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CLIMBING ATOP THE SHOULDERSOF GIANTS:
THE IMPACT OF INSTITUTIONSON CUMULATIVE RESEARCH

ABSTRACT

While the cumulative nature of knowledge is recagdias central to economic growth,
the microeconomic foundations of cumulativeness lass understood. This paper
investigates the impact of a research-enhancingitutisn on cumulativeness,
highlighting two effects. First, a selection effetay result in a high correlation between
“high-quality” institutions and knowledge of higmtrinsic quality and longevity.
Second, an institution may have a marginal impacin-incremental influence on
cumulativeness, conditional on the type and qualitynowledge considered. This paper
distinguishes these effects in the context of ecifipeinstitution, biological resource
centers (BRCs). BRCs are ‘living libraries” thatitlzenticate, preserve, and offer
independent access to biological materials, suatels, cultures, and specimens. BRCs
may enhance the cumulativeness of knowledge bycnmeguthe marginal cost to
researchers of drawing on prior research effolf¢e exploit three key aspects of the
environment in which BRCs operate to evaluate hiogy taffect the cumulativeness of
knowledge: (a) the impact of scientific knowledge reflected in future scientific
citations, (b) deposit into BRCs often occurs véthubstantial lag after initial research is
completed and published, and (c) “lagged” depasien result from shocks unrelated to
the characteristics of the materials themselvesipl&ying a difference-in-differences
estimator linking specific materials deposits torjal articles, we find evidence for both
selection effects and the marginal impact of BR@84he cumulativeness of knowledge
associated with deposited materials. Moreoverntheginal impact increases with time
and varies with the economic and institutional é¢ads in which deposit occurs.



“If I have been able to see further, it was onlgdagse | stood on the shoulder of giants.”
Isaac Newton, 1676

l. INTRODUCTION

At least since the development of scientific seegeand related research institutions in
the 17" century, the centrality of cumulativeness in stifienand technical advance has been
recognized. However, from the perspective of economic theonynulativeness has only been
incorporated recently, in models of endogenous @wan growth [Romer, 1990; Grossman and
Helpman, 1991; Jones, 1995] and step-by-step teahprogress within industries [Scotchmer,
1991; Gallini and Scotchmer, 2003]. In order toveeas a foundation for long-term growth,
scientific research and technological progress rewstt a positive intertemporal spillover; as
Jones [1995] emphasizes, to avoid diminishing nstdo research investments, research itself

must “stand on the shoulders” of prior knowledge.

Though extremely insightful in deriving the implitas of cumulativeness for related
economic variables (such as the equilibrium grosatle or the incentives for innovation), these
models do not articulate the conditions that reBuld cumulative research environment. For
example, as Mokyr [2002] elegantly and persuasiaetyies, the mere production of knowledge
does not guarantee that others will be able toaéixppl Effective diffusion of knowledge across
researchers and over time requires that individaedsaware of extant knowledge and pay the
costs of accessing that knowledge. Further, sangeindividual researcher only captures a small
share of the benefit from the process of certiffitngwledge and making it accessible, there may
be a significant gap between the private and saefirns associated with investments that
contribute to the diffusion of scientific knowledg®verall, then, the ability of a society to stand
on the shoulders of giants depends not only oratheunt of knowledge it generates, but on the
quality of mechanisms for storing knowledge, thdelity of knowledge, and the costs of

accessing knowledge.

1 Though certainly not the first example, Newtorgsognition of cumulativeness is (famously) recegdiin his classic 1676
letter to scientific rival Robert Hooke in the cextt of a dispute over the nature of light: “Whats$ECartes did was a good
step. You have added much several ways, & espgaiedbking ye colours of thin plates unto philobaal consideration. If |
have seen further it is by standing on ye sholdéGiants.” Economic historians and economistsechnical change, most
notably Nathan Rosenberg (1963), highlighted thréraéty of cumulativeness in economic growth Idmefore this idea was
incorporated into formal models. As well, theeraf institutions in promoting the explosion of esttific research in 17
century England is the cornerstone of Merton’s sairgontributions to the sociology of science (Mert1957; 1973), which
itself has served as a foundation for the “newneepics of science (Dasgupta and David, 1994).



Institutions and public policy are often suggesésdcentral to the cumulative process.
Social scientists face a considerable challengeielier, in assessing the extent to which any
particular institution influences the way in whittte “knowledge stock” is created, maintained,
and extended. It is empirically difficult to istéathe impact of a particular piece of knowledge
from the impact of the particular institution in wwh it is embedded, although the two are
conceptually distinct. Two forces may be at workirst, a selection effect may result from a
high correlation between “high-quality” institutisrand knowledge of high intrinsic quality.
However, for policy analysis, we are often moreeiiasted in themarginal impact of an
institution — the incremental influence of an ihgibn on cumulativeness, conditional on the
nature and quality of knowledge embodied in it. thdut an identification strategy capable of
isolating selection and marginal effects, reseas@mining the role of institutions on knowledge

diffusion will confound these two effects.

The main contribution of this paper is to provideedt statistical evidence of the impact
of a specific institution — biological resource s (BRCs) — on the cumulativeness of
knowledge, distinguishing the marginal impact o thstitution from the effect of selection into
that institution. Although this class of organiratappears to be vitally important to research in
the life sciences, their economic functions andtrdoations to knowledge spillovers have not
received substantial attention from economists.CBRollect, certify, and distribute biological
organisms for use in biological research and indé&eelopment of commercial products in the
pharmaceutical, agricultural and biotechnology stdas. BRCs maintain large and varied
collections of biological materials, including céites, microorganisms, and DNA material, and
distribute tools that allow researchers to access exploit these materials. More than five
hundred BRCs, cataloging more than 1.3 million éggo(principally bacteria, fungi, viruses,
and cell lines) are registered with the World D&@enter for Microorganisms [WFCC, 2006].
The American Type Culture Collection (ATCC), thegest BRC in the United States, distributes
more than 250,000 materials annually [Stocker, PO@6merous smaller collections serve
specific research communities, including the Pl&gnetic Resources Conservation Unit
(PGRCU), which annually distributes more than 36,08eed, tissue culture, and clonal
accessions [Pederson, 2005]. The apparent impertahsuch institutions to the life sciences
derives from the importance of using certified egsh materials in life science research: The

ability to build upon existing knowledge in theelisciences depends on access to the cells,



cultures, and specimens used in prior researchvélisas certainty about the fidelity of those
materials. BRCs constitute but one of a numbeltefnative institutional arrangements through
which scientists can obtain materials for resegatposes; however, the unique functions of
these institutions in preserving, certifying, amdwating biomaterials materials have convinced
numerous scientists of their fundamental importatec@rogress in the life sciences [Hunter-
Cevera, 1996; OECD, 2001; Smith, 2003].

At a broad level, our analysis contributes to ustierding the microfoundations of
knowledge accumulation, which plays an importat¢ o leading to ideas-driven growth. More
specifically, our empirical approach extends rec#utlies using citation analysis to investigate
the impact of institutions and technological comitiaa on the cumulativeness of discovery and
innovation [Jaffe, et al, 1993; Griliches, 1998)/e exploit three aspects of our empirical setting
to develop and implement a differences-in-diffees@stimate of the impact of BRCs on
knowledge spillovers. First, in most cases, eaatenal deposited in a BRC is associated with a
journal article that describes its initial chara@ation and application. Second, for specific
types of BRC deposits, there is a significant lagMeen that initial article and its deposit into a
BRC, and, in certain cases, the transfer of thenas was motivated by factors unrelated to the
extent of their use. Specifically, we examine theposit of materials into BRCs that are
associated with “special collections” that are $farredin toto from smaller collections from
which they had previously circulated into a maj®@ as a result of either the departure of a
principal investigator or in response to institntide funding difficulties unrelated to the
culture collection itself. Third, we take advardagf the fact that each of the special collections
we analyze was a unified collection prior to depasid was transferred as a group. Thus, the
institutional shock is consistent for every matemathin a collection, and any systematic
differences in the impact of that shock on futurewledge diffusion can be linked to the

characteristics of the materials themselves.

In our empirical analysis, we focus on these “salecollections” and evaluate whether
articles associated with BRC deposited materiateive a boost in citations after deposit has
occurred (after accounting for an article-spediti@d effect, and controlling for age and year
fixed effects). In so doing, we are able to sefgdyadentify the role of selection (the likelihood
that materials deposited into BRCs are associatddimtrinsically important research) from the
marginal impact of BRCs (the impact of BRCs in emiag diffusion, controlling for the



intrinsic importance of that knowledge). Our agmio builds on the considerable advances that
have been made in recent years in evaluating differs-in-differences estimation [Bertrand,
Duflo, Mullainathan, 2004]. Beyond our main speeaifions, we are able to provide a series of

checks of our identification assumptions that r@ioé our overall approach.

Our results provide strong empirical support fothbihie selection effect and the marginal
impact of BRCs. Even in the period before theitenals are accessible through a BRC, those
research articles that are ultimately linked to BR&perience nearly double the citation rate
compared to a set of control articles drawn fromsame journal and published in the same year.
Even if the marginal impact of BRCs were to be zénes result is important, as it suggest that
the particular institution we study identifies apteserves materials that are, themselves, of
greater than average importance in the life scence fact, if the selection effect were not
positive and significant, we may worry that a pagdnadvertising’ effect of BRCs may lead
less important materials to be circulated. Coodal on materials becoming accessible through
a BRC, their associated articles then experiensgmificant citation boost. The size of this
boost ranges from just over 50% to more than 126fésa the key specifications. In addition,
this citation boost persists and, indeed, grows tuge. This finding is consistent with the role
of BRCs in helping to preserntbe accessibility of knowledge for future reseagemerations.
While most articles are swiftly forgotten, the &atf forgetting” associated with BRC-affiliated
articles is substantially after accession. Talagether, these results suggest that, relative to
alternative institutions, BRCs play an economicatdlignificant role in the intertermporal

diffusion of knowledge in the life sciences.

To understand the mechanisms that drive this ressltfurther investigate whether the
impact of BRC deposit depends on the economicgiitutional conditions under which deposit
occurs. We provide suggestive evidence that theefiie to BRC deposit ariskoth from a
reduction in the “transactional” costs of accessmgterials and an increase in the degree of
certification associated with deposited materi@gpecifically, we take advantage of the fact that
different deposits in the same collection expemeasimilar “shock” in transaction costs, except
for the differences in the prices charged by theCBBr different materials, and differences in
theex antedegree of perceived quality of those materialsr @sults suggest that the impact of

BRC deposit on future citations is lower for ma&yithat are made available at higher prices,



and the citation boost is higher for articles agged with non-US authors (where the returns to

certification may be higher).

The remainder of the paper proceeds as followstidell discusses the role of research-
enhancing institutions in knowledge diffusion. @@t Il describes BRCs, focusing on the
mechanisms by which these institutions lower the&t end increase the “tightness” of knowledge
over time. Section IV outlines a differences-iffefiences framework for identifying the impact
of BRCs on knowledge diffusion. Sections V and &View the data and present the empirical

results, respectively. A final section concludes.

