(u)) − 𝜌(Φ−1(v))]
Φ(Φ−1(u))Λ(𝛬−1(Φ−1(u)))

, (9)

for the arguments u, v ∈ [0, 1],u = Φ(Zit), v = Φ(Zi,t−1). This copula family is parametrized by the autoregressive function
𝜌(·). We now introduce the vector of regressors, Xi,t in the functional parameter indexing the copula, which then becomes
𝜌(·,Xi,t). This is admissible because essentially any function 𝜌(·) can be used to parametrize the autoregressive copula.
Hence, the copula pdf will be a function of 𝜌, Λ and Xi,t. The only requirement on the exogenous process (Xi,t) is that
it is stationary and Markov. On the basis of our estimated semi-nonparametric copula model, we are able to predict the
present rank, Z̃it given the values of Zi,t−1 and those of the individual covariates:

Z̃it = Λ̂(�̂�(Zi,t−1,X ′
i,t𝛽2) (10)

where Λ̂(k) is the estimated function Λ(k) which appears in equation (8) and �̂�(Zi,t−1) is the empirical counterpart of func-
tion 𝜌(Zi,t−1) in Equation (7). Then, similarly to what we do in the fully parametric case, we are able to predict earnings
at time t and to estimate transition matrices between ̃Earningsit and Earningsi,t−1, over different time horizons. The esti-
mation procedure consists in three steps (see Appendix A in the supporting information for further details). In the first
one, we estimate the preliminary regression (1) and we construct the empirical ranks Ẑit on the basis of the residuals. In
the second step, we estimate the conditional marginal distributions of the present and of the past Gaussian ranks, via a
kind of Maximum Likelihood procedure. In order to tackle the curse of dimensionality due to the number of regressors,
we adopt an index approach; that is, we summarize all the individual covariates by their weighted sum, which is called
marginal distribution score or index, and then, we estimate simultaneously the weights of this sum and the marginal
rank distributions conditioned on this index. Then, in the third and final step, we estimate the autoregressive function
indexing the copula pdf by adopting a Sieve maximum likelihood approach. This autoregressive function 𝜌(·; ·) admits
two arguments: the individual past Gaussian rank in the distribution and a second index or score, that is, a weighted sum
of individual explanatory variables, whose weights are estimated simultaneously with function 𝜌 itself. We estimate the
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NAGUIB 7

FIGURE 1 Distribution of missing hourly wage information due to
panel attrition across previous year hourly wage deciles and years,
full sample

function 𝜌 non-parametrically with the method of Sieves. In particular, in our implementation, this autoregressive func-
tion is approximated via a bivariate Hermite polynomial basis of degree two. To summarize, the copula function presented
in (9) takes here the following form:

c(·, ·,Xi,t) = c(·, ·, 𝜌(·,X ′
i,t𝛽)), (11)

where we call the index Wit = 𝛽′Xit “mobility score.”

3 THE DATA

The dataset used for analysis is the German Socio Economic Panel (GSOEP). We focus on the years 2011–2018, so that we
have a clear pre-reform period (2011–2014) and a clear post-reform period (2015–2018) of equal length. In our main anal-
yses and estimations, we focus on a sample of individuals (both males and females) who are between 16- and 64-year-old.
In this way, we make sure to include individuals who are most likely to be affected by the minimum wage, that is, students
with temporary jobs, females, some old-age employed individuals, and in general individuals with unstable employment
relationships. In Appendix B in the supporting information, as robustness checks, we perform the same analyses and esti-
mations on subsamples of, respectively, men only, women only, and individuals with strong labor attachment only, that
is, 25- to 55-year-old males. Our main results are robust to all these different choices of the dataset. Our (unbalanced)
dataset used for the main analyses includes 106,970 individual-year observations, whereas the average sample size per
year is 13,371. Missing years of data (i.e., non reports) are treated as missing-at-random and dropped.11 On the other hand,
reported zero earnings are treated as individuals being unemployed. These observations are included in the descriptive
statistics. However, these observations are excluded from the main model estimations (Section 4). Unemployment rate
has been consistently low in Germany in the years considered (ranging from around 7.1% in 2011 to 5.2% in 2018, see also
Tables 2 and 3); hence, we deem that transitions into and out of unemployment should not relevantly bias our results on
earnings mobility. To be more precise on this point, in the following, we present transition matrices for earnings with and
without including a separate zero earnings state. These two sets of matrices are notably similar to each other, as it will be
discussed below. Our main variable of interest is individual hourly real earnings, that is, total annual real earnings from
wages and salaries of all the jobs of the individual, deflated by the consumer price index and divided by total number of
annual hours worked. Self-employed individuals are dropped from the sample. Table 1 reports summary statistics for the
main variables before and after the introduction of the minimum wage.

