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Abstract
In this paper we use a panel of manufacturing firms in Spain to examine the extent to which

they use internal and external sources of information (customers, suppliers, competitors,

consultants and universities) to generate product and process innovation. Our results show

that, although internal sources are influential, external sources of information are key to

achieve innovation performance. These results are in line with the open innovation literature

because they show that firms that are opening up their innovation process and that use dif-

ferent information sources have a greater capacity to generate innovations. We also find

that the importance of external sources of information varies depending on the type of inno-

vation (product or process) considered. To generate process innovation, firms mainly rely

on suppliers while, to generate product innovation, the main contribution is from customers.

The potential simultaneity between product and process innovation is also taken into con-

sideration. We find that the generation of both types of innovation is not independent.

Introduction
The objective of this paper is to study the importance of different sources of information on
product and process innovations. For years, the process of obtaining innovations was devel-
oped under the logic of closed innovation, where internal R&D investment was the most
important factor of the innovation process [1,2]. The problem with this model is that, if a firm
is too internally focused, it misses out on the contribution of external knowledge in its innova-
tion activities. This fact caused a shift in the conception of how firms generate new ideas and
bring them to the market, giving rise to the open innovation model. Chesbrough ([3]: 24)
defines open innovation as “a paradigm that assumes that firms can and should use external
ideas as well as internal ideas, and internal and external paths to market, as firms look to
advance their technology”. This perspective redefines the limits between the firm and its envi-
ronment in terms of innovation activities, making companies more porous and more likely to
be embedded into networks of different actors [4,5].

The open innovation model highlights the role of a variety of useful external sources of
information such as lead users, suppliers, rivals and universities among others [4,6]. Openness
implies a commitment with external sources, but not a total dependence on them [7]. Attention
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to external sources does not diminish the relevance of internal knowledge [8], as firms that
invest in internal sources of innovation are better able to recognize and evaluate external infor-
mation [9]. Additionally, they are also more able to integrate and use their knowledge [9]. The
evidence on complementarities between external and internal knowledge confirms this argu-
ments (see, for example [10,11]).

Although open innovation is a rather new concept, it has received a significant amount of
attention from both academics and firms [12]. The Connect+Develop strategy (http://www.
pgconnectdevelop.com/) introduced by Procter and Gamble [13] or the Chorus model of Eli
Lilly (http://www.choruspharma.com) are examples of the adoption of an open innovation
model. Open innovation models have also produced substantial improvements in time and
cost in R&D activities undertaken by pharmaceutical firms [13–15]. However, despite the
growing body of knowledge, quantitative studies involving large samples are needed to under-
stand the consequences of open innovation [12,16].

Rigby and Zook [17] describe the benefits of opening the innovation process to external
knowledge flows. Firms that use external sources can broaden their knowledge base and access
and integrate a greater variety of ideas to create new products and processes. They are also in a
better position to face the challenges of increasing R&D risks and costs, shorter product life
cycles and faster renewal [1,3,17,18]. However, as Laursen and Salter [4] have argued, an exces-
sive reliance on external knowledge can be harmful. The reason is that an intensive use of exter-
nal sources generates costs that must be taken into consideration. Some organizations over-
search, spending too much time and effort looking for external sources [2], which may be detri-
mental in terms of innovation performance. Additionally, an excessive reliance on external
information sources increases coordination and monitoring costs and could affect the building
of knowledge stocks within the firm [1,19].

Previous studies have shown the effect of internal and external sources of information on
the novelty of product innovation [4,20]. However, new products are not the only result of
open innovation; service and process innovations are other important results of open innova-
tion practices, either to create enhanced customer support or to support internal business effi-
ciencies [21]. A smaller number of studies have centered on process innovation (see, for
example [22]). Nevertheless we are not aware of any studies that analyze how different sources
of information affect the development of both product and process innovation. Additionally,
the literature often ignores the extent to which different kinds of innovation rely on different
sources of knowledge. This study addresses these gaps by providing a comprehensive analysis
of the sources of information that affect the generation of product and process innovation. Fur-
thermore, the introduction of product innovation may cause the development of process inno-
vations, and process innovation can stimulate the production of product innovations. Previous
research (see, for example [23,24]) suggests the existence of complementarities between prod-
uct and process innovation. For example Reichstein and Salter ([22]: 677) suggest that: “the
two types of innovation should be seen as “brothers” rather than “distant cousins”. Analyzing
these questions allows a deeper understanding of the innovation process at the firm level by
identifying internal and external factors that affect the joint generation of the two types of
innovation.

We use information from the Spanish Technological Innovation Panel (PITEC), (accessi-
ble from http://icono.fecyt.es/PITEC/Paginas/por_que.aspx), for 2005–2012. This data offers
information on the innovation activities of a large sample of Spanish manufacturing firms,
including the type of innovations obtained (product and process) and the sources of informa-
tion used. Additionally, the data allows us to distinguish between three types of process inno-
vations: innovations in manufacturing methods, in logistics and in supporting activities. We
expect the sources of information used by the firm to be positively related to the introduction
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of both product and process innovation. At the same time, our hypothesis is that the pattern
of influence will differ between product and process innovations and, in the case of the latter,
between the three types identified. The methods of analysis are bivariate and multivariate
probit models where the dependent variable is the generation of product or process innova-
tion, which is explained by internal and external sources of information and several control
variables.

Materials and Methods

Sample and data
The empirical analysis was carried out using the Spanish Technological Innovation Panel
(PITEC). PITEC is sponsored by the Fundación Española para la Ciencia y la Tecnología
(FECYT) and the COTEC Foundation and managed by the National Institute of Statistics. The
dataset, the questionnaire and the description of each variable are available free of charge from:
http://icono.fecyt.es/PITEC/Paginas/por_que.aspx.

This dataset has been used previously to study the influence of external and internal factors
on the degree of innovation [25], the complementarity effect of R&D on firm productivity [26]
and the relationship between R&D cooperation and environmental innovations [27].

