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Abstract

This article uses Swiss firm-level panel data to show
that complementarities among workers with different
types of education affect firms' productivity. We con-
sider workers with four different types of education:
no post-secondary education, upper secondary voca-
tional education and training (VET), tertiary profes-
sional education, and tertiary academic education. To
account for possible endogeneity, we exploit within-
firm variation and employ a structural estimation
technique that uses intermediate inputs as a proxy for
unobserved productivity shocks. Our results suggest
that workers with an upper secondary VET education
are complementary to workers with a tertiary aca-
demic education, while workers with no post-
secondary education are complementary to workers
with a tertiary professional education. Altogether, our
findings highlight the importance of vertical and hori-
zontal education diversity within firms.
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1 | INTRODUCTION

A common policy issue found in many OECD countries is the strengthening of vocational edu-
cation and training (VET) programs.' Often in these OECD countries, policymakers consider
VET particularly effective in producing high labor force participation and in reducing youth
unemployment (OCDE, 2010).

Yet despite a growing body of literature on VET, little evidence exists on the extent of com-
plementarities among the workers with VET education and workers without VET education in
determining firms' productivity. Existing articles either focus on high-versus low-educated
workers or on aggregate diversity measures (e.g., Ciccone & Peri, 2006; Moretti, 2004; Parrotta
et al., 2014). However, insights into the complementarities among differently educated workers
are particularly important for the countries in which the workforce is highly heterogeneous
with respect to education and where the majority of workers have a VET education. For
instance, in Switzerland about two third of youngest enters VET after compulsory education,
typically through a dual-track VET, which combines practical training within a firm and gen-
eral education in a vocational school, while only about one fifth attend general education
schools which gives direct access to university. (SERI, 2018).

Furthermore, given that the theoretical literature suggests two opposing effects of workforce
educational diversity, it is critical to understand if different types of labor affect firm productiv-
ity. On the one hand, some researchers argue that educational diversity might increase produc-
tivity because varied bodies of knowledge can be combined to improve the processes of decision
making and problem-solving (Backes-Gellner et al., 2017; Bolli et al., 2018; Carlile, 2002;
Faems & Subramanian, 2013; Hong & Page, 2001; Weitzman, 1998). Additionally, educational
diversity increases firms' absorptive capacity (Cohen & Levinthal, 1989, 1990; Quintana-Garca &
Benavides-Velasco, 2008). On the other hand, other researchers assert that diversity can gener-
ate negative effects due to interaction difficulties and poor cooperation among workers
(Becker, 1957; Lazear, 1998, 1999). Moreover, educational diversity, which implies a high cogni-
tive distance between workers, can increase levels of conflict, mistrust, and misunderstanding
(e.g., Joshi & Jackson, 2003).

In this article, we embed these two opposing effects of workforce educational diversity into
a framework in which the degree of complementarity follows a U-shape relationship. Specifi-
cally, we argue that groups of workers who have similar sets of skills show low complementar-
ity in determining firms' productivity. Complementarity rises if there is an increase in the
distance between workers' skills sets. However, when the skills distance becomes too large, we
expect the degree of complementarity between workers to decrease again.

We extend the empirical literature beyond the applied education dichotomy by showing that
workers with different types of education affect firms’ productivity. In our analysis, we estimate
partial elasticities of substitution between types using the panel data on Swiss firms that were
collected by the KOF Swiss Economic Institute between 2005 and 2015. We subdivide the input
factor labor into four types into four types: the Lower educated workers (who have no post-
secondary education), Trained workers (who have an upper secondary VET education),
Advanced workers (who have a tertiary professional education), and Academic workers (who

"We use the terms VET and professional education and training (PET) for education programs that prepare students for
labor market entry in specific occupations. VET refers to upper secondary education and PET to tertiary education. The
word “occupation” refers to the profession for which a young person receives training, and it is synonymous with
vocation or trade.
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COMPLEMENTS OR SUBSTITUTES? | 3

have a tertiary academic education). In addition, we include capital as the fifth type of input.
Using these five types of inputs, we regress them in the form of a translog production function
on a measure of the firm's value added.

To curb unobserved heterogeneity, we rely on within-firm variation. Moreover, as
unobservable productivity shocks might affect input composition, we also employ a recent
structural estimation technique suggested by Levinsohn and Petrin (2003). This approach
allows researchers to use intermediate inputs as a proxy for unobserved productivity shocks. By
applying this approach, we can account for possible simultaneity bias, which is something that
standard methods such as OLS and fixed-effects estimators cannot account for. We then evalu-
ate the effects of firms having different sizes and operating in different industries.

Our results suggest that trained and academic workers are complementary in determining
firms' productivity, while Lower workers are complementary to advanced workers. We find evi-
dence of substitutability between pairs of workers, namely the lower and trained workers as
well as the lower and academic workers. Furthermore, our results suggest a high substitutabil-
ity between academic and advanced workers. By contrast, advanced and trained workers show
only a small substitutability. In terms of firm characteristics, the results are surprisingly similar
for both low-tech and high-tech industries. Service industries, particularly modern ones, show
higher substitutability and higher complementarity depending on the combination of workers.
Moreover, our estimations of elasticities show that large firms have higher levels of substitut-
ability and complementarity.

The remainder of the article is organized as follows. Section 2 reviews the literature, pre-
sents the conceptual background of the study, and derives our hypotheses. Section 3 describes
the data set, and Section 4 explains our estimation strategy. Section 5 presents the results of the
model estimation, and Section 6 reports our robustness checks. Section 7 concludes.

2 | LITERATURE REVIEW AND HYPOTHESES
2.1 | Literature review

Most of the current literature on education complementarities considers only two types of
workers, namely the high-educated and the low-educated workers (e.g., Acemoglu &
Angrist, 2000; Ciccone & Peri, 2006; Moretti, 2004). However, while focusing on only two
groups of workers has the advantage of reducing complexity, it provides no guidance on how
multiple education types interact with one another.

Over the last two decades, a growing body of literature in personnel economics (Bender
et al., 2018; Grund & Westergard-Nielsen, 2008; Lazear, 1998) has stressed the necessity of
looking at the labor component in a more differentiated way because the composition of the
workforce is more complex than a two-skill level system allows. This argument is particularly
true for countries in which a large part of the workforce has a VET education. High heterogene-
ity across education in certain countries—such as those with a diffused VET system—imposes
an accurate evaluation on the extent of the externalities among workers and on the effects of
workforce educational diversity on firms' productivity.

The majority of the studies that examine the impact of workforce educational diversity on
both productivity and innovation performance quantify spillovers in terms of diversity indexes.
Using Irish firm data, McGuirk and Jordan (2012) estimate the impact of educational diversity
on the propensity for introducing product or process innovation. They calculate a Blau diversity
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4 | BOLLI and PUSTERLA

index at the regional level using six educational categories, namely primary school, lower sec-
ondary school, upper secondary school, tertiary non-degree, tertiary degree, and higher. Their
estimations suggest that educational diversity has a positive effect on product innovation but
not on process innovation. Furthermore, they find evidence that tertiary-educated workers
increase firms' absorptive capacity.