. THE IMPACT OF RESEARCH-ENHANCING INSTITUTIONS ON THE
DIFFUSION OF KNOWLEDGE

The dynamic accumulation of knowledge has becomendral issue to many different
areas of economic research. Institutions and pupblicy are often suggested as key
determinants of the ability of an economy to sustaumulative knowledge production
[Rosenberg, 1963, 1979; Heller and Eisenberg, 1D88id, 2001; Mokyr, 2002]. The diffusion
of knowledge over time depends on institutions tfeatlitate low-cost knowledge transfer
among researchers and over research generatiogstutions may lower the costs of access to
useful knowledge by enhancing “the technology afeas, the trustworthiness of the sources,
and the total size of the [stock of knowledge ahiiet natural phenomena and regularities]”
[Mokyr, 2002, p. 8 We refer to economic institutions that promote tumulativeness of the
research process (through one or more of theseanisths) asesearch-enhancing institutions

Over the past two decades, a great deal of queditand quantitative economic research
has investigated specific research-enhancing utistits, often with the objective of
documenting the presence of knowledge spillo¥e&hile the attempt to identify and measure
knowledge production and diffusion is inherentlyfidult [Griliches, 1990], a sophisticated

empirical literature has emerged recently thatngts to identify the impact of particular

2 put another way, “Progress in exploiting the tixisstock of knowledge depends first and forenamsthe efficiency and cost
of access to knowledge” (Mokyr, 2002, p. 7). Whwe focus on the role of formal knowledge-sharingtitutions,
substantial (and ever-increasing) human capitatstments in specialized scientific and engineekimpwledge are perhaps
the single most important barrier to discoveryhatfrontier (B. Jones, 2003).

% While systematic empirical evidence is more réctire linkage between institutions and cumulatéssnhas been emphasized
at least since Vannevar Bush’s 1945 policy marofeStience: The Endless FrontieNelson (1959) and Arrow (1963) built
on Bush’s compelling articulation of the role ofkiaresearch in economy-wide prosperity to iderttify public goods nature
of basic research and the case for public investmbtore recently, the national innovation systditesature (as pioneered
by, among others, Nelson, 1993) emphasizes theofalesearch-enhancing institutions in mediatinggyaphically-localized
knowledge spillovers.



institutions on the extent of knowledge spillover3his research often employs citations to
academic papers or granted patents to estimatéentlvence of prior knowledge on current
advance$. Perhaps no research-enhancing institution has imeee intensively studied than the
university. For example, Jaffe et al [1993; 1988amine whether university patents receive
citations at a significantly higher rate and witgrsficantly greater geographical scope than a
group of “control” patents drawn from similar geaghic and technological areas. More
recently, Branstetter [2003] reviews patterns déptcitations to academic research papers, and
finds that spillovers from academic science to camualized inventions occurs in a limited set
of technological fields and geographic areas. A&#,\rior studies have investigated the role of
specific policies, such as the Bayh-Dole Act or 8teengthening of patent rights in Japan
[Mowery et al., 2001; Mowery and Ziedonis, 2002k&8abara and Branstetter, 2001]. The
“search for spillovers” has extended its reach bdyaniversity and IP law, now including
studies of R&D consortia [Irwin and Klenouw, 199Branstetter and Sakakibara, 2002], the
national laboratories [Jaffe and Lerner, 2001),tuen capital (Kortum and Lerner, 2000], and
patent pools [Lerner and Tirole, 2003], among atRer

While this prior literature has established a cles®irical association between research-
enhancing institutions and the impact of scientdied technical knowledge (as reflected in
higher rates of citations to papers and patenspedtively), prior research has not been able to
disentangle whether these institutions facilitatenalativenessper se or whether they are
simply linked to knowledge which has a higher mgic impact. In the terminology of the
program evaluation literature, prior research cip8 theselection effect (high quality
institutions are simply associated with high qyakhowledge) with themarginal impact of
those institutions on knowledge diffusion. For mpde, university patents may be more highly
cited (relative to a control group of patents gatest by industrial-based laboratories) because

the research reflected in the patent is more fumedah or because the norms of disclosure and

While citations are certainly not the only meagsvhich we can measure the cumulative impactgif’an piece of scientific
research, citations are a useful though noisy atdicof the exploitation of knowledge by subsequesearchers (and are
likely more informative in the life sciences than social science disciplines such as economis®aplogy). Most research
papers in the life sciences are short and focwsigd,few extraneous references to literatures bdytbose directly impacting
the specific results described. As a result, ttecpal rationale for the inclusion of a citatiéor a paper associated with a
BRC deposit is when the material is explicitly used follow-on experiment, or the experiment issely connected to the
research findings and knowledge linked to that $icematerial.

It is useful to note that a sociological liter&ihas also developed, focusing on whether thétyabil a researcher to draw
upon others’ knowledge is linked to their parti¢ipa and position within specific social networkswhich that knowledge is
embedded (Powell, 1998; Rosenkopf and Tushman,)18880on the norms of use associated with that ledye (Sorenson
and Fleming, 2004).



openness associated with a university contributedce effective diffusion of that knowledge.

In other words, the long-term impact of knowledgpehds not only on its importance but on its
linkage to institutions that facilitate low-costdwledge diffusion. The remainder of this paper
is devoted to disentangling these two effects m ¢bntext of a specific research-enhancing

institution, biological resource centers.

I[11. BIOLOGICAL RESOURCE CENTERS AND CUMULATIVE RESEARCH IN
THE LIFE SCIENCES®

IlI.LA. The Problem of Authenticated Biomaterialshé& Advance of Life Sciences

Compared with many other scientific and technolalgiareas, research in the life
sciences has developed dramatically in the lagirabdecades. While scientific opportunity has
likely played an important role in these advandties life sciences have also benefited from their
ability to address a number of the constraints thay otherwise limit step-by-step progress.
One of the central constraints on the capacityffefskcience research to advance knowledge is its
ability to maintain the integrity of shared biomadés. Because lines of inquiry in life sciences
require building on the advances of others, rebeascoften must rely on research materials
initially generated in other laboratories. Equalfgllow-on research even within the same
laboratory or set of labs requires exact replicatiof research materials used in prior
experiments. Without an effective system to endine the materials used in particular
experiments are exactly the materials that reseescbelieve they are using, advances in
microbiological research would be limited.

Though seemingly simple, this straightforward peoblhas bedeviled the life sciences
research community since the advent of transpatdddbmaterials in the 1950s. Before
researchers grasped the importance of biomatdrtlty (and before verification techniques
were developed and widely understood), it was tlemn for researchers to exchange
biomaterials through peer-based networks. As a&emqurence, a surprisingly large share of the
materials exchanged between labs became contaxhimath other cell lines or otherwise
misidentified. Precisely such a problem cast doolr thousands of individual research
findings, including the research of Nobel Prizewig scientists and other researchers around

the world in series of revelations in the 19704 ttecame known as the “HelLa scandals” [Gold,

6 Stern (2004) provides a more thorough descriptiatie functions and history of BRCs. See, aldypess (2003) and OECD
(2001) for an introduction to BRC functions andipplssues.



1986]. Although the most well-known cases of nesitification were uncovered during the
1970s, some researchers argue that a substaatéibfr (more than 20%) of current cell lines
are misidentified [MacLeod, et al, 1999] and thadusands of published articles each year
employ such misidentified cell lines [Masters, 2D02

In addition to concerns about the prospect thatciaisacterized materials may yield
errors in research, uncertainty about the fidalitypiomaterials alone can result in considerable
research delays, as scientists must undertakeasuiastefforts to verify each of the materials
they employ. Thus, the rate of advance in the difences depends critically on researchers’
confidence in the authenticity and purity of theiaterials.

It is important to emphasize that the problem ofintaéning the fidelity of research
materials is not principally a technological orestific problem but is driven by the economics
of research incentives. Whereas individual scémtihave few incentives to engage in
replication and validation activities, researcher® have published specific findings may find it
worthwhile to limit scrutiny of their results. Thgh a robust system for validating experimental
research is in the interest of all scientists, vitlial researchers have few incentives to
contribute to this outcome. Because the integsftyhe scientific process is a public good, an

institutional response is crucial for addressing groblem.

[I1.B. Institutional Arrangements for Sharing Biaterials

Several alternative institutional arrangements texa collecting, certifying, and
circulating biological materials, including peergeer networks, for-profit culture collections,
private culture collections, and biological res@ucenters.

Peer-to-peer networks consist of informal exchangesong researchers and are
dependent on research laboratories maintainingireultollections and fulfilling requests by
other researchers for distribution. In some casesgarchers may maintain small personal
collections of materials used in current work; they cases, researchers maintain modest-sized
collections of materials that they store and exgeargularly with colleagues within and across
their institution. In a “pure” peer-to-peer netkpit is impossible to require researchers to
exchange materials and initial discoverers mayehectant to offer access to researchers whose
experiments could undermine the value of the iniwark. At the very least, peer-to-peer

transactions require that researchers who wanséoparticular research materials contact, and,



occasionally, negotiate with the initial develomdrthe material. In some cases, negotiations
over access to materials, such as lab data, orlice may be conditional on the recipient

extending an offer of co-authorship or some otimeemtive. In other cases, the transfer of
materials may be dependent upon the recipient exgyede the terms of a Materials Transfer

Agreement. The problem of verification may alscsbbstantial in peer-to-peer networks, as the
scientists making and agreeing to exchanges oéilgnon layers of assistants to prepare, send,
receive, and employ research materfals.

Some laboratories maintain culture collections thae larger than those usually
maintained for personal use by individual reseach&hese collections circulate materials on a
fairly regular basis, generally without formal magions such as those imposed by Materials
Transfer Agreements. Although they circulate thmeaterials fairly regularly, these collections
have limited resources to dedicate to preservatimhcertification functions. Although they face
fewer restrictions on materials circulation, thésmger academic collections are subject to some
of the same difficulties in verification as areiwidual collections in the peer-to-peer network.

For-profit biomaterials distribution firms and peaite collections, such as those
maintained by major pharmaceutical companies, datestalternative institutions for circulating
biomaterials. Not surprisingly, for-profit firmertd to “cherry-pick,” focusing on a narrow range
of materials that offer high margins and low steragsts. Reputation-based mechanisms and
the relationship between quality and sales may thadt materials to be relatively trustworthy.
Proprietary collections, such as those maintaingdcoompanies such Merck and Lilly, are
designed to benefit individual firms. However, cgncirculating catalogs of their materials
would communicate competitive intelligence to rgjahese organizations rarely circulate their

materials externally and require extensive Matsrfabnsfer Agreements when they do.

[II.C. What are Biological Resource Centers?
Biological Resource Centers constitute an additiattarnative to peer-to-peer networks
private collections, and for-profit biomaterialssdibution firms. BRCs are institutions that

collect, certify, and distribute biological orgamis for use in life science research and in the

" It is possible that informal “brokers” will emergn a peer-to-peer network, facilitating transawsiin the “market for ideas”

(Lamoreaux and Sokoloff, 1999; Gans and Stern, ROGbwever, brokers are limited by their incensivand the extent of
their personal networks. As well, the connectiomabded by a broker are subject to termination éf bhoker discontinues her
role (because of retirement or changing interes®)e fact that it is difficult to identify precisewho is responsible when
shared materials become contaminated also congsiddie prospect that reputation-based mechanisthengure that

researchers share their “best” materials even \akkad.



development of commercial products in the pharmidgcay agricultural and biotechnology
industries — in a sense, they serve as ‘livingalies” preserving and circulating research
materials. As a key element of the life scien@search infrastructure, BRCs maintain a large
and varied collection of biological materials, uding cell lines, micro-organisms, recombinant
DNA material, biological media and reagents, aral itiformation technology tools that allow
researchers to access biological materials. Oneepaést quarter century, they have come to play
an increasingly important role in scientific androuoercial research. Indeed, life scientists are in
broad agreement that such institutions play a vdkd in long-term scientific progress [Hunter-
Cevera, 1996; OECD, 2001; Smith, 2003].