This data set is important as it contains information on the introduction of product innova-
tion and different types of process innovation. Furthermore, it includes information about the
importance of different sources of information for the innovation process. The sources of
information are divided into internal and external. The data set also allows controlling for firm
and industry characteristics. Among the variables provided, we have data on the new products
sold by the firm, the capital structure and the sector to which the firm belongs.

Although the information is available from 2003, some firms were incorporated into the
data set in 2003 and others in 2004. In order to use a comparable set of firms, we use informa-
tion for 2005–2012. The initial sample includes around 12,000 firms per year and 85,468 obser-
vations. The final sample was created after taking into account the following considerations.
First, like Amara and Landry [20], we only use innovative firms belonging to the manufactur-
ing sectors. Second, we exclude public firms and those that had undergone start-ups, mergers
and closures. Third, we exclude firms that did not provide the necessary information to build
our variables. As a result, our sample is composed of 34,964 observations. Table 1 displays a
first approximation to the data set, showing a brief description of firms by size and sector over
the period 2005–2012. We have split the sample into two sub-samples: large firms with 200 or
more employees and small firms with fewer than 200 employees. Table 1 shows the composi-
tion of the final sample: approximately 82% are small firms and 18% large firms.

Variable description and measurement
Dependent variables. The two dependent variables capture whether the firm has gener-

ated product and process innovations. The Spanish Technological Innovation Panel was
designed according to the guidelines of the Oslo Manual [28]. Therefore, the definitions of
product and process innovations are consistent with these guidelines.

Product innovation. The introduction of product innovation is measured through a dummy
variable that takes the value 1 when the firm introduced new or significantly improved goods
(the simple resale of new goods and changes of a solely aesthetic nature are not included) in the
previous two years, and 0 otherwise.

Process innovation. The introduction of process innovations is measured through a dummy
variable that takes the value 1 when the firm introduced a new or significantly improved pro-
duction process, distribution method, or supporting activity in the previous two years, and 0
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otherwise. In order to find out whether the effect of the sources of information varies depend-
ing on the type of process innovation, we consider three different types of process innovation,
namely, innovation in manufacturing methods, in logistics and in supporting activities.
Accordingly, we define three dependent variables that take the value 1 when the firm intro-
duced new or significantly improved methods of manufacturing or producing goods
(Manufacturing methods innovation), logistics, delivery or distribution methods for inputs or
goods (Logistic innovation) or supporting activities for processes, such as maintenance systems
or operations for purchasing, accounting or computing (Supporting activities innovation), and
0 otherwise.

Independent variables. The database contains data about the importance of internal and
external sources of information. The PITEC considers 10 different sources: one internal and
nine external. We only selected external sources from market and scientific agents [29,30].
Although we also have information on the use of other external sources, i.e. conferences and
professional associations, we do not use them in order not to incur double counting.

Specifically, we consider the importance of each of the following: (1) within the enterprise
or enterprise group (Internal), (2) suppliers of equipment, materials, components or software
(Suppliers), (3) customers (Customers), (4) competitors or other enterprises in the sector
(Competitors), (5) consultants, commercial labs or private R&D institutes (Consultants)
and (6) universities or other higher education institutions (Universities). Firms are asked to
rate the importance of each source on a four-point scale (none/not used, low, medium and

Table 1. Number of firms by size and industry.

Industry Whole sample > = 200 employees <200 employees

1. Coke and refined petroleum products 0.05% 0.25% 0.00%

2. Food products, Beverages, and tobacco products 13.47% 19.20% 12.20%

3. Textiles 3.62% 1.51% 4.09%

4. Clothing 1.58% 2.11% 1.46%

5. Leather and related products 1.10% 0.38% 1.27%

6. Wood and cork 1.78% 1.46% 1.85%

7. Paper and paper products 1.96% 3.55% 1.60%

8. Printing and reproduction of recorded media 1.52% 0.94% 1.65%

9. Chemicals 10.25% 7.30% 10.91%

10.Pharmaceutical products 2.74% 6.43% 1.92%

11. Rubber and plastic products 6.63% 4.95% 7.00%

12. Other non-metallic mineral products 5.72% 7.20% 5.39%

13. Basic metals 2.88% 6.32% 2.12%

14. Fabricated metal products, except machinery and equipment 10.69% 6.90% 11.53%

15. Computer, electronic and optical products 4.95% 3.08% 5.37%

16. Electrical equipment 4.80% 4.31% 4.91%

17. Machinery and equipment 12.49% 5.88% 13.96%

18. Motor vehicles, trailers and semi-trailers 4.72% 11.50% 3.22%

19. Building of ships and boats 0.36% 0.09% 0.42%

20. Air and spacecraft and related machinery 0.37% 0.94% 0.24%

21. Other transport equipment 0.52% 0.93% 0.43%

22. Furniture 3.40% 1.79% 3.75%

23. Other manufacturing 2.58% 1.59% 2.80%

24. Repair and installation of machinery and equipment 1.83% 1.35% 1.94%

Total manufacturing 100% 100% 100%

doi:10.1371/journal.pone.0152743.t001
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high). We recodified these variables to obtain measures ranging between 0 (none) and 1
(high importance).

Control variables. The literature has suggested a number of firm and industry variables
that could affect the likelihood of innovation. First, larger firms are usually more likely to intro-
duce product and process innovations, given that they have more resources. We include the
sales of the firm (in thousand euros) (Size) as a proxy for this variable [31]. Second, according
to Cohen and Levintal [9] firms with higher levels of absorptive capacity are more likely to
innovate. To control for this effect, we include the firm’s innovation intensity. Following Cassi-
man and Veugelers [10], this variable is calculated as the ratio of the total innovation invest-
ments to sales (Innovation intensity). Third, firms exposed to international markets are more
likely to innovate [10]. Therefore, we expect a positive relationship between a firm’s export pro-
pensity (Export propensity) and the introduction of product and process innovations. This vari-
able is measured through the ratio of exports to sales in a given year [32]. The presence of
foreign capital could also affect the decision to innovate in a positive way. For this reason, we
include a dummy variable (Foreign capital) that takes the value 1 when the participation of for-
eign investors in the firm’s capital is higher than 50%, and 0 otherwise [23].