Parrotta et al. (2014) analyze the effect of educational diversity on firms' performance. Using
a Danish matched employer-employee data set, they calculate a firm-level Herfindhal diversity
index, which covers both horizontal educational diversity (i.e., field of study) and vertical edu-
cational diversity (i.e., level of education). Their findings on the impact of labor diversity on
productivity are mixed, as results depend on the estimation procedure used. In a similar way
but using a Danish linked employer-employee data set, @stergaard et al. (2011) measure hori-
zontal educational diversity at the tertiary level and find that diversity improves a firm's innova-
tive capabilities. However, this effect decreases for higher levels of horizontal diversity.

Finally, Bolli et al. (2018) focus on the effect of educational diversity across the innovation
value chain. Using Swiss firm-level panel data, they also develop a Herfindahl index based on
four categories of educational degrees. They find that vertical education diversity improves the
extensive margin of R&D and product innovation, while it has almost no significant effect on
process innovation, R&D intensity, or product innovation intensity. They argue that educa-
tional diversity creates a trade-off for firms. On the one hand, such diversity increases a firm's
ability to explore new knowledge or develop new products; on the other hand, it can negatively
affect the commercialization of R&D and innovative activities.

While the larger part of the existing literature on workforce diversity aggregate education
groups in diversity indexes, only a few studies focus on the spillovers between single groups.
Among these studies, Wirz (2008) is one of the first who consider human capital spillovers of
VET at the firm level. In particular, she estimates the impact of coworkers' education on indi-
vidual wages. The results show higher educational spillovers for workers with VET or academic
education than for workers with low education levels. These findings suggest that within occu-
pations, workers become more productive when working with workers who have higher educa-
tion. Furthermore, the higher the education level of workers, the larger the gain in
productivity. Wirz (2008) hypothesizes that this productivity gain may be due to the higher
learning capacities of highly educated workers.

A noteworthy contribution is that of Backes-Gellner et al. (2017), who find evidence of posi-
tive spillovers from VET-educated workers on higher educated workers. Using a Swiss
employer-employee data set, they show that an increase in the number of workers with an
upper secondary VET degree increases the wages of tertiary-educated workers—albeit with a
diminishing effect. This increase in wages can be interpreted as a measure of labor productivity.
However, in their article they investigate spillover to workers with tertiary training, without dis-
tinguishing between academic or professional tertiary education.

Finally, Arvanitis et al. (2010) use Swiss data to analyze how workers from different educa-
tion groups contribute to labor productivity—including workers with VET education. Although
their study is not primarily focused on educational spillovers, the results of their quantile
regressions reveal large sector-specific differences in the contribution of VET between high-
productivity and low-productivity firms. The positive and significant effect detected at the
industry level may be explained by differences in the distribution of high-productivity firms
across industries. Their findings emphasize the importance of considering heterogeneity across
firms.
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COMPLEMENTS OR SUBSTITUTES? 5

2.2 | Theoretical background

Productivity refers to firms' ability to obtain outputs by optimally combining inputs. Labor is a
factor that is highly heterogeneous with respect to education, and it is one of the main inputs in
a firms' production functions. However, the literature on workforce diversity suggests two
opposing effects of the interaction among workers with different educations.

On the one hand, spillovers across workers depend on the variety of knowledge that the
workers provide (Jovanovic & Rob, 1989). Thus, educational diversity might increase productiv-
ity performance because the combination of various bodies of knowledge can improve the pro-
cesses of decision making and problem-solving (Backes-Gellner et al., 2017; Bolli et al., 2018;
Carlile, 2002; Faems & Subramanian, 2013; Hong & Page, 2001; Weitzman, 1998). Educational
diversity also increases absorptive capacity, thus making it easier for firms to identify valuable
knowledge that comes from the research activities of other firms and institutions, including
promising new ideas and technologies (Cohen & Levinthal, 1989, 1990; Quintana-Garca &
Benavides-Velasco, 2008).

On the other hand, diversity can generate negative effects that result from interaction difficul-
ties and poor cooperation between workers (Becker, 1957; Lazear, 1998, 1999). Furthermore,
social identity theory suggests that educational diversity can also increase levels of conflict, mis-
trust, and misunderstanding, which could be due to the high cognitive distance between workers
(e.g., Joshi & Jackson, 2003). In addition to this, educational diversity might increase communica-
tion costs (Dahlin et al., 2005; Stasser & Titus, 1985; Wittenbaum & Stasser, 1996). In sum, given
that firms face a trade-off between the benefits and the costs of educational diversity, the theoreti-
cal predictions on the effect of educational diversity on firm outcomes remain ambiguous.

2.3 | Hypotheses

Thus far, the literature on educational diversity shows two opposing effects on productivity.
First, educational diversity can increase productivity because a variety of skills can contribute
to the processes of decision making and problem-solving, and such diversity increases firms'
absorptive capacity. When this occurs, we call this effect the “cross-fertilization effect.” How-
ever, when educational diversity creates interaction difficulties, which in turn increases the
levels of conflict and mistrust as well as communication costs, we call these effects the “commu-
nication and coordination effects.”

While the literature shows mixed findings regarding which effect predominates, we argue
that the net effect depends on the skills distance between workers. Our hypothesis is that the
two opposing effects create a U-shaped relationship between workers' skills distance and
the degree of complementarity. We hypothesize that substitutability is high when the workers
have similar skills sets. As workers' skills distance increases, substitutability decreases and thus
complementarity increases. In such a case, the cross-fertilization gains predominate over the
communication and coordination costs. However, when the skills distance becomes too large,
we observe a decrease in the degree of complementarity between workers and thus an increase
in substitutability. From a certain level of skills distance, the communication and coordination
costs offset the cross-fertilization benefits by increasing skills distance. Figure 1 illustrates this
U-shaped pattern in a stylized symmetrical form (even though the U-shape is not necessarily
symmetrical). The figure shows which of the two opposing effects might predominate over the
other with respect to different skills distances.
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6 | BOLLI and PUSTERLA

To develop our hypotheses regarding the skills distance between workers, we focus on the
main types of education in the Swiss educational system, namely the types that appear in
the Swiss labor market. Specifically, we classify workers along two broad generic dimensions—
their degree of theoretical skills (e.g., cognitive skills and transferable skills) and their degree of
practical skills (e.g., occupation-specific skills and soft skills). Figure 2 illustrates a hypothetical
location of the groups along these two dimensions and summarizes our hypotheses on the com-
plementarity or substitutability of the workers in the four educational groups. While we test the
plausibility of this location below, confirming the location based on rigourously estimated skill
distances remains beyond the scope of this article.

