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Abstract
This paper considers the importance of collaboration for commercial biotechnology research.  Biotechnology is the most research-intensive economic activity in existence today.  Inter-firm collaboration is a major support of research intensity, since most biotech firms are unable to secure all the research resources they need on their own.  The ecology of biotech collaboration and its importance is considered first, along with the various collaborative modes and their causes.  A second part then addresses the question of whether inter-firm collaboration actually strengthens research intensity.  Two main types of collaborative arrangements, alliances and outsourcing, are considered.  Extensive empirical analyses of U.S. commercial biotech establishments are summarized, to provide conclusive answers on the importance of collaboration for research intensity.   
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Introduction

Biotechnology promises to become for the twenty-first century what aviation, computing or electronics were to the twentieth.  Commercial biotechnology, for example, is very likely to revolutionize health care and the way we think about life itself.  In medicine, genetically-targeted therapies are bound to replace current methods of treating most illnesses.  The field of pharmacology is likely to be revolutionized by bio-engineered medications, rendering current methods of pharmaceutical manufacturing and distribution obsolete.  New inventions in biotechnology are also likely to spill over into other fields, such as nanotechnology, molecular computing or robotics. 
Commercial biotechnology is the most research-intensive activity in existence today.  Perhaps no other economic sector has depended on research for its survival and development as biotechnology does.  In the United States, for example, biotech research spending amounts to approximately 80 percent of the sector=s total revenues.  This situation is in deep contrast with the case of pharmaceuticals, where research spending amounts to only 20 percent of revenues, or the electronics, aerospace and defense sectors, where research expenditures amount to roughly 5 percent of total revenues.  Such a high proportion of research spending means that invention and innovation are extremely important for the survival of most biotechnology firms.

The very high emphasis on research in commercial biotechnology is complemented by a substantial reliance on collaboration.  Inter-firm collaboration in biotechnology research is probably the highest it has ever been in any economic sector.  As a result, collaboration allows most firms to gain access to resources that they would not be able to obtain on their own.  Vast networks of collaborative arrangements permeate the biotechnology sector in the United States, leading to relationships that provide access to new knowledge, talents, finance and hardware, without which most firms would be unable to survive.

This contribution will consider, first, the ecology of biotech collaboration and its importance for firm survival and development.  The various modes of collaboration that occur in biotechnology will be discussed, along with the main factors that promote them.  A subsequent section will then consider the relationship between research intensity and inter-firm collaboration.  The key question of whether inter-firm collaboration strengthens research intensity will be explored, taking into account the two main types of collaborative arrangements found in biotechnology: alliances and outsourcing.  A summary of an extensive empirical analysis of commercial biotech establishments in the United States will provide conclusive answers on the importance of collaboration for research intensity.       
The Ecology of Collaboration 

The rise of the biotechnology industry is promoting what can be referred to as an ecology of collaborative relationships.  The use of the term Aecology@ seems appropriate to describe this context, since it involves a complex of relations between organizations with diverse expertise and research agendas.  The contact patterns and exchanges that occur as research agendas are developed are the lifeblood of the relations that make up the new ecology of biotechnology research.      

The ecology of collaboration is essential for the survival of most biotechnology firms, given the nature of biotech research and the kinds of resource limitations that are typically faced by such enterprises.  Collaboration is essential for sustaining regimes of continuous (or systematized) innovation, that strive to turn out streams of new discoveries and products in a relatively short period of time (see, for example, Suarez-Villa and Walrod 2003; Suarez-Villa 2000).  This occurs mainly because most biotech firms simply lack the resources to undertake all the necessary research activities internally.  Establishing collaborative relationships with other firms has therefore made it possible for many biotech enterprises to survive in what is perhaps the riskiest and most uncertain operating environment of any economic sector in existence today.