When analyzing the factors affecting the decision to innovate, one important element to
take into account is technological opportunity [33]. Firms belonging to high intensity sectors
have greater access to knowledge and technological progress and, therefore, are more likely to
innovate [34]. To control for this effect, we include a dummy variable (High intensity sector)
that takes the value 1 when the firm belongs to a high intensity sector, and 0 otherwise. We
have used the OECD [35] classification of manufacturing industries to form the high and the
low intensity groups.

Finally, to control for time effects we include a set of time dummies that take a value of 1 for
each of the years (2005–2012) considered.

Model and methodology
The focus of this paper is the estimation of an innovation equation. We have five innovation
outcomes. We know whether the firm has obtained product or process innovations. We also
know the type of process innovation obtained:manufacturing methods, logistic and supporting
activities.

The innovation equation follows the form:

Ii;t ¼ f ðSIi;t�1;Xi;t�1Þ ð1Þ

where Iit is the innovation outcome of interest, SIit-1 are the sources of information used by the
firm and Xit-1 the control variables capturing firm, industry and time effects.

Following Blundell, Griffith and Van Reenen [36], eq (1) can be derived as the outcome of a
firm’s optimal search rule for innovation. The model considers that the search process gener-
ates innovation in future periods and that is why all independent variables are lagged. Previous
papers (see, for example, [24]) have also used a single lag to capture the dynamic component of
the model.

As we are interested in the effect of information sources on the innovation outcome, our
empirical model takes the following form:

Innovation outcome�i;t

¼ a0Internali; t�1 þ a1Suppliersi; t�1 þ a2Competitorsi; t�1 þ a3Customersi; t�1

þ a4Consultantsi; t�1 þ a6Universitiesi; t�1 þ CV; t�1 þ εi;t ð2Þ

Sources of Information as Determinants of Innovation
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where CV stands for control variables, namely, High intensity, Export intensity, Foreign capital,
R&D intensity, Size and Temporal dummies, and εi,t and ϑi,t are the error terms. We expect the
sources of information and all the control variables to have a positive impact on innovation,
except for the Temporal dummies, whose effect is indeterminate.

One important issue that has to be considered is that the continuous latent variable, innova-
tion outcome of firm i at time t, is not observed. We only observe whether firm i has or has not
generated a given type of innovation, Innovation outcome i,t. The latent variable is related to the
observed dependent variable such that [36]:

Innovation outcomei;t ¼
1 if Innovation outcome�i;t > 0

0 if Innovation outcome�i;t � 0
ð3Þ

(

Due to the dichotomous nature of our dependent variables, we use the probit model as the
base of all our estimations [37]. It is important to bear in mind that it is likely that the error
terms of the different innovation outcomes are correlated. The correlation may be due to prod-
uct innovations that involve the modification of the production process or to process innova-
tions that result in the introduction of product innovations. However, it could also be the result
of common factors affecting the probability of introducing these innovations and that the
model does not control for. If this correlation is not considered, the estimated parameters
could be biased and inconsistent [38]. To solve this problem, in the analysis of product and
process innovation, we estimate a bivariate probit model. As we also distinguish between three
types of process innovation (manufacturing methods, logistic and supporting activities), a nat-
ural extension of the probit model, the multivariate probit model proposed by Cappellari and
Jenkins [39], is also applied. In both models, we cluster the errors by firm to control for the fact
that observations are correlated within firms. All the models are estimated using Stata 13.

Results and Discussion
The descriptive analysis and correlation matrix of the variables used are displayed in Table 2.
This table first provides important information about the frequency of product and process
innovations. Approximately 68% of the cases considered introduce product and process inno-
vations. These figures also show that, of all the types of process innovation considered,
manufacturing methods innovation is the most frequent (56%), while innovation in logistics is
the least frequent (16%). Second, the data reveals the importance of the different sources of
innovation used by the firms. Internal sources of information are the most important (78%).
Among external sources, suppliers and customers present similar frequencies (with percent-
ages of 52% and 54%, respectively). Universities are the source of information least frequently
used by firms in the sample (24%). Third, the correlations between the explanatory variables
are low, although the highest correlations are found between the different sources of informa-
tion considered.

Fig 1 shows information on product and process innovations by industry. It depicts the pro-
portion of firms that have innovated in each of the industries considered (see Table 1 for a
description of these industries). To plot the position of each industry, we calculated the propor-
tion of product and process innovators in each industry and subtracted the mean proportion of
all the industries. Therefore, the lines going through 0 on the x-axis and the y-axis represent,
respectively, the average of the proportion of product and process innovators in manufactur-
ing. Industries to the right of the x axis are above the mean in terms of the percentage of prod-
uct innovators, whereas industries to the left of the x axis are below the mean. Similarly,
industries at the top of the figure have a larger proportion of process innovators than the
overall average, and industries below the red line are below average proportion of process
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innovators. Fig 1 not only reveals industry differences in product and process innovations, but
also whether the two types of innovation tend to take place simultaneously.

Fig 1 shows that some industries with the highest levels of product innovation also have
high levels of product innovation. This is the case of the petroleum industry, the pharmaceuti-
cal industry and the motor vehicles industry. However, there are also some industries with
high rates of process innovation and low rates of process innovation like basic metals, rubber
and plastic, wood and cork, paper and food. Finally, there are certain industries with high rates
of product innovation and low rates of process innovations—machinery and equipment and
computer, electronic and optical products. These results are consistent with Reichstein and
Salter [23] and generally suggest that, in industries with high technological opportunity, there
is a greater probability of obtaining both product and process innovation.

Table 3 shows the estimation of a bivariate and a multivariate probit model using the 29,510
observations available. The number of observations available for the analysis (34,964) is higher
than the number of observations in the estimation (29,510). We lose observations as a conse-
quence of the lag of the independent variables. Columns 1 and 2 present the determinants of
product and process innovation. Columns 3 to 6 estimate the model with the same sample, but
distinguishing between different types of process innovation. The table also shows the result of
estimating the correlation between the different types of innovations (the rhos at the bottom).