Cross-fertilization Communication and coordination
effects predominate effects predominate

Degree of
substitution

— Skills distance

Degree of
complemen-
tarity

FIGURE 1 Stylized representation of skills distance and degree of complementarity.

Theoretical Academic

Skills

S

S S

Trained

7

Lower

Practical Skills

FIGURE 2 Hypotheses on complementarities (C) and substitutability (S) between workers with different
types of education in determining firms' productivity.
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The four groups of workers have different profiles. Lower educated workers have no post-
secondary education; they have relatively low theoretical skills and poor practical skills.
Trained workers have an upper secondary VET that provides them with a mix of practical
skills and theoretical skills. Advanced workers have a tertiary-level professional education. In
comparison to the Trained workers, Advanced workers have substantially more theoretical
skills, along with some practical skills that are more developed. Lastly, Academic workers
have a tertiary academic education. While they have a very high level of theoretical skills,
their set of practical skills is on average lower than that of the Trained or Advanced worker
groups.

From the U-shaped relationship between workers' skill distance and the degree of comple-
mentarity, we derive our hypotheses on the complementarity (C) and substitutability
(S) between the four types of differently educated workers. In forming these hypotheses, we
assume that the other factors, which might influence the level of practical or theoretical skills
(e.g., on-the-job experience) hold constant. Furthermore, our hypotheses on the inverse rela-
tionship between skills distance and complementarity consider distance as a broad concept, and
hence we refrain from distinguishing whether the skills distance derives from gaps in practical
skills, in theoretical skills, or in both.

2.4 | Plausibility of the skills distance between workers

To develop our hypotheses, we classify the four group of workers along their degree of practical
and theoretical skills. To make this hypothetical location of the workers along these dimensions
plausible, we attempt to approximate it empirically. Specifically, we approximate the extent of
practical and theoretical skills by looking at the type and requirement level of activities per-
formed by workers of each worker group.

The KOF Innovation Survey—the dataset used for the empirical analyses in this article—
does not contain information about workers' skills, but only information about their education.
Therefore, only to check the plausibility of our hypotheses we use data from the Swiss Earnings
Structure Survey (SESS). The SESS is a biannual, mandatory firm survey about the employees
of the firms conducted by the Swiss Federal Office of Statistics since 1994. The SESS covers
about 50 per cent of total employment in Switzerland in 2010. To get closer to the KOF innova-
tion survey, we restrict the SESS sample by only including individuals aged between 18 and
65 years who work in the private sector and have full information available regarding their
education.

For checking the plausibility of our hypotheses, we use detailed information about workers'
characteristics. This includes the highest educational attainment. Furthermore, we capture the
extent of practical and theoretical skills based on two variables. First, we use a variable that cap-
tures the main type of activity carried out by each worker. These activity types resemble the
Generalized Work Activity contained in the US O*NET Program, but the data is less detailed as
it only differentiates between 24 activity types compared with the 41 activity types rated for all
occupations in the O*NET data (Tsacoumis & Willison, 2010). In the SESS, each worker is
assigned one type of activity. Table 1 reports our rough classification of these 24 activity types
into practical and theoretical activities.

Second, we use a variable that captures the requirement level of activities. This variable uses
four categories to measure how demanding and difficult the work is. Specifically, requirement
level 4 denotes a job that involves performing the most demanding and difficult work, level
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8 BOLLI and PUSTERLA

TABLE 1 Classification of Swiss Earnings Structure Survey-activity types into practical and theoretical

activities.
Practical activities Theoretical activities
Production and processing of products Target and strategy definition of the company
Activities in the construction sector Accounting and personnel management
Setting up, operating, and maintaining machines Assessment, consulting, and certification
Restoring, arts handcrafts Research and development
Office and secretarial work Analyzing, programming, and operating
Other commercial and administrative activities Plan, construct, draw, and design
Logistics, support tasks Medical, nursing, and social activities
Purchase and sale of raw materials and capital goods Pedagogical activities

Transport of people, goods, and news

Securing, guarding

Personal and clothes care

Cleaning and public hygiene

Hospitality and housekeeping activities

Culture, information, entertainment, sports, and leisure

Other

3 denotes a job that requires independent and qualified work, level 2 denotes a job requiring
professional and technical skills, while level 1 denotes a job involving simple and repetitive
activities.

We combine these two variables to create a proxy of practical and theoretical skills.
Concretely, we approximate practical (theoretical) skills by the percentage of workers in
each education group that conducts skilled practical (theoretical) activities. We define
skilled as activities of requirement level 3 or 4. The results of this procedure are reported in
Table 2. This table suggests that only 5 per cent of Lower educated workers conduct skilled
practical activities and only 2.9 per cent of Lower educated workers conduct skilled theo-
retical activities. About 16 per cent of Trained workers conduct practical activities and an
additional 10 per cent conduct skilled theoretical activities. About a quarter of Advanced
workers conduct skilled practical activities and about half of them conduct skilled theoreti-
cal activities. This discrepancy increases even more for Academic workers, of which 64 per
cent conduct skilled theoretical activities while 18 per cent conduct skilled practical
activities.

Figure 3 graphically illustrates the skills distances based on the procedure, as reported in
the last column of Table 2. This figure provide thus a plausible map for four education groups
considered in this article according to their extent of practical and theoretical skills. The dotted
lines reports the “skills frontier,” which represent the highest possible combination of practical
and theoretical skills according to our theoretical scheme applied to the SESS data. This figure
plausibilizes the conceptual mapping presented in Figure 2 and thus supports our hypotheses,
though the indirect approach of approximating skills prevents us from measuring skills dis-
tances directly.
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TABLE 2 Derivation of approximation of practical and theoretical skills.

Percentage of workers Practical/
theoretical
skills

By education group, skills, and requirement level (per cent) (per cent)

Level 1: Level 2: Level 3: Level 4: most

simple and professional independent demanding

repetitive and technical and qualified and difficult

activities skills work work

Lower
Practical 61.3 23.0 4.5 0.5 5.0
Theoretical 3.8 4.0 2.0 0.9 2.9
Trained
Practical 11.8 46.3 15.3 1.0 16.3
Theoretical 1.4 14.2 8.5 1.5 10.0
Advanced
Practical 1.8 10.7 19.3 5.3 24.6
Theoretical 0.5 13.5 34.4 14.5 48.9
Academic
Practical 1.1 5.7 11.1 6.7 17.8
Theoretical 0.5 11.5 32.3 31.1 63.4

Note: Practical (theoretical) skills are approximated by the percentage of workers in each education group that conducts skilled
practical (theoretical) activities of requirement level 3 or 4.