Modes of collaboration
Collaboration can involve several modes.  One of them is inter-firm collaboration, bringing together two or more firms that share some of their knowledge and resources for research.  Inter-firm collaboration can be structured through strategic alliances that can be wide-ranging or may involve one or several research projects (see, for example, Orsenigo et al. 2001; Doz and Hamel 1998; Child 1998; Gomes-Casseres 1996; Gerybadze 1995; Yoshino and Rangan 1995; Hagedoorn 1993; Limerick and Cunnington 1993; Barley et al. 1992; Forrest and Martin 1992; Ring and van de Ven 1992).  Such alliances can also involve networks of firms.  Networked alliances can be very useful for complex projects that require diverse knowledge and resources from various parties (see Suarez-Villa 2002, 1998).  Inter-firm collaboration can also involve outsourcing arrangements, by subcontracting research tasks or even production and distribution to other firms (see Suarez-Villa and Walrod 2003; Heywood 2001; Bragg 1998; Domberger 1998; Hoskisson and Hitt 1994; Grabher 1993; Ring and van de Ven 1992).  Such arrangements often save internal resources that can in turn be plowed back into research, as activities are outsourced to specialized firms that can undertake them more effectively or at lower cost.         

Alliances and outsourcing arrangements often involve small but highly innovative biotechnology enterprises with larger firms from other sectors, such as pharmaceuticals, chemicals or agriculture.  In most such cases, the larger firms provide resources, such as financing, that are urgently needed by their small biotech partners.  The biotech firms, in turn, provide their larger partners with state-of-the-art research capabilities, knowledge, discoveries or patents that can eventually be turned into new products.  Alliances and outsourcing also occur between biotech firms, most commonly between highly specialized firms that are focused on different phases of research and can undertake certain limited tasks or activities more effectively.  Alliances or outsourcing agreements between biotech firms specialized in regulatory testing and those involved in basic research provide frequent examples of those collaborative link-ups (see Ernst and Young 2000; Eddington 1994).      

Agreements between firms and research institutions, such as universities or government research laboratories, are another mode of collaboration.  Initially, biotechnology was strongly linked with academic research (see, for example, Gaisford 2001; Acharya 1999; McKelvey 1995; Orsenigo 1989). 

In the United States, major universities were the most important initial sources of commercial biotechnology research (see, for example, Kenney 1986; Johnson and Moore 1990).  However, the very different objectives of academic and commercial research have tended to drive many firms away from this mode of collaboration and to seek arrangements with other firms instead.  An important factor in this regard is the growing competitive pressures endured by many biotech firms to immediately appropriate any new discoveries and patent them, which is in deep contrast with the open diffusion objectives of academic research.  Mostly in cases where academic researchers hold new knowledge or discoveries with strong commercial applications can this mode of collaboration still be found in the United States.  More often than not, however, such arrangements serve as a vehicle for biotech firms to attract academic researchers to their ranks.

Independent interpersonal or intergroup cooperation must also be taken into account as  collaborative modes.  This type of collaboration has become important in software design, as in the case of the Linux software system, for example, where thousands of independent software designers working on their own or in small groups have produced many innovations through a remarkable collective effort.  However, in the case of biotechnology independent interpersonal or intergroup collaboration outside firms or institutions (such as universities or government research labs) has been extremely limited.  This is mainly because of the highly sophisticated and expensive equipment required for biotechnology research, which is virtually impossible for individuals to acquire or maintain on their own.  Thus, what interpersonal or intergroup collaboration is found in biotechnology tends to occur within firms and institutions.

This paper considers only inter-firm collaboration involving alliances and outsourcing arrangements.  Those collaborative arrangements are at the forefront of commercial biotechnology research and they are largely responsible for the survival of many biotech firms.  More than collaboration with academic institutions, which at one time was very important for the emergence of biotechnology, in the United States such inter-firm arrangements now largely determine how biotechnology research develops and the way organizations are structured.  Inter-firm collaborative arrangements also have the potential to bolster the research intensity of biotech firms, by providing resources that would be very difficult or even impossible to obtain otherwise.          