Table 2. Descriptive analysis and correlationmatrix (n = 29,510).

Mean S.D. (1) (2) (3) (4) (5) (6)

Product innovation (1) 0.683 0.465 1

Process innovation (2) 0.679 0.467 0.147 1

Manuf. methods innovation (3) 0.560 0.496 0.174 0.775 1

Logistic innovation (4) 0.156 0.363 0.124 0.296 0.213 1

Supporting activities (5) 0.335 0.472 0.141 0.487 0.190 0.361 1

Internal (6) 0.777 0.309 0.218 0.128 0.142 0.097 0.098 1

Suppliers (7) 0.522 0.348 0.128 0.172 0.149 0.116 0.152 0.279

Competitors (8) 0.544 0.372 0.256 0.090 0.104 0.096 0.121 0.336

Customer (9) 0.405 0.343 0.200 0.089 0.096 0.099 0.112 0.243

Consultants (10) 0.329 0.337 0.102 0.115 0.103 0.106 0.126 0.175

Universities (11) 0.241 0.319 0.112 0.086 0.096 0.104 0.098 0.173

High intensity sector (12) 0.439 0.496 0.144 -0.067 -0.050 0.010 0.013 0.108

Export propensity (13) 0.272 0.299 0.079 0.064 0.089 0.032 0.029 0.092

Foreign capital (14) 0.074 0.262 0.020 0.033 0.034 0.050 0.007 0.034

R&D intensity (15) 0.041 0.084 0.102 0.013 0.023 -0.010 0.019 0.096

Size (16) 52125.9 317563.3 0.034 0.051 0.046 0.096 0.059 0.043

(7) (8) (9) (10) (11) (12) (13) (14) (15)

Suppliers (7) 1

Competitors (8) 0.370 1

Customer (9) 0.364 0.582 1

Consultants (10) 0.300 0.270 0.338 1

Universities (11) 0.194 0.229 0.237 0.432 1

High intensity sector (12) -0.001 0.134 0.102 -0.017 0.085 1

Export propensity (13) 0.017 0.092 0.072 0.053 0.082 0.128 1

Foreign capital (14) -0.004 -0.008 -0.012 0.006 0.014 0.072 0.162 1

R&D intensity (15) 0.044 0.122 0.082 0.065 0.130 0.119 -0.019 -0.061 1

Size (16) 0.044 0.003 0.029 0.043 0.064 0.009 0.053 0.123 -0.042

doi:10.1371/journal.pone.0152743.t002
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All the models are globally significant, as revealed by the Wald tests. Similarly, the observation
of the variance inflation factors (VIFs) indicates that there are no multicollinearity problems
because they show values below the usual thresholds.

Regarding the influence of information sources on product innovation, column 1 reveals
the positive and significant impact of four of the six sources considered, as expected. Informa-

tion from customers (b̂ = 0.550 p<0.01) and from internal sources (b̂ = 0.535; p<0.01) are the
ones with the highest impact on the likelihood of obtaining product innovation. Information

from competitors (b̂ = 0.243; p<0.01) and universities (b̂ = 0.107; p<0.05) are the ones with

the lowest impact on new products. Information from suppliers (b̂ = 0.022; p>0.1) and consul-

tants (b̂ = 0.022; p>0.1) does not significantly affect product innovations.
Of the effects of the different sources (of information) on process innovation, the most

important is that obtained from suppliers (b̂ = 0.502; p<0.01), followed by internal informa-

tion (b̂ = 0.329; p<0.01) and by that coming from consultants (b̂ = 0.190; p<0.01) and univer-

sities (b̂ = 0.115; p<0.01). Information from customers and competitors does not have a

significant influence (b̂ = -0.002; p>0.10 and b̂ = -0.024; p>0.10 respectively). The estimates
also suggest that product and process innovation are sometimes produced together, given the
positive and significant correlation between the two (RhoProduct, process = 0.148; p<0.01). This
correlation, however, seems low and, together with the results just described, suggests that
there are differences in the production of the two types of innovation (we further explore this
issue in the next section).

Fig 1. Differences in product and process innovation between industries.

doi:10.1371/journal.pone.0152743.g001
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Columns 3 to 6 present the results of estimating a multivariate probit model that shows the
effect of information sources on product innovation and on the different types of process inno-
vation. They confirm the pattern just described for product innovations: the change in the val-

ues of the estimated coefficients is negligible, with customers (b̂ = 0.550; p<0.01) and the firm

(internal) (b̂ = 0.534; p<0.01) being the most important sources. However, they also show
some differences when the types of process innovations are considered. Among the commonal-
ities, it is important to highlight that the most important source of information for process
innovation are suppliers. A comparison of the coefficient accompanying this variable in the
three types of process innovations shows that the differences are not significant (χ2 = 3.24;
p>0.1). The impact of universities on process innovation is also similar, given that the Wald
test (χ2 = 4.37; p>0.1) does not show differences between coefficients.

If we focus on the differences, although internal sources appear among the three most
important for the all the types of process innovations, the results show statistically significant

Table 3. Estimates of the decision to introduce product and process innovation.

