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Abstract

Holding concurrent seats on boards of rival firms, ‘horizontal directors’ dampen
competition and improve firm performance. In the cross-section of public US firms,
losing such a connection with a competitor decreases returns by 3 percentage points.
I propose a mechanism of market segmentation where horizontal directors mitigate
strategic uncertainty and steer firms away from direct competition. Using data on
patenting, I show that horizontal interlocks help firms maintain distance in the compet-
itive space and reduce redundancy, increasing innovation quantity by 17% and quality
by 30%.

1 Introduction

Eric,

I would be very pleased if your recruiting department would stop doing this.

Thanks,
Steve

— Jobs, Steve. “Google Recruiting from Apple.” Email to Eric Schmidt. 07
March 2007.
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Directors who hold concurrent board appointments across multiple firms, or “busy” direc-
tors, create informal ties between firms - commonly known as interlocks. Despite being
heavily criticized from the early days of antitrust legislation (Brandeis 1914), interlocking
directorates have been very common among US firms throughout the 20th century, and re-
main so ever since: 90% of the 250 largest corporations were interlocked with each other in
the 1930s (Means et al. 1939); and today nearly 85% of S&P1500 firms share at least one
director with other S&P1500 firms (Hauser 2018). Little has changed since the 1930s, when
90% of the 250 largest corporations were interlocked with each other (Means et al. 1939):
today, more than 20% of directors in S&P1500 companies hold concurrent board seats, and
nearly 85% of S&P1500 firms share at least one director with other S&P1500 firms (Hauser
2018). Busy directors offer extensive connections and greater expertise which are valuable
to companies. Renowned and well-connected directors bring prestige to the firm, a positive
signal to investors, broader perspective of the business environment, and act as a conduit
of relevant information through their relationships with financiers, clients, suppliers, or ri-
vals. Their seats come at a cost, however, as the effort and attention of busy directors are
inevitably lower and conflicts of interest may pose a genuine concern.
In this paper I highlight a special case - the horizontal interlock, where a director holds
multiple appointments within an industry, and study its effect on firm performance. The
choice of a horizontal director provides a sharp illustration of the trade-off a firm faces. On
the one hand, horizontal directors bring deeper industry-specific expertise, and are better in-
formed of institutional details, trends, and prospects. They also offer an information channel,
which could encourage efficient collaboration, synergistic mergers, or collusion. On the other
hand, the potential conflicts of interest are exacerbated. Since competition adversely affects
stakeholders of rival firms, a horizontal director has less to gain from aggressive product-
market strategies than a director with no stake in the industry. Internalizing this, one would
be incentivized to steer firms towards a less aggressive stance, thus limiting the extent of
competition.
This question is important to our understanding of market competition, investment and in-
novation. A recent high-profile example that illustrates this is the 2009 Department of Jus-
tice (DoJ) investigation into several tech companies, who allegedly colluded to refrain from
poaching each other’s employees.1 The DoJ raised concerns that the directorate interlock
across Apple and Google, as illustrated in Figure 1.1, played a key role enabling noncom-
petitive behavior. The investigation uncovered email exchanges between Apple’s CEO Steve
Jobs and Google’s chairman and CEO Eric Schmidt, who concurrently held seats on both
boards, as did another director - Arthur Levinson. In that exchange, Jobs asked Schmidt
to have Google’s recruiting department cease its attempts to hire Apple’s engineers. The
horizontal interlock through Schmidt was central in communicating both Apple’s complaint
to Google, and Google’s report of the internal investigation back to Apple, enforcing alleged
collusion. As relief, the DoJ requested the court to restrain the firms from agreements that
restrict competition, and eventually a settlement was reached that prohibits the companies
from engaging in anticompetitive no-solicitation agreements, and resolved the department’s
antitrust concerns. The interlock was also severed after Schmidt resigned from the board of

1See the DoJ complaint, US v. Adobe Systems Inc., et al., and 2010 settlement; and the subsequent class
action, Hariharan v. Adobe Systems Inc., et al., and 2015 settlement.
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Apple in August 2009, and Levinson resigned from the board of Google two months later.
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Apple−Google director neighborhood, 2008

Figure 1.1: Director-firm bipartite network structure in the neighborhood of Apple and Google,
2008. Circle nodes denote firms, square nodes denote directors, and edges represent board ap-
pointments. The neighborhood is confined to a distance of two degrees: Apple and Google, their
directors, and all other firms on whose boards the directors hold seats.

While resignations are a commonly sought remedy by US regulators,2 the mere severance of
interlocks may not immediately resolve the conflict of interest due to intricacies of modern
compensation packages. In order to align incentives with shareholders and ensure they act
according to their long run interests, firms often compensate directors via stock options or
restricted stock units (RSUs), which usually vest in the years after their tenure. However,
that same schedule directly exposes them to another conflict of interest with respect to rival
boards on which they might serve. Suppose a director with particular industry knowledge
resigns from the board of firm A, receiving RSUs that vest in 4 years, and joins the board
of a rival firm B. Considering the adverse effect of B’s performance on A’s stock price and
maximizing his individual value, that director is incentivized to pursue a strategy which may
differ from the one that maximizes the value of firm B alone.
I use mergers and acquisitions of US companies, together with firm balance sheet data,
individual-level data on board appointments, and patent-level data to study the effects of
interlocks on performance and innovation. I exploit events of firm mergers as exogenous
shocks to director interlocks for causal identification, and find that horizontal interlocks

2In recent years, the DoJ Antitrust Division’s ongoing enforcement efforts around Section 8 of the Clayton
Act led to fifteen interlocking director resignations from eleven boards, without admitting liability.
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increase firm performance - measured by cumulative return on assets (ROA) - by 3 percentage
points: cumulative returns drop in the year after a merger-shock, and firms do not recuperate
for at least 5 years after the event. The effect is stronger for firms with higher leverage and
when the interlocking firms are close competitors; and weaker in more concentrated markets,
where coordination could be achieved by other means. I also find that severing horizontal
interlocks increases the volatility of stock returns, reflecting the increased uncertainty due
to the loss of information. I proceed to provide empirical evidence for a possible mechanism:
market segmentation. When a horizontal interlock is severed, the firms tend to move closer
in technology space, and their patenting output decreases in a narrow region of technology-
space by 17% and value per patent drops by 30%. There is no decline in output for adjacent
patent classes, nor after the severance of non-horizontal interlocks.
I propose a stylized location model of risky investment to illustrate the intuition behind
the empirical findings. Two firms engage in R&D and must choose the optimal investment
intensity, represented by the number of draws from a known distribution. Draws correspond
to locations in technology space. If the draws are far enough apart, each firm succeeds or
fails independently, but if the two firms land too close - they compete for the patent and only
one may succeed. Introducing a shared director who shares the profits and can augment the
distribution of draws for each firm moves firms further apart, reducing strategic uncertainty
and costs, and increasing firm value. Importantly, the informed equilibrium may lead to a
lower investment intensity, yet with a higher patent output.
My results are consistent with horizontal directors facilitating the flow of valuable business
information that reduces redundancy in two ways. First, firms can learn about the scientific
progress of rival projects early on, and save costs thanks to knowledge spillovers. Leverag-
ing successes and failures of rivals can increase R&D efficiency by either progressing faster
through research phases or discontinuing failing research agenda early on. Second, the race
to a patent can be one of winner-takes-all, and if firms are made aware of rivals’ projects,
they may reallocate efforts and pursue projects with less direct competition. Similar to spa-
tial market segmentation, keeping some technological distance helps lower competition, as
well as reduce redundancy.
This papers contributes to three main strands of literature. The first relates to the impact
of directors on corporate governance and firm performance, where the accepted view is
that boards control corporations by setting strategic goals and hiring executives, whom
they subsequently advise and monitor (Fama and Jensen 1983). Within that framework,
prior research on board interlocks explored the tradeoff of busy directors - experience and
connections versus lower effort and conflict of interest - with mixed empirical findings.
On the one hand, there is evidence to suggest that interlocks improve various governance and
performance indicators, like director independence, firm value, income, and market-to-book
ratio (Nguyen and Nielsen 2010; Masulis and Mobbs 2011; Bouwman 2011; Barzuza and
Curtis 2017; Faia, Mayer, and Pezone 2021), as well as cash holdings, CEO compensation,
earnings management, and dividend payouts (Omer, Shelley, and Tice 2020; Zhang 2021).
The expertise of busy directors can be particularly valuable when firms require more advising
than monitoring (Field, Lowry, and Mkrtchyan 2013), and when interlocks are with financial
or industry-related firms (Perry and Peyer 2005), while the quality of monitoring does not
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decrease (Ferris, Jagannathan, and Pritchard 2003).
On the other hand, numerous studies find predominantly negative effects on profitability
and firm value (Fich and Shivdasani 2006; Burak Güner, Malmendier, and Tate 2008), and
monitoring and governance (Yermack 1996; Core, Holthausen, and Larcker 1999; Fich and
Shivdasani 2006; Masulis and Mobbs 2014; Hauser 2018). Instead, directors are more likely
to pursue private interests, like their own prestige and career advancement (Fich and White
2005; Masulis and Mobbs 2014), under-monitor their friends (Hwang and Kim 2009; Fracassi
and Tate 2012), or engage in reciprocal “back scratching” at the expense of shareholders
(Hallock 1997; Fich and White 2005).
There is a general consensus, however, that board interlocks serve as an important channel
of information, increasing innovation (Chuluun, Prevost, and Upadhyay 2017; Helmers, Pat-
nam, and Rau 2017; Chang and Wu 2021) and the success rate of mergers and acquisitions
(Cai and Sevilir 2012; Renneboog and Zhao 2014). Interlocking directors can propagate busi-
ness practices across firms, both desirable, like the quality of financial reporting (Bouwman
2011; Intintoli, Kahle, and Zhao 2018), and adverse, like poison pills (Davis 1991), option
backdating (Bizjak, Lemmon, and Whitby 2009), or earnings management (Chiu, Teoh, and
Tian 2012).
My paper builds on these results by paying closer attention to the nature of competition
(Cai and Sevilir 2012; Drobetz et al. 2018; Nili 2019). I stress the importance of the identity
and characteristics of the interlocked firms, which received relatively little attention from
scholars in the field (Schmalz 2021). I tease apart the network of connection that a director
offers from his skill set: I am the first both to consider the role of competition in this setting,
and to use two unrelated sources of exogenous variation - mergers and deaths. I identify a
positive effect of interlocks on returns only when those are with a rival firm, and provide
evidence for a mechanism other than monitoring executives, where the directors are better
informed about the competitive environment than any executive, and are able to control
several companies.3

Second, this work contributes to the broader literature on competition and market coordi-
nation by a third party. Early work was mostly theoretical and explored models of indirect
collusion by a common agent (Bernheim and Whinston 1985; Brander and Lewis 1986;
Poitevin 1989), while later research provided empirical evidence where coordination was fa-
cilitated by, for example, the state (Knittel and Stango 2003), lenders (Cetorelli and Strahan
2006; Saidi and Streitz 2021), shareholders (Azar, Schmalz, and Tecu 2018; Schmalz 2018;
Ederer and Pellegrino 2022), or directors (Begley, Haslag, and Weagley 2023). In general,
direct evidence of coordination is hard to come by: collusion at lower levels of management

3Another distinct case that has been identified by the Federal Trade Commission (FTC) as a major an-
titrust concern is that of vertical interlocks, where directors hold positions in firms and their direct suppliers.
Such links may facilitate favorable terms, preferential treatment, or disrupt rival supply chains. Recent evi-
dence suggests vertical interlocks increase firm value, especially under higher information asymmetry (Dass
et al. 2014; Nanda and Onal 2016). Determining supplier relations poses empirical challenges, but innovative
approaches, like Frésard, Hoberg, and Phillips (2020), provide insights. Interlocking with banks, a special
case of vertical relations, has historical significance and correlates with improved outcomes, such as lower
financing costs (Chuluun, Prevost, and Puthenpurackal 2014), especially for opaque or credit constrained
firms. Italy’s 2011 ban on financial sector interlocks underscores their unique influence on companies.
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seems unreasonable as a main driver due to fiduciary duties and severe sanctions, while co-
ordination on higher levels, like what the existing literature on common ownership implies,
has been criticized for the proposed mechanism, which considers small shareholders affecting
corporate decision-making through intermediaries (Lewellen and Lowry 2021).
I contribute to this literature by suggesting a more plausible channel which “cuts the mid-
dleman” and posits a much weaker assumption of informed directors at the helm, which I
conceptualize using a Hotelling-style location model of competition. Further, by exploiting
third-party mergers as a main source of variation in director-firm ties, I suggest a pro-
competitive effect of mergers: in addition to generating market power and consummating
synergies, mergers seem to disrupt communication channels of incumbent firms, which sug-
gests that a more lenient merger policy may be optimal, in settings where coordination does
not generate great efficiencies.
Third, this paper bridges a gap between the literature by economists and those by legal
scholars and sociologists on interlocks. The latter have long been interested in the network
of firms and directors, and provided some of the first evidence on the prevalence of interlocks
in the US (Mizruchi 1982). Historically, legal scholars deemed boards to be mainly ceremo-
nial and unimportant for everyday business, serving as a “boys’ club” more than anything
else (Mace 1971), while sociologists have viewed interlocking directorates as a measure of
cohesiveness of business groups (Fennema and Schijf 1978), and regarded interlocks as a
system feature. Special attention was devoted to documenting the historical structure and
development of director networks, showing that the US interlock network emerged as a rela-
tively concentrated group and remained similarly dense from the early 20th century until the
1980s (Chu and Davis 2016). Over the years, the directors’ public image had taken a critical
hit following a series of corporate scandals, and criticism from investors, analysts, and the
general public was building up. Contemporary rhetoric reflected the shift, gradually moving
from “corporate diplomats” to “busy” to “overworked” directors (Useem 1986). Nili (2019)
coins the term “horizontal directors” and suggests they exacerbate the effects of interlocks
where within-industry information flow is more relevant and valuable, yet may facilitate col-
lusion, block the way for diversity and new blood and increase systemic governance risk, and
reduce director independence.
This paper brings a causal interpretation to previously documented stylized facts, using
modern econometric methods to account for dynamic heterogeneity in the treatment effect.
I offer a micro-founded theoretical basis for the observed macro patterns, grounding in the
incentives and decision-making of individual agents. My results could also rationalize the
change in public sentiment towards interlocks, reflecting a decline in consumer surplus if the
competitive setting exhibits less redundancy over time.
The remainder of this paper is structured as follows. Section 2 provides some institutional
background and historic context on legislation and regulation from the late 19th century
to this day, alongside prominent examples from recent years. In Section 3 I propose a toy
model of risky investment, providing a conceptual framework and intuition for the empirical
findings, namely how horizontal directors can dampen competition, cut costs, and improve
performance. Section 4 describes the different data sources, introduces the firm-director
network graph structure, and provides summary statistics. Section 5 covers my main results
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on the effect of interlocks on firm performance, risk, and personnel decisions. In Section 6
I further explore a possible mechanism, using data on within-firm variation in patenting.
Section 7 concludes.