The definition and scope of BRCs have evolved ¢ivee. Initially referred to as culture
collections or cell banks, experts described thkinctions as “acquiring, preserving,
authenticating, and distributing microorganismsrovitro cultured cells to qualified scientists”
[Stevenson and Hatt, 1992]. BRCs are therefoegee@lto but distinct from mammalian research
supply institutions, such as Bar Harbor's Jacksabdratory, which provides JAX knock-out
mice to researchers throughout the world [Murré@d0%}. Over the past few decades, the scope
of traditional culture collections have expande@ding most centers to reclassify themselves as
biological resource centefs.

Since the 1980s, select BRCs have been criticdlgaextension of intellectual property
rights, by serving as international patent deposisofor all patented living organisms. Indeed,
according to the terms of the Budapest TreatyHer@eposit of Cultures that are the Subject of
Patent Procedures, which was introduced in 1977 iampdlemented beginning in 1981, all
patented biological materials must be deposited gertified BRC in order for that material to
receive patent protection.

BRCs can differ in their functioning and governandes of 2006, the World Federation
of Culture Collections lists more than 520 distiBfCs around the world. Collections vary
dramatically in the size of their holdings, rangifigm less than 100 to more than 100,000
cultures. Overall, more than 1.3 million cultusere maintained by BRCs throughout the world,

and more than a million of cultures are distribuéaath year by BRCs to scientists throughout

8 In a recent report, the OECD describes BRCs*syice providers and repositories of living celignomes of organisms,

and information relating to heredity and the fuoetdf biological systems. BRCs contain collectiofsulturable organisms
(e.g. micro-organisms, plant, animal and humars}eteplicable parts of these (e.g. genomes, ptsmiruses, cDNAS),
viable but not yet culturable organisms, cells disdues, as well as databases containing molecpitgssiological and
structural information relevant to these collecti@md related bioinformatics” (OECD, 2001).

See Stern (2004, p. 52-53) for an overview ofBbdapest Treaty.

10



the world. Large national collections, such as A¥CC in the United States or DSMZ in
Germany, manage a broad range of materials, wipéialized collections, such as Yale
University’s E. Coli collection, provide a nichesprarces for particular scientific areas.
Although all collect, identify and distribute matds, BRCs vary in how exhaustively they
authenticate and certify the materials that camstittheir collections. For example, while
leading BRCs in the United States such as ATCCthadCoriell Institute are both recognized
for their international leadership in cell cultuexhnique, newer and smaller collections have
tended to adopt techniques and protocols develefsmivhere. Finally, while the plurality of
BRCs around the world rely principally on governindmancing, some large national
collections, especially those in the United Stately, on a mixture of public and private support.
For example, the ATCC is organized as a privatefomprofit institution, which derives the
majority its income from activities such as itsgratdepository distribution services, although it
also receives governmental support. (Appendix gdblists examples of various types of
Biological Resource Centers.)

Despite some differences in form, BRCs share a commpurpose: they serve as
repositories that make materials and researchtsedeVeloped by one generation of researchers
available for future research endeavors. In sagigrototypical BRCs exhibit characteristics of
the type of institutions that Mokyr [2002] descisbas potential contributors to cumulative
knowledge growth. In contrast to alternative ingibnal arrangements, archetypal BRCs
engage in the preservation and certification ohaiterials, offer independent access to those
materials, and take advantage of economics of samadescope in the process. While some
alternative institutional arrangements support sofitbese activities — for-profit collections also
invest substantially in in-house certification, fxtample — only BRCs are dedicated to the full
range of these activities. As a result, well-fumting BRCs may be able to lower the cost of

follow-on research substantially in comparisonlteraative institutional arrangements.

l1I.D. Features of Biological Resource Centers

[11.D.1 Preservation of Biological Materials

The preservationof biological materials is a primary function oRBs. BRCs collect,
characterize, and maintain an exceptionally broaltection of biological materials, including

materials whose value is not initially understooBor example, the largest collection in the
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United States, maintained at the American Typel€ealCollection (ATCC), includes more than
92,000 strains of micro-organisms and cell isolatesl more than 5,000,000 DNA sequences.
In Europe, the large German collection, the DSMAjntains more than 16,000 cell cultures,
representing more than 5,000 distinct microorgarspeties. BRCs retain these collections over
extremely long periods of time, even when specifiplications are not immediately apparent.

The potential windfall associated with long-termegervation can be seen through
illustration. Consider the case dhermus aquaticus In the late 1960s, Thomas Brock
discovered a new type of micro-organism —eatremophile- which lived in the rather severe
climate of the hot springs of Yellowstone Natiofdrk. Though no practical benefit was
foreseen at the timextremophilesxhibited a number of distinctive properties, imthg the
ability to sustain enzymatic reactions during rapehting and cooling (a property which was
critical for sustaining life in a geyser). At thene of its discovery, the ATCC then established
and maintained aaxtremophilecollection for use by both academic and industéskarchers.
More than 15 years later, Kary Mullis, a researcherCetus Corporation, experienced a
fundamental insight when he conceived of polymetddsen reaction (known as PCR), the basic
technique that allows for rapid replication of DNAt the time, this was arguably the single
largest bottleneck in biotechnology research). Iigfulnsight required a material that could
withstand extreme temperature variation during riygication process. While the effort to
develop such a material synthetically might hawemayears, Cetus researchers were able to
identify and draw upon thextremophilecollection at the ATCC to rapidly implement a preak
approach to PCR, revolutionizing the modern lifeesces. Not only did PCR dramatically
improve research productivity in the life scien¢eg., resulting in the core techniques behind
the Human Genome Project), but Mullis shared thbeN@rize in 1993, andhermus aquaticus
itself was named “Molecule of the Year” Bgiencen 1989.

BRCs offer particular advantages in preservatioatikee to alternative institutional
arrangements. For example, because the IP righdsbly for-profit laboratories exists for only a
modest time (often less than the time betweerainitharacterization and greatest potential use),
the for-profit community has few incentives to ntain the widest range of materials
indefinitely. Indeed, for-profit distributors ofddogical materials tend to “cherry-pick” a narrow
range of materials offering high margins and loarage costs. As well, private life science

firms, such as pharmaceutical companies, often taiaintheir own in-house facilities. These
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facilities are likely to preserve a narrow rangeraterials relevant to their own research efforts,
and only for periods corresponding to their expgdtehouse use. Compared to traditional
laboratories that maintain most materials for I#san a decade, BRCs have established
procedures and technologies to allow materialsemieserved for many decades (and even
perhaps for centuries). While private not-for-firabllections exist in large numbers within the
peer-to-peer scientific network (most of which dmghly duplicative of each other), most
collections are narrow, and depend on the idiostrecmterest (and unpaid effort) of individual
researchers, raising the possibility that matesdlsbe lost due to retirement or inattention by
culture curators® Whereas BRCs explicitly focus on preservatioreréhare few incentives
within for-profit entities or the peer-to-peer netk to maintain a full range of materials for an
indefinite period of time. By serving to facilimiarge scale retention and maintenance of
biological materials, BRCs both aid knowledge dfen in the short term and limit costly

duplication effort over time.

[11.D.2 Certification in Biological Resource Cenger

BRCs alsocertify research materials. While BRCs do not fully regiéc published
experiments, materials incorporated into BRC ctilbes undergo a series of reviews and tests to
establish their identity and biological viabilityBRCs therefore provide the means for scientific
replication. Some BRCs, such as the ATCC, offelaasification system that allows researchers
to evaluate the degree of confidence associatdd specific deposits. The ATCC and DSMZ,
for example, regularly issue notices identifyingtemels errors and misclassifications.

As illustrated in the case of massive Hela contatons, the consequences of
misidentification are far-reachifg. Not only does misidentification cast a cloud ovkee
findings of current researchers (with career imgilans for those whose results are under

suspicion), but confusion and uncertainty placésnger-term cost on progress. In addition to

19 For example, in January, 2002, three privateensity collections were identified as “orphans” italale for new storage site;
two of these three were classified as “defunctdbly, 2002 (methanogens.pdx.edu/usfcc).

1 Unfortunately, the Hela case is not simply anasal, historical mistake. Misidentification of ligical materials plagues
published (and patented) research findings todays(Masters et al, 2001). The story of the KB leé is a recent example.
Originally derived from oral cancer cells, KB be@weontaminated with HeLa cells. In other wordss itvell documented
that researchers using the KB line are actualljopming experiments with the Hela line. Despitésthmore than 300
published articles based on the KB line were publisbetween 1998 and 2000, many of which claimedréwide new
findings specific to oral cancer (Masters, 200R)oreover, many of these articles have themselves bgtensively cited by
subsequent researchers. The persistence of ntificktion is a consequence of the incentive systanscientific and
commercial research: high-powered incentives &ntlpriority over a novel discovery, and few if amcentives for
individuals to validate research claims made bgeth
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minimizing the likelihood of contamination and sjows findings, effective certification enables
researchers to avoid needless and costly duplicadiod thus increase research productivity over
time. In the absence of effective certificatiorogedures, researchers must painstakingly re-
establish the validity of specific findings in orde design and implement new research: they
must literally re-invent the wheel. As highlightddy Mokyr [2002], the “tightness” of
knowledge is crucial for the effective use of knedde; certification by an “invisible” institution
such as BRC enhances the tightness of knowledges@aradlows researchers to increase their
productivity by avoiding costly verification procecks.

Relative to peer-to-peer materials distribution tsys, BRCs possess significant
advantages in certifying biomaterials. First, tepeated nature of BRC-scientist transactions
enhances the incentives that BRCs face to enserédeality of all materials. As well, larger
institutions are more capable of bearing the figedts associated with materials certification,
which include the costs of substantial laboratayyipment, information technology, and skills

development.

[11.D.3 Independent and Open Access to Biologicatévials

Third, BRCs advertise the availability of materialstheir collections and ensure that
these are equally accessible to all members o$dlentific and technological community, thus
encouragingndependent and open accésshe results of prior scientific research. ImBRC
networks, access to source materials is dependetied‘goodwill” of researchers who maintain
active cell cultures within their laboratory; sugwoodwill is difficult to maintain when
researchers are simultaneously competing with e#loér to establish new research findings or
when follow-on research may cast prior findingsam unfavorable light. Alternatively, for-
profit characterization and distribution companigdl often find it in their private interest
(though not in the social interest) to arrangesfaelusive access to their databases and materials;
recent controversies, such as that over the owpeimhd use of the Harvard Oncomouse,
licensed to DuPont, reflects an ongoing and regepitched battle over access to biological
materials and data [Murray, 2005].

Building on earlier research in the peer-to-peestay may involve protracted
negotiations with the initial scientists (e.g., abooauthorships or intellectual property claims).

Independent access to research materials is rélglaraeplication and so is at the heart of the
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scientific method in biological and medical reskarcHowever, the incentive for individual
scientists to grant access is limited within thedera university and private life sciences
research environment. Even after results are ghudydi (and perhaps because they are published),
researchers may hold up efforts by others to gagess to materials, both in order to further
their research lead and to avoid detailed investigaf their research conclusions.

Consider the costly controversy over the discowdrthe AIDS retrovirus. The race to
discover the cause of AIDS involved an intense aodhpetitive battle between French
researchers at the Institut Pasteur and Dr. Rdballb’s lab at the National Cancer Institute.
Though the French team first isolated the correctisy laboratory-to-laboratory material
exchanges resulted in nearly a decade of confisiont the precise nature of the virus and the
allocation of credit for its initial discovery. €ke incidents damaged Gallo’s reputation and
delayed critical AIDS discoveries. At least intpaelays in discovery resulted from insufficient
incentives for individual laboratories to providewtcost, independent access to their own
research materials.

In contrast, BRCs sever the direct tie betweenrdéisearcher associated with an initial
discovery and those want to build upon the reseakdaterials available in BRC collections are
listed either on public websites or in catalog®lave to a private collection or the peer-to-peer
network, BRCs lower the costs of accessing reseaatierials. The importance of this is non-
trivial: a great deal of knowledge consists of dlaing that something is known and knowing
how to find it” [Mokyr, 2002, p. 9].

