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Abstract

Using a new data set on regional inputs and outputs, this paper focuses on the role of interregional

technology spillovers in the process of industrial growth in Chinese regions from 1990 till 2005.

Inflows of foreign direct investment (FDI) increase rapidly between 1990 and 1998 and after 2001.

Domestic capital investment increases even more rapidly than FDI, resulting in declining FDI intensity

from 1995 onward. Domestic research and development (R&D) investment accelerates after 1998.

Regional industrial growth benefits from interregional R&D spillovers. From 1998 onward, it also

benefits from international FDI spillovers. Interestingly, FDI in a region has a negative impact on the

growth of industrial output in neighboring regions.

JEL classification: F43, O14, O33, R11, R12.

1. Introduction

In modern growth theory, technological spillovers are among the key sources of growth.1 In the Gerschenkronian trad-

ition, one of the important potential sources of catch-up in technologically backward economies is international technol-

ogy and knowledge spillovers from the advanced economies. A similar reasoning can be applied to regions.

Technologically more backward regions can profit from spillovers from technologically more advanced regions. In a pre-

vious paper (Wang and Szirmai, 2013), we find that in the long run, there is a tendency toward regional convergence in

China. In the present paper, we address the question whether technological spillovers from regions with high levels of for-

eign direct investment (FDI) and research and development (R&D) play a role as drivers of regional growth in

neighboring regions. We distinguish between interregional R&D spillovers and interregional FDI spillovers. R&D spill-

overs represent the interregional effects of domestic investment in knowledge; FDI spillovers represent the interregional

1 Two anonymous referees provided valuable comments and suggestions, which helped us clarify our thinking about

Chinese economic development.
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effects of international technology spillovers.2 We also examine the direct effects of R&D and international technology

spillovers.

R&D activities have both direct and indirect effects on economic performance. The direct effect is that a firm that

carries out R&D will benefit from the innovation of its products, processes, materials, or organization. This helps a

firm to increase its market share and profits. The indirect effect refers to the possibility that firms can imitate and

learn from technological knowledge developed by other firms, no matter whether it is embodied in new products,

processes, or organizational routines. Such technological spillovers (externalities) result in increasing returns to scale

at the macro level, even if technological investment in one firm might have decreasing marginal returns and if the pro-

duction structure is subject to constant returns to scale (see Mohnen, 1996, for a survey of R&D externalities).

Technological spillovers play a crucial role in catch-up and convergence at both regional and national levels. The

lagging regions or countries benefit from applying new technologies developed by the technological leaders, without

having to bear the full costs and risks of developing these technologies. Due to their access to these kinds of technolo-

gies, lagging regions or countries can sometimes take large leaps in economic development. This is referred to as the

advantages of backwardness (Gerschenkron, 1962; Abramovitz, 1986, see also the discussion in Szirmai, 2012).

In two previous papers (Wang and Szirmai, 2008, 2013), we provide a first analysis of industrial growth perform-

ance in China. The annual growth rate of industrial labor productivity was 8.3% between 1992 and 1997 and

19.2% between 1997 and 2002 (Wang and Szirmai, 2008). Using the coefficient of variation of gross domestic prod-

uct (GDP) per worker, we found that in the long run, there was a process of regional convergence in industrial prod-

uctivity, with the lagging regions growing more rapidly than the leading regions. Regional inequality in 2005 was

some 30% less than in 1978.

In this paper, we focus on the growth of industrial value added in 29 Chinese regions3 and examine the extent to

which knowledge spillovers play a role in the growth of regional output.4 With regard to interregional spillovers, one

set of studies (including this paper) focuses on knowledge spillovers between regions; the other set of studies exam-

ines output spillovers (Groenewold et al., 2006; Zhang and Felmingham, 2002)5. Concerning the sources of know-

ledge spillovers in Chinese regions, we distinguish between interregional and international sources of knowledge

spillovers. The former concept refers to R&D inputs in Chinese regions; the latter refers to international knowledge

embodied in FDI in Chinese regions6. The analysis makes use of a unique newly constructed panel data set of regional

capital stocks, labor (Wang and Szirmai, 2012), R&D stocks, and FDI intensities. This allows us to apply existing

spillover models to Chinese regions to analyze interregional and international knowledge spillovers.