2 Institutional background

The board of directors exists primarily to solves agency problems created by the separation
of residual risk from decision management, or ownership from control (Fama and Jensen
1983). A formal hierarchy of decision and monitoring is the universal approach to address
the inefficiency, with the board of directors at the top of the pyramid. Tasked with select-
ing, monitoring, and dismissing decision agents, the board disrupts collusion between top
management and control agents, allowing for the separation of ownership and control at the
highest level.
In addition, directors generally fill the role of advisers, as they tend to be seasoned practition-
ers and executives with broad domain knowledge, connections, and experience. Unsurpris-
ingly, firms tend to hire directors with multiple observable skills, especially in management,
finance and accounting, and the particular industry. This fact provides both diversity in
the available skill set, and complementarities within skills (Adams, Akyol, and Verwijmeren
2018). Industry-specific expertise is especially desirable and seems to be growing in impor-
tance, as the share of industry expert directors has been on the rise since the early 2000s,
at the expense of firm insiders (Drobetz et al. 2018). Since such observed and unobserved
director abilities are generally valuable to firms, and board appointments are often not a full
time job, many directors serve on multiple boards, creating interlocks.
Interlocking directorates gained attention early, prompting regulatory responses. The Pujo
Committee in 1912 highlighted pervasive collusion and concentration, leading to the Clay-
ton Act of 1914, outlawing interlocking directorates across rival firms. Namely, Section 8
of the Clayton Act generally prohibits any person from serving as a director or officer in
any two corporations that are engaged in commerce and are competitors by virtue of their
business and location of operation.4 Subsequently, the Act was followed by a wave of di-
rectors resigning interlocking posts,5 while also addressing practices of price discrimination,
tying, and exclusivity. By the 1930s, however, it was apparent that the regulation has failed
to achieve the desired result, as a 1935 report by the National Resources Committee found
pervasive board interlocks among the largest firms: 225 of the 250 largest corporations were
interlocked with others. Little has changed over the following decades: in a 1951 report, the
FTC called for an amendment to the Clayton Act, arguing that the offense is too narrowly
defined and is easily avoided in practice. Most common in the commerce and manufacturing

4A few exceptions exist, including thresholds for the size and competitive sales of the firms, annually
adjusted: as of 1990, those amount to $10 million in “capital, surplus, and undivided profits” for each firm,
and $1 million or 2% in competitive sales for either firm, or 4% in competitive sales for each firm.

5Notable examples of the decline in interlocks between 1912 and 1919 are of bank horizontal interlocks
(down 85%), banks-railroads interlocks (down 47%), and banks-industrials (down 32%). See Mizruchi (1982)
for more detail.
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sectors of the time, it fails to cover certain types of interlocking relations, namely interlocks
with rival firms via a third-party board, public utility firms, and upstream suppliers.
Overall, there have been relatively few enforcement cases filed under Section 8 of the Clayton
Act: between 1899 and 2022, the Department of Justice had only filed 11 cases under the
violation of “Interlocking Directorates and Officers”, out of 2368 antitrust cases in total.6
According to the FTC, this seemingly under-enforcement is due to director resignation being
the most frequent remedy, as Section 8 does not provide for civil penalties or other monetary
relief and grants a one-year grace period for directors to resign.7 This practice of securing
voluntary compliance, known as “jawboning”, proved effective in providing ad hoc remedies,
but lacked long term deterrence. A 2009 investigation by the FTC concerning collusion in the
labor market by several tech companies revealed that common directors were instrumental
in coordinating hiring policies across firms. Notably, two directors, Eric Schmidt and Arthur
Levinson, both held concurrent seats at the boards of Apple and Google, which they were
forced to relinquish, with Eric Schmidt resigning from Apple’s board of directors,8 and Arthur
Levinson resigning from that of Google.9 However, in contrast with arguably lax enforcement
in the past, horizontal interlock cases have been more actively pursued in recent years, forcing
numerous resignations where firms and directors agreed to “unwind the interlocks without
admitting to liability”: in 2021 the Department of Justice raised antitrust concerns regarding
directorate interlocks in several sports and entertainment markets by Endeavor and Live
Nation;10 again in 2022 with respect to five additional company-pairs across various markets,
including vehicle sensors, education services, communication products, and software;11 and
five more company-pairs in 2023, mostly operating in software and insurance.12

3 A model of interlocks and information

In this section I propose and outline a simple model of interlocking directorates and en-
dogenous competition intensity. The model is meant to serve as a theoretical framework for
the empirical analysis, and provides intuition for my empirical results: Horizontal interlocks
increase both distance in tech space and R&D output.
The model features two firms facing a risky investment decision. Investment, in this set-
ting, can be thought of as any expenditure with a direct adverse effect on rivals, which we

6https://www.justice.gov/atr/antitrust-case-filings
7https://www.ftc.gov/enforcement/competition-matters/2017/01/have-plan-comply-bar-horizontal-

interlocks
8https://www.ftc.gov/news-events/news/press-releases/2009/08/statement-bureau-competition-

director-richard-feinstein-regarding-announcement-google-ceo-eric
9https://www.ftc.gov/news-events/news/press-releases/2009/10/statement-ftc-chairman-jon-leibowitz-

regarding-announcement-arthur-d-levinson-has-resigned-googles
10https://www.justice.gov/opa/pr/endeavor-executives-resign-live-nation-board-directors-after-justice-

department-expresses
11https://www.justice.gov/opa/pr/directors-resign-boards-five-companies-response-justice-department-

concerns-about-potentially
12https://www.justice.gov/opa/pr/justice-department-s-ongoing-section-8-enforcement-prevents-more-

potentially-illegal
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would generally consider competitive: the launch of an advertisement campaign; expansion
of property, plants, and equipment (PP&E) to increase production capacity; entering of a
new market; or innovation and R&D efforts. Throughout the section I refer to it as R&D,
as that is the context in which the model was originally conceived, but the results are very
general and apply to any such investment.
In the basic setup, firms only choose the intensity of investment, measured by the number
of draws from a given distribution, choosing the best response to the expected actions of
the rival. This serves as the baseline uncoordinated, or naive, equilibrium result. I then
allow firm to hire an informed and engaged director, who gets a share of the profits and may
change the distribution functions for both payoffs simultaneously, like a third-party agent
choosing both actions in a Prisoner’s Dilemma. In equilibrium, the model predicts that firms
with a shared director take a less aggressive stance and invest less in R&D, yet with greater
success, and maintain a greater distance from each other in tech space. This section covers
the model setup and equilibrium results.

3.1 Naive game

Two identical firms, i and j, play a competitive game of R&D patenting. To participate,
firms take as many costly draws as they see fit, from a known distribution, u. Let u be a
uniform distribution, u ∼ U(0, 1). If any of i’s draws is far enough from any of j’s draws,
the firms do not directly compete and each independently succeeds in its efforts with a given
probability. However, if the draws are too close together, the firms directly compete and at
most only one may succeed, chosen randomly. This is analogous to the patent system, where
the first party to file an application is granted monopoly power, while others are temporarily
excluded.
Let Dij be the maximal distance drawn between the two firms, and Dmin be the minimum
distance required for both firms to possibly succeed. ni is the number of draws by firm i,
and Cd is the fixed cost of each draw. Isuccess

i and Iwin
i are indicators for whether firm i is

successful in the R&D process, and whether it won the patent (if they compete). Both firms
must simultaneously choose the intensity of R&D efforts, denoted by the number of draws -
{ni, nj} ∈ N2.
The payoff of firm i, as a function of the number of draws and their realization, is given by
Equation 1.

πi(ni) =


0 if ni = 0
−niCd + Xs × Isuccess

i if ni > 0, Dij > Dmin

−niCd + Xs × Isuccess
i × Iwin

i if ni > 0, Dij < Dmin

(1)

The first case is trivial, normalizing the payoff of the outside option to 0. The second case is
the single-player game, where the firms land far enough from each other in tech space, and
the profit comprises the payoff given success, Xs, minus the participation cost: the number
of draws times the cost of each - ni × Cd. The third case is the competitive game, where
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Figure 3.1: R&D intensity, expected payoffs and patents. Panel A plots the expected value as a
function of the number of draws. Panel B plots the expected total number of patents as a function
of the number of draws. The dashed line denotes the naive strategy, where firms draw from a
uniform distribution, and the solid line denotes the informed strategy, where firms draw from a
truncated normal distribution, with
mu set by the director.
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the firms land too close to each other, and only one may succeed in getting the patent. The
payoff is then the same as in the second case for the winner, and 0 for the loser. Note that
Iwin

i depends on the outcome of both firms, and equals 1 if both are successful and i wins
the contest, or if only i is successful and thus wins by default.
Rewriting the payoff using indicator functions instead of case-wise yields Equation 2:

πi(ni) = −niCd︸ ︷︷ ︸
Participation cost

+ Xs︸︷︷︸
Payoff

×I[ni > 0] × Isuccess
i ×

I[Dij > Dmin]︸ ︷︷ ︸
"Far enough"

+Iwin
i × I[Dij < Dmin]︸ ︷︷ ︸

"Too close"


(2)

Given that the outcome is stochastic, firms maximize their expected payoff, E [πi(ni)]. Noting
that the draws are independent, the firm’s problem is formalized in Equation 3:

max
ni∈N

−niCd + Xs × I[ni > 0] × Pi
success ×

(
Pfar + (1 − Pfar) ×

(
Pj

success × Pi
win + Pj

fail

))
(3)

Where ∂Pfar/∂ni > 0. I plot the payoff function for Xs = 1, Cd = 0.1, Dmin = 0.3,
Pi

success = Pj
success = 0.5, and Pi

win = Pj
win = 0.5 as the dashed line in panel A of Figure

3.1, denoted as the “naive” strategy. In panel B I plot the expected number of patents as a
function of the number of draws for the same set of parameters. I denote by n∗ the optimal
number of draws, and by V ∗ and M∗ the optimal expected payoff and number of patents,
respectively.
The payoff curve trades off the certain cost of an additional draw against the increased
probability of drawing a larger distance. This function is concave, as the marginal benefit of
an additional draw decreases with the number of draws already taken. For the given choice
of parameters, we see that the optimal number of draws is 2 per firm, yielding about 0.86
total patents (valued at 1 per patent) in expectation, and at the cost of 0.4 (4 draws in
total).

3.2 Informed game

Now suppose there is an informed director whom firms may hire and can augment the
distribution function of the random draws. If hired, the director takes a share of the profits
and provides the firm with a new distribution function to draw from - Fi(.) - a truncated
normal with mean µ and variance σ2, and the same support [0, 1]. For simplicity, let σi =
σj = σ be given. The director chooses µi and µj to maximize his expected payoff.
The payoff of the director is given by

πd(µi, µj) = α (πi(µi, µj) × I[seati] + πj(µi, µj) × I[seatj]) (4)
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Where α ∈ (0, 1) is the share of the profits the director takes and πi and πj are the firm
payoffs given the respective distribution parameters µi and µj. The setup incentivizes the
director to keep the firms apart and minimize the probability of patent contest, yielding in
equilibrium

{µ∗
i , µ∗

j} = {0, 1} or {1, 0} (5)

Intuitively, the director would like to maximize the probability of success for both firms,
as his incentives are aligned by construction, and the best way to do so is to have them
draw from the opposite extreme ends of the distribution, where the probability of overlap
is minimal. This matches the empirical evidence of horizontal interlocks increasing firm
distance in tech space (see Section 6.1).
Under the new distributions, I plot the expected payoff and the number of patents as func-
tions of the number of draws using the solid line in panels A and B of Figure 3.1, respectively,
denoted as the “informed” strategy. The optimal number of draws is now 1 per firm, yielding
about 0.88 total patents in expectation, and at the cost of 0.2 (2 draws in total). The hori-
zontal interlock allows firms to achieve a more favorable and better coordinated equilibrium.
Importantly, coordination is facilitated through an agent, without any communication or
knowledge or each other’s actions.
Comparing the naive and informed strategies, the model provides some theoretical predic-
tions for the effect of horizontal directors on firm performance, R&D intensity and patent
output in equilibrium. The model suggests that firms with a shared director find it optimal
to reduce R&D intensity (moving from 2 draws to 1 per firm) while also increasing their
value and total patent output, all due to the ability to maintain a greater distance from each
other in tech space. Thus the model provides a simple explanation for several important
empirical findings of this paper: Horizontal interlocks reduce uncertainty and improve firm
performance (Section 5), increase distance between firms in tech space (Section 6.1), and
increase total patenting output (Section 6.2).

4 The director-firm network

4.1 Data sources

I construct a novel data set, combining information from several sources, covering firm
merger events, accounting data, individual board appointments, project-level R&D efforts,
and patents. Data on corporate boards and committee structure come from BoardEx, which
also collects information on firm and director characteristics, compensation packages, and
director network of connections. BoardEx gathers data on about 1.5 million board members
and senior executives across 2 million public firms, private firms, and not-for-profit orga-
nizations worldwide. Consistent data coverage effectively starts in 1999, although sparsely
available for earlier years as well.
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Firm accounting data come from Compustat. The data set encompasses income statements
and balance sheet items, such as assets and sales, for all public US firms. Other variables,
including markup and returns, are derived from these fundamentals. I use pairwise measures
of firm similarity and relatedness, developed in Hoberg and Phillips (2016) and Frésard,
Hoberg, and Phillips (2020), which are also derived from Compustat data. The two metrics
rely on textual analysis of firm business descriptions and represent the probability of any
two firms to be rivals in the product market or vertically related.
Information on mergers and acquisitions comes from Refinitiv SDC Platinum data set, which
covers 1.3 million deals from 1979 and onward, and contains details on the characteristics
of each transaction and all parties involved. Individual patent data come from the United
States Patent and Trademark Office (USPTO). I match patents to firms using linking tables
from Kogan et al. (2017), which cover more than 3 million patents from 1920 to 2020, and
include forward citations and value of innovation.

4.2 Summary statistics

Table 4.1 presents summary statistics for the Compustat-SDC-BoardEx merged data set as
a whole, and Table 4.2 splits the sample by treatment assignment. A representative board
consists of about nine members, many of whom hold concurrent appointments, creating five
interlocks on average. Horizontal interlocks are a relatively rare occurrence, averaging fewer
than one per firm. About 3 in 4 firms in my sample are merger-shocked at some point,
and of those, roughly 1 in 5 involved an acquisition within the sector. Comparing across
the treatment and control groups, the firms are generally comparable and vary mostly in
mean size, whether measured by assets or sales, with the untreated being more than twice
as large. These differences are mostly driven by the right tail of the distribution, and the
median size for the untreated is only larger by less than 20%. Summary statistics of director
characteristics are in Appendix C.

4.3 Board interlocks

Firms are interlocked if they share a common director. Appointment-level data from
BoardEx specify the exact date when a director joins or leaves any particular board com-
mittee (like audit or compensation) and his role on each (like chair or member). I abstract
away from individual committees, and construct a dummy variable at the director-firm-year
level to indicate whether the director held a seat on that firm’s board at any time during
the year. Next, for every firm and year, I count the number of other board seats each
director holds per sector to obtain the number of interlocks he creates - overall and within
the sector. I find that a large share of interlocks in my data are horizontal - about 1 in 4
involves firms of the same sector. This fact is persistent across different industry definitions
(see Figure B.1).
I document a stylized fact - firms with more interlocks perform better. I estimate this relation
in Equation 6, and plot the coefficients in Figure 4.1.
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Table 4.1: Summary statistics of firm characteristics in the merged Compustat-SDC-BoardEx data
set. All variables are at the firm-year level. Total assets is the Compustat item ’at’ for book assets;
RND is the ratio of total research and development expenses (Compustat item ’xrd’) to total assets.
ROA is return on assets, the ratio of operating income before depreciation (’oibdp’) to total assets.
Market-to-book ratio is total assets (’at’) plus the market equity (’csho’ × ’prcc’), minus common
equity (’ceq’), divided by total assets (’at’). Markup is total sales (’sale’) divided by cost of goods
(’cogs’) minus 1. Stock return volatility is the annualized standard deviation of daily stock returns.