From Table 1, we deduce that average age remained essentially stable in the sample in the period considered. On the
other hand, the mean log real hourly wage slightly increased between 2011 and 2018. However, its variance remained
essentially unchanged. Similarly to Bonhomme and Robin (2009), we use as explanatory variables age, age squared, and
a qualitative variable representing the highest education level achieved by the individual. The five education dummies
included in the model correspond to professional middle school, apprenticeship, professional high school, high school

11These are observations fully missing from our dataset because of panel attrition. Descriptive statistics about the distribution of missing data is reported
in Figure 1. On the other hand, some individuals have missing hourly wage information, but they appear in the dataset under the label “unemployed.”
Descriptive statistics about individuals self-reporting being unemployed, by year and by previous year earnings decile, are reported in Table 2.
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8 NAGUIB

TABLE 1 Data description, by year, full sample, GSOEP data

Men 2011 2012 2013 2014 2015 2016 2017 2018
Age (with zeros) 43.09 41.61 42.47 42.87 42.21 43.25 43.27 43.46
Female dummy 0.5 0.52 0.52 0.51 0.51 0.53 0.52 0.52
Mean log real earn (w/o zeros) 2.58 2.59 2.61 2.63 2.63 2.66 2.68 2.76
Log earn variance (w/o zeros) 0.34 0.33 0.32 0.33 0.35 0.32 0.33 0.29
No. of individuals (with zeros) 10,340 13,689 13,274 13,841 16,773 12,695 13,739 12,619

Percentage of unemployed individuals in each year
Past earn. decile 2012 2013 2014 2015 2016 2017 2018
1 2.05% 2.12% 1.32% 1.15% 1.21% 1.31% 1.73%
2 1.02% 0.76% 0.55% 0.54% 0.55% 1.01% 0.29%
3 0.75% 0.72% 1.07% 0.40% 0.68% 0.75% 0.83%
4 0.24% 0.23% 0.40% 0.26% 0.13% 0.28% 0.28%
5 0.24% 0.47% 1.25% 0.00% 0.13% 0.00% 0.27%
6 0.12% 0.47% 0.13% 0.12% 0.12% 0.14% 0.00%
7 0.12% 0.34% 0.37% 0.12% 0.00% 0.27% 0.00%
8 0.23% 0.45% 0.49% 0.36% 0.00% 0.13% 0.00%
9 0.11% 0.00% 0.00% 0.00% 0.12% 0.00% 0.00%
10 0.24% 0.12% 0.00% 0.12% 0.00% 0.14% 0.39%

TABLE 2 Percentage of unemployed individuals by
previous data year earnings decile, GSOEP data, full
sample, by year

Percentage of zero earnings in each year
Past earn. decile 2012 2013 2014 2015 2016 2017 2018
1 3.97% 4.24% 2.94% 3.01% 2.88% 2.78% 2.60%
2 1.65% 1.01% 0.68% 1.22% 1.37% 1.73% 0.29%
3 1.12% 0.84% 1.20% 0.93% 1.09% 1.04% 0.83%
4 0.48% 0.35% 0.53% 0.39% 0.13% 0.41% 0.28%
5 0.24% 0.47% 1.25% 0.00% 0.25% 0.00% 0.27%
6 0.12% 0.47% 0.13% 0.37% 0.24% 0.28% 0.00%
7 0.35% 0.34% 0.37% 0.37% 0.00% 0.41% 0.00%
8 0.23% 0.45% 0.49% 0.48% 0.00% 0.27% 0.00%
9 0.11% 0.12% 0.12% 0.12% 0.12% 0.00% 0.00%
10 0.24% 0.12% 0.12% 0.24% 0.13% 0.14% 0.39%

TABLE 3 Percentage of zero earnings by previous
data year earnings decile, GSOEP data, full sample, by
year

diploma, and university (and professional university) degree. We argue that these dummy variables are exogenous; that
is, they are not influenced by the individual position in the earnings distribution. Indeed, we only consider education that
takes place before labor market entry. Age is included in all three stages of estimation, whereas education is included in
the second and in the third stage.