3 | DATA AND DESCRIPTION OF VARIABLES

The panel data we employ stems from the innovation surveys conducted by the KOF
Swiss Economics Institute in 2005, 2008, 2011, 2013, and 2015. This article-based survey,2
which closely resembles the EU Community Innovation Survey, contains information
on 1500 to 2500 firms in each wave. The response rates are 38.7 per cent (2005), 36.1
per cent (2008), 35.9 per cent (2011), 32.7 per cent (2013), and 30.0 per cent (2015).
To assess possible biases caused by companies not answering the questionnaire, the
KOF Swiss Economic Institute conducts a non-response analysis for every wave (Spescha &
Woerter, 2019). Specifically, the Institute conducts telephone interviews with a sample of
500 non-responding companies. The non-response analysis suggests that the data is
representative.

The surveys are based on stratified random samples drawn from the Swiss business census
for firms with more than five employees. Stratification is on 33 industries and within each
industry on three firm-size classes.

2Questionnaires of the survey are available at https://www.kof.ethz.ch/en/surveys/structural-surveys/kof-innovation-
survey.html in French, German, and Italian.
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FIGURE 3 Validation of the skills distance between workers. The dotted line represent the skills frontier.

3.1 | Variable description and summary statistics

The survey comprises basic firm characteristics such as workforce composition, gross revenues,
investment activities, and purchasing costs. However, the survey does not contain direct infor-
mation on each firm's capital. Therefore, by taking the information on the level of investments,
we use the perpetual inventory approach to approximate capital stock.

Table 3 presents descriptive information about our dependent, independent, and instrumen-
tal variables. To estimate each firm's production function, we need data about the firm's value
added as well as data on the values of capital stock and labor inputs. All monetary units are
expressed in nominal terms.

Information about workforce composition is available for all waves. In our specification, we
consider the education categories of four types of workers. The subdivision of workers into four
categories is driven by the categorization used in the Swiss Innovation Survey.” This survey asks
firms about the number of full-time equivalent workers and the share of workers in five educa-
tion categories. Combining these variables yields the number of full-time equivalent workers in
each category. We group the two categories of workers having no post-compulsory education
and being in the process of undertaking an apprenticeship, and classify them as Lower. Further-
more, the survey asks about the share of workers having completed an apprenticeship, which
we classify as Trained, and the share workers having completed an education higher than an

3A very small share of Swiss students quit the education system with “only” a high school degree. Therefore the survey
does not explicitly include high school as a category in the questionnaire.
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12 BOLLI and PUSTERLA
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FIGURE 4 Workforce composition over time. The share of the four education groups sum up to 100 per cent
in every year.

apprenticeship, which we classify as Advanced. Finally, the survey asks about the share of
workers having an academic education, which we classify as Academic.

Similar to Spescha & Woerter (2021), we derive the capital stock using the perpetual inven-
tory approach. The initial capital stock is calculated by dividing the first positive value of fixed
investment by an interest rate of 5 per cent. For subsequent periods, the annual gross invest-
ment is added to the capital stock, while the capital stock is always depreciated by 5 per cent.

The sample used for the empirical estimates consists of an unbalanced panel of 7701 firms
and about two observations per firm.* This sample includes all firms with information on firms'
value added and capital stock, as well as complete information on workers' education.

Table 3 also reports the summary statistics of firms' purchasing costs of intermediary goods,
as displayed in the last row. This variable—albeit not directly part of the firm's production
function—is crucial for the identification strategy we present in Section 4.1.

3.2 | Descriptive information on workforce composition

This section presents the evolution of the workforce composition. We show the evolution of the
entire time series from 2005 to 2015.

Figure 4 shows the evolution of workers' education types as a percentage of total employ-
ment. From this histogram, we can see that the percentage of Trained workers is the largest in
the workforce and that this percentage has remained almost constant at a value of 45 per cent
over the entire period. On the other hand, the percentage of Lower workers has decreased

“The unbalanced structure of the panel might raise concerns about potential attrition bias. To address this concern, we
perform the BGLW test (see Becketti et al., 1988; Fitzgerald et al., 1998) for attrition bias. Specifically, we find no
correlation between the dependent variable and dummy variables indicating firms' entry and/or exit from the panel.
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FIGURE 5 Workforce composition by firm size. Small-size firms have <50 employees; medium-size firms
between 50 and 249; large-size firms have >250 employees. For every firm size, the share of the four education
groups totals to 100 per cent.

over time. Nevertheless, this group was still the second largest in 2015, accounting for about
27 per cent of the workforce. Advanced workers show a relatively constant trend at around
15 per cent of the workforce. Although Academic workers are the smallest group, they
show the largest relative increase over time with about 10 per cent of the workforce in 2015.
However, the definition of the educational group in the 2015 wave differs from that in previous
surveys. In the 2015 questionnaire, the definition of academic workers was extended to include
graduates of a UAS, whereas in the previous questionnaires, graduates of a UAS were included
in the group of Advanced workers. Therefore, the sharp increase in the percentage of Academic
workers and the decrease in the percentage of Advanced workers in 2015 is at least partly due
to this change in definition. Nevertheless, this change in definition does not have a significant
impact on the results of our estimates.

The composition of the workforce differs considerably between subgroups of firms. The fig-
ure illustrated in Figure 5 displays the decomposition of the educational groups by firm size. It
is worth highlighting the differences in the share of Lower workers who are more prevalent in
medium-sized firms. Trained workers constitute the biggest education group in the workforce
in all sub-samples, with shares ranging from 45 per cent to 50 per cent. Workers with advanced
skills are distributed almost equally across all firms, irrespective of firm size, while Academic
workers are proportionally over-represented in large firms.

The workforce composition varies the most by industry, as depicted in Figure 6. Notably,
the comparison of the first two panels reveals large differences between low-tech and high-tech
manufacturing. Low-tech manufacturing exhibits a disproportionate representation of Lower
workers, whereas high-tech manufacturing has significantly higher numbers of Academic and

SRobustness analyses excluding the 2015 wave show qualitatively consistent results.
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14 BOLLI and PUSTERLA

20 30 40 50
1

Share of employees, by education (%)
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manufact. manufact. services services

|- Lower [ Trained [ Advanced [ Academic |

FIGURE 6 Workforce composition by industry. Industries are grouped as in Arvanitis et al. (2017) according
to NOGA 08 classification: Low-tech manufacturing comprehends following industries: Food/beverages/tobacco
(10/11/12), textiles/clothing (13/14/15), wood (16), paper (17), printing (18), rubber/plastics (22), non-metallic
minerals (23), basic metals (24), fabricated metals (25), repair/installation (33), other manufacturing
(31/321/322/323/324/329), energy (35), water/environment (36/37/38/39), and construction (41/42/43); High-
tech manufacturing comprehends following industries: Chemicals (19/20), pharmaceuticals (21), electronic and
optical products (261/262/263/264/2651/266/267/268), watches/clocks (2652), electrical equipment (27),
machinery and equipment (28), vehicles (29/30), medical instruments (325). Traditional services comprehend
following industries: Wholesale trade (45/46), retail trade (47/95), accommodation/restaurants (55/56),
transportation (49/50/51/52/79), real estate, rental and leasing (68/77/81), personal services (96). Modern
services comprehend following industries: Telecommunications (53/61), publishing/media (58/59/60),
information technology and services (62/63), banks and insurance (64/65/66), technical commercial services
(71/72), and other commercial services (69/70/73/74/78/80/82). For every group of industries the four share of
workers' type of education sum up to 100 per cent.