Obs Mean Std. dev. Median 5% 95%
Total assets (Bn USD) 48728 8.37 59.50 0.82 0.03 26.88
Total sales (Bn USD) 48728 4.17 17.45 0.59 0.02 15.38
R&D (share of assets) 23769 0.04 0.06 0.02 0.00 0.17
Leverage 48575 0.24 0.22 0.21 0.00 0.64
ROA 48728 0.10 0.10 0.10 -0.05 0.25
Market-to-book ratio 48728 1.61 0.80 1.35 0.84 3.35
Markup 48728 0.65 0.48 0.51 0.11 1.67
Stock return volatility 48084 0.48 0.31 0.41 0.18 1.02
Directors 48728 9.07 2.83 9.00 5.00 14.00
Interlocks 48728 4.88 4.82 4.00 0.00 14.00
Horizontal interlocks 48728 0.65 1.32 0.00 0.00 3.00
Any merger-shock 48728 0.77 0.42 1.00 0.00 1.00
Horizontal merger-shock 37429 0.18 0.39 0.00 0.00 1.00
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Table 4.2: Means and standard deviations of firm characteristics by merger shock type. The sample
is split according to treatment assignment: omitted (no shock), control (non-horizontal interlock)
and treatment (horizontal interlock) groups. All variables are at the firm-year level. Total assets
is the Compustat item ’at’ for book assets; RND is the ratio of total research and development
expenses (Compustat item ’xrd’) to total assets. ROA is return on assets, the ratio of operating
income before depreciation (’oibdp’) to total assets. Market-to-book ratio is total assets (’at’) plus
the market equity (’csho’ × ’prcc’), minus common equity (’ceq’), divided by total assets (’at’).
Markup is total sales (’sale’) divided by cost of goods (’cogs’) minus 1. Stock return volatility is
the annualized standard deviation of daily stock returns.

Horizontal interlock Non-hor. interlock No merger shock
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

Total assets (Bn USD) 4.69 18.24 11.77 74.22 1.40 8.44
Total sales (Bn USD) 2.16 4.81 5.93 21.68 0.60 1.81
R&D (share of assets) 0.06 0.08 0.04 0.06 0.04 0.06
Leverage 0.23 0.22 0.26 0.22 0.22 0.22
ROA 0.09 0.10 0.11 0.09 0.07 0.10
Market-to-book ratio 1.64 0.81 1.67 0.80 1.43 0.74
Markup 0.73 0.50 0.61 0.45 0.71 0.51
Stock return volatility 0.47 0.28 0.46 0.29 0.55 0.35
Directors 9.20 2.92 9.47 2.74 7.90 2.68
Interlocks 4.78 4.34 6.14 4.95 1.52 2.61
Horizontal interlocks 1.39 1.90 0.63 1.22 0.26 0.90
Firms 744 2512 1509
Observations 6854 30575 11299
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ROAjt =
10∑

k=1
βkI[Interlocks decilejt = k] + εjt (6)

The dependent variable ROAjt is firm j’s return on assets in year t, defined as the ratio of
operating income to total assets, and interlocks decile is a vector of ten dummy variables
corresponding to equally-spaced breaks in the distribution of interlocks. Better performing
firms tend to be larger, and therefore have larger boards, so I scale the number of interlocks
by board size to assure the correlation is not there by construction. The relation is almost
entirely monotone and nearly linear; The slope of the trend-line is about 0.5pp. However,
since board appointments and firm performance are jointly determined, many factors may
drive the result, and not necessarily that interlocks increase returns. For example, well-
governed firms are more likely both to outperform poorly-governed rivals and to hire more
independent directors, who tend to hold concurrent seats. For a causal interpretation we need
shocks to board seats that are exogenous to unobservable determinants of firm performance.
Cross-firm interactions through interlocks require us to consider the non-linear network struc-
ture of the data, best described as a graph. A graph comprises a set of nodes, which are
connected by edges. A bipartite graph is a special case where nodes have two types, and edges
may only connect nodes of different types. In our case, firms and directors are the two sets
of nodes, and board appointments are the edges. To study the network, and particularly
how tight-knit different parts of it are, we first need to establish a way to represent and
summarize its structure. A common way to describe graphs is using an adjacency matrix, A,
where element Aij = 1 if nodes i and j are connected, and 0 otherwise. Indexing directors
and firm by i = 1, . . . , N and j = 1, . . . , J , Aij equals 1 if i holds a seat on the board of j.
A graph’s density is the share of possible links that are present: of all N × J directors and
firms in existence, what share actually matched. Formally, define a graph’s density as:

Density(g) = 1
N × J

∑
i,j

Aij

Figure 4.2 plots annual graph densities over the entire sample and within-sector averages,
and the ratio of the two. First, we see that the global density is significantly lower than
within sector; averages about 0.02% and remains approximately constant over the 20-year
period. To illustrate, this is equivalent to having a single firm-pair interlocked in a set of
100 firms. Within a sector, the graph is both denser and increases in density over time.
Trending roughly in parallel with the global density for the first half of the sample, relative
sector density increases in the second half. Overall, the graph is more concentrated within
sector than across, and concentration increases over time: sector density had risen from
about 0.08% to 0.14% over 20 years, or from a single interlock in 50 firms to one in 37, all
in the same sector.
Next, I introduce several standard measures of network centrality: betweenness, closeness,
and average degree. A node’s degree is the total sum of its edges: for a firm, that measures
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Figure 4.1: Return on assets by interlock deciles. The figure plots the βk estimates from a linear
regression, at the firm-year level, of annual returns on the number of interlocks, scaled by board
size and binned by deciles: ROAjt =

∑10
k=1 βkI[Interlocks decilejt = k] + εjt. On the vertical axis

are the regression coefficients and standard errors, and on the horizontal axis are deciles of the total
number of interlocks divided by board size. Annual returns are defined as the ratio of operating
income before depreciation (Compustat item ‘oibdp’) to total assets (Compustat item ‘at’). Board
size is the number of unique directors holding an appointment at the end of the calendar year. The
number of interlocks is defined as the sum of all board seats held by all board members on other
distinct boards.
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Figure 4.2: Firm graph density dynamics. A graph’s density is the share of possible edges present:
the ratio of observed to all feasible interlocks by year. Nodes represent firms, and edges represent
directors. Panel A plots the graph’s density spanning the entire economy, and the average across
sectors. Panel B plots the ratio of the two densities.
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its board size; for a director - the number of concurrent seats.13 Betweenness captures the
number of shortest paths in a graph that pass through a given node; The intuition is that a
high betweenness centrality node is more important and has more control over the network.
Closeness centrality measures the inverse of the sum of all shortest path between a node and
all other nodes.
To show that the relative increase in sector concentration is not driven by the metric of
choice, Figure 4.3 plots the evolution of the three centrality measures, both for the global
network and average across sectors. All values are normalized to 0 in the year 2000. Over the
last 20 years, the average out-degree increased both globally and within a sector, indicating
that the average director interlocks more non-rival and rival firms than in the past. Closeness
centrality has been declining, which is expected as a network grows in terms of node count.
The decline is less steep when evaluated within industry, suggesting network growth is not
uniform across sectors. Node betweenness has been initially increasing globally and within
sector, but plateaued globally around 2005 while continued to rise locally, implying growing
sectorial “inner circles” of very well connected nodes.
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Figure 4.3: Director network relative centrality, global and sector-average, 2000-2021. Betweenness,
closeness and mean degree centrality measures are normalized to 0 in the year 2000.

13A directed graph offers a similar distinction. Suppose edges are directed from directors to firms. In-
degrees count the number of edge “heads” pointing to a node, and would equal the board size for firms and
0 for directors. Out-degrees count edge “tails”, and return the number of seats for directors and 0 for firms.
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Going beyond the observed average trends, Figure 4.4 plots the distributions of the three
centrality measures, on a log scale, as they evolve over time. Notably, betweenness had grown
a fat right tail over the years: in relatively few sectors emerged very central nodes, while
the entire density mass did not shift much. The opposite is true for closeness and degrees.
Closeness very visibly shifted left, in addition to a growing left tail; while the average degree
distribution moved to the right, with a similar right tail. Very low values of closeness in
2020 suggest that the network becomes wider over time, and higher degree values are a
direct indication of horizontal interlocks.
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Figure 4.4: Director network sector-level centrality distribution, 2000-2020. Annual densities for
betweenness, closeness and mean degree centrality measures are presented in 5-year increments
from 2000 to 2020. The horizontal scale is log-transformed.

The Pharmaceuticals and Biotechnology sector is a prime example of noticeable changes
to the local network. To illustrate, I take two points in time - the years 2000 and 2020,
and count the number of different board seats each director holds within the sector. I plot
the seat distribution histogram in Figure 4.5. Directors serving on exactly one board in
the industry do not create interlocks among rivals; directors with two or more seats are
horizontal directors. From 2000 to 2020, the entire distribution shifted to the right: the
share of non-horizontal directors dropped from 73% to 58%. Having a director with more
than 3 concurrent appointments withing the sector had been an extreme rarity in 2000, at
under 2% or directors, and has grown to roughly 10% of all pharmaceutical directors in 2020.
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Figure 4.5: Distribution of board per director in US Pharmaceuticals and Biotechnology sector,
2000 and 2020. The figure plots a histogram of the number of concurrent seats directors hold within
the sector.
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In the cross-section of US public firms, interlocks have been steadily growing in recent years
and are strongly associated with returns. Continuing a decades-long trend, I document
the rise in concentration and density of the director-firm network over the last 20 years,
and show that the network is growing denser within sectors than across. Evidence using
several standard measures of network centrality indicates that the relative increase in sector
concentration is not driven by the metric of choice. In the next section I take a step towards
causal inference and introduce sources of exogenous shocks to the network which help identify
the effect of interlocks on firm performance.

4.4 Merger shocks

For identification of the causal effect of interlocks, I use mergers and acquisitions (M&A)
as exogenous shocks to the network. To illustrate, consider the following example. In 2008
Hewlett-Packard Co (HP) acquired Electronic Data Systems Corp (EDS) for nearly 14 billion
USD. On the eve of the merger, EDS had 12 board members, holding seats at 21 other firms
among them, illustrated in Figure 4.6. After completing the deal, and as part of EDS’s
integration as a business unit of HP, its entire board was dissolved. From the point of view
of the firms interlocked with EDS, regardless of sector affiliation, their directors exogenously
lost a seat and decreased total workload: one M&A deal, 21 merger-shocked firms. However,
sectors are important: certain firms were operating in unrelated industries, such as Pepsico,
and may generally benefit from the increased attention of the less-burdened director; others,
like Eclipsys and Intuit, may be positioned much closer in both technology and product
space, and thus suffer the loss of a valuable information channel.
Using third-party mergers provides an opportune setting to disentangle the two effects:
directors’ effort and information. Under the identifying assumption that unrelated mergers
are as good as random, so is the sector to which the target firm happens to belong to.
One concern may be that firms are not acquired at random and directors are not terminated
arbitrarily: Target firms may be prone to takeovers because of poor management, and once
acquired, the new owners may selectively retain the best directors and dismiss the rest. I
address the endogeneity in two ways and use a relatively narrow definition for merger-shocked
firms. First, the target firm must be acquired entirely, and not just a partial stake in it.
This is observable in merger filings and explicitly reported in SDC Platinum data. Second,
I only ever consider the outcomes of firms interlocked with targets, never the target firms,
and impose the exclusion restriction that acquisition timing is exogenous to the interlocked
firm’s unobservables. Third, I omit cases where the target kept operating as a stand-alone
enterprise and retained some or all of its board. In my sample the target’s whole board is
terminated.
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Figure 4.6: Director-firm bipartite network structure in the neighborhood of Hewlett-Packard and
Electronic Data Systems, 2008. HP acquired EDS at the end of the year. Circle nodes denote
firms, square nodes denote directors, and edges represent board appointments. Firm node color
corresponds to its sector in the BoardEx data. The neighborhood is confined to a distance of two
degrees: HP and EDS, their directors, and all other firms on whose boards the directors hold seats.
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5 The ambiguous effect of interlocks on performance

5.1 Research design

In an ideal experimental setting, directors would be assigned to boards at random, in a
manner completely unrelated neither to their skills and preferences, nor to the characteristics
and requirements of companies. We could then observe performance around the time when
directors join or leave, randomly creating or severing interlocks across a panel of firms, and
credibly infer a causal effect, captured by β in the linear model of Equation 7, where j and
t index firms and years.

Performancejt = βInterlocksjt + εjt (7)

Unfortunately, that is not our world. Firm performance and board seats are jointly de-
termined, as directors and firms match and separate on both observable and unobservable
confounding characteristics, violating the necessary random assignment above. By merely
documenting business growth as a director joins the board, we cannot identify the causal
effect of the director and interlock on performance, nor even determine its sign. Consider a
firm that appoints a new “busy” director to the board, thus creating a new interlock, and
its profits increase. In this setting we cannot discriminate between a company that pursues
lucrative and complex projects and hires an expert director for better advising and monitor-
ing, and one that happens to hire a director whose connections and expertise then facilitate
business growth.
The endogeneity concern only grows once we consider the bipartite graph structure of the
director-firm network, and the fact that firm outcomes, covariates, and directorships them-
selves are all determined jointly. Endogenizing the network structure, together with node
and edge features is well beyond the scope of this paper, but a very important avenue to
explore. Instead, I abstract away from the sparse network structure, and consider a varia-
tion of the linear-in-means approach of Manski (1993). As a source of exogenous variation
in the network structure, I use firm mergers that result in board dissolution. An alternative
approach, using director deaths, is discussed in Appendix C and yields similar results.