This approach closely resembles the one followed by Bonhomme and Robin (2009). Note that in principle, the same
variables can be included in all the three stages of estimation. Indeed, in the preliminary earnings regression, we estimate
the role of a certain variable in determining the raw earnings level. On the other hand, in the second step, we estimate
the role of the same variable in determining the individual rank in the empirical cross-sectional distribution of the resid-
ual earnings. Finally, in the third step, we estimate its role in determining the individual degree of rank persistence or
immobility.

In Figure 1, we report the distribution of missing hourly wage information due to panel attrition across years and across
previous year hourly wage deciles. From Figure 1, we deduce that there is no clear upward or downward trend in missing
wage information across time. In general, missing wage observations range from 0% to 2% of the sample size. Further, as
it could be expected, missing wage is more likely at the bottom of previous year's wage distribution. However, differences
across deciles are modest, ranging between 1% and zero.

From the left panel of Figure 2, we notice that the distribution of hourly earnings slightly shifted to the right after
the introduction of the minimum wage. From the right panel of Figure 2, we find that inequality, as measured by the
Gini coefficient, has slightly decreased between 2011 and 2018 (i.e., 0.3 vs. 0.28). This is fully consistent with the idea
of minimum wage primarily targeting absolute wage inequality (see Bossler and Schank (2020), and, for the US, David
et al., 2016). In Table 2, we report the share of individuals recorded as unemployed in each data year, by their previous
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NAGUIB 9

FIGURE 2 Left panel: kernel density estimation of hourly real earnings, by year, GSOEP data, full sample. Right panel: Gini coefficient of
hourly real earnings, by year, GSOEP data, full sample

FIGURE 3 Evolution of real hourly wage percentiles, full sample
2011–2018

data year hourly earnings decile. From Table 2, we deduce that the share of unemployed individuals, by previous year's
earnings decile, is rather low, ranging between zero and around 2%. Of course, these numbers are so low, because several
individuals who are unemployed at year t were also unemployed at year t − 1. These individuals do not appear in Table 2.
Further, from Table 2, we deduce that, as expected, the probability of being unemployed at year t is higher for individuals
who were in the first and in the second bottom earnings decile in year t − 1. On the contrary, the probability of being
unemployed in year t is almost zero for individuals who were in the upper earnings deciles in year t − 1.

In Table 3, we report the share of individuals with zero annual earnings in each data year, by their previous data year
earnings decile. The numbers reported in Table 3 essentially coincide with those reported in Table 2, that is, individuals
being unemployed. However, in some cells of Table 3, the numbers are slightly higher than in the corresponding cells of
Table 2, as some individuals record being employed but earning a wage equal to zero. From this table, we deduce that
zero earnings are more common for individuals who where already at the bottom decile of the earnings distribution (the
share ranges between around 2.6 and 4.2%). In the other deciles, the share of individuals with zero earnings is moderate,
ranging in most cases from 0% to around 1.4% in the years considered in our sample.

From Figure 3, we deduce that real hourly earnings have witnessed an increasing trend in our sample between 2011
and 2018, even after controlling for inflation. The distance between the different percentiles, on the contrary, appears to
have remained essentially stable during the period of the analysis.

In Tables 4 and 5, we report actual transition matrices between present and past hourly earnings, over a 1-year and over a
2-year time horizon, before and after the introduction of the national minimum wage. In Tables 4 and 5, we simply drop all
individual-year observations recording a zero wage (i.e., we do not require individuals to be continuously employed for a
certain period). Transition matrices are one of the most commonly used methods to assess the degree of earnings mobility
within an economy (see, e.g., Bonhomme and Robin (2009); Dickens (2000); Fields and Ok (1999); Shorrocks (1978)).
When naming data pairs, we always use the latter year. For example, mobility in 2012 means mobility between 2011 and
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10 NAGUIB

2012. In these transition matrices, rows stand for past deciles, whereas columns stand for present deciles. The row totals
of each matrix are equal to one. For example, the cell in the second row, first column of the upper part of Table 4, means
that, among all individuals who were in the second residual earnings decile in period t− 1 before the reform, around 21%
fell in the first (i.e., bottom) residual earnings decile in period t. Conversely, the cell in the first row, second column of
the same table signifies that, among all individuals who were in the bottom decile at time t − 1 before 2015, around 24%
ended up in the second decile in period t. In Tables 4 and 5, an individual is recorded as a stayer if he/she is recorded to
be in the same residual earnings decile in period t − 1 and in period t, and a mover otherwise. The percentages of stayers
are displayed in bold along the main diagonal of the transition matrix. Of course, a limitation of the transition matrix
approach is that all intra-decile transitions are disregarded.