Factors promoting inter-firm collaboration
The need for inter-firm collaboration is largely a product of the nature of biotechnology research.  Four major factors stand out as prime motivators of collaboration in biotech firms.  The first one is the multidisciplinary character of biotechnology research.  Biotech research today is highly dependent on knowledge derived from various disciplines, and any one field alone is insufficient to provide the platform of expertise needed to undertake most commercial projects (see, for example, Ernst and Young 2000; Acharya 1999; McKelvey 1995).  Thus, for example, a combination of knowledge from pharmacology, medicine, genetics, chemistry, information technology and biology is common for many commercial research projects.  As a result, convergence between diverse fields or disciplines has become increasingly common in commercial biotechnology research and may in time produce entirely new disciplines.  The new field of bioinformatics, for example, which combines knowledge from software design, computing, biology and medicine is emerging as an essential component of research in genetics, proteomics and physiomics.  Another example is the emergence of a new bio-based chemical industry, which is replacing traditional industrial chemical processes, as enzymes developed through biotechnology replace highly noxious chemicals that were long used in many heavy manufacturing activities.  Collaboration has therefore become essential for many biotech firms to assemble the diverse expertise needed in research, since it is very difficult for any one firm to incorporate internally all the various talents and skills that are needed.

A second factor promoting collaboration is the increasing complexity of biotech research.  The rising complexity of biotechnology research is developing at various levels.  One level involves the increasing complexity of knowledge and research tasks, in and of themselves.  This is part of a long-term process of change which became obvious, for example, as the field of cell biology evolved to spawn the new field of genomics, and as the latter in turn provided the basis from which the new areas of proteomics and physiomics have been emerging.  A second level involves the increasing complexity of links between biotech research and other disciplines, such as the ones that have been developing between genetics and information technology (and which are at the core of the nascent field of bioinformatics).  The third level of increasing complexity involves hardware, or the highly sophisticated (and expensive) laboratory equipment (and in some cases supercomputers) needed to undertake commercial biotech research.  Increasing complexity operating at all of these levels makes it very difficult for biotech firms to undertake research alone, in a self-sufficient way or solely with their internal resources.  This situation is in deep contrast to the case of almost all other high technology industries, such as software or microelectronics, where firms could more easily undertake research projects on their own.

The third factor inducing collaboration is the very high risk and uncertainty of commercial biotech research.  Research in biotechnology is possibly the riskiest of any economic sector in existence today.  In most cases it is very difficult to predict the commercial viability of new discoveries because of the unforeseen and complex effects that many biotech products tend to have.  Moreover, the lengthy regulatory testing of discoveries or potential new products introduces yet another level of risk not found in any other high technology industry.  In the United States, six to ten years can pass for a new discovery to receive regulatory approval from the federal Food and Drug Administration (the agency charged with certifying the safety of most all potential biotech products).  The testing process employed by the FDA comprises several stages that act as Afilters,@ with a substantial number of potential new products being eliminated as testing advances from one testing stage to another.  As a result, of 8000 compounds initially turned to the FDA for testing only one (on average) tends to be approved (see Ernst and Young 2000; Eddington 1994).  This extremely high rate of elimination of new research discoveries is unknown in all other high technology industries, and it provides a powerful incentive for biotech firms to collaborate in order to share or reduce risk.                     

The fourth major factor inducing collaboration is the very high cost of research and the usually very limited finances that biotech firms have to support it.  Biotech research and development costs are among the highest of any economic sector in existence today.  Also, the costs of research are often not recovered by the new products that are marketed.  Only about one-third of all new biotechnology products tend to earn back their research and development expenses, and even many of those that do manage to cover such costs are not ultimately profitable (see Suarez-Villa and Walrod 2003; Ernst and Young 2000).  As a result, firms usually have to rely on a very small number of profitable products to support themselves.  

The weight of high research costs may help explain why biotechnology, as a sector, has never made any profits in the United States (see Ernst and Young 2000).  The net annual losses endured by the biotech sector in the U.S. typically amounted to about one-half to two-thirds of all research and development spending through most of the 1990s.  Only a few companies (individually) tend to be profitable, and they are usually the larger biotech firms.  Many small or medium-size firms therefore barely end up covering their expenses, and often manage to survive only by establishing collaborative links with other firms so that costs can be spread about.           