[11.D.4 Scale and Scope Economies

Finally, as “living libraries” that continuously tect material developed by the scientific
community, BRCs are able to achieve substantidésoad scope economies. Relative to other
organizational forms that preserve life scienceemals, BRCs maintain larger, more varied, and
more balanced collections. As a result, BRCs aveertikely to undertake the investments that
are necessary to increase the quality and redecedst of accessing biological materials. For
example, institutions such as the ATCC, the Cotigdlitute, and the Jackson Laboratory have
each established a position of global leadershigpecific materials and collection areas. This
scale has coincided with a substantial commitmeritigh quality levels for each activity under

its domain. These scale and scope economies feeted in the use of non-profit BRCs by
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private collections (e.g., by private pharmaceltaad biotechnology companies) and in the
successful implementation of BRCs as official insgional patent depositories. In contrast, in
the more dispersed peer-to-peer network, duplicaioounds across laboratories and there are
few incentives to maintain the high quality levels the broadest portfolio. By achieving
economies of scale and scope, BRCs can lower #msdction cost of access to the existing

stock of knowledge.

IV. THE IMPACT OF INSTITUTIONS ON KNOWLEDGE DIFFUSION: AN
EMPIRICAL FRAMEWORK

By ensuring the fidelity of and lowering the cosfsaccess to knowledge, institutions
such as BRCs may influence the equilibrium rateianghct of a given discovery on subsequent
research. Three central predictions stand outrst,Fconditional on its intrinsic scientific
importance and quality, a discovery linked to aaesh-enhancing institution will have a higher
diffusion rate, relative to the case where suchwhkadge was produced and diffused
independently of such an institution. Second,ntfaeginal impact of association with a research-
enhancing institution will increase over time. Bash-enhancing institutions preserve access to
discoveries and knowledge for a much longer peabtime than is feasible under alternative
institutional arrangements. Third, the selectiffiec® suggests that knowledge associated with
BRC materials may tend to have a higher (or lowstrnsic scientific value than knowledge
associated with materials diffused through the {pegreer network.

The presence of a selection effect results in addorental inference problem.
Specifically, for a given piece of knowledge proddoor diffused within a given institutional
environment, one cannot directly observe the catadwial impact that knowledge would have
had if the knowledge had been produced and diffusesch alternative institutional setting. For
example, if researchers and BRCs endogenously recqiological materials tending to have
high fundamental scientific interest, a simple cangon of the impact of knowledge linked to a
BRC versus knowledge with no BRC linkage will bad®d. From an experimental perspective,
the econometrician would ideally observe a giveecgiof knowledge in distinct institutional
environments and compare the impact of that knogdextross regimes.

While one cannot replicate this ideal experimerttasign, this paper develops and

implements an econometric strategy that takes ddgas of the institutional environment to
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estimate the role of selection and marginal effecthe diffusion of scientific knowledge. Our
approach exploits two key elements of the systemwliigh scientific research is diffused. First,
individual materials made available through BRGs lanked to specific scientific publications.
We can therefore assess the impact of BRCs by exagnthe pattern of citations to articles
associated with BRC deposits. Though imperfetations by future scientific research articles
provide a useful (though noisy) index of the “imgaxf a discovery on subsequent research.

Second, many BRC material deposits occur long dfter publication date of the
associated scientific research article; moreovela number of instances discussed in the next
section, the act of deposit and its precise tinairegarguably econometrically exogenous (and we
can apply differences-in-differences techniquestdst whether, indeed, these deposits are
exogenous). We therefore exploit the timing ohsfar for some collections that had been
maintained in academic laboratories that get shiitéo a public BRC (e.g., when the principal
investigator retires or switches university affilem). In other words, while initial publication
often occurs within six months (or fewer) aftertiedi journal submission, there are often
substantial delays between initial publication &RIC deposit. For scientific research articles
linked to BRC deposits that occur with a lag, wastbbserve both a pre-deposit and post-deposit
period. This allows us to estimate the impactegakit on knowledge diffusion, measured as the
change in the rate of citation to the initial deiby follow-on scientific research articles.

By linking BRC deposits to potentially citable suiic research articles, we implement
a differences-in-differences estimator of the m@ajimpact of BRC deposit. Specifically, we
construct a dataset composed of scientific pultinatlinked to (delayed) BRC deposits and two
separate groups of control articles, each of wiadomparable to our treatment articles in terms
of ex anteexpectations of scientific impact. (We describesthin greater detail in Section IV.)
Because we observe citations to a scientific pabba both before and after BRC deposit (and
because we observe control publications never ditkeBRC deposits) we are able to identify
how the pattern of citations to a scientific puation changes as the result of BRC deposit. This
test goes beyond the potentially biased test ofthdneBRC-linked articles are more or less
highly cited than those that are not associated BRC deposits.

12 we discuss our identification argument in moreaiflén Section V. It is useful to note that weakheck whether the timing
of deposit is exogenous by testing for the presefce pre-BRC deposit trend that “predicts” the acBRC deposit. As
discussed in Section VI (Figure E), our results rateust to the inclusion of such a trend, and wendbfind statistically
significant evidence of such a trend.
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More precisely, if the availability of research er@ls through a BRC lowers the cost
and raises the expected value of building on aispeesearch contribution, then the citation
rate to BRC-linked scientific publications shoufhtrease after deposit has occurred. Of course,
measuring the impact of scientific research usitations implies that we must account for its
form as count data that are skewed to the righd (&ely over-dispersed relative to Poisson).
Therefore, except where noted, we employ a negativemial model of the citations produced
per year for each scientific article in our datas&s well, the rate of citation to a given piede o
research will vary with the calendar year, with tirae elapsed since initial publication and
across different article “families” (where a famiky composed of a BRC-linked article and the
two control articles). Except where noted, the eitgd specifications account for these effects
through the use of age, year and family (or aifileed effects:>**

To disentangle the relative role played by selectiersus the marginal impact of BRC
deposit, our analysis first considers an estimttat identifies the average difference across the
treatment and control groups, and estimates thegehan citations resulting from BRC deposit

itself. Specifically, this baseline estimator imgly:

(1) CITES, puyeap: = (€110, *+ B+ O_puyent @BRGH@y POSF  DEPOS|Y

- pubyear

whereq; is a fixed effect for each article familfg;is a year effectd - punyearCaptures the age of
the article, BRC is a dummy variable equal to omethose article linked at some point to a
BRC, and POST-DEPOSIT is a dummy variable equaln® only for years after the material
linked to the article is accessioned and avail&iole a BRC* While this specification provides
an estimate of relative importance of the selecedfiect and the marginal impact of BRC
deposit, the potential for substantial heteroggnamong articles (even within article families)

may lead to an upward estimate of the impact of Biposit on subsequent citation. We

13 Several subtle issues, including the incidentaipeters problem, arise in incorporating multipled effect vectors into a
negative binomial specification. We have experiteérwith a range of alternative procedures andagmtres, including the
conditional negative binomial estimator suggestgdHausman, Hall, and Griliches (1984) and the fieéfitcts estimator
suggested by Allison and Waterman (2002). Our ceselts are based on the traditional conditionaldf effects estimator
with bootstrapped standard errors; however, oulitgtige findings are consistent across these diffeprocedures.

4 When using a conditional fixed effects estimatore citation year and one age fixed effect areseparately identified (Hall
et al, 2005). Since the main effect that we ater@sted in is separable from these effects, tbeigg specification we employ
to overcome this identification issue does notlatfiect our estimate of the impact of BRC depasit citations. In our
estimation, we identify differences relative to ag®, and relative to publication in years afte739though, due to data
limitations, we actually impose a single regressothe years 1975-1979).

15 Our empirical specifications also incorporate arftlow” including the year prior to and year aftee accession of a material
into the BRC to account for “announcement effeersd for potential lags in availability of materials

18



therefore examine (and base our core findings @®ri@s of estimates including article-specific

fixed effects i), as in the following specification:
(2) CITEs,j,pubyear( i)t = f(‘gi,j,t; y| + lgt + a_t—pubyear-'-glj POST— DEPOS”)

Overall, we test for the impact of research-enhapaistitutions by calculating how the citation
rate for a scientific publicationhangesafter BRC deposit, accounting for fixed differendes
the citation rate across articles and relative ® mon-parametric trend in citation rates for
articles with similar characteristics.

To test the preservation hypothesis, we can estinvaether the impact of BRC deposit
changes with the time elapsed since BRC deposit.ité\s well, we can check for the presence
of a pre-deposit time trend (which might argue agiaihe exogeneity of the deposit event itself).
We simply modify (2) to allow for pre-deposit andgp-deposit dynamics:

CI-I-E‘S’,j,pubyear( )t = f(gi,j,t; y| + :Bt + d—pubyear+
(3) > Wone PRE= DEPOSIT K+ Y @0 | POST DEPOSIT,)

k=1....10 1=1....10

where PRE-DEPOSIT(k) and POST-DEPOSIT(l) are dummrjables equal to one in the year
when a BRC-linked article is a given number of gearior to or after the deposit event.
Concerns about endogeneity can be tested by exagmimhether the coefficients oflpre «
increase in the few years prior to the initial ammoement of BRC involvement, and the
preservation hypothesis can be tested by whéihgsr |is increasing over time.

Finally, we can use interaction effects to investiggwhether the impact of BRC deposit
depends on the economic or institutional conditionder which deposit occurs. For example,
our identification strategy focuses on the transfahree distinct biological materials collections
that were shifted from the peer-to-peer networkh ATCC, the leading BRC in the United
States. By interacting POST-DEPOSIT with a dumragiable for each of these collections, we
can separately identify whether the impact of BR€pasit varies across different deposit
“events.” This same strategy can also be useddtuate the mechanism underlying the impact
of BRC deposit. Conditional on being associateith whe of the deposit “events,” the impact of
the transfer from the private collection to the BRi@ers only in terms of (a) the price charged
by the BRC for access to the material and (b)ethentedegree of perceived quality of those

materials. By interacting a price variable and swees of the “reputation” of the article or
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author prior to deposit with the POST-DEPOSIT measwe are able to evaluate how the
returns to BRC deposit vary with changes in thadaational costs of access and the returns to

research validation.

V. DATA

V.A. Data Construction and Sources

To conduct this empirical analysis, we focus onngle institution, the American Type
Culture Collection (ATCC). Located in Manassastgifiia, and founded in 1925, the ATCC
maintains the largest culture collection in the orAlthough the ATCC is of unusually large
size, its preservation, certification, and disttibn functions are similar to those of other
national and specialized public culture collectiogisch as the DSMZ in Germany and the Japan
Collection of Microorganisms, and the Coriell Meaalidkesearch Institute and the Agricultural
Research Service Culture Collection (NRRL) in theted States.

In addition to being representative of major cudtwollections, we are able to take
advantage of the characteristics of ATCC in oraeratidress four key empirical challenges
associated with implementing the differences-idedénces strategy we describe above: (a)
linking BRC deposits to research publications,i@@ntifying a sample of publications that can
be used to disentangle the impact of selectionugethie marginal impact of BRCs, (c)
constructing a sample of control articles, andachounting for ambiguity in the date at which
BRC deposits are available for access by othearekers.