From Table 4, we notice an increase in the degree of earnings persistence at the bottom of the earnings distribution after
2015. Indeed, the share of stayers in the first (bottom) decile increased from around 0.45 to more than 0.5. This change is
statistically significant.12 Such an increase in persistence is explained by small drops (i.e., around one percentage point
each) in the shares of those who, starting from the first bottom earnings decile in year t, end up in the second, third,
fourth, and fifth earnings deciles in year t + 1 (these shares are, respectively, 0.24 vs. 0.22, 0.12 vs. 0.11, 0.07 vs. 0.06, and
0.04 vs. 0.037). This suggests that minimum wage introduction reduced earnings mobility at the bottom of the earnings
distribution.

To be more precise, we witness a decline in upward mobility of minimum wage workers. At the same time, we find
indication of a decrease in downward mobility into minimum wage jobs; that is, for example, the share of those falling
into the first bottom decile starting from the second decile is equal to around 0.21 before the reform and around 0.18
afterwards (see Table 4). Apart from the increase in earnings persistence in the bottom decile, in the other parts of the
distribution, we do not find evidence of relevant changes in the mobility patterns. For example, the share of stayers in the
top earnings decile is 0.74 before 2015 and 0.73 after, the difference in these two shares being statistically insignificant.

In all the transition matrices, percentiles computed on the basis of raw hourly earnings are used to construct transitions.
These percentiles are re-computed in each data year. In Table 5, we report 2-year transitions for the full sample. From
Table 5, we deduce that, consistently with economic theory, persistence is (slightly) lower on a 2-year horizon than on a
1-year horizon. Further, we notice an increase in persistence at the bottom of the distribution after 2015 (0.42 vs. 0.39), as
well as an increase in persistence in the second bottom earnings decile (0.36 vs. 0.32).

Overall, from the transition matrices reported in Tables 4 and 5, we deduce that (i) the degree of 1-year positional
mobility in the earnings distribution is rather high, with around 50–70% (i.e., 100% minus the average of the numbers
reported on the main diagonal of the matrices) of individuals moving earnings decile after 1 year. (ii) In general, we
observe more positional persistence at the top and at the bottom of the distribution, that is, in the first and in the tenth
earning deciles. Persistence takes hence a U-shape; that is, it is higher at the bottom and at the upper deciles, while it
is lower in the middle of the distribution. This is essentially true both before and after 2015 and on both time horizons
considered. This finding, that is, more stability at the extremes of the distribution, is consistent with those of, for example,
Bonhomme and Robin (2009); Cardoso (2006); Gernandt (2009); Pavlopoulos et al. (2007). (iii) After 2015, we find an
increase in positional persistence at the bottom decile. This is more evident over a 1-year time horizon.

In Appendix B in the supporting information, we report the same analyses of Tables 4 and 5 performed, respectively,
on a subsample of men only, on a subsample of women only, and on a subsample of individuals with high labor market
attachment (i.e., 25- to 55-year-old men continuously employed during the analysis sample). In the following, in order to
better understand what happens at the bottom of the raw hourly earnings distribution, we proceed with the exploratory
data analysis by producing the 1-year transition matrix in which zero earnings years are not dropped and a separate
zero earning state in is included. Indeed, in Table 6, we present the analysis of 1-year transitions between deciles by also
including zero earnings as a separate state. For reasons of space, we do not report the same analysis over a 2-year time
horizon. From this table, we deduce that, when including zero earnings individual-year observations into the analysis,
we still witness an increase in persistence in the bottom first earnings decile after 2015 (the share of stayers jumps from
around 45% to around 49%). The size of the jump is comparable to what we find in Table 4, that is, disregarding the zero
earnings state.