In addition to high research costs, the very limited finances of most biotech firms also provide a powerful incentive for collaboration.  Biotech firms Aburn@ capital at a very fast rate, mainly because of the high research costs and the lengthy process for introducing and marketing new products.  Throughout the 1990s, for example, between one-quarter and one-third of all biotech firms in the United States had less than 12 months to survive with the capital they had on hand (Ernst and Young 2000).  The majority of firms (one-half to two-thirds) had less than 24 months to survive, based on their capital Aburn@ rate.  This situation is not attractive to venture capitalists, to say the least, who typically expect to have a reasonable return on their investment within a relatively short period of time.  It should therefore not surprise that in 1999 the amount of venture capital raised for biotechnology firms in the United States was less than one-half of one percent of the total market capitalization of the sector.  This is a very small proportion by any standard, in a year that established records for venture capital investment in most every other high technology activity.  Despite this dire financial situation, it is surprising that no more than 10 percent of all biotech firms failed in any given year since the early 1980s.  Perhaps the best explanation can be found in the vast collaborative ecology that has built up within the sector during the past two decades.

Collaboration, Research Intensity and Innovation          

Biotechnology is the most research-intensive sector in existence today.  Most firms in biotechnology are more dedicated to research than to any other organizational aspect.  Indeed, the fate of most biotech firms rides on their successes in research.  Only by sustaining high rates of innovation through new discoveries can firms hope to survive.    

Innovation in biotechnology is largely dependent on the research intensity of firms.  The firms that are most innovative in this sector are invariably those that spend a substantial portion of their resources in research.  Innovative output in biotech is therefore largely a function of the quality and quantity of resources that firms deploy in research.  Perhaps no other economic sector has depended so much on research for survival and development as biotechnology does (see Suarez-Villa and Walrod 2003; Gaisford 2001; Acharya 1999; McKelvey 1995).  

It therefore seems important to determine whether inter-firm collaboration actually strengthens the research intensity of biotechnology firms.  There are plausible reasons why collaboration may or may not strengthen research intensity.  Collaboration might, for example, end up compromising resources (such as new knowledge, creativity and skills) that might be more effectively deployed if firms kept them to themselves and avoided sharing.  Also, outsourcing research tasks through collaborative arrangements might prevent firms from obtaining the kind of new knowledge and experience that hands-on experimentation provides.  Such experience is often vital for undertaking the next round of discoveries.  

On the other hand, collaboration might strengthen research intensity by providing access to skills and knowledge that many firms would not otherwise have access to.  Research collaboration might also provide financial resources that firms can deploy to support their research activities, and that they might not otherwise obtain.  Undertaking research for other firms through collaborative outsourcing might also allow access to new knowledge and experience, that can then be redeployed in the recipient firm=s own research.  

Clearly, it is hard to sort out all these plausible (and contradictory) outcomes without some empirical analysis of enterprise data.  For this purpose, a survey of U.S. commercial biotechnology establishments was undertaken (see Suarez-Villa and Walrod 2003, for additional details).  The universe of establishments (808 total) in three 4-digit Standard Industrial Classification (SIC) categories (2835: In Vitro or In Vivo Diagnostic Substances, 2836: Biological Products, 8731: Commercial Biological Research) was surveyed.  These SIC categories represent the most commonly accepted definitions of biotechnology used by trade associations and industry analysts.  The basic establishment economic data and contact information to undertake the survey were obtained from Dun and Bradstreet Information Services.  This is possibly the most reliable source of such information available in the U.S., given that their data are frequently used for investment decisions.  Using such data as the starting point, a postal questionnaire was sent to all biotech establishments in the SIC categories named previously, followed by interviews as necessary.  The response rate of 11 percent (89 establishments) reflected the intense privacy with which U.S. biotech enterprises regard their research activities.  Obtaining information on research activities is possibly the most difficult task that can be undertaken in enterprise surveys in the United States, because of the suspicion with which firms regard external requests for such data and also because research is usually crucial for enterprise survival and development.  

Two-thirds of the responding biotech establishments were engaged in alliances with other enterprises, and approximately half (53 percent) were outsourcing research to other firms.  The vast majority (83 percent) were domestic-owned, reflecting the strong role that domestic capital has played in the emergence of commercial biotechnology.  A majority (58 percent) were single-plant establishments while only one-third were branch establishments (or subsidiaries) of multi-plant firms.  Also, a majority (59 percent) employed 20 persons or less, reflecting the relatively small size of most commercial biotech establishments in the U.S.  A large number of statistical tests were performed on the data base to determine the impact of collaboration on research intensity (measured by research and development expenditures) and on general enterprise characteristics (such as scale or size, costs, revenues and assets) (see Suarez-Villa and Walrod 2003 for additional details).  Control groups were utilized to gauge differences in the impact of collaboration for each statistical test, comparing establishments that engaged in collaboration with those that did not do so.