We address the first challenge by taking advantafyghe reference information
maintained by the ATCC on all materials depositeds collections. For each material, ATCC
documents the name of the original depositor, tite df deposit, and key scientific information
associated with the deposit. Specifically, ATC&dithe original research reference linked to
deposited materials. Often, the original articksaxiated with a material is written by the
depositor herself, although, in some cases, mégesi®@ deposited by researchers engaged in
related work. In its catalog of available celltanés, ATCC lists both an originating article, as

well as additional publications associated withhemateriaf:®

18 The ATCC scientific and information technologyfst@port that the first reference article is tyglly the one most closely
associated with the initial use of the biologicaterial. Historically, ATCC published its catalogsprint form. Currently,
ATCC maintains its catalog onlineatww.ATCC.org
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To overcome the second challenge, we take advamtighocks that lead to the bulk
transfer of materials into ATCC from other collects. Specifically, we investigate the impact
of the transfer of threspecial collectionghat were transferred from collections in the peer-
peer network to ATCC at specific points in time.heSe materials transfers occurred when
scientists who maintained collections within theemp®-peer network moved or faced an
institutional funding limitation (unrelated to thepecific collection) that spurred transfer to a
BRC. The first set of materials is drawn from fh@&mor Immunology Bank (TIB), which was
transferred from the Salk Institute in 1981 duelrstitute-wide funding pressures and was
accessioned beginning in 1982. Seventy-sevenleamtiassociated with the TIB collection
deposits appear in the dataset. The second sattiolies is associated with materials in the
Human Tumor Bank (HTB). Researchers at Sloan-Katjehad maintained the HTB until
institution-wide funding considerations led tolising transferred into ATCC beginning in 1981.
Forty-four articles associated with HTB depositpear in the dataset. Finally, the third special
collection is a set of articles associated with tazdar Collection. This collection was
transferred into the ATCC when Dr. Adi Gazdar let position as Head of Tumor Cell Biology
Section at the National Cancer Institutes, alonp Wwis collaborator, Dr. John Minna, to accept a
position at UT-Southwestern. The materials in tBazdar collection were accessioned
beginning in 1994 and are linked to six researtilas.

It is important to note two characteristics of #hespecial collections prior to their
accession by ATCC. First, each of these specibdatmns was publicly available and was
maintained by researchers who actively exchangedtaterials with colleagues. Second, the
inclusion of these materials in the special coite was tantamount to a commitment not to
commercialize innovations derived from these materi If scientists had intended to assert
intellectual property rights over these materidiee materials would not have been freely
circulated prior to their transfer into ATCC.

It is also important to note that we choose to wtileése collections specifically because
our interviews with researchers at ATCC suggedtattheir accession occurred for reasons that
were unrelated to changes in the diffusion of kmuge associated with their materitls.

Specifically, our interviewees suggested that tbaeding constraints that precipitated the

17 We are grateful to Dr. Raymond Cypess, PresidedtCEO of the ATCC, and Dr. Robert Hay, Directbthe Department of
Cell Biology at ATCC, as well as other ATCC stafembers, in particular for discussions on the specibections and the
history of ATCC.
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accession of the TIB and HTB collections were toftn-wide and were not related to
particular characteristics of these collectionsheir increasing use by scientists in the few years
directly prior to accession. As well, the movesDof Gazdar and Dr. Minna from the NCI to
UT-Southwestern appear to have been motivated biegsional considerations unrelated to
changes in the perceived importance and use ofntterials in the special collection they had
maintained.

That said, we are also able to take advantagefi@reince-in-differences techniques to
evaluate whether the data suggest that, indeedcttession of these materials was not preceded
by a significant boost in their use. In particulsince the materials included in each collection
are associated with articles which are publishedlifrent points in time, and each of the
special collections is moved at a given point ingj the articles associated with each collection
vary in terms of how much time has elapsed betvireiéial publication and BRC deposit. This
allows us to estimate the impact of BRC depositssply from the impact of article age. By
examining the trend in citations to special collats’ articles in the years preceding deposit (and
finding these to be insignificant, although the tpaesposit trends are significant), we are able to
conclude with some degree of confidence that thigder events” leading to the accession of
three collections we study were unrelated to pmodi@ changes in intrinsic value of the
knowledge associated with their materials.

To address the third challenge, we match each BfRl&t&d article with two types of
control articles. We choose these with the airarafuring that the control articles are as similar
to the BRC-associated article on as many obsendibiensions as possible in order to ensure
that differences in citation rates will reflect thepact of article-specific differences on
knowledge diffusion. The first set of controlsasmposed of the set of research articles that
immediately precedes the article associated with éal CC deposit in the journal in which the
ATCC-linked article was published (we refer to #es theéNearest Neighbocontrols)'® For
example, if an ATCC-associated publication weretthel article in the June 14, 1986 issue of
Cell, our control article would be the second articliehim that same issu€. By matching

control articles to treatment articles in this wawg attempt to minimize heterogeneity associated

18 We identify Nearest Neighborontrols for each BRC-affiliated by using the PUBD! database of scientific journals.
PUBMED is a database and search engine constractédnaintained by the National Library of Medicitat provides
access to article information contained in the MBXE database of journal citations and abstractzoplete description of
PUBMED and MEDLINE can be found atww.pubmed.com

9When the ATCC-associated article is the lead lartige use the second article in that issue asdhtol.
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with the publication process. Specifically, thigethod ensures that both the BRC-affiliated
article and the control article have undergonestrae type of scientific review process and have
been published at the same moment in time. Compdhe citations by future researchers to
these articles provides an indication of their treéa impact, conditional on thesex ante
similarities. Our second set of control articledased on identifying the most-related article in
the same volume of the journal that the BRC-linketitle was published (we refer to this set as
the Most-Related Articleontrols). To accomplish this, we take advantaigan online search
algorithm developed by the National Library of Made (NLM) that allows PUBMED to
identify a set of articles that mostly closely mfdes a selected article and rank them according
to similarity. This algorithm determines similgritankings based on the extent to which articles
share terms in their title, abstract, and Medicabjéct Headings (MeSHY. From the set of
articles identified by NLM as related to the focaticle, we select the most related article
published in the same publication yéar.

Each of the two control groups provides a usefuhgarison to the BRC-linked articles.
The Nearest Neighbomethod minimizes the heterogeneity associated wigh publication
process and eliminates heterogeneity associateld publication timing; theMost-Related
Article accounts for field-specific within-journal heterogéty. This second type of control will
be particularly important for more general-intergatrnals (e.g.Nature versus theJournal of
Cell Biology). By including this second control group, we eacount for differences in citation
patterns in a way that is independent of field-gmecorms.

To address the fourth challenge (accounting foriguoity in the date at which BRC
deposits are available for access by other resea);hour dataset accommodates institutional
aspects of the accession process. On the one paaodto the date of formal accession, the
research community becomes informed about collesticansfer through formal announcements
and informal communications. As a result, materthlat are deposited are often known to be
part of the transfer prior to the official accessdate. On the other hand, because of the rigorous
procedures used to accession materials (and shart-imitations on the supply of some
materials), accessioned materials are sometimesmaate fully available to the research

20 Medical Subject Headings (MeSH) headings are stibeadings developed by the National Library otiMime to help index
articles in the life sciences. They are similafunction to Journal of Economic Literature clasifions. A more complete
description of the NLM matching algorithm appeatrs http://www.ncbi.nim.nih.gov/entrez/query/static/qoutation.html

21 |n some cases, no article in the same volumeeoftrnal qualifies as sufficiently related accargdto the NLM algorithm. In
these instances, we rely on the “Nearest Articteitool.
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community until many months after the official assen date. In some cases, materials in the
HTB and TIB collections took up to 24 months todeelared officially available from ATCC.
We explicitly account for the impact of this in aempirical analysis by incorporating a “transfer
window,” including the year before, the year ofdahe year following the official accession
date. By including this window, our analysis foesison how the pattern of citation changes
from a period prior to the deposit announcement suasequent to its availability through a
BRC.

Having assembled this dataset of treatment andraoatticles, we compile additional
article-specific data and tabulate annual citatmunts from the Science Citation Index
Expanded (SCI). The Science Citation Index is talise maintained by the Institute for
Scientific Information (ISI) that records referenaéormation for nearly six thousand scientific
and technical journals in approximately 150 disogg. The SCI has been widely used in
economics, sociology, and management researchekh@svin bibliometric studies, to quantify
scientists’ research output, measure researchbcodiion, and track the diffusion of scientific
knowledge — prominent examples in economics inclueldn and Stephan [1991]; Adams and
Griliches [1998]; Henderson and Cockburn [1998} @nicker and Darby [1998].

V.B. Summary Statistics

Table | provides variable names and definitions &adle Il reports summary statistics.
The complete dataset contains the special collextnb-samples and the two sets of associated
control articles. For each article in the dataset track citations beginning in the year in which
the article was published and continuing until 200he total number of articles in the dataset is
289, and the total number of article-year obseovatis 6475. The overall distribution of ages of
articles in the sample is reflected in Figure lhisTdistribution is centered around 1981-1982,
which are the years in which the TIB and HTB cdillats, respectively, entered into the ATCC.

The key dependent variable in our analysis is FORNACITATIONS, the number of
articles that reference the focal article in a giyear. The average level of citations received by
articles in this dataset is 6.23, which is quitghhrelative to the average among all academic
articles. In part, this occurs because the pulthoa associated with BRC deposits (and their
associated control articles) tend to appear inti@pjournals, such aScience, NaturegndCell.

Consistent with most citation analysis, the disttitin of citation counts is quite skewed (Figure
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II). By the end of 2001, the average article irr sample has received more than 79 total
citations.

Key control variables in the analysis are the adderY EAR, which ranges from 1970 to
2001, and AGE, which equals the number of yearsesthe article’s initial publication. For
each article, we also record a PUBLICATION YEARor frticles in the special collections we
also include a DEPOSIT YEAR, which reflects the rymawhich the material associated with
that article was accessioned into the ATCC coltecti We also track PRICE for each of the
materials in the special collections; this averaamzoximately $233 per material.

While our analysis focuses mostly on specificatitimt address article heterogeneity by
including article fixed effects, we have collectdthracteristics about each of the articles in our
sample. Specifically, we have assembled informmatio the number of pages for each article
(# PAGES), the number of authors (# AUTHORS), ahd humber of backward citations
(BACKWARD CITATIONS). Although SCI data do not makt possible for all articles, we
record whenever possible whether the lead authorassociated with a university
(UNIVERSITY) or government institution (GOVERNMENT@nd whether their institution is
located in the United States or another countryNN@S). University researchers comprise the
majority of lead authors in the sample (51%); atghaffiliated with a government agency
comprise 18% of lead authors. The vast majoritheafl authors are from U.S. institutions; 29%
of authors are from institutions outside of thetddiStates. For our extended analyses, we also
compute the fraction of papers associated with &#tors from a set of top university biology
departments (TOP UNIVERSITY).

V.C. Comparing citations to BRC-associated articlessus control group articles.

Table 1l compares the BRC-linked articles to thentcol groups. Strikingly, articles
associated with BRC deposits receive significanttyre citations than matched control articles.
BRC-associated articles receive, on average, nmane four times as many citations dsarest
Neighbor controls, and more than 260% more citations tN&ost-Related Articlecontrols.
These substantial differences in overall citatigiste even though both control groups appear in
the same journal, went through the same reviewgssicand (particularly in the case of the

Most-Related Articleontrols) are matched closely in terms of subjesha
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Figures IlI-1 and llI-2 portray the disparity bewvethese groups over time, comparing
average citations by article age for each controupg. Figure Ill-1 compares citation levels.
For each control group, the number of citationseases over the first few years, peaking around
the third or fourth year after publication, andedarating at various rates over time. In each of
the first twenty years after publication (exceptiog the publication year, in which all articles
receive few citations), the average BRC-associatéidle receives substantially more citations
than control group articles. Moreover, Figuredldemonstrates that the “citation premium”
received by BRC-associated articles persists aeases, as a percentage of citations, over the
first twenty years after an article’s publication.