5.2 Merger shocks

For identification, I require exogenous variation in director appointments to serve as a quasi-
experiment. To that end, I use merger-induced board shocks as a natural experiment: inci-
dents when a director loses a position on an acquired firm’s board, causing all other firms he
directs to exogenously lose the interlock. The identifying assumption is that the acquisition
is orthogonal to unobservable characteristics of the other interlocked firms. An important
advantage of this approach, compared to studying firms when directors join their board,
is that it allows me to tease apart the network structure from director unobserved ability.
In this setting, firms only ever lose the interlock and never the director himself. On the
other hand, the severance of interlocks may have effects of different magnitude or trajectory
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than those of interlock creation. It is easy to imagine how business relations and directors’
familiarity with projects take time to develop, while severance is instantaneous. Indeed, I
only use data on interlock unwinding, not forging, for causal inference, and in my discussion
of the results I explicitly assume the effects to be interchangeable. The main reason for
not using appointment events is an omitted variable bias - unobservables such as director
ability that determine both hiring decisions and firm performance. I am not aware of con-
vincingly plausible exogenous variation at the appointment phase that would allow a causal
interpretation.
One endogeneity concern might be that treatment assignment is not quasi-random: acquir-
ing firms would, on occasion, retain directors of target firms to continue their oversight of the
merged business activity. If better directors are retained while worse ones are let go, indi-
vidual ability is again a confounding factor, invalidating the exclusion restriction. I address
this by restricting my attention to mergers where the entire board was dismissed, which is
likely a top-down decision unrelated to individual director abilities. Another concern may be
that mergers affect interlocked firms through channels other than their shared director, like
changes to aggregate supply due to market power, or renegotiating vertical contracts thanks
to increased bargaining power. These mechanisms vary in theory according to the relation of
interlocked firms. For firms in distant and unrelated sectors, I argue the exclusion restriction
credibly holds. For firms with some horizontal or vertical relations, on the other hand, that
may not be the case. However, as long as these effects are assumed to be industry-wide,
similarly impacting all firms in a given sector, like the exit of a rival uniformly reducing
competition, I account for them by conditioning on unobservable industry-year fixed effects.
The next natural step would be to define the treatment group as firms with a director
that has lost a seat at another board after an acquisition, and the control group as firms
with no change in interlocks. However, never-treated firms have no concept of relative-
time and although alternative approaches exist, like assigning it to the last pre-period, they
do not accommodate standard difference-in-differences diagnostics such as testing for pre-
trends. Instead, I focus the main analysis on the ever-treated subset of firms and assign firms
according to the nature of the severed interlock: I define the treatment group as firms for
whom a merger severed an interlock with a firm in the same sector, and the control group
as firms for whom a merger severed an interlock with a firm in a different sector.
I estimate a staggered dynamic difference-in-differences model, formalized in Equation 8:

Cum. ROAjt =
5∑

k=−5
αkI[τjt = k] +

5∑
k=−5

βkI[τjt = k] × Treatj + Xjtγ + δj + ξst + εjt (8)

Let firms and years be indexed by j and t. I discretize the state-space and consider the board
state at the firm-year level, although in practice firms may appoint or dismiss directors at any
moment. ROAjt is the cumulative return on assets of firm j by year t. Let t̃j is the first year
in the sample when firm j is merger-shocked, i.e. a director on its board had lost a concurrent
appointment at another firm k due to an acquisition. Using that year as reference, I define
relative time, τjt = t − t̃j, and restrict my attention to a fixed window around the merger
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event: τjt ∈ {−5, . . . , 5}. Treatj equals 1 if the shock to firm j is horizontal, or within-
sector,14 and Xjt is a vector of firm characteristics, like size, leverage, R&D expenditure, and
volatility. δj and ξst are firm and sector-year fixed effects, and εjt is an iid error term.
I use a dynamic difference-in-differences framework with staggered treatment timing, and
only consider the first merger-shock per firm. This allows me to circumvent concerns regard-
ing repeated treatment or arbitrary cutoff points for when one shock’s post period becomes
the pre-period of the next shock. In Section 6 I use a similar framework to explore within-
firm and across-technology variation in patent production around merger-shocks, where I
redefine markets in terms of technology, rather than sector.

5.3 Disentagling effort and information

I begin with exploiting my main source of quasi-random variation in board interlocks: third-
party mergers. I define mergers-induced director shocks, following Hauser (2018), as interlock
severance due to a third-party merger. To illustrate, suppose director i serves on the boards
of firms A and B, when B is wholly acquired by firm C and its board is let go.15 Firm
A is merger-shocked when director i loses his seat on the board of firm B following the
acquisition. Firm A is further horizontally merger-shocked - or treated - when it is both
merger-shocked and shares the same industry with firm B.
A causal interpretation relies on the assumption that the treatment assignment is orthogonal
to firm unobservables. In other words, the exclusion restriction requires firm acquisitions to
be independent of the prospects of other firms with which the target shares a director, other
than through that director’s appointment. To violate the identifying assumption, there needs
to be some omitted variable that affects returns and systematically coincides with merger
timing.
This approach deviates from the prevailing use of variation in within-board composition,
which reflects personnel changes ranging from plausibly exogenous (director death) to clearly
endogenous (appointment, resignation). Even in the more credible scenario of interlocking
directors suddenly passing away and replaced by non-interlocking directors, it is difficult to
disentangle the confounding effects of lost connections and director ability. Using merger-
shocks offers the clear advantage of teasing apart the network effect from that of the director.
Within this framework, merger-shocked firms only ever lose the interlock, but never the
director himself.
Figure 5.1 plots the dynamic effect of losing a horizontal interlocks on cumulative returns
- vector βk from Equation 8. Controlling for unobserved firm and sector-year fixed effects,

14I define industries according to the BoardEx ‘Sector’ variable, which follows the FTSE Industry Classi-
fication Benchmark (ICB), as this offers the maximum data coverage. See Appendix B for a discussion of
market definitions and a set of robustness tests using GIS, NAICS, and SIC classifications instead.

15I intentionally restrict my analysis to the subset of mergers that result in complete ownership and entire
board dissolution. Avoiding cases where some board members are retained by the acquiring firm addresses
endogeneity concerns of the acquirer selecting which directors to keep on their unobservables. While the
acquiring firm’s governance structure decisions are clearly not random, they are more likely to be unrelated
to unobserved director characteristics.
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firms who lost a horizontal interlock under-perform by about 3pp, compared to firms losing
a non-horizontal interlock. This effect manifests immediately and persists for the remainder
of the period, meaning that firms do not seem to compensate for the losses over the following
years. See Appendix A for a set of alternative specifications, including a static difference-in-
differences; Appendix B for different industry classifications; Appendix C for results using
director deaths as the exogenous shock to the network; and Appendix D for additional
robustness of the results, including a comparison between the interaction-weighted estimator
for dynamic treatment effects of Sun and Abraham (2021) and naive two-way fixed effects
(TWFE) models.
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Figure 5.1: The effect of horizontal interlocks on cumulative return on assets. The figure plots
regression coefficients from Equation 8, corrected for dynamic heterogeneity in the treatment effects.
Years are relative to merger-shock. Observations are at the firm-year level. The estimation includes
firm and sector-year fixed effects. Standard errors, clustered by merger, are in parentheses. See
Table A.3 for more detail.

Overall, I estimate the effect of horizontal interlocks on ROA to be on the order of 3pp
across different specifications. Extrapolating using the average treated firm size, a simple
back-of-the-envelope calculation suggests that the indirect losses incurred by mergers are on
the order of 141 million USD per firm, or 105 billion USD over the entire sample period.
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5.4 Potential channel and heterogeneity

I estimate an overall positive effect of horizontal interlocks on firm performance, as measured
by returns of assets. In this section I explore some important heterogeneity in the effect across
features of the shocked firm, its competitive setting, and its relation to the merger target.
First, there is evidence to suggest that interlocks lower information asymmetry. Figure 5.2
plots the effect of horizontal interlocks on annualized daily stock return volatility for each
relative year around merger shocks. I find no change for non-horizontal interlock sever-
ance, and a sharp 4 point (8%) increase in volatility for firms losing a horizontal interlock,
which attenuates over time. This is very much in line with the anecdotal evidence from the
2010 High-Tech no-poaching DoJ case mentioned above, and is consistent with horizontal
directors holding private information that lowers uncertainty and cash flow volatility among
competitors. When a connection is lost, perceived business risk immediately increases.
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The effect of horizontal interlocks on volatility

Figure 5.2: The effect of horizontal interlocks on stock return volatility. Years are relative to merger-
shock. Observations are at the firm-year level. Volatility is the annualized standard deviation of
daily stock returns. The estimation includes fixed effects at the firm and sector-year levels, and
corrected for dynamic heterogeneous treatment effects using the interaction-weighted estimator of
Sun and Abraham (2021). Standard errors, clustered by merger, are in parentheses. See Table A.5
for more detail.

Next, I explore the heterogeneity in the effect of horizontal interlocks across firm and market
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characteristics: size, risk, and competition. Hypothetically, horizontal interlocks may be
more impactful for riskier firms, where private information is more valuable. Similarly,
interlocks may be more valuable in markets with medium levels of concentration: When
concentration is high, and the number of competing firms is low, companies could more easily
have other ways to coordinate; and in very diffused markets, we would expect competition
to drive profits down, leaving little to gain from the director’s informational edge, together
with tacit collusion being more difficult to sustain.
I proxy size using total sales, risk using leverage, and competitiveness at the sector level
using the Herfindahl-Hirschman index (HHI) of market concentration. For size and risk, I
compute deciles with respect to the year and sector level, and for HHI - with respect to the
year. I estimate Equation 9, which is the static counterpart of Equation 8, interacted with
deciles of firm size, risk, and competition:

Cum. ROAjt =
10∑

d=1
αdI[DX

j,−1 = d] × Postjt

+
10∑

d=1
βdI[DX

j,−1 = d] × Postjt × Treatj

+ Xjtγ + δj + ξst + εjt

(9)

Where DX
j,−1 is the decile of firm j’s characteristic X in the year before the merger shock,

and Postjt is a dummy variable that equals 1 in the year of the merger shock and onwards.
In the three panels of Figure 5.3 I plot the vector of coefficients of the interaction term,
βd, corresponding to X being size, leverage, and HHI. Despite the flexibility of the model
specification, the estimates are close to linear: the effect of horizontal interlock severance
on performance decreases in leverage, increases in HHI and does not correlate much with
size. I find that horizontal directors are more valuable for riskier firms. Firms with higher
leverage are inherently more susceptible to business uncertainty and variance in cash flows,
which private information can help reduce. Existing literature suggests an inverted U-shaped
relation between the value of interlocks and concentration, while my results indicate a mono-
tone relation that is consistent with the decreasing part of that curve: I find that horizontal
directors are more valuable when collusion is otherwise difficult, like in low-concentration
markets. In highly concentrated markets, the loss of the interlock is not as impactful since
other channels of coordination may exist, such as regulators or suppliers. When market
concentration is low, on the other hand, horizontal directors provide a rare and valuable
information channel, and performance suffers significantly when that connection is lost.
Horizontal interlocks are also more valuable the closer the two firms are in product space.
Figure 5.4 plots the interaction terms of Post × Treat from Equation 9 with tertiles of the
cosine similarity measure of Hoberg and Phillips (2016). The metric captures how close
any two firms are based on textual analysis of their business description in the annual 10-K
forms filed with the SEC, and maps it to the [0, 1] interval. I use tertiles instead of the more
flexible deciles due to data constraints - a large portion of firm-pair similarities are 0. Still,
I find a greater drop in performance when similarity is higher, suggesting that interlocks are
more valuable for closer rivals.
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Figure 5.3: Heterogeneity in the effect of horizontal interlocks on returns. The figure plots the
interaction coefficients of the post-period dummy, the treatment group dummy, and deciles of
leverage, sales, and HHI. Observations are at the firm-year level. The estimation includes fixed
effects at the firm and sector-year levels. Standard errors, clustered by merger, are in parentheses.
See Table A.6 for more detail.
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Figure 5.4: Heterogeneity in the effect of horizontal interlocks on returns, by tertiles of cosine
similarity. The figure plots the interaction coefficients of the treatment effect and tertiles of pairwise
cosine similarity (Hoberg and Phillips 2016) between the target merger and target shocked firm.
Standard errors, clustered by merger, are in parentheses.

31



5.5 Changes in personnel and re-interlocking

The previous section presents estimates of a significant positive effects of horizontal interlocks
on returns. If that is true, we should expect to see firms respond and adjust their conduct
to compensate for the lost connection. Indeed, there is evidence indicating that firms react
to severed interlocks by selectively expanding their boards and creating new interlocks.
I estimate the effect of merger-shocks on board size using the same framework as before,
but with the dependent variable being the number of directors on the board, rather than
returns, and plot the coefficients for the dynamic horizontal effect in Figure 5.5. Losing
a horizontal interlock causes firms to increase the board by 0.4 directors, on average. I
interpret this pattern as firms actively seeking to forge new interlocks. The effect attenuates
over the years, but remains significant into year 4. Importantly, the firms in my sample do
not systematically lose board members around the merger events, and the new appointments
are not replacing sudden vacancies, which would be the case when interlocks are lost due to
deaths of directors.
The newly hired directors are also likely to already have existing appointments within the
sector and create new horizontal interlocks. I estimate the effect of merger-shocks on the
probability of hiring a new director, creating a new interlock, and creating a new horizontal
interlock, using a probit model with the same specification as Equation 8, and plot the
marginal treatment effects in Figure 5.6. As a baseline, in any given firm and year, the
probabilities of hiring a new director, creating a new interlock, and creating a new horizontal
interlock are roughly 17%, 4%, and 0.5%, respectively. Immediately after the shock, firms
in the treatment group are 12pp (70%) more likely to hire new directors, 8pp (200%) more
likely to create new interlocks, and nearly 1.5pp (300%) more likely to create new horizontal
interlocks. The probabilities spike for one year and drop back down in the following period.
This is possibly because having already reoptimized in the first year, firms are less likely to
change again. The findings also suggest that firms likely do not face substantial challenges in
achieving their desires board composition, as the one-step deviation imposed by the merger
shock is mostly answered in a single step in the following year.
Do these actions translate into performance? I re-estimate the effect of horizontal interlocks
on returns, interacted with an indicator for appointing a new director after the merger shock,
and plot the coefficients in Figure 5.7. Indeed, firms that hire new directors after the shock
experience a smaller drop in returns, compared to firms that do not, suggesting that firms
are able to compensate for the lost connection by appointing new directors. Still, I would
be cautious in interpreting this as a causal effect, since firms that hire new directors are
likely to be different from those that do not. It should also matter when that new director
is appointed: if the new director is appointed immediately after the shock, the firm would
have had less time to suffer from the lost connection, compared to a firm that hires a new
director in later years. Similarly, I do not condition on whether the new director created
interlocks in general, nor horizontal ones in particular. The data are too sparse for the above
interactions to have statistical power, and I leave this for future work.
Another testable hypothesis is that after merger-shocks, the shocked firm should be more
likely to terminate the (no longer) horizontal director. If firms value horizontal directors due
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The effect of horizontal interlocks on board size

Figure 5.5: The effect of horizontal interlocks on the number of unique board members. The figure
plots coefficients from regressing board size on relative time, treatment, and their interactions.
Years are relative to merger-shock. Observations are at the firm-year level. The estimation includes
fixed effects at the firm and sector-year levels, and corrected for dynamic heterogeneous treatment
effects using the interaction-weighted estimator of Sun and Abraham (2021). Standard errors,
clustered by merger, are in parentheses.
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The effect of horizontal interlocks on new appointment and interlock probabilities

Figure 5.6: Mean marginal effects of horizontal interlocks on the probability of new directors and
interlocks. Years are relative to merger-shock. Observations are at the firm-year level. I estimate a
probit model where the dependent variable is an indicator for appointing a new director, creating
a new interlock, and creating a new horizontal interlock, regressed on relative time, treatment,
and their interactions. The figure plots the marginal effects of treatment by relative year on
the probability of hiring a new director, creating a new interlock, and creating a new horizontal
interlock. The estimation includes fixed effects at the firm and sector-year levels. Standard errors,
clustered by merger, are in parentheses. See Table A.4 for more detail.
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The effect of horizontal interlocks on return, by new appointment

Figure 5.7: The effect of horizontal interlocks on returns, by new appointments. The figure plots the
βk coefficients from Equation 8, split by whether the shocked firm appointed new directors after the
shock. Years are relative to merger-shock. Observations are at the firm-year level. The estimation
includes fixed effects at the firm and sector-year levels, and corrected for dynamic heterogeneous
treatment effects using the interaction-weighted estimator of Sun and Abraham (2021). Standard
errors, clustered by merger, are in parentheses. See Table A.7 for more detail.
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to the interlocks they create, then the severance of such connections due to merger-shocks
decreases director value. I test this using the board appointment panel data for the subset of
merger-shocked firms: I estimate the effect of losing a seat on the board of the shocked firm
on the probability of termination. Within a given shocked firm, I compare the employment
dynamics of the shocking director (i.e the one losing another seat to a merger) and all other
directors. Formally, I estimate Equation 10:

Terminationijt =
5∑

k=−5
αkI[τjt = k] +

5∑
k=−5

βkI[τjt = k] × Treatij + δjt + ξit + εijt (10)

Where Terminationijt equals 1 if director i holds a seat on the board of firm j in year t − 1
and no longer does so in year t. Treatij equals 1 if director i is the one “shocking” firm j
by losing a seat at a rival firm, severing the horizontal interlock. ξit are director-year fixed
effects, and δjt are firm-year fixed effects, absorbing previously used covariates, such as size,
leverage, volatility, and R&D expenditure. I plot the βk coefficients in Figure 5.8.
The estimated effect is negative in the pre-period, while the director maintains the interlock,
and positive in the post-period, when the interlock is severed. A horizontal director is 2pp
less likely to leave a firm (from a baseline of about 5% in any given year), compared to
his peers on the board. Once the interlock is lost and the director is no longer horizontal,
he is 3pp more likely to leave. The difference is statistically significant and economically
substantial, nearly tripling the probability of appointment termination. This suggests that
firms value horizontal directors for the interlocks they create, and when those connections
are severed, the director becomes less valuable to the firm. It is unlikely to be driven by
the shareholders letting directors go after inferring that they are of low unobserved ability,
since I restrict the analysis only to instances where the entire board is dismissed, rather than
having directors selectively retained.