Does collaboration strengthen research?
This section addresses the fundamental question of whether inter-firm collaboration supports or hinders commercial biotechnology research.  The results of a large number of statistical analyses will be summarized, taking into account the effects of the two main modes of inter-firm collaboration on  research intensity.  The first mode to be considered will be the case of alliances, followed by outsourcing. These two modes account for almost all of the inter-firm collaborative arrangements found in biotechnology today.         

Alliances
Alliances are perhaps the most important means of collaboration in biotechnology.  The choice and type of partner firms can be fundamental for success.  Complementarity is often important, since many firms try to find in a partner what they lack internally.  Thus, it is not uncommon to find that some of the most successful alliances are those established between small biotech firms and large firms from other sectors, or between biotech firms highly specialized in research and others that  narrowly target regulatory testing.  In some cases, alliances can also be found between biotech firms that specialize in different but complementary aspects of research, or in different stages of a research process.  Thus, it seems that the main driver of alliances is to find in partners the kinds of resources that firms do not possess internally (see, for example, Orsenigo et al. 2001; Nooteboom 1999; Beamish 1998; Child 1998; Doz and Hamel 1998; Bleeke and Ernst 1993; Håkansson et al. 1993; Barley et al. 1992; Forrest and Martin 1992).

Perhaps the most important benefit of alliances for biotech firms is to find access to financial support for research.  This is crucial because of the precarious financial condition of most biotech firms, noted earlier.  Finding such support can make the difference between completing or abandoning a research project.  In return for financial support, many biotech firms share their discoveries with their partners, by licensing patents to them or sharing their ownership.  

Another benefit of alliances is the access to multidisciplinary skills or talents that can be obtained by teaming up with other firms.  Very often, biotech firms find it impossible to assemble in-house all the talents they need to undertake or complete a research project.  The causes for this situation can range from a lack of financial resources to a scarcity of individuals with the appropriate skills or experience.  Reducing the high risk and uncertainty of biotech research can also be another benefit of alliances by, for example, speeding up research activities and regulatory testing through parallel research and testing coordinated with a partner.  Securing reciprocity from partners can be another important benefit of alliances.  Such arrangements can be of much help during difficult times, such as during periods of stress due to research project failures or excessive capacity in plant and equipment.                

In general, the statistical evidence showed that biotech establishments involved in alliances with other enterprises were able to support research more strongly than those not so engaged.  Biotechnology  establishments involved in alliances with pharmaceutical firms benefitted most from this collaborative mode.  One of the outcomes of such alliances was a larger number of research personnel and potentially a larger skills base for the biotech partner.  Larger research programs and stronger financial support for research also resulted from such alliances.

Another outcome of alliances with pharmaceutical firms was a stronger association between research intensity and biotech firms= revenues.  This type of collaboration resulted in research discoveries that were sold to the pharmaceutical partners, thus increasing revenues for the biotech firms.  The revenues derived could in turn be plowed into research, thus increasing the research intensity of the biotech partner by acquiring additional resources, such as personnel or equipment.  This kind of revenue-producing symbiosis was particularly beneficial to small but highly innovative biotech partners linked up with large, cash-rich pharmaceutical companies.  

Finally, alliances also produced a stronger association between research intensity and firms= assets.  Assets typically comprise tangible resources and can include, for example, laboratory equipment, a plant or building, land or financial reserves.  The obvious conclusion is that engaging in alliances in general, and particularly with pharmaceutical firms, helped increase the asset base of the biotech partners.  This is a logical outcome based on the previous observation about the stronger association between revenues and research intensity for the biotech partners.  Clearly, the additional revenues obtained through alliances had the effect of increasing the asset base of biotech firms.

Outsourcing
In contrast with alliances, outsourcing arrangements are easier to structure and can be more easily dissolved when circumstances change.  They also tend to be more fluid and have a narrower scope than alliances.  Most outsourcing relationships are limited to a specific task or time period, and they can involve multiple arrangements with diverse firms, thus avoiding the long-term commitment that is more typical of alliances (see Heywood 2001; Greaver 1999; Bragg 1998; Domberger 1998; Laseter 1998).