These conditional means suggest that strong diftee exist between BRC-linked
articles and those in the control groups. While differences in the citation rates for BRC vs.
control articles are substantial and are of primargrest in the study, it is interesting to ndtatt
important differences exist between the citatiomnts of most-related articlevs. nearest
neighbor controls. The citation pattern for BRC articlssmore similar to thenost-related
article controls than those ofearest neighbocontrols. In our analysis, we check the robustnes

of our results to including each control group sefey.

VI. EMPIRICAL RESULTS

Our empirical approach relies on a differencesifeences analysis that separately
identifies selection effects from the marginal irjpaf ATCC deposit. This strategy relies on
observing BRC-linked articles in two distinct irtgtional environments, associated with a pre-
deposit and post-deposit period. By comparingtiomapatternsacross article familieqi.e.,
comparing articles eventually deposited in BRCshwitose that are not) aratross deposit-
status within articlg(i.e., whether a particular article has yet begpod#ed), we can precisely
identify the marginal impact of BRC deposit on tlage of knowledge diffusion. Specifically,
after controlling for other factors, a positive asignificant effect on BRC ARTICLE implies a
selection effect (this coefficient reflects the gidaal citations received by the set of articleatt
are ultimately accessioned into the BRC), while asifove and significant effect on BRC
ARTICLE, POST-DEPOSIT indicates the estimated nraigimpact of BRCs (this coefficient
measures the “boost” in citations received by BRC€easioned articles in the period following

their deposit, controlling for the fact that thegne articles that were, ultimately, accessioned).
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It is useful to recall that we incorporate a thyear “window” for the period of time between the
announcement that materials will be accessioneATHC and the time when they are readily
available (and we also check the robustness ofesults to the inclusion or exclusion of data
within the window period). Over the specificatiptise results are consistent with statistically
and economically significant evidence for selectioto and the marginal impact of BRC

deposit.

VI.A. Baseline Analysis

Our analysis begins in Table IV, where we beginlistinguish the selection effect from
the institutional impact of BRCs. Recall that speations that include article family effects
allow us to separately identify both the selecaoid marginal effects. Equations (4-1) and (4-2)
present OLS specifications with In(FORWARD CITATIGNas the dependent variable. The
specifications differ in that (4-1) includes AGEdd effects, while (4-2) also includes Article
Family fixed effects as well as Year fixed effectdhe results are similar. In (4-1), the
coefficients on both BRC-ARTICLE and BRC-ARTICLE,OBT-DEPOSIT suggest a
significant impact of BRC association. On averagicles that are ultimately linked to BRC
deposits have a 46.5% higher citation rate (redativ the control articles in their “article
families”), and receive an additional 61.0% ince=a@s their citation rate after BRC deposit.
BRC-linked articles also experience a citation bahging the WINDOW PERIOD, although
the boost associated with the window period (35.1%0)significantly smaller than that
experienced in the years after accession. Thas#tgsesuggest that both selection and accession
effects impact citation rates in a statisticallgrsficant and economically important way: BRC-
linked articles are cited more frequently and reeain additional “boost” in the years following
BRC deposit. In these and in all subsequent dpatidns, year and article age fixed effects are
each jointly significant (though the interpretatioinyear and age fixed effect coefficients in this
context is subtle [Hall et al, 2005]).

Though useful as a preliminary exercise, OLS &ppropriate for inference as citation
data are composed of highly skewed count data.tiétefore employ a conditional fixed effects
negative binomial specification in the remaindertiod analysis. We report in brackets the
coefficients for these models as incidence-raiesga coefficient equal to one implies no effect
on FORWARD CITATIONS, whereas a coefficient equal 1.50 implies a 50% boost to
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FORWARD CITATIONS). For each of these models, wenpute bootstrapped standard errors,
clustered either by article families or article dures, depending on the set of fixed effects
included in the specification [MacKinnon, 2002]Jnderneath the bracketed IRRs, we report the
non-exponentiated regression coefficients, alonth wheir associated bootstrapped standard
errors in parentheses.) We do not report the feggnice of tests of joint restrictions on the
article family or article fixed effects, as these anot computed in conditional fixed effects
models.

The first of these specifications (4-3) presentseful comparison to (4-2), insofar as it
includes an identical set of regressors. Afteloaanting for citations as skewed count data, we
easily reject the null of no selection and no maabeffect. Indeed, the estimated coefficients
are larger than those associated with the OLS fgestodns (e.g., citation rates are estimated to
increase more than 90%ter BRC deposit). In (4-4), the second of these spmatibns, we
disaggregate the selection effect by special ditlecreplacing BRC-ARTICLE with dummy
variables for each of the three special collectiovisle retaining the common BRC-ARTICLE,
POST-DEPOSIT dummy. The results demonstrate tiatselection effect is significant and
economically substantial for each collection andgast that the selection effect is greatest for
the Gazdar collection.

Overall, the findings in (4-1) through (4-4) progi@vidence of both a selection effect
and a marginal impact of BRCs on the diffusion ofestific knowledge. While these
specifications separately identify the selectiod #re marginal impact of BRCs, we have so far
ignored the substantial variability among articlesjen within article families. As a
consequence, we introduce a number of specificatittiat include article fixed effects.
Although these do not identify the average selecgtiect, they do implement a more precise
control structure for the impact of individual alés. In these specifications, the coefficient on
BRC-ARTICLE, POST-DEPOSIT reflects the “boost” iitation rate that an article receives
after its key material is accessioned (and after dreposit window has elapséd). As
demonstrated in (4-5), the average article is eggchto experience a 135.0% citation boost after
BRC accession (and a 61.2% boost in citations dutie WINDOW PERIOD), even after

controlling for all article, age and year-spec#ifects. This suggests that, even controlling for

22 |n these specifications, the pre-deposit periacdBRC-accessioned articles effectively serves asctntrol for identifying the
post-deposit impact on FORWARD CITATIONS. Thiest-Related ArticleandNearest NeighboArticlesare useful in these
specifications for helping to establish year artitierage effects.
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the overall impact of an article over time, BRCeasated articles experience an economically
substantial increase in knowledge diffusion (cdliitrg for year and article age). We view this

as one of the core findings in our analysis.

VI.B. Robustness to Alternative Control Groups 8pécifications

Table V explores the robustness of the analysigainle IV to alternative control groups
and specifications. Employing the same articledieffects approach as in (4-5), (5-1) finds that
the impact of deposit varies by collection. Aeglassociated with the HTB and TIB collections
experience post-deposit citations boosts of 182% BH2B8%, respectively, while the articles
associated with the Gazdar collection experiendg arb5% post-deposit citations boost. The
lower impact of deposit on citations experiencedtliy Gazdar articles may be an artifact of
their being accessioned later (and, thus, havisgnaller number of years over which a post-
deposit effect could be observed). Equations (&) (5-3) following the basic specification
implemented in (4-3), but include only tinearest neighboand most-related articlecontrols,
respectively. The overall post-deposit effect remapositive in both cases, though the
magnitude of the effect is significantly higher wheompared to the “most related” control. In
(5-4), we simply drop the data associated withwiirelow period. The results are similar to our
core model.

VI.C. Exploring Persistence and Timing

Our analysis so far has assumed that BRC-linkedestand the control articles follow a
similar time trend. We relax this assumption irblaVI, and explore the impact of a BRC-
linked time trend in several ways. In (6-1), wé&raduce a separate BRC-article time trend to
account for the possibility that articles assodatdgth BRC deposits may follow a different
trajectory with respect to the timing of their titms. BRC-ARTICLE*TIME TREND does
enter positively and significantly, suggesting thia¢ citation rate to BRC-associated articles
increases over time. Nonetheless, BRC-ARTICLE, POE&POSIT remains positive,
significant, and of an important economic magnitd6.0%). This suggests that, although
BRC-affiliated articles are characterized by anitaltel upward citation trend, these articles
also experience a post-deposit citation boost aviean controlling for this trend (and year,
article age, and article fixed effects).

Simply allowing a BRC-linked time trend is inadetg; however, for two reasons. First,

if the time trend is statistically significant ihe years prior to deposit, this would cast doubt on
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the exogeneity of the timing of deposit (e.qg., iadtfiactor was driving both the deposit decision
and the increased citation rate). Second, acogidirthe preservation hypothesis, the impact of
BRC deposit should increase over time, and so theepce of a post-deposit positive time trend
actually provides additional evidence of the mamgimpact of BRCs on knowledge diffusion.
In other words, rather than simply needing to destrate robustness to a BRC-linked time
trend, we need to evaluate the pre-deposit anddqeyxisit trend separately.

We implement this idea in (6-2) and Figure IV. Tbb positive, the pre-deposit time
trend is insignificant. In contrast, the post-dg@ptime trend is positive and significant (and the
coefficient on BRC-ARTICLE, POST-DEPOSIT is stdatiatly and quantitatively significant).
According to (6-2), the post-deposit citation bowstreases by 3.7% in each year that elapses
after the deposit date. To explore these idegsaater detail, Figure IV presents a specification
similar to Equation (3), but with separate dummyiatdes for each year preceding and
following BRC-deposit (along with the complete sdtarticle, age, and calendar year fixed
effects). Figure IV plots each coefficient (inrer of the incidence-rate ratio minus one),
excluding the years associated with the accessiodow (all effects are computed relative to
the window period). Two findings stand out. Firdte pre-deposit citation pattern does not
suggest a clear upward trend in the nine years twiaccession; however, the third and second
years prior to the window period do appear to slaslight uptick in forward citations. This
uptick is, however, sensitive to the estimatiorhtegue and we cannot reject the hypothesis that
the pre-deposit effect in the second year prialdposit is statistically greater than the effect in
the fourth year prior to depo$it. Nonetheless, the result suggests some degreautibie in
concluding that the special collections deposites @zonometrically exogenous. The second
finding does, however, breed substantial confideBR&E-accession has a significant marginal
impact on FORWARD CITATIONS relative to the pre-dsji period. There is a sizeable and
near continuous increase in the citation boosthm years following deposit. While BRC-
affiliated articles experience only a 20% citatlmwost in the years immediately after accession,
this effect increases to over 100% by ten yearmsr afeposit (and continues to increase from
there). In other words, while the immediate imgagtositive but modest, the influence of BRC

deposit over time becomes larger, consistent Wiehdreservation hypothesis. Whereas most

B n particular, this uptick does not appear in mededing the fixed effects estimator with robushdtad errors, whose use is
recommended by recent results about the relatzes amd importance of the small sample versus asgimtias arising in
count data models (Allison and Waterman, 2002; @e2004).
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research is relevant and used as an input in fetlowesearch for only a few years following
publication, BRC-accession leads research to lrgdtten” at a significantly lower rate.

Overall, the citation evidence is principally catsnt with the hypothesis that the Special
Collections were not accessioned because the smeammunity recognized these materials as
increasingly important prior to their deposit asdjuite consistent with the hypothesis that BRC-

accession accelerated the use of knowledge assbeiéh those materials.

VI.D. Exploring the Drivers of Marginal Impact +ansactions Costs vs. Certification
The results in Tables V through VI document a digant and long-lived marginal

impact of BRCs on FORWARD CITATIONS. Our analysts far, however, has not attempted
to identify the characteristics of BRCs that driveese results. At least two sets of factors
consistent with Mokyr’s framework [2002] could beveork. First, BRC-accession could drive
down the costs of obtaining research material©mparison to prior institutional arrangements
(i.e., which could be described as a reductionramdaction costs). Second, BRC-accession
could also yield a certification effect, which ieases the scientific community’s belief in the
fidelity of materials associated with BRCs and tesBuincreased use of knowledge associated

with deposited materials. Our interviews with bigikis suggest the importance of both factérs.