Bivariate probit Multivariate probit

Product
innovation t

Process
innovation t

Product
innovation t

Manufacturing methods
innovation t

Logistic
innovation t

Supporting activities
innovation t

Internalt-1 0.535***
(14.37)

0.329*** (9.11) 0.534*** (14.37) 0.390*** (10.87) 0.285*** (6.02) 0.159*** (4.15)

Suppliers t-1 0.022 (0.58) 0.502***
(14.04)

0.023 (0.61) 0.355*** (10.15) 0.310*** (7.18) 0.391*** (10.76)

Customers t-1 0.550***
(13.83)

-0.002 (-0.05) 0.550*** (13.86) 0.056 (1.46) 0.081*** (1.71) 0.138*** (3.47)

Competitors t-1 0.243*** (5.69) 0.024 (0.56) 0.244*** (5.70) 0.049 (1.19) 0.118** (2.38) 0.060 (1.39)

Consultants t-1 0.022 (0.56) 0.190*** (4.76) 0.023 (0.58) 0.108*** (2.82) 0.186*** (4.06) 0.235*** (6.03)

Universities t-1 0.107** (2.40) 0.115*** (2.60) 0.110** (2.49) 0.174*** (4.19) 0.221*** (4.44) 0.116*** (2.75)

High intensity
sector t-1

0.272*** (9.40) -0.244***
(-8.63)

0.272*** (9.42) -0.208*** (-7.59) -0.037 (-1.11) -0.003 (-0.12)

Export propensity
t-1

0.209*** (4.48) 0.296*** (6.60) 0.208*** (4.47) 0.376*** (8.70) 0.051 (0.98) 0.082* (1.90)

Foreign capital t-1 0.072 (1.50) 0.177*** (3.79) 0.070 (1.47) 0.164*** (3.65) 0.208*** (4.16) 0.034 (0.74)

Innovation
intensity t-1

1.020*** (6.00) 0.116 (0.84) 1.02*** (6.05) 0.204 (1.54) -0.519*** (-2.78) -0.006 (-0.05)

Size t-1 0.000 (1.40) 0.000** (2.10) 0.000 (1.52) 0.000* (1.82) 0.000*** (2.59) 0.000*** (2.72)

Time dummies Included Included Included Included Included Included

Constant -0.892***
(-22.67)

-0.495***
(-12.98)

-0.882*** (22.46) -0.769*** (20.28) -1.776*** (34.04) -1.232*** (29.82)

VIF (max/mean) 2.12/1.51

Wald test 3,198.20 3,495.59

Observations 29,510 29,510

RhoProduct, process 0.148*** RhoProduct, manuf. 0.186*** RhoManuf.,
logistic

0.317**

RhoProduct, logistic 0.159*** RhoManuf.,
support

0.229***

RhoProduct,
support

0.146*** RhoLogistic,
support

0.493***

LR test de Rhoi,
j = 0 8 j6¼k

232.508 4,280.18

***, **, *: Variable statistically significant at 1%, 5% or 10%, respectively. T-ratios in parentheses

doi:10.1371/journal.pone.0152743.t003
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differences (χ2 = 22.46; p<0.001). This is also the case with consultants (χ2 = 6.52; p<0.05),

whose importance is the highest in supporting activities innovation (b̂ = 0.235; p<0.01) and

the lowest in the case of manufacturing methods innovation (b̂ = 0.108; p<0.01). Finally, some
of the sources considered are non-significant for certain types of process innovation: custom-

ers, in the case of manufacturing innovations (b̂ = 0.056; p>0.1), and competitors, in the cases

of manufacturing (b̂ = 0.049; p>0.1) and supporting activities innovation (b̂ = 0.060; p>0.1).
Overall, these results suggest that information sources affect process innovations differently,
depending on their type.

It is also important to note that manufacturing methods innovation is the type of process
innovation more likely to take place together with product innovation (RhoProduct, manuf. =
0.186; p<0.01). The correlations between the different types of process innovation also suggest
that they are frequently tied. Process innovation in the areas of supporting activities and logis-
tics have a higher correlation (RhoLogistic, support = 0.493; p<0.01), followed by supporting activ-
ities and manufacturing methods innovation (RhoManuf., logistic = 0.317; p<0.01).

Regarding the effect of control variables, the results show that the sector to which the firm
belongs also has an effect on product and process innovation. Firms in high technology sectors

are more likely to generate product innovations (b̂ = 0.272; p<0.01). However, these firms are

less likely to introduce process innovations (b̂ = -0.244; p<0.01). The analysis of the different
types of process innovation shows that this negative impact is driven by the negative and signif-

icant impact of this variable on manufacturing methods innovation (b̂ = -0.208; p<0.01). The
results also reveal that firms with high export propensity are more innovative in terms of prod-

uct (b̂ = 0.209; p<0.01) and process innovation (b̂ = 0.296; p<0.01). The only exception is

logistic innovation, where we cannot reject the null hypothesis (b̂ = 0.051; p>0.1). Innovation

intensity is positively related to product innovation (b̂ = 1.020; p<0.01) and non-significant
for process innovation. However, in the case of process innovations, we find that there is a neg-

ative association with innovation in logistics (b̂ = -0.519; p<0.01). Finally, the explanation of
product and process innovations is also different when size and foreign capital are considered.
Both variables have a positive effect on process innovation, while it is non-significant for prod-
uct innovations. These results are in line with previous research (see, for example, [23]) and
seem to suggest that large firms and firms with foreign capital have access to the complemen-
tary resources needed to appropriate the value from process innovations [40]. These findings
are consistent with the literature on process technology adoption and the role of the two vari-
ables in shaping the adoption behavior of firms [41,42].

Finally, some papers argue that past innovation activities generate expertise about how to
perform innovative activities [43,44]. To test this idea, we built a measure of innovation experi-
ence based on the number of years a firm has obtained product or process innovation in the
past. The results (not shown) reveal that previous experience has a positive impact on all the
types of innovation.

Further analyses
The results presented in the previous sections suggest that product and process innovations
could be related. However, the significant correlation between the different innovation out-
comes could be due to complementarities or to the existence of unobserved heterogeneity. Fur-
thermore, innovation activities may be persistent. To further explore these ideas, we performed
additional analysis. More precisely, we estimated a dynamic probit specification that controls
for the initial conditions problem (see [45,46]) To deal with heterogeneity we use Wooldridge’s
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[47] approach, which proposes that unobserved heterogeneity depends on the initial value of
the dependent variable (Initial conditions0) and the mean of the exogenous variables. Given the
lack of variation of the exogenous explanatory variables over time, we have considered a more
restricted approach where unobserved heterogeneity is assumed to be correlated only with the
initial value of the dependent variable [48]. To capture complementarities between product
and process innovation, the product (process) innovation equation incorporates the lagged
value of process (product) innovation.