Outsourcing arrangements typically involve subcontracting.  Although subcontracting may be considered secondary to alliances as a form of collaboration, it is more frequent and common in commercial biotechnology.  Subcontracting can involve an externalization of tasks or activities by a firm, hiring another to perform them.  Or it can also involve arranging for another firm to undertake some tasks that the firm does not already perform internally.  The reasons for subcontracting can be varied and may involve, for example, insufficient internal capacity to undertake the subcontracted tasks or a lack of personnel to perform them.  It can also involve activities that a firm cannot undertake internally at lower cost than the subcontracted firm or in shorter time.  Also, in some cases firms may be subcontracted to perform tasks that the subcontractor does not know how to perform internally due to insufficient knowledge or experience.        

The empirical evidence on three types of subcontracting situations will be summarized in this section.  The first type will be that involving biotech establishments that are subcontracted to perform research tasks or activities by other firms.  These arrangements therefore involve an internalization of research work to be performed for other enterprises.  The motivations on the part of the firm being subcontracted can involve, for example, a desire to gain new knowledge and experience through the tasks that are taken in, or the need to obtain additional revenues and financial resources.  They can also include, on the part of the subcontracted firm, the need to increase its internal scale economies by taking in work when excess capacity exists, or the desire to establish some reciprocity with other firms to secure their assistance during difficult times.  In all, 46 percent of all responding establishments were being subcontracted for research by other firms.

In general, establishments that were subcontracted to perform research activities for other firms enjoyed a much stronger research intensity than those that were not so subcontracted.  Their higher research intensity resulted from two main factors.  One of them was the fact that establishments taking in research work from other firms were able to increase their roll of in-house research personnel, thereby adding more talent and skills in-house.  The second factor contributing to their higher research intensity was the revenues they derived from being subcontracted by others, and the fact that such revenues (subcontracting additional costs) tended to be invested in their own research activities, thus strengthening their in-house capabilities.  The empirical evidence therefore showed that being subcontracted for research activities strengthened the subcontracted establishment=s own research intensity, far more than in the case of establishments that were not subcontracted for research.

The second type of subcontracting situation involves biotech establishments that subcontract out research activities to other firms.  The motivation for subcontracting out such activities may be due to a need to reduce in-house (or overhead) costs, letting others do the work at lower cost than the establishment could on its own.  Not having enough experienced or qualified personnel in-house may also be another motivation for subcontracting out research work.  Then, also, the desire to gain new knowledge from other firms by letting them perform certain research tasks or activities as subcontractors may justify this situation.  In all, 53 percent of all responding establishments subcontracted out research work to other firms, making this a significant form of collaboration for many biotech firms.

The empirical evidence on this second type of subcontracting situation showed that subcontracting out research weakened the research intensity of biotech establishments.  Thus, this type of collaborative arrangement may not be beneficial at all to firms that seek to bolster their in-house research capabilities.  Firms that subcontract out research without taking in other research work (in other words, that do not allow themselves to be subcontracted for research) may therefore be making a serious strategic mistake, as subcontracting out is likely to weaken their in-house research capabilities and intensity.  Subcontracting out research activities to other firms also involves some risk and requires much trust, as the potential for misuse and leaks of new discoveries to competitors is an all-too-real possibility.  For this reason, the vast majority of biotech establishments that subcontracted out research always did so on a relational basis, involving close personal relationships and trust.  Subcontracting out research on the basis of competitive bidding was therefore rare among biotech establishments, mainly because of the strong need for trust and confidence in the firms that research work was subcontracted to.

The third type of subcontracting arrangement involves biotech establishments that subcontract out non-research activities to other firms.  Although this type of subcontracting does not involve research tasks, it is important to consider simply because it is an arrangement that often affects the research intensity of establishments.  The main motivation for subcontracting out non-research activities or tasks is in-house cost reduction.  Many biotech establishments (being relatively small, as noted earlier) do not have the scale economies or size to undertake non-research activities, such as testing, production, marketing or distribution, in a cost-effective way.  Thus, they must turn to other enterprises to perform those activities under contract.  Often, the firms they turn to are highly specialized in those (non-research) activities and can undertake them more efficiently and at lower cost.  The fact that many biotech establishments prefer to focus on research to the exclusion of those more mundane (non-research) activities is also behind this third type of subcontracting.  