Advanced workers. Similarly, the split between traditional and modern services shows large dif-
ferences. Firms engaged in modern services exhibit a higher proportion of Academic and
Advanced workers, while Trained and Lower workers largely dominate traditional services.

Overall, the growing importance of Academic workers and the decline in the share of less-
educated ones is partly explained by the growing share of firms in the high-tech sector occurred
during the last decades.

4 | EMPIRICAL STRATEGY
41 | Translog production function

To assess complementarities among different labor inputs, we use a quantitative regression
analysis. We follow the interaction approach (Ennen & Richter, 2010) and estimate translog
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production functions that allow us to identify complementarities among inputs (e.g., Berndt &
Christensen, 1973). Specifically, we identify the determinants of productivity by including a
measure of the firm's capital stock and the number of workers with different types of education.
Each educational group of workers enters the estimation three times: in a linear form, in a qua-
dratic form, and in an interaction form with the other labor inputs. The quadratic terms allow
us to capture economies of scale, while the interaction terms allow us to capture the relation-
ship among workers with different types of education.

As previously reported in Table 3, all four groups have a minimum value of 0, meaning that
no group appears in all the firms with at least one unit. Because all variables enter into the esti-
mations in logs, we add a value of 1 to all variables before taking logarithms. In so doing, we
prevent that variables would take undefined values and so avoid to generate missing values in
the data.

OLS estimations of translog production function might suffer from possible bias due to
time-invariant unobserved heterogeneity or from simultaneity (i.e., short-run endogeneity of
firms' education-mix composition). While fixed effect (FE) estimations can solve time-invariant
unobserved heterogeneity, simultaneity remains unsolved using standard estimation proce-
dures. Because the size of firms' productivity shocks has a tendency to change over time, FE
estimations are not able to solve the simultaneity between input usage and unobserved produc-
tivity shock. Thus, both OLS and FE estimators are likely to provide inconsistent estimates of
the translog production function parameters.

To overcome this endogeneity issue, we use the control function approach, which represents
a valid alternative for productivity estimations. Building on the influential work of Olley and
Pakes (1996), who consider the investment level in a two-stage procedure, Levinsohn and Petrin
(2003) suggest using intermediate inputs (e.g., materials) as a proxy for the unobservable pro-
ductivity shocks.

We follow the Levinsohn and Petrin (2003) approach—which we term as the LP approach
hereafter—and we redefine the production function as follows:

NE

4 4
1
Vi = a+ B Ki + Z PripLpict5 Z Prpg Lp.it Laie +7i 4 pe + @i 4113 (1)
p=1 p=1 g

Il
—

where v;; is the log of value added of firm i at time ¢, Kj; is the log of capital stock, L, ;; denotes
the log of the number of workers with education p, and y; and g, introduce the firm and time
FEs, respectively. The error term has two components: w; is the productivity component which
is potentially endogenous, and #;, is the part of the error term that is uncorrelated to the inputs.

The demand for intermediate inputs M;=m(wy,K;) depends on firms' capital K; and the
unexpected productivity shock w;. Under the assumption that the demand function is mono-
tonically increasing in w;, we can invert it and express the unobservable productivity shock as
a function of the two observed inputs, that is, w;=h(Kj, Mj).

We can now rearrange the production function in the following way:

4 4 4
1
Vig = Z PrpLpi +5 Z Z Pipq Lp,it Lg,it + b (Kit, Mic) + 7+ py 10y (2)
p=1 p=1 g=1

where
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16 BOLLI and PUSTERLA

¢u(Kit,Mir) = a+ p Ky + h(Ki;, My)

As Levinsohn and Petrin (2003) suggest, using a third-order polynomial approximation of
K;; and My in place of h(Ky,M;;) allows us to estimate in the first stage the following equation:
4 1

vir =60+ I; PrpLpict5 ;

3 3
D —

. :
Z Pipq Lp.it L,ic + Z KMy +7; + py + 11y (3)
=1 =0 k=0

This first stage gives us estimates of ﬂ/l; and Ebl\, By using the predicted value for &; we are
now able to compute for any candidate value g, a prediction of h(Ky,Mj) for all periods t:
hi = ¢;; — Py Kir and use it to predict a consistent approximation of E[h;|h;_1]:

hy =E[h|hi—1) =yo + 71 -1 + }’2]’1[271 + }/3hz371 + Yy

Finally, the estimate of [Aik is defined as the solution of:

2
4 4 4
. ~ 1 — . ——
l’l}ln Z (Vit - Z ﬁl,p Lp,it - E Z Z ﬂl,pq Lp,it Lq,il - ﬁkKit - E[ht|hll]> (4)
k t p=1 p=1 g=1

We construct standard errors for ﬁ, and Bk by using a bootstrapping approach with 100 repe-
titions. In the bootstrap procedure, we account for the panel structure of the data and apply
block bootstrap clustered at the firm level.

We conduct all estimations of the translog production function using STATA (Version 15).
We calculate the LP procedure from the prodest command developed by Rovigatti and Mollisi
(2018), and we apply a third-order polynomial for the estimation of the first stage.® We demean
all dependent variables at either the sample mean or the sub-sample mean. According to Cohen
et al. (2013), demeaning predictors have interpretational advantages and can eliminate non-
essential multicollinearity. Furthermore, for the robustness test, we combine the LP approach
with FE to better account for time-invariant unobserved heterogeneity.

An important note here is that capital enters in Equation (1) only with a linear term. In
other words, capital is not interacted with the labor inputs. In our baseline model, we therefore
assume perfect substitutability across labor types and capital. In Section 6, we relax this
assumption and thus interact capital with all labor inputs.

4.2 | Allen elasticities of substitution

Once we have coefficients for the linear, quadratic, and interaction terms, we estimate the elas-
ticities of substitution. Starting with the definition of Allen (1938), we follow Henningsen
(2018) and calculate for every firm the Allen elasticity of substitution (AES) between pth and
qth labor inputs quantity (L,,Lq) in the following way:

The robustness checks that apply fourth-, fifth-, and sixth-order polynomials provide qualitatively similar results.
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JpiLp.
XP: D.i pleq,i

AES,,;=—— — P! 5
P LpiLlg:  Fi (5)

where f,; is the partial derivatives of the production function f for firm i, F; is the determinant
of the bordered Hessian matrix, and Fpg; is the cofactor of f,, ;. Inputs p and g are considered
substitutes if AES,,; >0, while they are complements if AES,;; <0.