6 Interlocks in technology space

The results and discussion so far are mostly driven by firm-level data, where I provide evi-
dence in support of a causal effect of horizontal interlocks on returns. These data, however,
do not tell much of the transmission mechanism mapping director connections to firm out-
comes, nor of internal changes occurring within the firm. In this section I propose a possible
transmission mechanism of knowledge spillovers and market segmentation, and provide more
granular empirical evidence to support it.
My premise is that directors observe scientific progress within the firm and possess private
information on project quality. The intuition is that a common director, while not necessarily
a scientist or expert in a narrow field of research, is still aware of the type of research
being done and of project successes and failures in the firms he directs. Acting on private
information, he may help reallocate rivals’ R&D efforts toward more successful projects at
the expense of failing ones. This could be as simple as exchanging contact details between
scientific teams and units with potential for synergies, and as substantial as pivoting whole
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The effect of horizontal interlocks on relative probability of termination

Figure 5.8: The effect of horizontal interlocks on current director position. The figure plots coeffi-
cients from regressing an indicator for director-firm severance on relative time, an indicator for the
horizontal directors, and their interactions. Years are relative to merger-shock. Observations are at
the director-firm-year level. The estimation includes fixed effects at the firm-year and director-year
levels, and corrected for dynamic heterogeneous treatment effects using the interaction-weighted
estimator of Sun and Abraham (2021). Standard errors, clustered by merger, are in parentheses.
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Table 6.1: Summary statistics of patenting classification at the firm-year level. The table reports the
mean, standard deviation, and quartiles of the number of distinct patents that a firm in the sample
produces per year, and how the patents are distributed across sections, classes, and subclasses.
Firms with 0 patents throughout the sample are omitted.

Obs Mean Std. dev. p25 p50 p75
Sections 42281 2.13 1.58 1 2 3
Classes 42281 4.50 7.93 1 2 4
Subclasses 42281 7.45 17.89 1 2 6
Patents 42281 48.35 238.02 1 4 15

departments away from niches where a rival is about to achieve a major breakthrough and
dominate the market.
Sharing information across firms regarding successful and failed experiments, for example,
may reduce R&D costs and spur innovation: a firm can leverage others’ breakthroughs to
jump ahead in the research process, or nip failing research agenda in the bud. Similarly,
directors can help firms reduce competition in technology space and focus their R&D efforts
in fields that are close enough to benefit from knowledge spillovers, yet not too close to
directly compete. Segmenting the competitive space is especially valuable in settings of
winner-takes-all, such as patenting, where monopoly or property rights are awarded for an
extended period of time. An interlocking director reduces uncertainty and R&D costs, and
increasing innovation when such communication is otherwise impossible.
I use individual patent-level data from USPTO and compute annual firm aggregates at the
section, class, and subclass levels of the cooperative patent classification (CPC) scheme.16

The CPC patent hierarchy consists of 9 sections, ~450 classes, and ~150,000 subclasses.
To illustrate the hierarchy’s granularity, section G corresponds to physics in general, class
G21 to nuclear physics, and subclass G21C to nuclear reactors. Subclasses are then further
divided into groups, main groups, and eventually over 250,000 subgroups, at the highest level
of resolution. I summarize patents at the firm-year-subclass level, and compute aggregate
innovation value and forward citations following Kogan et al. (2017), and inflated to 2023
terms using the consumer price index (CPI).
Table 6.1 characterizes the patenting structure of firms in my sample. The average firm
produces 48 patents per year, spread across 7.5 different subclasses and 4.5 classes, spanning
2 sections. Table 6.2 summarizes the average aggregate patent output at different levels
within the firm. As a whole, the average firm produces 48 patents per year, as mentioned
above, valued at over 600 million USD, and bearing over 600 forward citations. Focusing on
my unit of observation, the average firm produces 6.5 patents per subclass per year, which
are valued at 82 million USD and cited 83 times.

16https://www.uspto.gov/web/patents/classification/cpc/html/cpc.html
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Table 6.2: Patent output by CPC granularity. The table reports the mean, standard deviation, and
quartiles of the number of distinct patents, their innovation value, and forward citations, aggregated
at different levels of patent classification. Firms with 0 patents throughout the sample are omitted.

Obs Mean Std. dev. p25 p50 p75
Firm-year

Count 42281 48.35 238.02 1.00 4.00 15.00
Value 42281 607.80 3394.39 2.14 12.37 99.39
Cites 42281 615.76 3449.70 7.00 40.00 196.00

Firm-year-section
Count 90148 22.68 108.94 1.00 3.00 9.00
Value 90148 285.07 1687.79 2.39 11.72 70.08
Cites 90148 288.80 1693.89 3.00 21.00 105.00

Firm-year-class
Count 190225 10.75 57.75 1.00 2.00 5.00
Value 190225 135.09 984.83 2.24 9.82 42.40
Cites 190225 136.86 970.84 2.00 12.00 54.00

Firm-year-subclass
Count 314786 6.49 36.45 1.00 1.00 4.00
Value 314786 81.64 620.31 1.93 8.34 31.90
Cites 314786 82.71 635.56 1.00 9.00 38.00
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6.1 Technology space proximity

I study within-firm dynamics using patent-level data and show that horizontal directors re-
duce competition and help firms avoid direct contest by maintaining distance in technology
space. First, I follow Bloom, Schankerman, and Van Reenen (2013) and compute pairwise
firm patent correlations, as a proxy for technological similarity. For every firm-year I aggre-
gate all patents at the class level, summarize over a 5-year rolling window, and compute the
share of every class in the firm’s patent portfolio. For every firm-pair and year, I correlate
the two class-share vectors yielding a pairwise similarity index, denoted by ρijt, across the
entire technological frontier. If interlocking directors help firms keep their distance in patent
space, we should expect an increase in similarity only when a horizontal interlock is severed.
Non-rival firms may continue to collaborate and communicate through other means, while
rivals cannot.
I estimate Equation 11, which carries the same structure as Equation 8 on the right-hand
side. ρjt is the similarity index of firms j and i, where firm i is acquired and j is merger-
shocked. I omit the i subscript since it does not vary within j, as I only consider the first
merger-shock.

ρjt =
5∑

k=−5
αkI[τjt = k] +

5∑
k=−5

βkI[τjt = k] × Treatj + Xjtγ + δj + ξst + εjt (11)

Figure 6.1 plots the βk coefficients from Equation 11, capturing the dynamic treatment effect.
I find an increase in similarity for the treated group in the post period, meaning that rival
firms move closer together in the competitive space and are more likely to patent in similar
classes after losing the interlock. This result suggests that in the presence of a horizontal
director, firms are better able to stay out of each other’s way in segmenting the technology
space. After losing the interlock, competitive pressure seems to steer them towards closer
contest. Since the specification controls for sector-year fixed effects, we can rule out both
a general convergence of the industry as a whole towards specific fields of research and
merger-induced changes in market competition as potential alternative explanations.

6.2 Within-firm patenting

In this section I estimate the effect of horizontal interlocks on patenting output at the subclass
level and study spillovers within classes and sections. The motivation for exploring this level
of granularity is that an interlock is a valuable information channel under two conditions:
the information is relevant, as with neighbors in technology space; and the two firms cannot
otherwise communicate, as in the case of rivals. I capture the two dimensions using variation
in the patenting history of the merger target, which allows me to identify scientific peers;
and the merger-shock treatment, as defined in Section 5.
Every firm holds a certain patenting profile of particular subclasses where it has accumulated
knowledge and expertise. For a given firm pair, some subclasses will overlap across the two
more than others, and in those cases we should expect an interlock to be more valuable,
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Treatment effect on patent similarity with the acquired firm

Figure 6.1: The effect of interlock severance on patenting similarity. The figure plots the relative-
time × treatment regression coefficients, βk, from Equation 11. The dependent variable is the
correlation in patent distribution across classes between the shocked firm and the acquired, following
Bloom, Schankerman, and Van Reenen (2013), corrected for dynamic heterogeneous treatment
effects using the interaction-weighted estimator of Sun and Abraham (2021).
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leading to better performance and output. The high resolution of patent subclasses within
a firm allows me to address temporal unobservables not only at the firm level, but at the
section and class levels as well, incrementally restricting the source of variation in patenting
output to stem from differences across sections, class, and subclasses within a given firm and
year.
First, I estimate the treatment effect at the highest definition, studying the effect of hori-
zontal interlocks on subclass patenting output after losing an interlock with a subclass peer.
Generally, we would consider firms as technological peers if they generate or hold patents in
the same field of research. As the sample analog, I define the merger target firm as a subclass
peer if it had any patents issued in the same subclass in the decade preceding the merger,
and estimate Equation 12:

Patentsjmt =
5∑

k=−5
αkI[τjt = k] × Peerjm

+
5∑

k=−5
βkI[τjt = k] × Peerjm × Treatj

+ νmt + ξjm + µjct + εjmt

(12)

Where the subscripts s, c, and m index sections, classes, and subclasses, and Patentsjmt is
the cumulative patenting output by firm j in subclass m in year t. I use two measures for
output: the number and value of patents.17 I[τjt = k] equals 1 if the relative-to-merger-
shock year equals k, and 0 otherwise. Peerjm equals 1 if firm j is merger-shocked by a peer
in subclass m. Treatj equals 1 if firm j loses a horizontal interlock due to a merger, and 0 if
non-horizontal. νmt, ξjm, and µjct control for subclass-year, firm-subclass, and firm-class-year
fixed effects, and εjmt ∼ N(0, 1) is an iid error term. The set of fixed effects ensures that
the variation in patenting output does not stem from the fact that certain firms or fields
may have abnormally productive periods, nor from any particular firm possessing certain
subclass expertise.
Figure 6.2 reports the βk coefficients from Equation 12 - estimated using the cumulative
number of patents in the left panel, and the cumulative value of patents in the right panel,
as the dependent variable. This model specification captures the treatment effect at the
highest definition, comparing output at the subclass level across firms which only vary by
the loss of a horizontal interlock. νmt controls for time-varying unobservables at the subclass
level, addressing concerns of merger endogeneity, such as the possibility that the field is
in decline and the merger is a response to that. ξjm controls for time-invariant subclass
unobservables within the firm, like idiosyncratic productivity, that may naturally determine
patent output.
I find that treatment decreases subclass output both in terms of patent count and patent
value. In both cases we observe a relatively stable and flat pre-trend, with a decline in the

17A concern with studying R&D output using the number of patents as the measure of output is that a
decrease in patent count may not necessarily indicate a reduction in innovation or R&D activity. It could be
that firms concentrate resources to produce fewer patents but of higher quality. I measure innovation value
following Kogan et al. (2017), converted to 2023 terms using the CPI, and show this is not likely the case.
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post period. Over a span of five years, affected subclasses under-perform their neighbors
— unaffected subclasses in the same class — by about 7 patents, or 216 million USD in
innovation value. The effect is gradual, as expected, and peaks at year three, stabilizing
around the new level in the following periods. Given the average annual subclass output
(6.5 patents), the effect is economically significant, and amounts to about one year’s worth
of patenting, or a 17% decline in the cumulative patent output count by year five. The value
of patent output over the same time period declines by about 44%, implying a drop of about
30% in quality, or value per-patent.

Cumulative count Cumulative value

−4 −2 0 2 4 −4 −2 0 2 4

−400

−200

0

−15

−10

−5

0

Years from merger−shock

E
st

im
at

e 
an

d 
95

%
 C

on
f. 

In
t.

Treatment effect on subclass patenting

Figure 6.2: The effect of horizontal interlocks on patenting output at the subclass level. The figure
plots the βk coefficients from Equation 12. The dependent variable is the cumulative number of
patents in the left panel, and the cumulative value of patents in the right panel - both at the firm-
subclass-year level. Years are relative to merger-shock. Observations are at the subclass-firm-year
level. The estimation includes fixed effects at the subclass-year, firm-subclass, and firm-class-year
levels. Standard errors, clustered by merger, are in parentheses.