In this paper, we explore the following questions:

1. How important are international FDI spillovers for regional industrial growth?

2. How important are interregional FDI spillovers for regional industrial growth?

3. How important is intraregional R&D for regional industrial growth?

4. How important are interregional R&D spillovers for regional industrial growth?

Our analysis provides interesting and novel insights about the role of spillovers in the Chinese setting. It confirms

the importance of interregional knowledge spillovers in China and emphasizes the importance of regional absorptive

capacities. On the other hand, it serves to deflate unrealistic expectations about the knowledge spillovers associated

with FDI. China is the largest recipient of FDI in the developing world, but the spillover effects of FDI are mixed.

2 The concept of FDI spillovers is broader than that of R&D spillovers. If a foreign firm invests in China, this investment

embodies part of the total knowledge stock of that firm. This knowledge stock reflects its overseas R&D, its production

experience, and its human resources.
3 There are totally 31 provincial-level regions in mainland of China. Tibet is not included in our analysis owing to lack of

data. Our analysis covers 30 regions. Chongqing—which was part of Sichuan in early years and only has most of its

data available from 1996 onwards—is combined with Sichuan. Therefore, we have 29 regional units in total.
4 We do not explicitly address growth in backward regions in this paper, but as FDI and R&D are typically concentrated in

more advanced regions, the analysis has important implications for regional catch-up trends.
5 This branch focuses on the inter-regional growth spillovers, not technological spillovers.
6 Considering that the pecuniary contribution of FDI has been captured in the capital stock of one region, the variable of

FDI knowledge spillovers is defined in terms of intensity (see more details in Section 3).
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FDI only has significant positive direct effects after 1998, while most of the indirect interregional spillover effects are

even negative.

The paper is organized as follows. Section 2 provides a review of the relevant theoretical and empirical literature

concerning knowledge spillovers. Section 3 provides a discussion of the data. Section 4 presents our methodology,

data, and empirical results. Conclusions are drawn in Section 5.

2. Review of the literature

2.1 Spillover types and contributions

Griliches (1979, 1992) distinguished two different types of technological spillovers, namely, rent spillovers and

knowledge spillovers. The former occur when technology-intensive inputs are acquired by firms or industries at a

price less than “their full quality price”, while the latter refers to knowledge flows that take place without any busi-

ness transactions occurring. Such pure knowledge spillovers can take place through a variety of channels, such as imi-

tation of innovations, mobility of skilled personnel, reverse engineering, use of freely available “open” or public

knowledge, infringing on patents, access to international scientific literature, access to knowledge embodied in FDI,

or communication between R&D personnel. The term technology spillovers is often used for pure knowledge

spillovers.

Coe and Helpman (1995) and Jiang et al. (2010) find that R&D investment in G7 countries has positive spillover

effects for their trade partners, including China. Coe and Helpman (1995) suggest the social returns to R&D (includ-

ing the effects of international technology spillovers) are larger than the private returns (the returns to R&D within a

given countries). The following studies also demonstrate different kinds of significant technology spillovers: intra-

industry spillovers (Bernstein and Nadiri, 1989)7, inter-industry spillovers (Girma and Wakelin, 2007)8, and regional

spillovers (Funke and Niebuhr, 2005)9.