Table 4 shows the results of a bivariate (multivariate) dynamic probit in which heterogene-
ity is controlled for in the way described above. The results suggest that the probability of

Table 4. Estimates of the decision to introduce product and process innovation (dynamics and unobserved heterogeneity).

Bivariate probit Multivariate probit

Product
innovation t

Process
innovation t

Product
innovation t

Manufacturing methods
innovation t

Logistic
innovation t

Supporting activities
innovation t

Product innovationt-1 2.140***
(52.10)

0.049 (1.39) 2.141***
(52.23)

0.046 (1.41) 0.108*** (2.59) 0.072** (2.07)

Process innovationt-1 0.075** (2.17) 2.144***
(58.15)

0.059* (1.71)

Manufacturingmethod t-

1

1.942*** (62.25)

Logistic innovation t-1 1.991***
(51.43)

Supporting activity t-1 1.855*** (61.58)

Internalt-1 0.219*** (4.01) 0.137*** (2.58) 0.220*** (4.04) 0.131** (2.57) 0.200*** (3.03) 0.079 (1.46)

Suppliers t-1 0.091* (1.77) 0.267*** (5.69) 0.095* (1.85) 0.219*** (4.99) 0.152*** (2.80) 0.168*** (3.71)

Customers t-1 0.248*** (4.88) 0.075 (1.46) 0.249*** (4.91) 0.084* (1.77) 0.070 (1.25) 0.089* (1.89)

Competitors t-1 0.156*** (2.82) -0.106** (1.98) 0.156*** (2.83) -0.079* (1.65) -0.029 (0.51) -0.012 (0.23)

Consultants t-1 0.033 (0.65) 0.098** (1.97) 0.033 (0.66) 0.065 (1.43) 0.128** (2.36) 0.093** (2.01)

Universities t-1 0.019 (0.38) 0.080 (1.59) 0.019 (0.38) 0.095** (2.07) 0.166*** (3.03) 0.137*** (3.01)

High intensity sector t-1 0.111*** (3.65) -0.142***
(4.90)

0.110*** (3.62) -0.117*** (4.34) -0.023 (0.69) -0.023 (0.82)

Export propensity t-1 0.093* (1.87) 0.211*** (4.54) 0.093* (1.86) 0.254*** (5.82) 0.007 (0.14) -0.002 (0.04)

Foreign capital t-1 0.077 (1.51) 0.075 (1.59) 0.078 (1.53) 0.085* (1.89) 0.125** (2.49) 0.048 (1.02)

Innovation intensity t-1 0.720*** (2.75) -0.209 (1.12) 0.720*** (2.75) -0.127 (0.70) -0.431** (1.99) 0.012 (0.06)

Size t-1 0.000*** (2.59) 0.000* (1.84) 0.000** (2.52) 0.000*** (2.64) 0.000 (0.90) 0.000 (1.05)

Initial conditions0 0.211*** (5.48) 0.120*** (3.40) 0.211*** (5.51) 0.155*** (5.19) 0.302*** (7.77) 0.146*** (5.00)

Time dummies Included Included Included Included Included Included

Constant -2.008***
(29.09)

-1.739***
(26.78)

-2.000***
(29.00)

-1.683*** (28.17) -2.286***
(29.07)

-1.858*** (30.29)

Wald test 8875.78 14159.06

Observations 14736 14736

RhoProduct, process .110*** RhoProduct,

manuf.

0.130*** RhoManuf.,

logistic

0.261***

RhoProduct,

logistic

0.099*** RhoManuf.,

support

0.141***

RhoProduct,

support

0.094*** RhoLogistic,

support

0.362***

LR test deRhoi,j = 0 8
j6¼k

33.143*** 753.791***

***, **, *: Variable statistically significant at 1%,5% or 10%, respectively. T-ratios in parentheses

doi:10.1371/journal.pone.0152743.t004
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obtaining a product (process) innovation in t depends on whether or not the firm has gener-
ated a product (process) in the past because the coefficient for product (process) innovation in
t-1 is positive and significant. This result is similar to those of Peters [45] and Mañez et al. [46].
Further, our estimates also show that obtaining a process innovation in t-1 increases the proba-
bility of obtaining product innovations in t. Similarly, achieving product innovations in t-1 also
increases the probability of obtaining innovations in logistics and in supporting activities.
These results suggest a complementarity relationship between product and process innovation.
This conclusion is further reinforced by the correlations between product and process innova-
tions. They maintain their positive and significant coefficients (see the Rho correlations at the
bottom of Table 4). Note that, in this case, the models control for unobserved heterogeneity.

Additionally, we explored whether there are different patterns in the use of information
sources depending on the level of technological intensity. We used the OECD industry aggrega-
tion [35] in order to distinguish between high and low technology sectors. This exercise showed
important differences regarding the importance of internal sources. Specifically, the results
show that internal sources are significant for obtaining process innovation in high technology
sectors. However, in low technology sectors, internal sources are important for obtaining prod-
uct innovations.

Conclusions
In this paper, we have studied the importance of different sources of information in product
and process innovation. The results lead us to two conclusions. First, they show that the six
sources considered (internal, suppliers, customers, competitors, consultants and universities)
play a role in producing innovation. These results are in line with previous papers that find
that innovations are developed by using knowledge from a diverse set of internal and external
sources of information (see, for example [20]) and not just from that generated by R&D invest-
ments. Additionally, we have shown that the influence of each source is different depending on
the type of innovation. To obtain product innovations, firms mainly rely on customers and on
internal sources, although information from competitors and universities is also important. To
obtain process innovations, internal sources and suppliers are the main contributors, followed
by consultants and universities. This means that only internal information and information
from universities are important in both types of innovation. These differences are also found in
the production of the three types of process innovations identified in our study.