AES is symmetric, and it is a measure of the substitutability between inputs. Specifically,
AES measures the changes in the marginal rate of technical substitution between input p and
input q. As marginal rates of technical substitution are meaningless if the monotonicity condi-
tion is not satisfied, the interpretation of AES is meaningful only for observations that satisfy
monotonicity. Furthermore, to give AES an economic interpretation, we consider only the firms
for which the quasi-concavity condition is satisfied. Together with the assumption of monoto-
nicity, quasi-concavity implies that isoquants are convex and thus well-behaved.

It should be noted that the estimated AESs capture the average substitutability of two
worker groups. Hence, this average substitutability of two worker groups might mask substan-
tial heterogeneity of the substitutability across particular tasks in a firm and also tasks across
firms. To address this issue to some extent, we complement the estimates of AESs for the aver-
age firm using the estimates of AESs for the average firm in four industry types and three firm-
size categories.

5 | RESULTS

This section presents the results of our estimation procedure, which aims to identify the com-
plementarities between different labor inputs. Table 4 reports the main results for both the
entire sample and the sub-samples of firms according to their characteristics. Our approach
consists of first estimating Equation (1) using the LP approach’ and then calculating AESs
according to Equation (5).

The upper part of first column in Table 4 reports the results of the translog estimation on
the full sample. The coefficient for Capital (0.112) is in line with that of other studies that use
the LP approach in a similar way to estimate a Cobb-Douglas production function with only
capital and labor (e.g., Konings & Vanormelingen, 2015; Marino et al.,, 2016; Parrotta
et al., 2014). The linear coefficients for labor, which we subdivide into four educational groups
(Lower, Trained, Advanced, and Academic workers), are all positive. While the quadratic terms
of the labor inputs are also positive, all interaction terms show negative coefficients. All coeffi-
cients are highly statistically significant. The positive quadratic coefficients suggest a possible
increasing marginal return, implying that the production function is not well-behaved. To
check whether the size of the negative interaction terms compensates for the positive values of
the quadratic terms, we examine whether the monotonicity and the quasi-concavity conditions
are satisfied for each observation, and it was found that more than half of the observations

’Our baseline estimations apply the LP procedure without firm FE, while Table A1 reports the estimations of the LP
procedure with firm FE. Except for modern services, results in this table are very similar to the LP estimation reported
in Table 4. The inclusion of firm FE implies that only within-firm variation in inputs is used to identify the parameters
of the production function, which tends to magnify the importance of any measurement error in the data, since capital
is rather sticky at the firm level and it creates a problem for the identification of the capital coefficient, which may be
underestimated.
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satisfy these two conditions. We report the number of firms satisfying these conditions in the
line below the total number of observations.

According to Equation (5), we can use the coefficients of the translog production function
and the input quantities to calculate AESs for each single firm. As previously explained, we cal-
culate AESs only for firms that satisfy monotonicity and quasi-concavity conditions. The bottom
part of Table 4 shows the median values of AES for all pairs of labor inputs. The negative values
for AESyower advanced @1d AESTrained Academic Show that these two pairs of inputs are complemen-
tary in firms' production processes. For example, the way to interpret the negative value of —2.7
for AESpower.advanced 1S as follows: If the price ratio between Lower and Advanced workers
increases by 1 per cent, a typical firm that keeps output quantity constant and adjusts all inputs
quantities will increase the quantity ratio between Lower and Advanced workers by ~2.7 per
cent. The size of the coefficients suggests that complementarities are greater between Lower
and Advanced workers than between Trained and Academic workers, which has an AES
of —1.749.

By contrast, a positive AES means that if the price ratio between labor inputs L, and L,
increases, firms that keep the output quantity constant and adjust all inputs quantity will sub-
stitute L, for Ly, and therefore they will likely decrease the quantity ratio between L, and L.
Our calculations of AESs reveal that firms at the median of the distribution show substitutabil-
ity of four pair combinations, namely between the Lower and the Trained workers, the Lower
and the Academic workers, the Trained and the Advanced workers, and the Advanced and the
Academic workers. The substitution effect is greatest between the Advanced and the Academic
workers (5.125) and smallest between the Trained and the Advanced workers (1.62). These
results confirm our prediction that Lower and Advanced as well as Trained and Academic
workers are complementary in affecting firms' productivity, while all other pairwise combina-
tions of these four education groups are substitutes.

With regard to the AESs of Academic workers, it is worth mentioning that this group of
workers is the smallest among the ones considered in this article and, as a consequence, a rela-
tively large share of companies have no Academic workers (see Table 3). For instance, the rela-
tively high value of AES;wer academic and AESadvanced Academic cOuld be driven by relatively few
observations and should therefore be considered with caution.®

In Section 3, we showed that workforce composition differs by firm size and industry. We
now examine how the elasticities of substitution differ across firm characteristics. Columns (2)-
(5) of Table 4 present the estimations of the translog production function and the corresponding
AESs by industry type, and columns (6)—(8) show the results by firm size.

We focus first on the estimations by industry. In this regard, the literature suggests a more
positive effect of workforce diversity in firms that operate in more creative industries
(e.g., Alesina & La Ferrara, 2002; Garnero et al., 2014; Hong & Page, 2001; Lazear, 1998). We
therefore expect to find larger complementarities in the firms that operate in a high-tech
manufacturing industry or a modern services industry than in low-tech manufacturing or tradi-
tional service industries. The coefficients of the translog production function show that the con-
tribution of Capital is different across industries. Capital is particularly important in low-tech
manufacturing, but it is less so in traditional services. For the four labor components, we also
observe large differences across the four sub-samples. The linear and quadratic coefficients for

8Robustness test in which we estimate AESs for companies having relatively high percentage of Academic workers
reveal that AES] gwer Academic ar€ much closer to zero than for firms with small percentage of Academic workers.
However, the AES remains positive for both subsamples.
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Lower workers are particularly high in low-tech industries. The coefficients for Trained workers
suggest a relatively similar contribution across industries. Finally, the linear and quadratic coef-
ficients for Advanced and Academic workers suggest that these workers largely contribute to
firms' productivity in more modern services compared with other industries.

The majority of the coefficients of the interaction terms are negative. The drawback of sub-
dividing the sample into sub-sectors is that sample size shrinks and consequently the estimates
become less precise—even though the vast majority of coefficients are still highly statistically
significant. The elasticities reported in columns (2)—(5) show patterns similar to those in col-
umn (1). Lower and Advanced workers are complementary to each other, as are Trained and
Academic workers. All other pairwise combinations of the labor inputs suggest substitutability.
Even though the direction of the elasticities is similar across sub-samples, the size of comple-
mentarity and substitutability differs.” The complementarity between Lower and Advanced
workers is greater in high-tech manufacturing and in modern services than in low-tech
manufacturing and in traditional services. The opposite patterns occur for the complementar-
ities between Trained and Academic workers. Furthermore, the substitution between Trained
and Advanced workers is overall low in all four sectors, which suggests a generally small substi-
tutability between these two types of labor.