FDI spillovers, as a type of international knowledge spillovers, have been regarded as a very important source of

knowledge in developing countries, as foreign investment embodies advanced technologies or management from

advanced economies. The Chinese Government, for instance, provides considerable privileges to foreign firms to at-

tract foreign investment to China. This policy assumes that the positive effects of FDI on economic growth are

assumed to outweigh its possible negative effects (Liu and Wang, 2003; Liu and Buck, 2007). The contribution of

FDI to the Chinese economy is seen as not only resulting from its contribution to capital accumulation, embodied

productivity gains, and increased exports but also from technological spillovers. There are four main channels

through which local firms can benefit from FDI-related technological spillovers. The first one is through imitating

products developed by foreign companies, given that local firms can easily learn from the new design of a market

product. The second channel is through mobility of employment. Employees trained or hired by foreign companies

can bring knowledge to local firms when they switch jobs.10 The third channel is through vertical interactions be-

tween local suppliers and multinational enterprises (Jacob and Sasso, 2015). The last one is through purchasing

technology-intensive inputs (i.e., the price of such inputs purchased by local firms from foreign-invested firms is

lower than the “full quality price”). The first three channels are related to pure knowledge spillovers, while the last

one embodies rent spillovers. Besides positive contributions, the entry of foreign affiliates through FDI may also have

negative effects on domestic companies, if multinational companies reduce the market shares of domestic firms—

called “market stealing” by Aitken and Harrison (1999)—and take away talented employees from domestic compa-

nies and limit technology transfers and spillovers.

7 Their studied industries include Chemicals, Petroleum, Machinery, and Instruments.
8 They use plant-level data in the electronics sector in the UK.
9 They find that regional growth in 71 regions in western Germany is positively influenced by the R&D activities in nearby

regions.
10 In addition to these two main types of spillovers, there are competition and demonstration effects. Upon the market

entry of foreign competitors equipped with more advanced technologies, local companies can be pushed to innovate

and adopt more new technologies. However, in a strict sense, competition effects are not really spillovers, though they

can stimulate firms to learn from their foreign competitors. For a further discussion on spillover channels, see

Madariaga and Poncet (2007: 841) and Cheung and Lin (2004: 26).

Technological spillovers and industrial growth in Chinese regions 235
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With regard to FDI spillover effects, the results are mixed. From the ownership perspective, some authors find

that foreign investment is beneficial only to the productivity of joint ventures or affiliates, but not to that of domestic

plants (Aitken and Harrison, 1999; Hu and Jefferson, 2002; Hale and Long, 2006; Girma et al. 2009)11. However,

other authors argue that FDI raises the long-term rate of productivity growth of domestic firms in the same industry

(Liu 2008), and that both state-owned enterprises (SOEs) and other locally owned enterprises can benefit from in-

ward FDI (Buckley et al., 2007).12

From the industrial perspective, researchers find a significant and positive relationship between FDI and Chinese

industrial development (Liu et al., 2001; Liu, 2002; Liu and Wang, 2003; Gao, 2004; Liu and Buck, 2007).13 Hu and

Jefferson (2002) point out that FDI has a strong positive impact on the productivity of the firms directly receiving

FDI, but that the spillover effects from FDI in an industry are negative for its domestic firms. In contrast, Ito et al.

(2012) argue that positive technology spillovers to domestic firms do exist in the same industry when the techno-

logical distance between domestic firms and foreign-invested firms is not too large.

From the geographical perspective, some researchers indicate that FDI flows to adjacent locations should also

be included in the analysis in addition to the direct FDI in one location. They believe that FDI is beneficial not only

to the region that receives FDI, but also to its neighboring regions (Madariaga and Poncet, 2007). However,

Girma and Wakelin conclude that while domestic firms do benefit positively from foreign firms in the same region

and FDI spillovers occur within regions, there is no relationship or even a negative relationship between productiv-

ity in one region and FDI in other regions (Girma and Wakelin, 2002, 2007). Several studies on (direct) FDI spill-

overs in Chinese regions have been carried out in recent years (Cheung and Lin, 2004; Qi et al., 2009). However,

there has not been much research on interregional (indirect) FDI spillovers between regions. This paper aims to ad-

dress this gap.