Second, our findings reveal that there are complementarities between innovation types.
These complementarities are small between product and process innovations and mainly
involve the three types of process innovations. In the case of the latter, the relationship between
logistic and supporting activities innovation is stronger than in the two combinations that
include manufacturing methods innovation (manufacturing-logistic and manufacturing-sup-
porting). Importantly, we detect complementarities even when controlling for unobserved
heterogeneity.

Our results also have implications for our understanding of how innovation is produced
and studied. They suggest the need to separate product and process innovations if they are to
be studied effectively. This adds to recent evidence that shows that the influence of the various
factors involved in the propensity to engage in product and process innovations is different.
For example, Berchicci, Tucci and Zazzara [49] find that industrial downturns have a different
impact on the product and process innovations of Italian manufacturing firms. We also find
that the development of process innovations has distinguishing features, depending on their
type. For example, internal sources are more important for manufacturing methods innovation
than for supporting activities innovation.

Sources of Information as Determinants of Innovation
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Our paper also has implications in terms of the selection of a firm’s innovation model. The
high speed of technological change has produced a shift towards open models of innovation in
some firms. These models assume that even large firms with good resource endowments need
information from external sources to produce innovation [3]. Our results confirm the impor-
tance of external sources of information, but they also highlight the importance of internal
sources, especially for product innovations.

An open innovation model allows firms not only to obtain higher innovation performance
but also to capture value [3]. For example, the R&D productivity of Procter and Gamble with
the Connect and Develop strategy increased by nearly 60% [50]. Similarly, Roper et al. [51]
found evidence of a direct link between the use of knowledge from external sources and busi-
ness growth and productivity. In our sample, firms stating that both internal and external
sources are important or very important obtain (statistically significant) higher levels of labor
productivity (sales per employee) than rivals that do not.

In terms of policy prescriptions, these findings suggest that policies that encourage the links
between firms and market and scientific sources of information should be promoted because
they positively affect innovation performance. These policies should take into account that a
varied mix of sources of information is beneficial to innovation performance. However, they
should also consider the different nature and impact of the sources of information on product
and process innovation in order to obtain the desired outcome. Keeping or providing incen-
tives to investments in innovation (R&D, for example) would also benefit product innovation.

This study has limitations. First, the database contains information on a large number of
firms and variables. However, it was not designed to evaluate the role of information sources
on innovation performance. More information on the type of innovation outcome obtained
would be interesting. For example, the distinction between product innovations with different
degrees of novelty seems an interesting extension. Similarly, the data used in the empirical
analysis consider the firm as the unit of analysis. However, this does not allow for a precise
evaluation of how specific pieces of information are used. As firms are likely to organize their
innovation efforts into projects, information at this level could provide a more detailed assess-
ment. A second limitation is that our study refers to only one country, Spain. This means that
the influence of certain environmental variables (institutional factors, for example) could con-
dition the relationships identified.

These limitations open new opportunities for research. Researchers could examine the
impact of information sources on the degree of novelty of innovations. They could also collect
detailed information on how the fluxes of internal and external information are used in the
innovation process. Additionally, the study could be performed using a sample of different
countries to capture the consequences of different institutional and economic contexts.

Author Contributions
Conceived and designed the experiments: JG IS PV. Performed the experiments: JG IS PV.
Analyzed the data: JG IS PV. Contributed reagents/materials/analysis tools: JG IS PV. Wrote
the paper: JG IS PV. Contributed to the theoretical framework: JG IS PV.

References
1. Berchicci L, (2013) Towards an open R&D system: Internal R&D investment, external knowledge acqui-

sition and innovative performance. Res Policy 42(1): 117–127.

2. Dahlander L, Gann DM (2010) How open is innovation?. Res Policy 39(6): 699–709.

3. Chesbrough H, (2003) Open innovation: The new imperative for creating and profiting from technology.
Boston, MA.: Harvard Business Press.

Sources of Information as Determinants of Innovation

PLOS ONE | DOI:10.1371/journal.pone.0152743 April 1, 2016 13 / 15



4. Laursen K, Salter A (2006) Open for innovation: the role of openness in explaining innovation perfor-
mance among U.K. manufacturing firms. Strateg Manag J 27(2): 131–150.

5. Dodgson M, Gann D, Salter A (2006) The role of technology in the shift towards open innovation: the
case of Procter & Gamble. R D Manag 36(3): 333–346.

6. Von Hippel E (1986) Lead Users: A Source Of Novel Product Concepts. Manage Sci 32(7): 791–805.

7. Chesbrough HW, Teece DJ (1996) When is virtual virtuous. Har Bus Rev. 74(1): 65–73.

8. Gambardella A, Giarratana MS (2006) Innovations for products, innovations for licensing: Patents and
downstream assets in the software security industry Innovations for Licensing: Patents and Down-
stream Assets in the Software Security Industry (available at SSRN: http://ssrn.com/paper=935210).

9. CohenWM, Levinthal DA (1990) Absorptive Capacity: A New Perspective on Learning and Innovation.
Adm Sci Q 35(1): 128–152.

10. Cassiman B, Veugelers R (2006) In Search of Complementarity in Innovation Strategy: Internal R&D
and External Knowledge Acquisition. Manage Sci 52(1): 68–82.

11. Lokshin B, Belderbos R, Carree M, (2008) The productivity effects of internal and external R&D: evi-
dence from a dynamic panel data model Oxford Bulletin of Economics and Statistics 70(3): 399–413.

12. Chesbrough H, Brunswicker S. (2013) Managing open innovation in large firms. Fraunhofer Verlag

13. Schuhmacher A, Germann P-G, Trill H, Gassmann O (2013) Models for open innovation in the pharma-
ceutical industry. Drug Discov Today 18(23–24): 1133–1137. doi: 10.1016/j.drudis.2013.07.013 PMID:
23892183

14. Owens PK, Raddad E, Miller JW, Stille JR, Olovich KG, Smith N V, et al. (2015) A decade of innovation
in pharmaceutical R&D: the Chorus model. Nat Rev Drug Discov 14(1): 17–28. doi: 10.1038/nrd4497
PMID: 25503514

15. Hunter J, Stephens S (2010) Is open innovation the way forward for big pharma? Nat Rev Drug Discov
9(2): 87–88.

16. Huizingh E (2011) Open innovation: State of the art and future perspectives. Technovation 31(1): 2–9.

17. Rigby D, Zook C (2002) Open-market innovation. Harvard Business Review. 10: 80–93.

18. Keupp MM, Gassmann O (2009) Determinants and archetype users of open innovation. R&DManag
39(4): 331–341.

19. Leiponen A, Helfat CE (2009) Innovation objectives, knowledge sources, and the benefits of breadth
Strateg Manag 31(2): 224–236.