Next, I exploit the full nested structure of patent classification, and explore the spillover
effect across neighboring subclasses. I relax the model specification of (12) and allow output
to also vary across subclasses, classes and sections, rather than only within subclass-year. I
estimate Equation 13:
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Patentsjmt =
5∑

k=−5

[
I[τjt = k] ×

(
αsection

k Peerjs + αclass
k Peerjc + αsubclass

k Peerjm

)]

+
5∑

k=−5

[
I[τjt = k] ×

(
βsection

k Peerjs + βclass
k Peerjc + βsubclass

k Peerjm

)
× Treatj

]
+ µjt + νmt + ξjm + εjmt

(13)
Patentsjmt is the cumulative patenting by firm j in subclass m and year t; I[τjt = k] equals
1 if the relative-to-merger-shock year equals k, and 0 otherwise. Peerjm equals 1 if firm j is
merger-shocked in subclass m, i.e., if it loses an interlock with a firm that patents in that
subclass; Peerjc and Peerjs are similar indicators at the class and section levels. µjt, νmt,
and ξjm are firm-year, subclass-year, and firm-subclass fixed effects, and εjmt ∼ N(0, 1) is
an iid error term.
Figure 6.3 plots the βk coefficients of Equation 13, measuring the effect of rival interlock sev-
erance at different distances in technology-space on cumulative patent count. All coefficients
across the three panels are estimated jointly but displayed separately for clarity.
Panels A through C summarize the dynamic treatment effect at the section, class, and
subclass levels, corresponding to parameters βsection

k , βclass
k , and βsubclass

k . The section level in
panel A captures the effect of losing an interlock with a rival who is a section peer, but not a
class peer; for example, a firm patenting in organic chemistry (class C07) and severed from
an industry rival patenting in inorganic chemistry (class C01), both grouped under chemistry
(section C). The class level in panel B captures the effect of losing an interlock with a rival
who is a class peer, but not a subclass peer; for example, nuclear reactors (subclass G21C)
and nuclear power plants (subclass G21D), both under nuclear physics (class G21). Panel C
captures the treatment effect at the subclass level: losing an interlock with a rival who is a
subclass peer.
Overall, outside of the treated subclasses, I find no significant effect of horizontal interlocks
on the number of patents: comparing the three panels, we see that the effect is almost
entirely driven by having the horizontal interlock with a peer at the subclass level. At the
subclass level, patenting steadily drops in the post-treatment years by a total of 13 patents
after five years. This is equivalent to about two years worth of patenting, or one third
of output, on average. At the class and section levels, the estimated effects are generally
positive, yet relatively small in magnitude and, for the most part, statistically insignificant.
At the section level, the effects are similarly small in magnitude and statistically insignificant,
though negative in sign.
Figure 6.4 plots the estimated βk coefficients of (13) using the cumulative value of innovation
by subclass as the dependent variable. The general pattern is similar to the count data with
a decline on the order of 300 million USD, or two-thirds, in subclass value over five years.
Class-level patenting slightly increases, while section-level slightly decreases - both mostly
statistically insignificant. Taken together, these results again show a drop in patent quality,
or innovation value per patent, by about 30%, indicating a decline not only on the extensive
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Figure 6.3: The effect of horizontal interlocks on patenting quantity by technological proximity. The
figure plots the βk coefficients from Equation 13. The dependent variable is the cumulative number
of patents at the firm-subclass-year level. Years are relative to merger-shock. Observations are at
the subclass-firm-year level. The estimation includes fixed effects at the firm-year, subclass-year,
and firm-subclass levels. Standard errors, clustered by merger, are in parentheses. All coefficients
are estimated jointly and split into panels for convenience.
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margin - the scope of subclass patenting, but also on the intensive margin - the value of each
patent.
My findings suggest that scientific knowledge generates synergies and positive spillovers in
a neighborhood of technology space: two technologically similar firms have a lot to gain
from private information, as one does not need to rerun experiments the other has already
carried out, which reduces redundancy and research costs and improves productivity. When
such a channel is lost, scientific output suffers directly. On a broader scale, the section
and class coefficients provide some insight regarding substitution patterns of internal firm
resources: when interlocks are severed, companies may reallocate equipment and personnel
within their R&D departments in response to changes in synergies and information avail-
ability. If synergies exists within a patent class, a shock to one subclass could spill over to
adjacent subclasses. The intuition is that when certain projects are scaled down, the freed
physical and human capital may benefit neighboring projects more than distant ones: it is
usually more efficient to reassign a chemist to a different chemistry lab than to a physics lab.
The somewhat weaker evidence at the class level seems to suggest that is so. When a subclass
is “hit”, its nearest subclasses slightly benefit: subclasses which lose a class peer, but not a
subclass peer, tend to over-perform in terms of patenting output in the post-period. This
could be a result of capital expenditure or personnel cuts at the subclass level, cannibalized
by adjacent subclasses.
Taken together, my results using the three margins of treatment confirm that both informa-
tion relevance and the competitive setting play an important role in the impact of interlocks
on innovation. First, all the peer effects — denoted by the αk coefficients — are small in
magnitude and mostly statistically insignificant. This fact indicates that losing an interlock
with a technological peer does not significantly affect patenting output on its own, which
is consistent with directors not being the sole channel of communication. Non-rival firms
usually face lower barriers to communication and cooperation on R&D, making the loss of
one channel not very meaningful, regardless of how technologically close the two firms were.
Second, the competitive effect is significant and generally concentrated at the individual
subclass level, with slight spillovers to adjacent subclasses across classes or sections. This
means that losing ties with a rival firm that is also a close peer is especially detrimental to
patenting output: in the case of firms in the same sector, formal cooperation could come
under regulatory scrutiny and horizontal directors may play an important role in facilitating
the exchange of information.
The evidence in this section suggests that directors can function as conduits of information
across firms. When that information is both relevant and otherwise inaccessible, the interlock
increases innovation. I show this using patent output, but one may be concerned that
scientific advances are irrelevant to many firms and industries, such as retail or real estate,
where there are no R&D synergies to realize. Indeed, large sectors of the economy do not
engage in any R&D or patenting. However, there is nothing inherently specific to scientific
knowledge in the proposed channel, allowing the results to generalize to any informational
domain. If directors use superior information to influence patenting, it does not require
a great leap of faith to imagine that they are similarly able to steer market entry, hiring
policies, or overall business strategy.
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Figure 6.4: The effect of horizontal interlocks on patenting value by technological proximity. The
figure plots the β coefficients from Equation 13. The dependent variable is the cumulative value
of patents at the firm-subclass-year level, in 2023 USD. Years are relative to merger-shock. Obser-
vations are at the subclass-firm-year level. The estimation includes fixed effects at the firm-year,
subclass-year, and firm-subclass levels. Standard errors, clustered by merger, are in parentheses.
All coefficients are estimated jointly and split into panels for convenience.
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7 Conclusion

Horizontal directors hold multiple board seats within a sector, offering superior expertise
and knowledge, together with a coordination channel between rivals. This paper studies
the effect of horizontal interlocks on firm performance and innovation. This question has
concerned policymakers for over a century and is again relevant today, in the wake of renewed
enforcement efforts by the Department of Justice and Federal Trade Commission. Using
firm mergers as exogenous shocks to the network structure, I disentangle the network and
coordination effects and find that horizontal interlocks increase returns by 3 percentage
points. I show that horizontal interlocks decrease uncertainty and that firms tend to expand
their boards and create new horizontal interlocks after one is severed. As the underlying
mechanism, I suggest a channel of knowledge spillover, where informed directors steer firms
away from directly competing with each other when the winner takes all and losses are
costly, and illustrate the driving forces in the framework of a stylized model. Using data on
patenting, I show that interlocks help firms avoid direct competition and increase innovation
quantity and quality by 17 and 30 percent, at the slight expense of adjacent research fields
in technology space.
Given the empirical setting, we may be tempted to conclude that horizontal interlocks are
not only beneficial to firms, but also welfare-improving overall, since they allow for coordina-
tion that increases innovation and reduces redundancy - both generally desireable. I caution
against such a conclusion, as the overall effect would heavily depend on context. Horizontal
directors can just as easily serve as the mechanism that segments markets and stifles com-
petition, as they can be the conduit of information that increases innovation. The effect of
interlocks on welfare is likely to be highly heterogeneous across industries and sectors, and
the optimal policy response would vary accordingly.
Finally, I highlight an overlooked aspect of mergers - severance of ties among incumbent firms.
This paper only considers mergers as a source of exogenous variation in the network structure,
but it may also have implications with respect to merger enforcement. Counter-intuitively,
it could be that in industries where horizontal interlocks allow the exercise of market power,
mergers are welfare-improving, as they disrupt coordination among incumbents, suggesting
that more lenient merger control could in fact be optimal.
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A Additional tables

Table A.1: Summary statistics of interlock distribution. The table reports the mean and standard
deviation of the number of interlocks and interlocks per director by decile. Observations are at the
firm-year level. The number of interlocks of a given firm is defined as the sum of all board seats
held by all board members on other distinct boards.

Interlocks Interlocks / directors
Decile Obs Mean SD Obs Mean SD

1 4873 0.00 0.00 4873 0.00 0.00
2 4873 0.13 0.34 4873 0.01 0.03
3 4873 1.00 0.00 4873 0.14 0.02
4 4873 1.92 0.26 4873 0.24 0.03
5 4873 2.94 0.37 4873 0.36 0.04
6 4873 4.28 0.45 4873 0.48 0.04
7 4873 5.61 0.51 4873 0.62 0.04
8 4873 7.48 0.52 4873 0.78 0.05
9 4872 9.98 0.90 4872 0.98 0.07

10 4872 15.41 3.46 4872 1.43 0.35
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Table A.2: Interlocks and return on assets

ROA × 100 log ROA ROA × 100
(1) (2) (3) (4) (5) (6)

Constant 8.14∗∗∗ 8.14∗∗∗ -2.51∗∗∗ -2.27∗∗∗

(0.06) (0.07) (0.01) (0.01)
Interlocks 0.31∗∗∗

(0.01)
Interlocks
Directors 3.01∗∗∗

(0.10)
log (Interlocks) 0.10∗∗∗

(0.01)
log

(
Interlocks
Directors

)
0.14∗∗∗

(0.01)
Decile = 1 6.32∗∗∗ 6.32∗∗∗

(0.14) (0.14)
Decile = 2 7.68∗∗∗ 7.30∗∗∗

(0.14) (0.14)
Decile = 3 8.55∗∗∗ 8.95∗∗∗

(0.14) (0.14)
Decile = 4 9.01∗∗∗ 9.25∗∗∗

(0.14) (0.14)
Decile = 5 9.68∗∗∗ 9.95∗∗∗

(0.14) (0.14)
Decile = 6 9.94∗∗∗ 10.19∗∗∗

(0.14) (0.14)
Decile = 7 10.47∗∗∗ 10.66∗∗∗

(0.14) (0.14)
Decile = 8 11.10∗∗∗ 10.86∗∗∗

(0.14) (0.14)
Decile = 9 11.82∗∗∗ 11.67∗∗∗

(0.14) (0.14)
Decile = 10 12.00∗∗∗ 11.42∗∗∗

(0.14) (0.14)

Observations 48,728 48,728 36,198 36,198 48,728 48,728
Dependent variable mean 9.656 9.656 -2.364 -2.364 9.656 9.656
R2 0.024 0.020 0.010 0.016 0.032 0.029

Notes: Annual return is the ratio of operating income before depreciation (Compustat item
‘oibdp’) to total assets (Compustat item ‘at’). Board size is the number of unique directors
holding an appointment at the end of the calendar year. The number of interlocks is defined
as the sum of all board seats held by all board members on other distinct boards. Models
1 and 2 are linear, reporting the coefficient on the number of interlocks and the number of
interlocks per director. Models 3 and 4 are log-transformed, estimating the elasticity of ROA
by regressing log returns on the log of the number of interlocks and the log of the number of
interlocks per director. Models 5 and 6 regress ROA on deciles of the number of interlocks
and of the number of interlocks per director. Observations are at the firm-year level.
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Table A.3: Horizontal interlocks, firm performance, and board size

Cumulative ROA Volatility Directors
(1) (2) (3)

Year = -5 0.030 0.001 -0.021
(0.023) (0.011) (0.100)

Year = -4 0.003 0.004 -0.014
(0.019) (0.011) (0.096)

Year = -3 -0.011 0.002 -0.038
(0.015) (0.012) (0.078)

Year = -2 0.003 -0.006 -0.093
(0.009) (0.008) (0.068)

Year = 0 -0.034∗∗∗ 0.027∗∗ 0.445∗∗∗

(0.011) (0.013) (0.092)
Year = 1 -0.031∗∗ 0.026∗∗ 0.292∗∗∗

(0.014) (0.011) (0.099)
Year = 2 -0.038∗∗ 0.010 0.340∗∗∗

(0.017) (0.010) (0.111)
Year = 3 -0.034 0.001 0.294∗∗∗

(0.021) (0.010) (0.105)
Year = 4 -0.040 0.015 0.148

(0.025) (0.011) (0.120)
Year = 5 -0.033 0.019∗ 0.125

(0.031) (0.012) (0.150)

Observations 37,429 37,047 37,429
Dependent variable mean 0.983 0.460 9.422
R2 0.908 0.613 0.751

Firm fixed effects ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓

Notes: The table reports the estimated βk coefficient from Equation 8, where the dependent
variable varies by column: ROA in column 1, stock return volatility in column 2, and
board size in column 3. ROA (return on assets) is the ratio of operating income before
depreciation to total assets. Volatility is the annualized standard deviation of daily stock
returns. Year dummies are relative to the year an interlock is severed due to a third-party
merger. Observations are at the firm-year level. The estimation includes fixed effects at the
firm and sector-year levels, and corrected for dynamic heterogeneity in the treatment effects.
Standard errors, clustered by merger, are in parentheses.
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Table A.4: Horizontal interlocks, board composition, and new interlocks

New director New interlock New hor. int.
(1) (2) (3)

Year = -5 0.047 -0.155 -0.435∗∗∗

(0.109) (0.120) (0.153)
Year = -4 -0.090 -0.169 -0.286∗

(0.117) (0.105) (0.149)
Year = -3 0.067 -0.023 -0.235

(0.101) (0.103) (0.147)
Year = -2 -0.063 -0.271∗∗∗ -0.383∗∗∗

(0.108) (0.105) (0.127)
Year = 0 0.340∗∗∗ 0.525∗∗∗ 0.620∗∗∗

(0.109) (0.110) (0.150)
Year = 1 -0.172 -0.946∗∗∗ -2.089∗∗∗

(0.119) (0.130) (0.161)
Year = 2 -0.036 -0.063 -0.617∗∗∗

(0.115) (0.120) (0.149)
Year = 3 -0.132 -0.113 -0.586∗∗∗

(0.115) (0.111) (0.151)
Year = 4 -0.139 -0.302∗∗ -0.617∗∗∗

(0.121) (0.122) (0.173)
Year = 5 0.013 -0.144 -1.166∗∗∗

(0.133) (0.125) (0.166)

Observations 33,304 32,651 18,959
Dependent variable mean 0.319 0.319 0.160

Firm fixed effects ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓

Notes: The table reports the estimated Probit coefficients from a variation on the specifica-
tion of Equation 8. The dependent variable varies by column: An indicator for new director
hire in column 1, an indicator for new director interlock creation in column 2, and an indi-
cator for new horizontal interlock creation in column 3. Year dummies are relative to the
year an interlock is severed due to a third-party merger. Observations are at the firm-year
level. The estimation includes fixed effects at the firm and sector-year levels, and corrected
for dynamic heterogeneity in the treatment effects. Standard errors, clustered by merger,
are in parentheses.
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Table A.5: Interlocks and returns, static difference-in-differences

Cumulative ROA
(1) (2) (3)

Post 0.004 0.011 0.007
(0.005) (0.007) (0.007)

Post × Horizontal -0.030∗∗ -0.050∗∗∗ -0.032∗

(0.014) (0.018) (0.017)

Observations 12,426 6,258 6,258
R2 0.868 0.871 0.907

Firm fixed effects ✓ ✓ ✓
Year fixed effects ✓ ✓
Sector-Year fixed effects ✓
Firm characteristics ✓ ✓

Notes: The table summarizes regression coefficients from Equation 9. Observations are at
the firm-year level. Firm characteristics are size, leverage, R&D expenditure, and volatility.
Standard errors, clustered by merger, are in parentheses.