Given the existing large disparities in productivity between regions in China, interregional spillovers are well-

recognized as a potential source of catch-up for poorer, less productive regions. This paper will bring both direct and

indirect FDI spillovers, as well as interregional R&D spillovers, into one framework. Examining both R&D and FDI

interregional spillover effect, we will explore in depth the dynamic contribution of technology spillovers to industrial

growth in 29 Chinese regions.14

2.2 Factors influencing technology spillovers

Five important factors influence technology spillovers: technology gaps, absorptive capacities, technological congru-

ence, geographic distance and labor mobility.

2.2.1 Technology gaps

A technology gap provides a potential for lagging firms, regions, or countries to benefit from knowledge spillovers

from the units at the technological frontier, and thus to catch up rapidly (Gerschenkron, 1962; Griffith et al., 2004).

At the plant level, spillovers have been analyzed inter alia by Haskel et al. (2002), Girma and Wakelin (2001), and

Girma et al. (2001).

At the national level, Fagerberg and Verspagen (2002) postulate a race between technological innovation within

the leading countries that results in international divergence and international diffusion of technology to follower

countries, which results in catch-up (Dosi et al., 1998; Verspagen, 2001; Szirmai, 2012; Lavopa, 2015). Using an

equilibrium model, Glass and Saggi (1998) argue that a too large technology gap between host country and the

11 Aitken and Harrison (1999) and Hu and Jefferson (2002) are similar to each other in terms of methodology and findings,

except that the former focuses only on the short-run effects in which FDI reduces the market shares of domestic firms.

The latter study also includes the long-run effects, namely, the domestic firms that survive the competition resulting

from FDI will be able to benefit from technology spillovers. Hale and Long (2006) find that FDI has a strong positive ef-

fect on private firms in China, while SOEs experience no or even negative impacts from FDI.
12 They suggest that both types of firms (SOEs and other locally owned firms) benefit more in technology-intensive indus-

tries than in labor-intensive industries.
13 The focuses of these researchers are different: Liu and Buck (2007) focus on high-tech industrial sectors, Liu et al.

(2001) focus on Chinese electronics industry, while Liu (2002), Liu, and Wang (2003) and Gao (2004) focus on general

manufacturing/industrial sectors.
14 Chongqing and Sichuan count as one observation.
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country of origin limits the transfer of advanced technology via FDI. At the regional level, technology gaps are benefi-

cial for the lagging regions. They allow them to leap to higher levels of economic and technological development in a

short period (Girma, 2005). Though the statistical analysis will not focus specifically on lagging regions, it is clear

that our understanding of technology spillovers from regions with high levels of FDI and R&D to other regions can

profit from the insights of the catch-up literature.

2.2.2 Technological congruence

Technological congruence is another factor influencing the successful utilization of external sources of international

technology (Abramovitz, 1986). It is easier for knowledge spillovers to take place if there is technological congruence

between technology leaders and followers. In studies of international spillovers between countries, indicators of

technological similarity have been used in exploring the impacts of spillovers (Los, 2000; Jacob and Szirmai, 2007).

Antonelli (2012) also concludes that “the lack of congruence between countries limits diffusion and transfer of tech-

nology” (Antonelli, 2012: 231).

In the same way at the regional level, opportunities for knowledge spillovers can be influenced by technological

(dis)similarity. It is expected that a higher amount of knowledge spillovers will occur between regions that have a

higher level of technological similarity (Moreno, et al. 2003; Frenken, et al. 2007). In this paper, we measure techno-

logical congruence between regions by their sectoral similarities. The more similar two regions are in terms of sec-

toral output structures, the higher are the possibilities to have technological spillovers between them.