In summary, the results suggest that workforce diversity has a more positive effect in mod-
ern services than in the other three sub-samples. The workforce composition in modern services
may explain this, as it has a high proportion of Academic workers and a below-average propor-
tion of Lower workers.

We now focus on the estimation by firm size. In this regard, the literature suggests that edu-
cational diversity may have a more pronounced effect on productivity in small firms, where
workers interact more frequently with one another (Stahl et al., 2010). In contrast, in large firms
we expect diversity to trigger productivity in a less pronounced way because workers are more
likely to be divided into teams or departments, and they may interact more with workers who
have similar education and skills sets. Thus, we expect complementarities to be greater (or the
substitutions to be smaller) in small firms than in medium or large firms.

The estimations across firm size in Table 4, as seen in columns (6)-(8), show patterns that
are similar to those in the full sample—as reported in column (1). Complementarities occur
both between Lower and Advanced workers and between Trained and Academic workers. All
other pairwise combinations of these four education groups reveal substitutability. The elastici-
ties for small- and medium-sized firms are relatively similar. Large firms show greater substitut-
ability both between Lower and Trained workers and between Lower and Academic workers.
However, the translog estimation is less precise for large firms. These imprecise coefficients
may explain the differences in elasticities between large firms and the full sample. In short, the
estimations do not confirm greater complementarities or less substitution in small firms. One
possible explanation is the composition of the workforce in small and medium-sized firms.
Because small firms have below-average share of Academic workers, the degree of substitution
or complementarity between Lower, Trained and Advanced workers are smaller because there
is less diversity within the firm and thus less cross-fertilization, communication, and coordina-
tion effects.

“Welch's tests of pairwise equality confirm that AESs for low-tech manufacturing are statistically different from the ones
of high-tech manufacturing. Similarly, AESs of traditional services are statistically different from the ones of modern
services.
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6 | ROBUSTNESS CHECKS
6.1 | Allowing quadruple interactions

The translog production function used thus far represents a second-order approximation to an
arbitrary production function. This model does not include triple interactions explicitly. How-
ever, the methodology of calculating AESs based on a translog production function has the ben-
efit of being able to capture the interactions with other inputs by considering the changes in
output due to interactions with other groups. In order to test whether the second-order approxi-
mation of the translog specification captures higher order interactions sufficiently, we conduct
an additional robustness check.

Specifically, we additionally include triple and quadruple interactions across labor inputs in
the production function. In this way, we account for the effect of combining three or all four
educational groups of workers. Table 5 reports the production function estimations including
triple and quadruple interactions for both the entire sample and the sub-samples of firms
according to different characteristics.

The upper part of column (1) reports the results of the production function estimation on
the full sample. The coefficients for Capital (0.0978) is slightly lower than the one in the base-
line estimation (0.112) as reported in Table 4. The coefficients for the linear, quadratic, and
interaction terms between the labor components are in line with the baseline translog estima-
tion. The triple interaction coefficients are all positive, while the coefficient for the combination
for the four labor inputs is negative. All coefficients are highly statistically significant. The inter-
pretation of these triple and quadruple interactions is not straightforward, and we therefore
focus on the AESs reported in the bottom part of the table. An important point to note is that
the number of firms satisfying the monotonicity and quasi-concavity conditions is slightly
higher than in the baseline results (i.e., 3621 compared with 3243 firms), which suggests that by
including the triple and quadruple interactions we are able to identify the production function
more accurately.

The median values of AES reported in the bottom part of Table 4 confirm the degrees of
complementarity or substitutions identified in the baseline. Specifically, the negative values for
AES| ower,advanced aNd AEStiained Academic cOnfirm that these two pairs of inputs are complemen-
tary in firms' production processes. By contrast, the positive AESs confirm that firms at the
median of the distribution show substitutability in four pairs, namely between Lower and
Trained workers, the Lower and Academic workers, the Trained and Advanced workers,
and the Advanced and Academic workers. The magnitude of the elasticities is slightly larger
than in the baseline estimates reported in column (1) of Table 4, but qualitatively it confirms
the degree of substitutability or complementarity between the labor inputs.

We now look at how elasticities of substitution differ across firm characteristics. Columns
(2)-(5) of Table 5 present the estimations of the production function with triple and quadruple
labor interaction and the corresponding AESs by industry type. Columns (6)-(8) similarly show
the results by firm size. By comparing these results with the ones of Table 4, we observe that
the coefficients of the linear, quadratic, and simple interaction terms between labor components
do not change markedly. None of the coefficients changes its sign, and the statistical precision
remains relatively high. By contrast, for the coefficients of the triple interactions we observe
large differences across the four sub-samples. Finally, the coefficients of the quadruple interac-
tion are negative in all sub-samples and are statistically significant.
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In subdividing the sample by industries and firm size, the number of observations shrinks,
and the estimates become less precise. The number of firms satisfying the monotonicity and
quasi-concavity conditions in the sub-samples is lower than in the baseline results reported in
Table 4; this suggests that the inclusion of the triple and quadruple interactions is less adequate
for identifying the production function in sub-samples.

Nevertheless, the elasticities reported in the bottom part of columns (2)-(8) show patterns
similar to those from our baseline results. The size of the AESs is slightly higher, but the sign of
the coefficients—which suggests either complementarity or substitutability—remains
unchanged. Lower and Advanced workers are still found to be complementary, as are Trained
and Academic workers. By contrast, all other pairwise combinations of the labor inputs suggest
substitutability. In sum, the results of this robustness analysis presents elasticities that are quali-
tatively the same as our baseline estimations.

6.2 | Gross-output production function

As a second robustness check, we complement our value-added results by computing gross-
output production function. Considering gross-output is relevant to alleviate concerns that the
results are due to our choice of estimating a value-added translog production function estimated
via OLS with firm fixed-effect.

Indeed, Gandhi et al. (2020) have shown that a nonparametric identification strategy for
gross-output that can be employed even when additional sources of variation are not available.
Concretely, they show that time-series variation in aggregate price indexes presents a potential
source of variation which allow to solve the transmission bias. By so doing they show that OLS
overestimates the flexible intermediate-input elasticities and underestimates the elasticities of
capital and labor. Their identification strategy is particularly useful for cases in which time-
series data on price variation or firm-specific prices are not available. As in the data set used in
this article information on output-prices are available at firm level, we directly estimate gross-
out production function following Rovigatti and Mollisi (2018). Table 6 shows the gross-output
production function estimations for both the entire sample and the sub-samples of firms
according to different characteristics.