12Please note that, whenever in the present paper a claim is made about statistical significance of a change in recorded shares, this claim is based on
the value of t-tests for which the estimated covariance between pre- and post-shares has been used. This estimated covariance has been obtained by
bootstrapping 100 times the main estimation procedure and then computing the empirical covariance between the two series of the 100 estimated values
pre- and the 100 estimated values post-2015 for each of the cells in the matrix. On this basis, we claim than the drop in mobility in the bottom decile is
statistically significant, whereas the recorded change in persistence in the top decile is statistically insignificant.
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14 NAGUIB

As far as the influence of minimum wage on (un-)employment is concerned, the introduction of a minimum wage
may increase the reservation wages of those looking for jobs in certain sectors and hence raise the wages that employers
must pay in those sectors to recruit (Falk et al., 2006; Stewart, 2012). As the minimum wage not only increases wages
but also reservation wages, firms may reduce employment (Falk et al., 2006). However, according to Brown et al. (2014),
“low” minimum wages (i.e., close enough to what would be the prevailing wage without government intervention) have
negligible or even positive employment effect, whereas “high” minimum wages destroy jobs.13 There is still no consensus
among economists about the employment effect of a minimum wage (see, e.g., Flinn (2006); Manning (2021)). As far
as the case of Germany is concerned, only moderate negative effects on overall employment have been found (see, e.g.,
Ahlfeldt et al. (2018); Bossler and Gerner (2020); Caliendo et al. (2018, 2019); Dustmann et al. (2022); Garloff (2019)14).

With reference to the theoretical channels mentioned in Section 1, the introduction of a minimum wage may increase
job search effort exerted by unemployed individuals and hence lead to an increase in the share of those who leave the zero
earnings state. However, since firms may want to substitute low-skilled workers with high skilled workers, we may also
witness an increase in entry into unemployment (that we proxy here with the zero earnings state) from the first bottom
decile.15 Empirically, from Table 6, we find slight increases in the shares of those who leave the zero earnings state to
reach the middle and upper deciles (i.e., from the fifth upwards: 0.09 vs. 0.08, 0.08 vs. 0.07, 0.07 vs. 0.06, 0.08 vs. 0.06,
and 0.08 vs. 0.06), whereas entry in unemployment from the first bottom earnings decile is essentially unchanged (1.8%
after vs. 1.3% before, and the difference is not statistically significant). It seems that minimum wage actually increased
unemployed workers' incentives for job search and created better matches and surplus. To summarize, we find evidence
of an increase in exit from unemployment (that we proxy with the zero earnings state) and essentially no change in entry
into unemployment. As far as overall unemployment is concerned, we agree with previous studies on the German case
(i.e., Bossler and Gerner, (2020); Caliendo et al. (2018); Dustmann et al. (2022)), which find an essentially zero (or slightly
negative) impact of the minimum wage introduction on overall employment. This can be seen, for example, from Table 2,
where we notice that the share of individuals recorded as being unemployed, by previous year earnings decile, remained
essentially stable after 2015 up to 2018. Moreover, by comparing Table 4 and Table 6, we notice that recorded earnings
decile transitions are not very different when including and when excluding zero earnings years. This finding supports
the hypothesis that the distortion in our results presented in Section 4 due to disregarding transitions into and out of
unemployment should be moderate.

In Appendix B in the supporting information, as robustness checks, we present the same descriptive analyses for a
subsample of men, one of women and one of individuals with high labor market attachment. In all these three cases,
our main empirical findings are confirmed. There is an increase in persistence at the bottom of the distribution after the
reform (43% vs. 49% for men, 46% vs. 51% for women, and 43% vs. 49% in the high labor market attachment sample),
whereas the other shares in the transition matrix remain essentially unchanged. Further, when performing the analysis
with a separate zero earnings state, we notice that the finding of an increase in upward mobility out of the zero earnings
state towards the middle and upper earnings decile is confirmed for men (see Table 15 in Appendix B in the supporting
information), whereas it is far less evident from women (see Table 19 in the supporting information). In the following
section, we compare the empirical transition matrices presented here with those estimated via the two copula models
presented in Section 2, that is, the parametric and the semi-nonparametric ones.

4 RESULTS AND COMMENTS

In this section, we report and compare the estimation results obtained via the parametric and the semi-nonparametric
copula models. All the estimates presented in this section have been obtained on the full sample described in Section 3.
As mentioned above, robustness checks results are reported entirely in Appendix B in the supporting information. Note
that all results presented in this Section are expressed in terms of hourly wages and hourly wages deciles, in order to be
consistent with the descriptive evidence presented in Section 3. Let us consider the results from the fully parametric model
first. From Tables 7 and 8, we can assess the fit of the parametric model to the data. For example, the predicted percentage
of stayers at the bottom of the residual earnings distribution over a 1-year horizon is around 0.47 before the reform. In the
data (Tables 4 and 5), this percentage computed on the basis of actual transitions is 0.45. Further, the predicted shares of

13Lee and Saez (2012) develop a theoretical model to identify the optimal minimum wage policy in competitive labor markets.
14Note however that Garloff (2019) only focuses on the immediate effect of the minimum wage introduction on employment in year 2015.
15Even if, as explained above, this second effect should be more an “immediate” impact rather than a permanent change.
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NAGUIB 15

stayers (i.e., individuals on the main diagonals) in the middle deciles range between 0.30 and 0.50, whereas from actual
transitions these shares range between 0.31 and 0.50, so the fit of the model is quite good. Table 7 documents the increase
in persistence at the bottom of the wage distribution after the introduction of the minimum wage (0.52 vs. 0.47).