Decomposing the marginal impact of BRCs into sdpacast- and certification-based
components is difficult in the context of a singistitution or in the absence of an experiment
that affects these factors in different ways. Aitgh our analysis is limited to one institution, we
can take advantage of the characteristics of opemxent and data to obtain suggestive
evidence regarding the presence of cost-reductidrcartification effects. The key aspect of the
experiment that we can exploit is that the moventérthe special collections from their prior
host institutions into ATCC involves shift in the costs of accessing those materials antan t
level of certification associated with each materi&ocusing on changes in access costs, two
pieces of evidence can suggest the presence ofemisttion effects. First, we know the PRICE
at which each of the materials in the special ctibbas is available from ATCC. If access costs
decrease when materials are shifted into ATCC, weldv expect the impact of such cost
reductions to be less for materials with higher ®RI Thus, we would anticipate the incidence

24 For example, Arnold Demain of MIT’s Department abBgy, explained that “it would probably be betteall (or, at least, very many)
collections were moved to ATCC, because people tdoave the time or training to properly maintairithown collections.” Thus, he
continued, scientists can place greater trust iterigds they obtain from ATCC than from scientistisectly. He also noted in our
conversation, however, that obtaining materialough ATCC was often easier than dealing with s@entdirectly, particularly as
universities become increasingly concerned witaliectual property rights.
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rate ratio for PRICE to be below unity. Second,ocar take advantage of the fact that, while the
changes in access costs should be the same wiléctons (controlling for PRICE), they will
likely differ systematically across collections, @ach of the special collections had different
access costs prior to deposit but end up with eag@dss costs after BRC-deposit. This fact also
helps us identify certification effects: Becaube thanges in access costs are constant within
collection (when controlling for PRICE), systematithin-collection differences in the way in
which deposit impacts follow-on research will refleertification effects rather than changes in
access costs. In particular, we hypothesize that dertification boost will be greater for
individuals that were less prominent prior to depasd for articles that were less prominent

prior to deposit.
We investigate these mechanisms in Table?VIEquation (7-1) provides evidence that,

indeed, access costs affect the extent of followesearch. PRICE * POST-DEPOSIT is
negative, statistically significant, and of an ewmmmcally significant magnitude for each

collection, suggesting that materials for which esmsc costs are relatively higher (i.e., those
materials available at a PRICE greater than th@lection average) are associated with a lower
impact of BRC deposft.

We investigate certification effects by evaluatimigether variations in article and author
prominence before deposit have an impact on pgstsiecitations. To do so, we must control
for factors that affect the cost of access to neterincluding PRICE and the identity of the
special collection with which the deposit is asatenl. Controlling for these factors, the
estimates in (7-2) suggests that NON-US articlesretive an additional boost in citations
relative to articles with US-based authors. (NOS-& HTB-ARTICLE * POST-DEPOSIT
enters positively and significantly in each equatiand a test of joint restrictions finds NON-US
* HTB-ARTICLE * POST-DEPOSIT and NON-US * TIB-ARTICE * POST-DEPOSIT to be
jointly significant at the 1% levef) We also test whether a articles in a collecthat tvere less
prominent prior to deposit (greater than collectroadian citations) or that were authored by
researchers from less prominent institutions (NGPTUNIVERSITY) experienced a greater
citation boost after accession than other artigtetheir collection. The coefficients on these

variables are not significant, however, and arerapobrted in Table VII. The result described

% Note that the analysis in Table 7 does not inclindeGazdar collection, because we were unableterrdime a sufficiently large number of
Gazdar article characteristics with sufficient agrty (though the results are robust to the inclugif Gazdar data of which we are confident).

2 PRICE has been demeaned in the analysis at thbdethe Special Collection, so that values of ®Rreflect variation from
the average price of all materials in its colleatio
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above that the within-collection citation booshigher for NON-US authors is, however, robust
across specifications. Overall, we interpret theeseilts as providing suggestive evidence that
both access costs and certification effects camtgito the impact of BRC deposit on the

exploitation of scientific knowledge and that thesa be identified separately.

VII. DISCUSSION

While growth theorists, industrial organization eomists, and economic historians have
each come to place increasing importance on tleafotumulativeness in sustaining innovation,
little research has directly addressed the micneegic conditions supporting cumulativeness,
or provided direct statistical evidence about thgpact of institutions in enhancing the
cumulative knowledge production process. In tleipgy, we investigate the role of institutions in
this process directly. Specifically, we considesearch-enhancing institutions, which facilitate
step-by-step scientific and technical progressdweiaging the potential of research from one
generation to serve as “seed corn” for future getiens.

Our principal contribution has been to providedewvice about the role of BRCs as a
specific institution within the life sciences thatpact the cumulativeness of research in that
field. We highlight a class of institutions whasde in the advance of the life sciences appears
to be vital and study the specific importance of ohthese institutions in cumulative knowledge
diffusion. By being precise about the institutiwa study and by focusing on specific episodes
of deposits to this institution, we are able to@lep and implement a novel methodology for
evaluating how institutions matter in the conteiktitation analysis and are able to provide the
direct evidence regarding the extent to which thestitutions matter for the process of
cumulative research production. In particular, separate out a selection effect (which turned
out to be quite important) from the marginal impatthe institution in enhancing knowledge
diffusion, and identify suggestive evidence thathbceduced access costs and certification
benefits play a role in driving the marginal impatBRCs on follow-on research. Each of these
effects is significant for understanding the rofetlus institution. On one hand, the BRC we
study plays an important role in the process ofvkdedge cumulation in life sciences by
identifying and preserve research materials tr@atthemselves, important to biological research.
At the same time, BRCs enhance the value of thenad they collect, thus facilitating the

27 Note that we cannot conduct this test for the @aedllection, since each of its depositors is ASel.
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process of standing on the shoulders of prior reseaOur evidence suggests that this occurs
both because BRCs lower the transactions costsiagsd with obtaining important research

materials and because accessioned materials, albpedtiose of non-US-based researchers,
appear certified for potential follow-on researcherOur results are certainly subject to the
caveats associated with any research premisedeamsthof citation data; however, our estimates
do suggest that BRCs provide precisely the typéaist that is at the cornerstone of the
economics of cumulative knowledge production.

Our framework and results point to several areasfuture research. First, while we
present suggestive evidence about the mechanisdeslying the citations boost associated with
BRC-deposit, future research could exploit diffeen between materials in their level of
certification and differences in the level of ciecation across different BRCs as sources of
variation to further disentangle these two différ&mctions of BRCs. Second, whereas our
econometric exercise exploits specific instance®@ated with plausibly exogenous deposits,
the economics of research-enhancing institutionsen@s, by and large, on the endogenous
decision by individual researchers to allow themowledge to become accessible through
research-enhancing institutions. Mukherjee andng&004], for example, address this issue in
the context of a simple overlapping generations ehtltht identifies the key factors underlying
this endogenous choice, deriving conditions undaclvinvestments in institutions that support
disclosure and cumulativeness provide a socialanelbenefit. Additional research in this vein
may focus in a useful way on the incentives forivitiial scientists and scientific fields to
develop research-enhancing institutions as wedtady additional such institutions.

In addition, it is important to emphasize that gmeice to deposit materials in BRCs (or
disclose knowledge through other research-enhanesgtgutions) is sensitive to parameters that
are themselves influenced by public policy. St@®04) undertakes a thorough policy analysis
of the specific issues relating to BR@ar se However, the insights associated with this study
are more general. For example, most policy debadgarding federal research investments
focus on expanding the level of research condugtedpntrast, this line of research raises the
point that it may be optimal to shift funds towaidstitutions and other mechanisms to ensure
that knowledge, once produced with public fundsnéie accessible to future research efforts.

Finally, our empirical approach highlights an impat but often overlooked problem in

the measurement of knowledge spillovers. Simply pus difficult to disentangle the impact of
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institutions from the knowledge that is accessfbben those institutions. While sharp insights
have been developed over the past decade abowglatienship between university research and
follow-on commercialization, these prior studiesvdanot been able to clarify whether the
“boost” associated with university research is tesult of differences in the type of research
conducted or the rules and policies governing tiselasure and dissemination of university
research results. However, these rules are phgcid®t is at issue in terms of contemporary
policy discussions [Heller and Eisenberg, 1998;y#eg and Liebeskind, 1998; David, 2001,
Murray, 2002]. Murray and Stern [2005] appearbea useful effort at applying the techniques
we develop here to address that particular questigiore broadly, however, we believe the
careful exploitation of experiments and differemealifferences techniques constitutes a fruitful
and as yet underexploited methodology for invesitigathe impact of institutions on knowledge

flows.
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TABLE |
VARIABLES & DEFINITIONS

VARIABLE DEFINITION SOURCE

CITATION CHARACTERISTICS
FORWARD # of Forward Citations to Articlgin Yeart Science Citation
CITATIONS; Index (SCI)
CUMULATIVE # of FORWARD CITATIONS from publication date to YR} SCI
CITATIONS;
YEAR Year SCI
AGE Year —Article Publication Year SCI
ARTICLE CHARACTERISTICS
BRC ARTICLE Dummy variable equal to 1 if Article &ssociated with a material deposited in  ATCC

the biological resource center ATCC (the Americgpd Culture Collection)
BRC ARTICLE, Dummy variable equal to 1 if Article is referendegdBRC deposit and YEAR ATCC
WINDOW PERIOD |= DEPOSIT YEAR or DEPOSIT YEAR plus or minus + 1
BRC ARTICLE, Dummy variable equal to 1 if Article is referendegdBRC deposit and YEAR ATCC
POST DEPOSIT > DEPOSIT YEAR + 1 (i.e., deposit has already ocediand DEPOSIT

WINDOW PERIOD already passed)
COLLECTION Dummy variable indicating the collectiarth which the article is associated ATCC

(1 = Gazdar Collection; 2 = Tumor Immunology Baiikg); 3 = Human

Tumor Bank (HTB))

Gazdar Collection: This collection was transferred into the ATCCeanliDr.

Adi Gazdar left his position as Head of Tumor @#blogy Section at the

National Cancer Institutes, along with his collaior, Dr. John Minna, to

become Professor of Pathology at the Hamon ceotéftferapeutic Oncology

at UT Southwestern. The Gazdar collection wasripm@ted into ATCC over

a number of years; the materials examined in thigepwere accessioned into

in 1994,

TIB Collection: The Tumor Immunology Bank (TIB) was created aCcc

when a collection was transferred from the Salkitinte in 1981, and

accessioned into the ATCC over the next few years.