B Market definition

I define rival firms as those that operate in the same industry, using their associated sector
name in the BoardEx data set (labeled ‘Sector’), which is based on the FTSE Industry
Classification Benchmark (ICB). This classification is preferred over the more common GIC,
NAICS, or SIC codes, as it offers consistency with source data and better coverage. A concern
may be that this particular definition is either too wide, causing me to treat unrelated firms
as competitors, or too narrow, leading to the omission of relevant connections and treating
competitors as unrelated. This section describes how the different classifications compare
in defining rival firms, and presents a set of robustness tests where I substitute the market
definition of BoardEx with either GIC, NAICS, or SIC codes of varying granularity and
repeat the main analysis.
I consider 13 alternative specifications: GIC at the 2, 4, 6, and 8 digit levels; NAICS at the 1
through 6 digit levels; and SIC at the 2 through 4 digit levels. For each specification, I define
rival firms as those that belong to the same industry, and compute the share of horizontal
interlocks. Panel A of Figure B.1 plots the share of horizontal interlocks for each alternative
specification, along with the preferred specification. The BoardEx sector definition lies
between the 4-digit GIC and 3-digit NAICS codes. Panel B plots the correlation of the
horizontal dummies by each specification. The BoardEx sector definition is highly correlated
with most other specifications, especially with NAICS 3-4 and SIC 2-3.
Tables B.1, B.2, and B.3 present the results of the main analysis when using NAICS, GIC,
and SIC codes, respectively, to define rival firms. While qualitatively similar to the preferred
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Table A.6: Heterogeneity: leverage, sales, HHI

ROA
Deciles of Leverage Sales HHI

(1) (2) (3)
Post × Horizontal ×

Decile = 1 -0.002 -0.010 -0.021∗∗∗

(0.005) (0.010) (0.005)
Decile = 2 0.003 -0.006 -0.013

(0.008) (0.006) (0.010)
Decile = 3 -0.007 0.004 -0.007

(0.006) (0.008) (0.005)
Decile = 4 -0.004 -0.015∗∗∗ -0.019∗∗∗

(0.010) (0.000) (0.006)
Decile = 5 -0.008 -0.005 -0.010

(0.007) (0.004) (0.008)
Decile = 6 -0.024∗∗∗ -0.009 -0.008∗∗∗

(0.008) (0.011) (0.002)
Decile = 7 -0.012 -0.008∗ -0.005

(0.008) (0.004) (0.005)
Decile = 8 -0.007 -0.018∗∗∗ 0.000

(0.006) (0.005) (0.005)
Decile = 9 -0.011 -0.004 0.011

(0.007) (0.007) (0.008)
Decile = 10 -0.012∗∗ 0.003 -0.003

(0.005) (0.012) (0.004)

Observations 13,716 13,779 13,580
Dependent variable mean 0.105 0.105 0.106
R2 0.778 0.777 0.774

Firm fixed effects ✓ ✓ ✓
Sector-Year fixed effects ✓ ✓ ✓

Notes: The table reports the estimated β coefficient from an augmented version of the static
difference-in-differences specification of Equation 9, where I interact the Post × Horizontal
component with deciles of leverage, sales, and sector HHI. The dependent variable is the
return on assets. ’Post’ is a dummy variable that equals 1 in the period after a merger-
shock. Observations are at the firm-year level. The estimation includes fixed effects at the
firm and sector-year levels. Standard errors, clustered by merger, are in parentheses.

58



Table A.7: Heterogeneity: new appointments

Cumulative ROA
New appointment No Yes

(1) (2)
Horizontal director ×
Year = -5 0.035 0.031

(0.032) (0.024)
Year = -4 0.033 -0.009

(0.025) (0.019)
Year = -3 0.008 -0.019

(0.018) (0.014)
Year = -2 0.002 0.008

(0.010) (0.010)
Year = 0 -0.044∗∗∗ -0.021∗∗

(0.014) (0.008)
Year = 1 -0.068∗∗∗ -0.031∗∗∗

(0.022) (0.010)
Year = 2 -0.120∗∗ -0.036∗∗∗

(0.043) (0.013)
Year = 3 -0.102∗ -0.044∗∗

(0.056) (0.016)
Year = 4 -0.069 -0.062∗∗∗

(0.076) (0.020)
Year = 5 -0.130 -0.052∗

(0.090) (0.027)

Observations 7,906 29,523
R2 0.880 0.880

Firm fixed effects ✓ ✓
Year fixed effects ✓ ✓

Notes: The table reports the estimated βk coefficients from Equation 8, split by whether the
shocked firm appointed new directors after the shock. The estimation includes fixed effects
at the firm and sector-year levels, and corrected for dynamic heterogeneous treatment effects
using the interaction-weighted estimator of Sun and Abraham (2021). Standard errors,
clustered by merger, are in parentheses.
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Table A.8: Horizontal interlocks and likelihood of termination

Terminated
(1) (2)

Horizontal director ×
Year = -5 0.008 -0.007∗∗

(0.006) (0.003)
Year = -4 -0.008 -0.006∗

(0.005) (0.003)
Year = -3 -0.022∗∗∗ -0.010

(0.005) (0.007)
Year = -2 -0.039∗∗∗ -0.013∗∗

(0.004) (0.005)
Year = -1 -0.056∗∗∗ -0.019∗∗

(0.004) (0.007)
Year = 0 -0.073∗∗∗ -0.022∗∗∗

(0.005) (0.008)
Year = 1 0.051∗∗∗ 0.015∗∗∗

(0.014) (0.005)
Year = 2 0.052∗∗∗ 0.033∗∗∗

(0.011) (0.004)
Year = 3 0.046∗∗∗ 0.023∗∗∗

(0.007) (0.008)
Year = 4 0.040∗∗∗ 0.040∗∗∗

(0.006) (0.012)
Year = 5 0.030∗∗∗ 0.022∗∗

(0.008) (0.010)

Observations 783,718 783,718
Dependent variable mean 0.052 0.052
R2 0.185 0.893

Director fixed effects ✓
Firm fixed effects ✓
Year-Sector fixed effects ✓
Director-Year fixed effects ✓
Firm-Year fixed effects ✓

Notes: The table reports the estimated coefficients from a linear probability model, where the
dependent variable is an indicator for director-firm severance in a given year. The coefficients
capture the termination probability of horizontal directors, who have lost a seat with a rival,
compared to their board peer as the omitted group. Observations are at the director-firm-
year level. The estimation includes fixed effects at the director-year and firm-year levels.
Standard errors, clustered by merger, are in parentheses.
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Table A.9: Horizontal interlocks and pairwise technological similarity

ρsection ρclass ρsubclass

(1) (2) (3)
Horizontal ×
Year = -5 0.016 -0.008 0.004

(0.033) (0.028) (0.022)
Year = -4 0.014 -0.012 0.010

(0.029) (0.021) (0.016)
Year = -3 0.004 -0.022 0.001

(0.029) (0.016) (0.012)
Year = -2 0.029 0.002 0.008

(0.020) (0.011) (0.008)
Year = 0 0.026 0.026∗ -0.006

(0.020) (0.014) (0.013)
Year = 1 0.055∗∗ 0.050∗∗∗ -0.008

(0.023) (0.019) (0.015)
Year = 2 0.015 0.022 -0.015

(0.032) (0.025) (0.016)
Year = 3 -0.015 0.027 -0.029

(0.040) (0.027) (0.021)
Year = 4 -0.045 0.019 -0.041∗

(0.042) (0.028) (0.021)
Year = 5 -0.015 0.018 -0.046∗

(0.037) (0.028) (0.024)

Observations 3,990 3,990 3,990
Dependent variable mean 0.310 0.210 0.123
R2 0.932 0.936 0.939

Firm fixed effects ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓

Notes: The dependent variable is the patent similarity between a given firm (‘shocked’)
and an acquired firm (‘shocking’) in a given year, defined as the pairwise patent correlation
following Bloom, Schankerman, and Van Reenen (2013). The table columns correspond to
varying granularity in the definition of similarity, from coarser to finer: section, class, and
subclass. Observations are at the firm-pair-year level. The estimation includes fixed effects
at the firm and sector-year levels. Standard errors, clustered by merger, are in parentheses.
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Table A.10: Horizontal interlocks and patenting, within class

Count Value
(1) (2)

Horizontal × Subclass ×
Year = -5 -2.42 -37.15

(1.69) (54.59)
Year = -4 -2.37 -46.75

(1.73) (54.92)
Year = -3 -2.11 -35.02

(1.80) (52.89)
Year = -2 -4.12∗∗ -56.62

(1.69) (53.32)
Year = 0 -1.97 -29.74

(2.09) (66.70)
Year = 1 -2.24 -53.00

(2.33) (85.66)
Year = 2 -5.14∗∗ -128.35∗

(2.20) (76.34)
Year = 3 -8.94∗∗∗ -266.81∗∗

(3.32) (112.37)
Year = 4 -6.40∗∗∗ -118.26∗

(1.87) (61.78)
Year = 5 -6.80∗∗∗ -215.65∗∗∗

(2.15) (73.13)

Observations 6,278,764 6,278,764
R2 0.983 0.738

Year-subclass fixed effects ✓ ✓
Firm-subclass fixed effects ✓ ✓
Firm-Year-class fixed effects ✓ ✓

Notes: The table reports the estimated βk coefficient from Equation 12, where the dependent
variable varies by column: cumulative patent count in column 1, and cumulative patent value
in column 2. Patent count is the number of unique patents issued by the firm in a given year
and subclass. Patent value is derived following Kogan et al. (2017). Observations are at
the firm-subclass-year level. The estimation includes fixed effects at the year-subclass, firm-
subclass, and firm-year-class levels. Standard errors, clustered by merger, are in parentheses.
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Table A.11: Horizontal interlocks and patenting, between sections and classes

Count Value
(1) (2)

Horizontal
× Section × Year = -5 1.02 (0.83) 32.06∗∗ (15.54)
× Section × Year = -4 1.21 (1.20) 34.48 (29.61)
× Section × Year = -3 0.78 (1.08) -23.44 (15.22)
× Section × Year = -2 -0.13 (1.04) 0.85 (15.31)
× Section × Year = 0 0.03 (1.05) -27.87∗∗ (13.82)
× Section × Year = 1 -0.16 (1.13) -26.24 (23.39)
× Section × Year = 2 -0.76 (1.29) -60.32∗ (35.32)
× Section × Year = 3 -1.54 (1.47) -42.25 (36.45)
× Section × Year = 4 -0.61 (1.10) 20.47 (23.76)
× Section × Year = 5 -4.39∗∗∗ (1.29) -28.04 (21.80)
× Class × Year = -5 0.43 (0.81) -67.77∗∗ (32.54)
× Class × Year = -4 -0.03 (1.03) -22.70 (31.03)
× Class × Year = -3 0.26 (1.07) 23.09 (22.17)
× Class × Year = -2 0.98 (0.98) 16.48 (21.21)
× Class × Year = 0 -0.38 (0.88) -2.62 (16.40)
× Class × Year = 1 0.67 (0.86) 30.39 (28.91)
× Class × Year = 2 1.51 (1.16) 58.68 (45.57)
× Class × Year = 3 3.98 (2.50) 130.48∗ (77.95)
× Class × Year = 4 1.72 (1.19) 30.45 (42.83)
× Class × Year = 5 2.53∗∗ (1.21) 57.61∗ (34.80)
× Subclass × Year = -5 -1.17 (3.95) -0.65 (140.36)
× Subclass × Year = -4 -3.30 (4.13) -8.39 (145.23)
× Subclass × Year = -3 -5.66 (4.03) -118.34 (112.85)
× Subclass × Year = -2 -10.29∗∗∗ (3.81) -37.31 (127.78)
× Subclass × Year = 0 -4.45 (4.95) -81.78 (115.95)
× Subclass × Year = 1 -5.08 (3.76) -220.73∗ (118.41)
× Subclass × Year = 2 -10.43∗∗ (4.60) -301.62∗ (166.57)
× Subclass × Year = 3 -14.60∗∗ (7.45) -394.84∗ (219.61)
× Subclass × Year = 4 -9.01∗ (4.90) -151.34 (115.06)
× Subclass × Year = 5 -13.07∗∗∗ (4.48) -412.78∗∗∗ (139.38)

Observations 6,278,764 6,278,764
R2 0.927 0.713

Year-subclass fixed effects ✓ ✓
Firm-subclass fixed effects ✓ ✓
Firm-Year fixed effects ✓ ✓

Notes: The table reports the estimated βk coefficient from Equation 12, where the dependent
variable varies by column: cumulative patent count in column 1, and cumulative patent value
in column 2. Patent count is the number of unique patents issued by the firm in a given year
and subclass. Patent value is derived following Kogan et al. (2017). Observations are at
the firm-subclass-year level. The estimation includes fixed effects at the year-subclass, firm-
subclass, and firm-year-class levels. Standard errors, clustered by merger, are in parentheses.
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specification, the results are noisier due to a significantly smaller sample size. We also observe
that the negative effect of interlocks on firm performance is more pronounced as we consider
narrower market definitions, which makes sense as those firms tend to be closer rivals - for
whom information is move valuable. Overall, the set of results is qualitatively identical to
the preferred specification, although less precise due to a significantly smaller sample size,
and it is unlikely that my results are driven by a particular market definition.
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Figure B.1: Comparison of market definitions. Panel A presents the share of horizontal interlocks
by industry definition. Panel B is a correlation matrix across standard industry definitions of
whether any given firm-pair belongs to the same industry.
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Table B.1: Robustness: industry definition, by NAICS digits

Cumulative ROA
Industry definition NAICS1 NAICS2 NAICS3 NAICS4 NAICS5 NAICS6

(1) (2) (3) (4) (5) (6)
Year = -5 0.029 0.004 0.011 0.013 0.022 0.141∗∗∗

(0.024) (0.025) (0.026) (0.027) (0.027) (0.038)
Year = -4 0.015 -0.006 0.005 0.004 0.009 0.084∗∗

(0.019) (0.023) (0.024) (0.024) (0.024) (0.033)
Year = -3 0.008 -0.009 -0.006 -0.012 -0.006 0.019

(0.016) (0.020) (0.022) (0.022) (0.022) (0.030)
Year = -2 0.016 0.001 0.004 0.004 0.007 0.017

(0.011) (0.017) (0.018) (0.020) (0.021) (0.022)
Year = 0 -0.012 -0.035∗ -0.034∗ -0.045∗∗ -0.041∗ -0.066∗

(0.011) (0.019) (0.020) (0.022) (0.022) (0.039)
Year = 1 -0.014 -0.037∗ -0.036∗ -0.046∗ -0.044∗ -0.049

(0.013) (0.020) (0.021) (0.024) (0.023) (0.032)
Year = 2 -0.016 -0.036∗ -0.030 -0.039 -0.041∗ -0.040

(0.017) (0.021) (0.022) (0.025) (0.024) (0.041)
Year = 3 -0.010 -0.032 -0.030 -0.040 -0.042 -0.033

(0.022) (0.024) (0.026) (0.029) (0.029) (0.047)
Year = 4 -0.016 -0.041 -0.039 -0.052 -0.053 -0.056

(0.028) (0.026) (0.029) (0.033) (0.033) (0.061)
Year = 5 -0.015 -0.039 -0.039 -0.057∗ -0.046 0.007

(0.034) (0.029) (0.032) (0.033) (0.032) (0.081)

Observations 17,689 17,689 17,689 17,689 17,689 17,688
R2 0.912 0.912 0.912 0.912 0.912 0.911

Firm fixed effects ✓ ✓ ✓ ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓ ✓ ✓ ✓

Notes: The table reports the estimated βk coefficient from Equation 8, with industries defined
by NAICS codes: 1-digit in column (1) through 6-digits in column (6). The dependent
variable is cumulative ROA. Observations are at the firm-year level. The estimation includes
fixed effects at the firm and sector-year levels, and corrected for dynamic heterogeneity in
the treatment effects. Standard errors, clustered by merger, are in parentheses.
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Table B.2: Robustness: industry definition, by GIC digits

Cumulative ROA
Industry definition GIC2 GIC4 GIC6 GIC8

(1) (2) (3) (4)
Year = -5 0.022 0.089∗∗ 0.084∗∗ 0.031

(0.026) (0.042) (0.041) (0.031)
Year = -4 0.013 0.084∗∗ 0.082∗∗ 0.030

(0.021) (0.038) (0.037) (0.025)
Year = -3 0.007 0.073∗∗ 0.072∗∗ 0.022

(0.016) (0.033) (0.033) (0.023)
Year = -2 0.010 0.078∗∗∗ 0.077∗∗ 0.028

(0.011) (0.030) (0.030) (0.022)
Year = 0 -0.025∗∗ 0.030 0.026 -0.025

(0.011) (0.026) (0.025) (0.023)
Year = 1 -0.041∗∗∗ 0.017 0.015 -0.039

(0.014) (0.026) (0.025) (0.024)
Year = 2 -0.061∗∗∗ 0.002 -0.003 -0.057∗∗

(0.018) (0.026) (0.025) (0.024)
Year = 3 -0.068∗∗∗ -0.001 -0.005 -0.050∗

(0.023) (0.027) (0.026) (0.027)
Year = 4 -0.080∗∗∗ -0.003 -0.006 -0.056∗∗

(0.030) (0.029) (0.029) (0.028)
Year = 5 -0.085∗∗ -0.006 -0.016 -0.060∗

(0.036) (0.031) (0.031) (0.032)