This increase is driven by a decrease in upward mobility of minimum wage workers. Indeed, the numbers of those who
jump from the first decile to upper deciles are lower after 2015 (0.21 vs. 0.23 to the second decile, 0.12 vs. 0.13 to the third,
and so on). On the other hand, from Table 7, we deduce that the fully parametric model fails at predicting the decrease in
downward mobility from the second to the first bottom earnings decile that we record in the data. Indeed, in Table 7, the
share of those who started in the second decile and fall into the first after 1 year is 0.19 both before and after minimum
wage introduction, whereas in Table 4 (actual data), it drops from 0.21 to around 0.18.

Let us consider the prediction accuracy of the fully parametric model over a 2-year horizon. From Table 8, we deduce
that the predicted share of stayers in the top residual earnings decile is around 0.72, both before and after the reform.
In actual data (Table 5), we also record shares of stayers at the top equal to around 0.72, that is, almost identical to the
prediction, both before and after 2015. Also over the 2-year horizon, we find evidence of an increase in persistence at the
bottom of the residual earnings distribution (0.43 vs. 0.40). This is broadly consistent with the increase in persistence at
the bottom recorded in actual transitions (Table 5: 0.42 vs. 0.39).

Let us now discuss the estimation results of the semi-nonparametric copula model. One main finding emerges: Both
the parametric and the semi-nonparametric model correctly predict the main change in mobility patters after 2015, that
is, the increase in persistence at the bottom decile. From Tables 9 and 10, we find evidence that the semi-nonparametric
copula model has a rather good fit to the data. Indeed, for example, the predicted shares of stayers at the bottom of the
residual earnings distribution over a 1-year horizon are 0.46 (pre-reform) and 0.49 (post-reform), whereas the actual ones
(reported in Tables 4 and 5) are 0.45 pre reform and 0.5 post reform (the parametric copula model predicts 0.47 pre reform
and 0.52 post reform instead). Further, the predicted percentage of stayers at the top of the distribution over the same
horizon is 0.73 both before and after the reform versus the actual recorded values of 0.74 pre-reform and 0.73 post-reform.
The percentage of stayers over a 1-year horizon ranges between 0.31 and 0.50, which is also in line with actual transitions
recorded in the data. On a 2-year horizon, the predicted share of stayers at the bottom of the distribution is 0.39 both
before and after the reform, whereas in the data we find, respectively, 0.39 and 0.42.

As robustness checks, in Appendix B in the supporting information, we repeat both the parametric and the
semi-nonparametric estimations on a subsample of men, on a subsample of women and on subsample of individuals
with high labor market attachment (i.e., 25- to 55-year-old men). We report this analysis over a 1-year time horizon
only, for reasons of space. Our main estimation results are confirmed: in the subsample of men, both the paramet-
ric and the semi-nonparametric model correctly identify the increase in persistence at the bottom of the distribution
(43% vs. 53% with the parametric model, 45% vs. 46% with the semi-nonparametric model), whereas the other cells
remain essentially unchanged. The fully parametric model overestimates the drop in mobility at the bottom, whereas the
semi-nonparametric model underestimates it in this case (in the data for the subsample of men we record an increase in
the share of stayers in the bottom decile from 43% to 49%). As far as the subsample of women is concerned, the fully para-
metric model predicts an increase from 48% to around 53% of stayers in the bottom earnings decile after 2015, whereas
the semi-nonparametric copula predicts an increase from around 47% to more than 51%. In the data, we witness a jump
from 46% to around 51%, so also in this case, the semi-nonparametric model has better predictive performance than the
fully parametric one.