Most arrangements in this third type of subcontracting tend to be done on a relational basis, involving personal friendships, trust and reciprocity rather than impersonal, competitive bidding.  Thus, the quality of the relationships found in this type of subcontracting is much like those found for the outsourcing of research tasks.  It is therefore possible to see that most biotech establishments are part of a web of supportive relationships that allow them to find firms to partner with or subcontract to based on trust and personal friendships.  This characteristic may also account for the relatively high rate of (responding) biotech establishments that subcontracted out manufacturing (54 percent), regulatory testing (38 percent), and marketing or distribution (36 percent).  Those rates are much higher than the ones found in other high technology industries, such as electronics, in the U.S. and other nations (see, for example, Suarez-Villa and Walrod 1997; Suarez-Villa and Karlsson 1996; Suarez-Villa and Fischer 1995).

In general, the empirical analyses showed that subcontracting out non-research activities tends to strengthen research intensity.  The main benefit for establishments engaged in these arrangements was in-house cost reduction, which is important for many biotech establishments given their precarious finances.  Cost reduction is a major concern of biotechnology enterprises in the United States, also because of the difficulties in obtaining venture capital financing for research projects and the long and very risky process of regulatory testing that must follow every new discovery.  The importance of cost reduction even overshadows the possibility of gaining additional revenues by keeping those non-research activities in-house.  Biotech establishments= tangible assets (such as equipment, building, land) were found to be more supportive of research intensity in establishments that subcontracted out non-research activities.  Obviously, when those (non-research) activities were subcontracted out (or externalized), establishments could more strongly target their assets to support their in-house research projects and agendas.  Subcontracting out non-research activities also allowed establishments to avoid spending on non-research equipment (for production or testing, for example), and to invest those resources instead in research-related assets.   

Conclusion
The collaborative ecology of commercial biotechnology research is largely a function of the needs of firms and their struggle for survival.  Securing access to multidisciplinary talent, the complexity of research projects, the high risk and uncertainty of achieving success, and scarce financial resources make it essential for biotech enterprises to collaborate with other firms.  As a result, a dense web of inter-firm relationships based on personal trust, reciprocity and knowledge-sharing has emerged to support the large infrastructure of firms that operate in this sector.       

The empirical evidence summarized in this paper overwhelmingly shows that inter-firm collaboration strengthens research.  Alliances are most supportive of research intensity, particularly when they link firms with highly complementary resources and needs.  More specifically, those occurring with pharmaceutical companies are most supportive of biotech firms= research intensity.  This is important because innovation in commercial biotechnology is highly dependent on research intensity.  The most innovative biotech firms are therefore those likely to be the ones more intensely concentrated on research.

Outsourcing relationships are another important form of collaboration bolstering research intensity.  Not every type of outsourcing or subcontracting arrangement is supportive of research, however.  Only establishments that are subcontracted for research by other firms experience higher research intensity.  Biotech establishments that let out  research work to other firms actually end up with lower research intensity.  Collaborative arrangements involving research subcontracting are therefore likely to be most beneficial for firms that take in research work from other firms, or that can replace any research activities they let out by taking in others= research work.  

Subcontracting out non-research activities also seems to bolster  research intensity.  This occurs mainly because establishments are more able to concentrate their attention and resources on their in-house research.  Also, it is possible for biotechnology establishments to subcontract out such non-research activities as regulatory testing, production, marketing or distribution because of the large network of firms that are specialized in performing such activities.  As with the collaborative network of firms involved in research alliances and subcontracting, the relationships involving non-research subcontracting rely greatly on trust, personal contact and reciprocity.

It remains to be seen whether these insights, which seem to be representative of American commercial biotechnology, can also be found in other nations.  Much of the collaborative ecology of biotechnology that has developed in the United States is largely due to the large number of  small but very innovative firms, to their collaborative needs for survival and development, and to the on-going disengagement of the sector from academic biotech research.  As a result, large networks of establishments specialized in many different aspects of research, and in accessory but  important non-research activities have emerged, making it possible for firms to establish collaboration for most any aspect of commercial biotechnology. 
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