20. Amara N, Landry R (2005) Sources of information as determinants of novelty of innovation in
manufacturing firms: evidence from the 1999 statistics Canada innovation survey. Technovation 25(3):
245–259.

21. British Telecom, (2006). Embracing Open Innovation: A New Approach to Creating Sustainable Value.
White Paper (available from www.btglobalservices.com).

22. Reichstein T, Salter A (2006) Investigating the sources of process innovation among UKmanufacturing
firms Ind Corp Chang 15(4): 653–682.

23. Martínez-Ros E, Labeaga JM (2009) Product and process innovation: Persistence and complementari-
ties. Eur Manag Rev. 6(1): 64–75.

24. Martinez-Ros E (1999) Explaining the decisions to carry out product and process innovations: The
Spanish case. J High Technol Manag Res 10(2): 223–342.

25. Vega-Jurado J, Gutiérrez-Gracia A, Fernández-de-Lucio I, Manjarrés-Henríquez L (2008) The effect of
external and internal factors on firms’ product innovation. Res Policy 37(4): 616–632.

26. Barge-Gil A, López A (2013) The complementarity effect of research and development on firm produc-
tivity. Appl Econ Lett 20(15): 1426–1430.

27. DeMarchi V (2012) Environmental innovation and R&D cooperation: Empirical evidence from Spanish
manufacturing firms. Res Policy 41(3): 614–623.

28. OECD (2005) Oslo Manual: Guidelines for Collecting and Interpreting Innovation. 3rd ed., OECD,
Paris.

29. Nieto MJ, Santamaría L (2010) Technological Collaboration: Bridging the Innovation Gap between
Small and Large Firms. J Small Bus Manag 48(1): 44–69.

30. Love JH, Mansury MA (2007) External linkages, R&D and innovation performance in US business ser-
vices. Ind Innov 14(5): 477–496.

31. SofkaW, Grimpe C. (2010) Specialized search and innovation performance—evidence across Europe.
R&DManag 40(3): 310–323.

Sources of Information as Determinants of Innovation

PLOS ONE | DOI:10.1371/journal.pone.0152743 April 1, 2016 14 / 15

http://ssrn.com/paper=935210
http://dx.doi.org/10.1016/j.drudis.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/23892183
http://dx.doi.org/10.1038/nrd4497
http://www.ncbi.nlm.nih.gov/pubmed/25503514
http://www.btglobalservices.com


32. Roper S, Love JH (2002) Innovation and export performance: Evidence from the UK and German
manufacturing plants. Res Policy 31(7): 1087–102.

33. Jaffe AB (1986) Technological Opportunity and Spillovers of R & D: Evidence from Firms’ Patents, Prof-
its, and Market Value. Am Econ Rev 76: 984–1001.

34. Tether BS (2002) Who co-operates for innovation, and why An empirical analysis. Res Policy 31(6):
947–67.

35. OECD (2005) OECD Science, Technology and Industry Scoreboard. Paris.

36. Blundell R, Griffith R, Van Reenen J (1995) Dynamic count data models of technological innovation.
Econ J 105(429): 333–44.

37. Bollen KA (2002) Latent variables in psychology and the social sciences. Ann. Rev. Psychol 53(1):
605–634.

38. GreeneWH (2008) Econometric analysis. Upper Saddle River, NJ: Prentice-Hall.

39. Cappellari L, Jenkins SP (2003) Multivariate probit regression using simulated maximum likelihood.
Stata J 3(3): 278–194.

40. Teece DJ (1986) Profiting from technological innovation: Implications for integration, collaboration,
licensing and public policy. Res Policy 15(6): 285–305.

41. Stoneman P (2002) The Economics of Technological Diffusion. Blackwell: Oxford.

42. Gómez J, Vargas P (2012) Intangible resources and technology adoption in manufacturing firms. Res
Policy 41(9): 1607–1619.

43. Beneito P, Rochina ME, and Sanchis A, (2011) La experiencia en I+D como factor determinante de la
innovacion. Papeles de Econ Esp 127: 89–104.

44. Beneito P, Rochina ME, and Sanchis A, (2014). Learning through experience in R&D: an empirical
analysis with Spanish firms. Technol Forecast Soc Change 88: 290–305.

45. Peters B (2009) Persistence of innovation: stylised facts and panel data evidence. J Technol Transfer
34(2), 226–243.

46. Manez J, Rochina ME, Sanchis A (2009) Self-selection into Exports: Productivity and/or Innovation?.
App Econ Q 55 (3): 219–242.

47. Wooldridge JM (2005) Simple solutions to the initial conditions problem in dynamic, nonlinear panel
data models with unobserved heterogeneity. J Appl Econom 20(1): 39–54.

48. RaymondW, Mohnen P, Palm F, Van Der Loeff SS (2010). Persistence of innovation in Dutch
manufacturing: Is it spurious?. Rev Econ Stat 92(3): 495–504.

49. Berchicci L, Tucci CL, Zazzara C (2013) The influence of industry downturns on the propensity of prod-
uct versus process innovation. Ind Corp Chang 23(2): 429–465.

50. Huston L, Sakkab N, (2006) Connect and develop. Har Bus Rev 84(3): 58–66.

51. Roper S, Du J, Love JH (2008) Modelling the innovation value chain. Res Policy 37(6): 961–977.

Sources of Information as Determinants of Innovation

PLOS ONE | DOI:10.1371/journal.pone.0152743 April 1, 2016 15 / 15