When analyzing estimation results on our subsample of individuals with high labor market attachment, the same find-
ings are confirmed. Indeed, on this sample as well, the parametric copula correctly predicts an increase in persistence
at the bottom of the wage distribution (54% vs. 44%). The semi-nonparametric copula also predicts an increase in persis-
tence in the bottom decile, that is, from 46% to 45% (in actual data, we have 49% vs. 43%). As noticed before in the sample
of women, the fully parametric copula tends to overestimate the jump in persistence at the bottom, whereas the fully
parametric copula underestimates it.

Finally, as a last robustness check, in Appendix B.3.4 in the supporting information, we estimate again our parametric
and semi-nonparametric models on the full sample. The only difference with our main estimation results presented in
this Section is that now we estimate the preliminary regression (1) on the full pooled sample, instead of dividing it pre-
liminarily into a pre-reform and a post-reform period. Our main findings are robust to this last check as well. With the
parametric copula, we record a jump in persistence in the bottom earnings decile from 44% to around 51%, whereas with
the semi-nonparametric model the recorded jump is from 45% to 51%. Also in this case, like in all the previous ones (i.e.,
subsamples of men, women and 25- to 55-year-old men continuously employed during the period of analysis), the increase
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20 NAGUIB

Before reform After reform
1-year 2-year 1-year 2-year

Full sample
Plackett 0.07 0.08 0.08 0.16
Semi-nonpar copula 0.02 0.03 0.03 0.06
Men only
Plackett 0.13 - 0.23 -
Semi-nonpar copula 0.04 - 0.08 -
Women only
Plackett 0.15 - 0.28 -
Semi-nonpar copula 0.05 - 0.06 -
25- to 55-year-old men

1-year 2-year 1-year 2-year
Plackett 0.22 - 0.33 -
Semi-nonpar copula 0.05 - 0.10 -

TABLE 11 Prediction accuracy of different parametric and
semiparametric models

in mobility in the bottom earnings decile is associated with both: (i) a decrease in upward mobility of minimum wage
workers from the first to the second bottom earnings decile and (ii) a decrease in downward mobility towards minimum
wage jobs, that is, from the second to the first bottom earnings decile.

Consistently with the previous insights obtained with actual transition matrices as well as with the fully parametric
copula model, our semi-nonparametric estimation shows that there has been an increase in positional persistence in the
bottom part of the residual earnings distribution after minimum wage introduction. This is due, as mentioned above,
to a decrease in upward mobility of minimum wage workers, as well as to a decrease in downward mobility into mini-
mum wage jobs. In order to adequately compare the performance of the different models, in Table 11, we report a sort of
(chi-square) aggregate measure of prediction accuracy. This measure is computed as follows:

PredAccurac𝑦m =
5∑

i=1

5∑
𝑗=1

(Pi𝑗m − Ai𝑗)2∕Ai𝑗 (12)

where i𝑗 stands for each cell of a transition matrix (i stands for the row and 𝑗 for the column) and m represents the model
used to produce the predictions, that is, fully parametric Plackett copula or the semi-nonparametric copula. Ai𝑗 is the
actual transition probability observed in cell i𝑗 and and Pi𝑗m is the transition probability predicted with model m for the
same cell i𝑗. From Table 11, we deduce that, both on the 1-year and on the 2-year horizon, the semi-nonparametric copula
outperforms the fully parametric one. This holds true both in the pre-reform and in the post-reform sample, and it is also
confirmed in all the robustness checks performed on the different subsamples.

In addition, from our semi-nonparametric model, we can easily derive the conditional quantiles, which provide us with
further information on the conditional distribution of the present rank. The conditional quantile QZ,t(u|Zi,t−1,Xit,Xi,t−1)
of Zit given Zi,t−1,Xit,Xi,t−1 for percentile u ∈ (0, 1) is given by

QZ,t(u|Zi,t−1,Xit,Xi,t−1) = G−1 [Λ̃[�̃�(G(Zi,t−1|Xi,t−1);Xit) + Φ−1(u);Xit]|Xit
]
. (13)

In particular, for u = 0.5, we get the conditional median. However, we are mostly interested in conditional quantiles in
terms of wages, not in terms of residual wages; hence, we rely on the following equation. The conditional wage quantile
for percentile u ∈ (0, 1) is