HTB Collection: The Human Tumor Bank was maintained at Sloarnefieg

until 1981; it was accessioned into the ATCC cditetover the next few

years.
DEPOSIT YEAR Year in which the material associatgtth Article j is “accessioned” and ATCC

available for purchase through the ATCC
PUBLICATION YEAR | Year in which Articlg is published SCI
BACKWARD Number of articles cited by Article SCI
CITATIONS
# PAGES Count of the number of pages in Artjcle SCI
# AUTHORS Count of the number of authors of Article SCI
UNIVERSITY LEAD |Dummy variable equal to 1 if lead author is assedavith a university; 0 SCI; author
AUTHOR otherwise verification
GOVERNMENT Dummy variable equal to 1 if lead author is asgedavith a government- SCI; author
LEAD AUTHOR affiliated institution; 0 otherwise verification
NON-US Dummy variable equal to 1 if lead author is asdedavith an institution SCI; author
LEAD AUTHOR located outside of the United States; 0 otherwise verification
PRIVATE Dummy variable equal to 1 if lead author is asdedavith a private SCI; author
LEAD AUTHOR institution; 0 otherwise verification
TOP UNIVERSITY Dummy variable equal to 1 if leadtlaor is associated with a university NSF; author

identified by NSF at one of Top 25 universitiesdrlly financed R&D verification

expenditures in the biological sciences
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MEANS & STANDARD DEVIATIONS

TABLE I

STANDARD

VARIABLE N MEAN DEVIATION MIN MAX
CITATION-YEAR CHARACTERISTICS
FORWARD CITATIONS 6475 6.23 14.32 0 186
CUMULATIVE 6475 79.28 1616.51 0 2333
CITATIONS
YEAR 6475 1989.79 7.21 1970 2001
AGE 6475 11.26 7.22 0 31
ARTICLE CHARACTERISTICS (N=289 total articles)
TOTAL CITATIONS 289 140.10 238.94 0 2333
PUBLICATION YEAR 289 1979.42 4.58 1970 1992
BRC ARTICLE 289 0.37 0.48 0 1
DEPOSIT YEAR 108 1983.63 3.47 1981 1994
PRICE 108 233.12 42.60 167 270
# PAGES 287 7.09 6.96 0 69
# AUTHORS 288 4.71 4.24 0 57
BACKWARD CITATIONS 272 31.33 29. 27 0 401
UNIVERSITY? 236 0.51 0.50 0 1
GOVERNMENT”? 236 0.18 0.39 0 1
NON-US” 216 0.29 0.45 0 1
TOP UNIVERSITY”? 236 0.19 0.45 0 1

* DEPOSIT YEAR & PRICE are only meaningful for deticassociated with BRC deposits.
N Institutional affiliations are not available fasrae of the publications.
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TABLE |1
MEANS & STANDARD DEVIATIONS,
BY CONTROL GROUP

Trea;ment Control Articles
Articles
Articles .
Associated with | N OO | el
ATCC Deposits
#PAPERS 108 108 73
PAPER-YEARS 2418 2415 1642
11.13 2.68 4.25
FORWARD CITATIONS (19.64) (6.91) (10.62)
250.50 60.18 97.37
CUMULATIVE CITATIONS (331.00) (103.98) (146.64)
1979.40 1979.40 1979.48
PUBLICATION YEAR (4.55) (4.55) (4.72)

* There are fewer Most-Related Control Articles tRaeatment Articles, because the NIH algorithmdsasionally

unable to identify a “most-related article” in tteame year and journal as the Treatment Article.
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TABLE IV

BASELINE SPECIFICATIONS

oLS
Dep Var =

IN(FORWARD CITATIONS)*

CONDITIONAL FIXED EFFECTSNEG BINOMIAL
[Incidence-Rate Ratios reported in brackets]
Non-exponentiated coefficients reported without brackets

(Bootstrapped Standard Errorsreported in parentheses)
Dep Var = FORWARD CITATIONS

(4-1) (4-2) (4-3) (4-4) (4-5)
Base Model: BRGQ Base Model, with| Baseline Count (4-3) with Core Atrticle Fixed
Effect with Age | Article Family & Model Collection Effects| Effects Model
FEs only Year FEs
ARTICLE CHARACTERISTICS
BRC-ARTICLE [2.079]
0.465 0.513 0.732
(0.143) (0.122) (0.174)
BRC-ARTICLE, [1.408] [1.407] [1.612]
WINDOW PERIOD 0.351 0.355 0.342 0.341 0.477
(0.122) (0.105) (0.157) (0.161) (0.147)
BRC-ARTICLE, [1.913] [1.934] [2.350]
POST-DEPOSIT 0.610 0.574 0.649 0.660 0.854
(0.161) (0.132) (0.190) (0.277) (0.144
HTB-ARTICLE [2.110]
0.747
(0.229)
TIB-ARTICLE [2.010]
0.698
(0.188)
GAZDAR-ARTICLE [2.658]
0.978
0.212
CONTROL VARIABLES
Parametric
Restrictions
* 1M
Article Family FEs = ( F-stat 5.9"10 Included Included
p-value 0.00
Article FEs =0 Included
Age FEs = 0 F-stat  16.84 F-stat  14.77 x>  1608.38 x>  1285.09 x> 1007.92
9 p-value 0.00 p-value 0.00 p-value 0.00 p-value 0.00 p-value 0.00
_a F-sat 281 X 110.98 X 224.64 X 182.89
Year FEs =0 p-value 0.00 p-value 0.00 p-value 0.00 p-value 0.00
Regression Statistics
R-squared 0.26 0.51
Log-likelihood -13610.17 13607.11 -11795.38
# of Observations 6475 6475 6371 6371 6298

* Robust standard errors, adjusted for clustebpa@rticle group, are in parentheses.

" Year FEs included for 1980-2001; 1970-1974 a8it511979 grouped.

42




TABLEYV
ROBUSTNESSTO ALTERNATIVE CONTROL GROUPS

AND SPECIFICATIONS

CONDITIONAL FIXED EFFECTSNEG BINOMIAL
[Incidence-Rate Ratios reported in brackets]
Non-exponentiated coefficients reported without brackets
(Bootstrapped Standard Errorsreported in parentheses)
Dep Var = FORWARD CITATIONS
(5-1) (5-2 (5-3) (5-4)
Core FE Model:| Only “Nearest Only “Most- Omitting
Results by Neighbor” Related Article” | Window Period
Collection Controls Controls Observations
ARTICLE CHARACTERISTICS
BRC-ARTICLE, [1.620] [1.213] [1.921]
WINDOW PERIOD 0.483 0.193 0.653
(0.150) (0.128) (0.220)
BRC-ARTICLE, [1.828] [2.297] [2.550]
POST-DEPOSIT 0.603 0.831 0.936
(0.138) (0.228) (0.243)
HTB-ARTICLE, [2.825]
POST-DEPOSIT 1.039
(0.181)
TIB-ARTICLE, [2.285]
POST-DEPOSIT 0.826
(0.196)
GAZDAR-ARTICLE, [1.553]
POST-DEPOSIT 0.440
(0.196)
CONTROL VARIABLES
Parametric Restrictions
Article Family FEs =0 Included Included
Article FEs =0 Included Included
Age FEs =0 x> 113323 X 71857 X 900.15 X2 665.92
(#restrictions = 30) p-value 0.00 p-value 0.00 p-value 0.00 p-value 0.00
Year FEs =0 F-stat 111.18 F-stat 107.72 F-stat 102.85 X2 171.98
(#restrictions = 23) p-value 0.00 p-value 0.00 p-value 0.00 p-value 0.00
Regression Statistics
Log-likelihood -11786.54 -9075.71 -8581.88 -10866.7
# of Observations 6298 4656 3984 5997

" Year FEs included for 1980-2001; 1970-1974 antbiPO79 grouped.
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TABLE VI

EXPLORING PERSISTENCE AND TIMING

CONDITIONAL FIXED EFFECTSNEG BINOMIAL
[Incidence-Rate Ratios reported in brackets]
Non-exponentiated coefficients reported without brackets
(Bootstrapped Standard Errorsreported in parentheses)
Dep Var = FORWARD CITATIONS

(6-1) (6-2)
Including a BRC-article Including Pre- and Post-
Time Trend Deposit Trend
ARTICLE CHARACTERISTICS
BRC-ARTICLE, [1.292] [1.633]
WINDOW PERIOD 0.256 0.490
(0.182) (0.205)
BRC-ARTICLE, [1.460] [1.649]
POST-DEPOSIT 0.379 0.500
(0.223) (0.288)
BRC-ARTICLE * [1.045]
TIME TREND 0.044
(0.013)
BRC-ARTICLE * [1.060]
PRE-DEPOSIT TREND 0.058
(0.040)
BRC-ARTICLE * [1.037]
POST-DEPOSIT TREND 0.036
(0.015)
CONTROL VARIABLES
Article FEs =0
(#restrictions = 287) Included Included
Age FEs =0 X2 647.34 X 782.66
(#restrictions = 30) p-value 0.00 p-value 0.00
Year FEs = 0 X2 345.39 X2 137.89
(#restrictions = 23) p-value 0.00 p-value 0.00
Regression Statistics
Log-likelihood -11755.96 -11764.01
P-value of Chi 0.00 0.00
# of Observations 6298 6298

" Year FEs included for 1980-2001; 1970-1974 antbiP979 grouped.
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TABLE VII

EXPLORING ACCESSCOSTS & CERTIFICATION EFFECTS

CONDITIONAL FIXED EFFECTSNEG BINOMIAL
[Incidence-Rate Ratios reported in brackets

Non-exponentiated coefficients reported without brackets
(Bootstrapped Standard Errorsreported in parentheses)

Dep Var = FORWARD CITATIONS

(7-1) | (7-2) | (7-3)
ARTICLE CHARACTERISTICS
BRC-ARTICLE * [1.402] [1.429] [1.409]
WINDOW PERIOD 0.338 0.357 0.343
(0.176) (0.146) (0.172)
BRC-ARTICLE * [2.207] [2.170] [2.136]
POST-DEPOSIT 0.792 0.775 0.759
(0.180) (0.158) (0.182)
TIB-ARTICLE * POST-DEPOSIT [0.996] [0.997]
* PRICE’ -0.0038 -0.0034
(0.0021) (0.0019)
HTB-ARTICLE * POST-DEPOSIT [0.992] [0.993]
* PRICE’ -0.0083 -0.0073
(0.0041) (0.0042)
TIB-ARTICLE * POST-DEPOSIT [1.298] [1.177]
* NON-US 0.261 0.163
(0.184) (0.219)
HTB ARTICLE * POST-DEPOSIT [2.239] [1.828]
* NON-US 0.806 0.603
0.131 (0.162)
CONTROL VARIABLES
Article FEs Included Included Included
Age FEs =0 X° 916.10 X° 1614.37 X’ 1365.70
(#restrictions = 30) p-value0.01 p-value0.00 p-value0.00
Year FEs =0 X° 6043 X° 137.48 X° 14896
(#restrictions = 23) p-value0.00 p-value0.00 p-value0.00
Regression Statistics
Observations 4690 4690 4690
Log Likelihood -9179.36 -9188.76 -9174.07

variation from the average price of all materiatsits collection.
A Year FEs included for 1980-2001; 1970-1974 and5t9979 grouped.

Note: PRICE has been demeaned in the analysibeatevel of the Special Collection, so that valoé$RICE reflect
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Publications
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FIGURE |
NUMBER OF PUBLICATIONSBY YEAR
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FIGURE I11-1
AVERAGE ANNUAL CITATIONSBY AGE,
BRC VS. CONTROL ARTICLES
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FIGURE I11-2
PERCENT DIFFERENCE IN ANNUAL AVERAGE CITATIONSBY AGE,
BRC VS. CONTROL ARTICLES
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FIGURE IV
PRE- AND POST-DEPOSIT EFFECTSON FORWARD CITATIONS
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APPENDIX TABLE |

TYPES OF BIOLOGICAL RESOURCE CENTERS

Center Type

Examples

Public / Non-Profit
national collections

ATCC (USA)
DSMZ (Germany)
Japan Collection of Microorganisms (Japan)

Public / Non-Profit
specialized collections

Coriell Medical Research Institute (human genetitant
cell lines)

National Institute of Allergy and Infectious Disea@IV
materials)

Ribosomal Database Project

Agricultural Research Service Culture CollectiorR{RL)

Private, industrial
collections

Merck (antibiotics screening collection, clinical
microbiology collection)
Institute for Fermentation Osaka (IFO)

Specialized University
collections

Yale University Escherichia coliGenetic Stock Center)
Ohio State Bacillus Genetic Stock Center)
Penn StateHusariumGenetic Stock Center)

Life Sciences Data
Management Institutions

Ribosomal Database Project (RDP)
Institute for Genomic Research (TIGR

Source: Adapted from OECD, 2001.
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