Observations 17,212 17,212 17,212 17,212
R2 0.912 0.912 0.912 0.912

Firm fixed effects ✓ ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓ ✓

Notes: The table reports the estimated βk coefficient from Equation 8, with industries defined
by GIC codes: 2-digits in column (1) through 8-digits in column (4). The dependent variable
is cumulative ROA. Observations are at the firm-year level. The estimation includes fixed
effects at the firm and sector-year levels, and corrected for dynamic heterogeneity in the
treatment effects. Standard errors, clustered by merger, are in parentheses.
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Table B.3: Robustness: industry definition, by SIC digits

Cumulative ROA
Industry definition SIC2 SIC3 SIC4

(1) (2) (3)
Year = -5 0.065∗ 0.078∗∗ 0.078∗∗∗

(0.033) (0.031) (0.030)
Year = -4 0.029 0.036 0.027

(0.028) (0.029) (0.028)
Year = -3 0.011 0.015 -0.001

(0.021) (0.025) (0.024)
Year = -2 0.012 0.023 0.008

(0.014) (0.020) (0.020)
Year = 0 -0.025 -0.011 -0.046

(0.021) (0.033) (0.032)
Year = 1 -0.043∗ -0.024 -0.055∗

(0.023) (0.034) (0.028)
Year = 2 -0.066∗∗ -0.050 -0.082∗∗

(0.028) (0.040) (0.032)
Year = 3 -0.039 -0.031 -0.058

(0.035) (0.045) (0.043)
Year = 4 -0.063 -0.061 -0.090∗

(0.045) (0.054) (0.050)
Year = 5 -0.070 -0.079 -0.118∗∗

(0.056) (0.066) (0.056)

Observations 17,689 17,689 17,689
R2 0.912 0.912 0.912

Firm fixed effects ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓

Notes: The table reports the estimated βk coefficient from Equation 8, with industries defined
by SIC codes: 2-digits in column (1) through 4-digits in column (3). The dependent variable
is cumulative ROA. Observations are at the firm-year level. The estimation includes fixed
effects at the firm and sector-year levels, and corrected for dynamic heterogeneity in the
treatment effects. Standard errors, clustered by merger, are in parentheses.
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C Director deaths

Unlike the severance of interlocks due to mergers, director deaths subject a firm to shocks
on multiple fronts. With the death of a director, the firm simultaneously loses the expertise,
guidance and decision-making of a board member, as well as his connections and network
of business ties. All important — and confounding — determinants of firm performance.
Moreover, directors who remain on the board until death are likely different from those who
choose to resign or retire beforehand, and the death of a director may be correlated with
unobserved director or firm characteristics that affect performance. This fact introduces an
omitted variable bias in the estimation of the effect of interlocks on firm performance, whose
sign is ambiguous: it could be that the best directors are the ones who remain on the board
until death and whose loss is particularly impactful, causing me to over-estimate the average
effect; or it could be that the worst directors are the ones to die on the job, having worse
outside options, causing me to under-estimate the average effect. These shortcomings lead
me to prefer merger-shocks as the main source of variation in interlocks. However, director
deaths are still a useful source of variation to complement the main analysis, which I explore
in this section.
Table C.1 presents summary statistics for the sample of directors who died while serving on
the board of a public firm. The average director is just over 71 years old at the time of death,
sits on 1.3 concurrent boards, and had previously held about 2.5 other board appointments,
serving an average tenure of 13.5 years per board. 95% of the directors are men, 36% hold
bachelor’s degrees, 15% hold master’s degrees, and 5% hold doctorates.

Table C.1: Summary statistics of director characteristics. The sample includes only directors
who died while holding board seats. The table reports the mean, standard deviation, and select
percentiles of directors’ age at death, indicators for sex and highest educational attainment, the
number of previous board appointments, years served on each, and the number of currently held
board positions.

Obs Mean Std. dev. Median 5% 95%
Age at death 1218 71.38 10.24 71.28 54.71 87.44
Male 1224 0.95 0.22 1.00 1.00 1.00
Bachelor 1225 0.36 0.48 0.00 0.00 1.00
Master 1225 0.15 0.36 0.00 0.00 1.00
Doctorate 1225 0.05 0.23 0.00 0.00 1.00
Previous boards 1223 2.42 2.37 1.00 1.00 7.00
Tenure per board 1087 13.51 12.01 10.10 1.30 40.04
Current boards 1224 1.28 0.71 1.00 1.00 3.00

Table C.2 provides a break-down of the summary stats, by the type of interlock each direc-
tor represented at the time of death: none, non-horizontal only, and horizontal interlocks.
Director who die holding just a single board appointment tend to be slightly older, with
lower academic credentials, and fewer previous board appointments. However, they tend to
serve much longer periods on each board. These differences are consistent with the idea that
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directors who die on the job are less qualified and have fewer outside options, and therefore
are more likely to hold just a single board appointment. At the same time, those could also
be founders or heads of their own firms, who are more likely to hold just a single board
appointment, even if only symbolically. Comparing directors who die holding horizontal
interlocks to those who die holding non-horizontal interlocks, they are remarkably similar.
The former tend to have slightly higher academic credentials, fewer previous board appoint-
ments, and serve shorter periods on each board. Importantly, they serve on more concurrent
boards, which would suggest that their death is more likely to have a larger impact on firm
performance, severing a greater number of interlocks.

Table C.2: Mean director characteristics by severed interlock type. The sample includes only
directors who died while holding board seats, split into columns by what kind of interlocks their
death had severed: none, non-horizontal, and horizontal. The table reports the mean age at death,
indicators for sex and highest educational attainment, the number of previous board appointments,
years served on each, and the number of currently held board positions.

var Hor. interlocks No hor. interlocks No interlocks
Age at death 69.57 69.60 71.82
Male 0.93 0.92 0.96
Bachelor 0.50 0.51 0.32
Master 0.25 0.23 0.13
Doctorate 0.09 0.05 0.05
Death year 2012.98 2010.42 2010.05
Previous boards 4.91 5.00 1.80
Tenure per board 9.28 9.79 14.15
Current boards 2.55 2.42 1.00
Obs 56.00 181.00 987.00

Next, I repeat the empirical exercise from Section 5, with slight modifications to account for
directors dying having no interlocks, only non-horizontal, or horizontal ones. I estimate the
effect of director deaths on firm performance using the following equation:

Cum. ROAjt =
5∑

k=−5
αkI[τjt = k]

+
5∑

k=−5
βkI[τijt = k] × Any interlockij

+
5∑

k=−5
γkI[τijt = k] × Any interlockij × Hor. interlockij

+ Xjtδ1 + Xitδ2 + νi + µj + ξst + εjt

(14)

Where Cum. ROAjt is the cumulative ROA of firm j in year t, I[τjt = k] is an indicator
function that equals 1 if t is k years away from the year of death, Any interlockij is a dummy
variable that equals 1 if director i creates any interlocks for firm j, Hor. interlockij is a
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dummy variable that equals 1 if director i creates horizontal interlocks for firm j, Xjt and
Xit are, respectively, firm-year and director-year characteristics, µi and µj are, respectively,
firm and director fixed effects, ξst are sector-year fixed effects, and εjt ∼ N(0, 1) is an iid
error term.
I summarize the results in Figure C.1, where the three panels correspond to the αk, βk, and
γk coefficients, separately capturing the effect of a director (panel A), the effect of interlocks
(panel B), and the effect of horizontal interlocks (panel C) on returns. We see that for
firms whose director died having no interlocks, returns essentially remain the same in the
following years. Perhaps surprising, the null effect could represent the sum of contrasting
effects, as older directors may provide valuable expertise, but also be entrenched and hurt
innovation, for example. This could be explained by deaths often being anticipated, and firms
preemptively creating redundancy in a given director’s role and responsibilities. Similarly,
when that death severs non-horizontal ties, returns are overall unaffected. If anything,
returns experience a slight upward trend in the following years. This result is consistent with
recent findings in the literature, which document a detrimental effect of director busyness
on firm performance: skilled directors are in high demand and therefore tend to be both
well-connected and less attentive. A loss of such a director negatively affects performance
due to severed ties, but positively due to a more attentive replacement. On the other hand,
the death of horizontal directors decreases returns by 6-7pp and the effect persists for at
least 2-3 years. This result is consistent with the main findings both in sign and magnitude,
as the average horizontal director in the sample holds 2.5 concurrent board appointments,
yielding roughly a 4pp decrease in returns per interlock. Contrasting the last two results,
and especially the difference in the sign of the effect, implies that the value of horizontal
interlocks greatly outweighs the cost of lower director effort. Tables C.3 and C.4 report the
above results in more detail.
Overall, these results suggest that the negative effect of director deaths on firm performance
is primarily driven by the loss of horizontal interlocks. In the absence of such, deaths do not
seem to have a meaningful effect on returns. Using deaths instead of mergers as a source of
variation in interlocks, I find a positive effect of interlocks on firm performance, corroborating
the main results from Section 5.
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Figure C.1: The effect of directors and interlocks on returns. This figure plots regression estimates
from Equation 14. Panel A presents coefficients from a TWFE specification, and panel B applies
the SA correction. Observations are at the firm-year level. Year dummies are relative to the year
of a director’s death. The estimation includes firm and sector-year fixed effects. Standard errors,
clustered by merger, are in parentheses. See Tables C.3 and C.4 for more detail.
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Table C.3: Director deaths and interlocks: the effect on returns, TWFE

Cumulative ROA
Interaction term None Any interlock Hor. interlock

(1) (2) (3)
Year = -5 0.07 -0.11∗ 0.06

(0.04) (0.06) (0.11)
Year = -4 0.06∗∗ -0.07∗∗ 0.01

(0.02) (0.03) (0.06)
Year = -3 0.02 0.00 0.02

(0.02) (0.02) (0.05)
Year = -2 0.01 0.00 0.00

(0.01) (0.02) (0.03)
Year = 0 0.00 0.03 -0.07∗∗∗

(0.01) (0.02) (0.02)
Year = 1 -0.02 0.02 -0.10∗∗

(0.02) (0.03) (0.04)
Year = 2 -0.02 0.02 -0.09

(0.02) (0.03) (0.06)
Year = 3 -0.01 -0.01 -0.08

(0.03) (0.04) (0.07)
Year = 4 -0.01 0.02 -0.10

(0.03) (0.05) (0.09)
Year = 5 -0.04 0.07 -0.08

(0.06) (0.07) (0.15)

Observations 11,513 11,513 11,513
R2 0.909 0.909 0.909

Firm fixed effects ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓
Firm characteristics ✓ ✓ ✓
Director characteristics ✓ ✓ ✓

Notes: Observations are at the firm-year level. The estimation includes firm and year fixed
effects. Standard errors, clustered by merger, are in parentheses.
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Table C.4: Director deaths and interlocks: the effect on returns, SA-adjusted

Cumulative ROA
Interaction term None Any interlock Hor. interlock

(1) (2) (3)
Year = -5 0.02 -0.02 -0.04

(0.02) (0.03) (0.05)
Year = -4 0.03 -0.02 -0.02

(0.02) (0.02) (0.05)
Year = -3 0.02 0.01 0.01

(0.01) (0.02) (0.03)
Year = -2 0.00 0.00 0.00

(0.01) (0.01) (0.02)
Year = 0 0.00 0.00 -0.06∗∗∗

(0.01) (0.01) (0.02)
Year = 1 -0.02 -0.02 -0.13∗∗∗

(0.01) (0.02) (0.03)
Year = 2 -0.01 0.00 -0.10∗∗

(0.02) (0.02) (0.04)
Year = 3 0.00 -0.01 -0.11∗∗

(0.03) (0.03) (0.05)
Year = 4 0.01 0.02 -0.11

(0.03) (0.03) (0.07)
Year = 5 0.00 0.04 -0.06

(0.04) (0.04) (0.08)

Observations 11,513 11,513 11,513
R2 0.910 0.910 0.910

Firm fixed effects ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓
Firm characteristics ✓ ✓ ✓
Director characteristics ✓ ✓ ✓

Notes: Years are relative to director death. Observations are at the firm-year level. The
estimation includes firm and year fixed effects. Standard errors, clustered by merger, are in
parentheses.
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D Robustness

D.1 Standard errors

Table D.1: Robustness: standard error clustering

Cumulative ROA
(1) (2) (3) (4)

Year = -5 0.0300 0.0300∗ 0.0300 0.0300
(0.0193) (0.0145) (0.0235) (0.0228)

Year = -4 0.0028 0.0028 0.0028 0.0028
(0.0150) (0.0157) (0.0188) (0.0183)

Year = -3 -0.0107 -0.0107 -0.0107 -0.0107
(0.0110) (0.0148) (0.0147) (0.0143)

Year = -2 0.0027 0.0027 0.0027 0.0027
(0.0068) (0.0087) (0.0089) (0.0081)

Year = 0 -0.0337∗∗∗ -0.0337∗∗∗ -0.0337∗∗∗ -0.0337∗∗∗

(0.0073) (0.0078) (0.0108) (0.0096)
Year = 1 -0.0314∗∗∗ -0.0314∗∗ -0.0314∗∗ -0.0314∗∗

(0.0095) (0.0130) (0.0145) (0.0131)
Year = 2 -0.0382∗∗ -0.0382∗∗ -0.0382∗∗ -0.0382∗∗

(0.0135) (0.0142) (0.0175) (0.0163)
Year = 3 -0.0342∗ -0.0342 -0.0342 -0.0342∗

(0.0172) (0.0211) (0.0213) (0.0204)
Year = 4 -0.0398∗ -0.0398∗ -0.0398 -0.0398

(0.0208) (0.0203) (0.0246) (0.0243)
Year = 5 -0.0325 -0.0325 -0.0325 -0.0325

(0.0268) (0.0285) (0.0312) (0.0314)

Standard-Errors Firm & Year Sector & Year Firm & Year-Sector Acquired firm
Observations 37,429 37,429 37,429 37,429
R2 0.908 0.908 0.908 0.908

Firm fixed effects ✓ ✓ ✓ ✓
Year-Sector fixed effects ✓ ✓ ✓ ✓

Notes: The table repeats the main analysis, varying how standard errors are clustered:
columns (1) through (4) correspond to clustering at the firm and year, sector and year, firm
and sector-year, and merger levels.

D.2 Rival mergers

D.3 Treatment effect heterogeneity
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Figure D.1: The effect of rival mergers on returns, by interlocks. The figure plots the effect of
a rival’s exit through acquisition on cumulative ROA, in percentage points, for interlocking and
non-interlocking firms.
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Figure D.2: Correction for treatment heterogeneity. The figure plots the effect of horizontal inter-
locks on cumulative ROA, in percentage points, for the TWFE and SA estimators. The truncated
TWFE model omits observations that are more than 5 years away; the winsorized instead encodes
those observations as being at the cutoff.
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