Qr,t

(
u|Zi,t−1, 𝜂i,Agei,t,Age2

i,t

)
= bt

[
QZ,t(u|Zi,t−1,Agei,t,Age2

i,t), 𝜂i,Agei,t,Age2
i,t

]
, (14)

where bt(Zi,t, 𝜂i,Xi,t) ≡ F̂𝑦,t(𝛼1Ageit + 𝛼2Age2
it + �̂�t�̂�i + F̂−1

𝜀,t (Φ(Z̃i,t)), and we substitute to each element its estimated coun-
terpart (see Equation (6)). In Figure 4, we thus report an alternative measure of mobility, which is based on the quantiles
defined in Equation (14). The slope of the conditional quantiles of the present wage rank, which are depicted in Figure 4,
provides indeed an alternative measure of wage (rank) immobility. From Figure 4, our previous findings are confirmed:
we witness a decrease in mobility at the bottom of the earnings distribution after 2015 for 50-year-old workers with high
school diploma (before 2015 the slope of the conditional quantile is almost flat at the bottom of the earnings distribution,
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FIGURE 4 Conditional hourly wage quantiles. In this figure, we report three conditional quantiles (median, lower and upper quartiles) as
a function of the past Gaussian wage rank for the four sets of individual characteristics, respectively before the the reform (left panels and
after the reform (right panels). College here stands for university or professional university. The conditional quantiles are estimated using
equation (14) for workers at the first, second, and third quartiles of the present year wage rank distribution (u = 0.25, 0.50, 0.75)

this suggests a low degree of association between past and present Gaussian wage ranks). On the other hand, we record
an increase in positional mobility at the bottom of the distribution for 45-year-old workers with a college degree. Further,
we record essentially no change in the conditional wage quantiles of 35-year-old workers, either with professional mid-
dle school or with apprenticeship. Indeed, this type of analysis allows us to assess which groups are mostly affected by
permanent changes in mobility patterns.

From Figure 4, we notice that not only our proposed semi-nonparametric model has a better fit to the data than the
fully parametric one, but it also allows us to assess that workers with a high school diploma became more persistent at the
bottom of the earnings distribution after 2015, whereas the opposite is true for workers with a university or professional
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university degree. A similar pattern is likely to remain undetected by computing aggregate (unconditional) transition
probabilities. Hence, a flexible model is key to uncover individual mobility patterns.

Our main finding of an increase in persistence at the bottom of the earnings distribution is consistent with the hypoth-
esis of firms substituting low-skilled with high-skilled workers after the introduction of a minimum wage. In particular,
from Figure 4, we notice that this drop in mobility is driven by experienced workers with high school diploma, who
are probably replaced with individuals with a higher educational qualification (e.g., university or professional university
degree). This is consistent, for example, with Meer and West (2016). Since individuals with a high school degree repre-
sent around 67% of our sample in the first bottom decile (whereas individuals with professional middle school and with
apprenticeship account together for around 19% in the first bottom decile), this makes clear that in the aggregate estima-
tion results (i.e., transition matrices), we notice a drop in mobility at the bottom of the wage distribution. Individuals with
a university or professional university degree, on the contrary, experienced an increase in their mobility after the reform.
This is consistent with the theory of firms substituting low skilled workers with high skilled ones. However, individuals
with a university or professional university degree only represent around 14% of workers being in the first bottom decile
in our sample.

5 CONCLUSION

In this paper, we analyzed earnings mobility before and after the introduction of a statutory national minimum wage
in Germany on January 1, 2015. We find evidence of an increase in positional persistence at the bottom of the residual
earnings distribution after 2015. Such an increase in persistence is associated with both a decline in upward mobility
of minimum wage workers and a decline in downward mobility into minimum wage jobs (e.g., from the second to the
first bottom earnings decile). These findings are confirmed by both actual transitions recorded in the data and estimation
results obtained with a fully parametric and a semi-nonparametric copula. However, the semi-nonparametric model has
the advantage of allowing us to estimate the degree of earnings mobility for virtually each individual in our sample. This
allows us to uncover that at the root of the increase in persistence at the bottom of the distribution there is a drop in
mobility for experienced workers with a high school diploma. Moreover, the semi-nonparametric copula has a better fit
to the data as shown in Table 11.

When using the more flexible copula model, we decided not to model zero earnings years, since it would have been
computationally not tractable, as explained in Section 1. However, in Section 3, we present some descriptive evidence
about the impact of the minimum wage introduction of transitions into and out of unemployment. Empirically, we record
a (slight) increase in exit from unemployment (consistently with the search and match model) and essentially no change
in entry in unemployment from the first bottom earnings decile. As far as overall unemployment is concerned, we record
essentially stable numbers from 2011 through 2018, as reported in Table 2. Finding a way to include the modelling of zero
years into the functional copula model represents an avenue for further research.
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