The top part of column (1) reports the results of the production function estimation for the
full sample. The coefficient on Capital (0.066) is about half that in the value-added estimation
(0.123) reported in Table 4. The coefficients for the linear, quadratic, and interaction terms
between the labor components are also lower than the value-added estimation, but show simi-
lar patterns in terms of relative magnitude. All of the coefficients are highly statistically signifi-
cant. Because the interpretation of these coefficients is not straightforward, we focus—as in the
case of value-added—on the AESs reported in the lower part of the table. An important point to
note is that the number of firms satisfying the monotonicity and quasi-concavity conditions is
slightly lower than in the value-added results (i.e., 3165 firms compared with 3243 firms),
suggesting that the gross-output method identifies the production function less accurately.

The median values of the AES reported in the lower part of the Table 6 confirm the degrees
of complementarity or substitution identified with the value-added method. In particular, the
negative values for AESioweradvanced and AEStrainedAcademic confirm that these two pairs of
inputs are complementary in the firms' production processes. In contrast, the positive AESs
confirm that firms at the median of the distribution have substitutability in four pairs, namely
between Lower and Trained workers, Lower and Academic workers, Trained and Advanced
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workers, and Advanced and Academic workers. The magnitudes of the elasticities are very simi-
lar to those obtained using the value-added method, thus confirming the degree of substitutabil-
ity/complementarity between labor inputs.

We now look at how the elasticities of substitution differ across firm characteristics. Col-
umns (2)—(5) of Table 6 show the estimates of the gross output production function and the
corresponding AESs by industry type, while columns (6)-(8) similarly show the results by firm
size. Comparing these results with those of Table 4, we observe that the coefficients of the lin-
ear, quadratic, and simple interaction terms between the labor components are relatively
smaller. None of the statistically significant coefficients change their sign, and the statistical
precision remains relatively high. The number of firms satisfying the monotonicity and quasi-
concavity conditions in the subsamples is also somewhat smaller than in the value-added case.
Nevertheless, the elasticities reported in the bottom part of columns (2)—(8) show similar pat-
terns to those obtained with the value-added method. The magnitude and signs of the AESs are
also very similar. Overall, the results of this robustness test confirm the results obtained using
the value-added method.

7 | CONCLUSION

This article show the existence of complementarities among workers with different types of
education in affecting firms' productivity. This analysis is particularly important given that the
existing literature suggests two opposing effects of educational diversity. On the one hand, spill-
overs across workers depend on the variety of knowledge that workers provide. Therefore, edu-
cational diversity might increase firms' productivity because varied bodies of knowledge in
combination can improve the processes of decision making and problem-solving. On the other
hand, diversity can generate negative effects due to interaction difficulties and poor cooperation
among workers.

Most empirical studies in this field have examine education complementarities by simply
differentiating between high- and low-educated workers. Nevertheless, the composition of the
workforce is more complex than a two-skill level system could assume, particularly for coun-
tries in which the workforce is highly heterogeneous in education and a high proportion of
workers have a VET education.

Using Swiss firm-level panel data covering the period from 2005 to 2015, we show that com-
plementarities among workers are high when differences in types of education are large with-
out being too high. Indeed, we find complementarity between workers with no post-secondary
education (Lower) and workers with a tertiary professional education (Advanced); we also find
it between workers with an upper secondary VET (Trained) and workers with a tertiary aca-
demic education (Academic). By contrast, all other pairwise combinations of these four educa-
tion groups show substitutability. Specifically, our results suggest that firms can make a
relatively easy substitution of Lower workers for Trained workers, Lower workers for Academic
workers, and Advanced workers for Academic workers, and vice versa. However, Trained and
Advanced workers are found to be less substitutable than these other three pairs. From a mana-
gerial perspective, these results highlight the importance of having a skill mix as it is beneficial
in terms of firm productivity.

In terms of firm characteristics, the results are surprisingly similar for both low-tech and
high-tech industries. Depending on the combination of workers, service industries—particularly
innovative ones—exhibit higher substitutability and complementarity. The significance of both
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vertical education diversity, represented in the Swiss context by the significant number of VET
workers with secondary education, and horizontal diversity at the tertiary level (Advanced
vs. Academic) is highlighted by the findings. From a policy perspective, these results stress the rel-
evance of VET in the Swiss education system as a provider of key workers at the upper secondary
level, but also as a point of access to further advanced education.

This article fills the gap in the literature by showing that complementarities among workers
with different types of education affect firm productivity. We add to previous studies by provid-
ing a fine-grained differentiation also at the tertiary level, where we distinguish between
workers with a university education and workers with a tertiary professional education. In
doing so, we are able to complement studies such as that of Backes-Gellner et al. (2017),
in which they show the existence of positive spillovers between upper secondary VET workers
and tertiary educated workers, by showing that the complementarity is particularly high
between upper secondary VET workers and workers with a tertiary university education, while
lower with workers with a tertiary professional education.

This article has several limitations that pave the way for future research. First, theoretical
considerations suggest a U-shaped relationship between skills distance and substitutability.
However, we link this prediction to our empirical hypotheses based on assumptions that should
be verified by future research. Concretely, we locate the four worker groups in a hypothetical
skill space that differentiates between theoretical and practical skills. We test the plausibility of
this skills distance based on data for Swiss workers that allows to approximate skills by the
share of workers in skilled occupations. The empirical results are consistent with the hypothe-
sized pattern of complementarity and substitutability. However, the primary aim of this article
does not consist of measuring skills empirically. Therefore, the indirect approximation of skill
distances cannot confirm the location of workers in the skills space. Future research should val-
idate these results based on an empirical framework that defines and measures skills distances
directly.

A second limitation is the use of survey data, which may suffer from measurement error.
Future research should confirm our results using administrative data that allow for a more
detailed differentiation of worker groups. Furthermore, the survey structure does not give us
worker-level information such as labor market experience or possible skills mismatch. Being
able to control for these characteristics could allow us to refine the degree of complementarity
or substitution. Similarly, also information on the structure of the firm (e.g. hierarchies and fre-
quency of interaction between different workers) would allow to refine the patterns of comple-
mentarities taking into account the actual tasks and roles within the firms. This would be
particularly relevant for testing the robustness of the results in medium and large firms, where,
for example, academic workers may be in managerial positions and never interact directly with
lower educated workers on the production line.

A methodological limitation is that the elasticities represent average treatment effects given
the actual composition of the workforce. Implications may differ for specific occupations, edu-
cational groups, and tasks. From a methodological perspective, future research should also con-
sider further extensions of the Levinsohn-Petrin approach, such as that developed by
Ackerberg et al. (2015).

Finally, a valuable extension of this article could be to broaden the focus to the concept of
the innovation value chain. Our study only analyzes total value added and gross output as
output variables of firms. However, future research could focus on other objectives of the
innovation value chain. Specifically, one can consider as alternatives the output of the pro-
duction function as a measure of R&D intensity—which captures the knowledge creation
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process of firms—or the share of sales generated by innovative products—which measures
the ability to transform knowledge into innovation.
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