2.2.3 Absorptive capacity

To imitate or utilize the know-how spilling over from the leaders, the followers need certain capabilities (background

knowledge, production experience, skilled personnel) to understand and apply new technologies. Abramovitz (1986)

states that “a country’s potential for rapid growth is strong not when it is backward without qualification, but rather

when it is technologically backward but socially advanced” (Abramovitz, 1986: 388). Verspagen (1991) has also

stressed the necessity of “learning capability” for a country in order to benefit from technological spillovers. He mod-

els learning capability as a combination of an “intrinsic” learning capability and the technological distance between

the leader and the recipient. In addition to imitating innovations created by outside sources, absorptive capacity also

provides an ability to learn from outside knowledge (Cohen and Levinthal, 1989, 1990). Fu et al. (2011) emphasize

in particular the role of indigenous efforts and argue that technological benefits from FDI can only be delivered with

parallel indigenous innovation efforts. To have a positive spillover effect from more advanced regions, Girma (2005)

argues that the receiver’s absorptive ability should be higher than the threshold level.

2.2.4 Geographic distance

Geographic distance is an important element in analyzing the effects of technological spillovers. Many empirical

studies (Cani€els and Verspagen, 2001; Orlando, 2004; Funke and Niebuhr, 2005; Aharonson et al., 2007) show that

the spillover effects decrease with distance. Through a spatial analysis of productivity effects of G-5 countries’ R&D

spending in other OECD countries, Keller (2002) finds that “the distance at which the amount of spillovers is halved

is about 1,200 kilometres” and he concludes that “technology is to a substantial degree local, not global, as the bene-

fits from spillovers are declining with distance.” L�opez-Bazo et al. (2004) argue that the externalities across

European Union regions are locally bounded in the sense that they occur only within distances below 600 km. Girma

(2005) divides the UK into 14 regions and presents distance-weighted measures of foreign presence outside the region

but within the same sector.

2.2.5 Labor mobility

Movement of labor can bring knowledge spillovers from one region to another. It is well-known that the strict

Chinese Hukou system has prevented workers from moving for decades. As part of the transition to a market econ-

omy, the relaxation of the Hukou system started in the 1990s in a few regions, i.e., Shanghai in 1994, Shenzhen in

1996, and Guangdong in 1998. The official national Hukou reform regulation was issued by the State Council on

July 22, 1998. Thereafter, the rural migrant labor force increased to about 140 million by 2008 (Chan 2010; Meng

and Manning, 2010; Pan, 2012; Yue, 2015). For instance, in Shenzhen, which is located in the south of Guangdong

province and which is the first city of five Special Economic Zones in China, migrant labor accounted for 80% of its

Technological spillovers and industrial growth in Chinese regions 237
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total labor force in 2000 (Chan, 2009)15. At the national level, the share of migrant workers in total employment has

reached more than 10% since 1999 (Yue, 2015). Unfortunately, spillover effects related to labor movement are diffi-

cult to evaluate. It is worthwhile to note that labor mobility can generate positive spillovers for regions that receive

experienced workers, but it can also cause negative effects to those areas that lost labor (Crespo and Fontoura,

2007).

2.3 Spillover models

Various models have been used in the literature regarding technological externalities and spillovers. Four different

categories of spillover models will be discussed below.

2.3.1 Group 1: General technological spillovers

A well-known approach to measure spillover effects is the augmented Cobb–Douglas production function, proposed

by Griliches (1979):

Yit ¼ AitK
a
itL

b
itRit

cRl
iste

�it (1)

where Yit stands for the value added in unit i (firms, industries or regions) at time t; K, L, and R are the physical cap-

ital input, labor input, and technological knowledge input, respectively.16 Rit is the direct science and technology in-

put (normally represented by R&D expenditures or aggregated R&D stocks) in unit i, while Rist indicates the

indirect technological inputs (aggregated R&D expenditures in other units) flowing from all the other units s to unit

i. The contribution of technological knowledge to the output of unit i derives not only from its own R&D expend-

itures, but also from the expenditures of other units. The coefficient c represents the direct contribution of R&D,

while the coefficient l represents the indirect contributions (spillovers) of R&D. c and l represent the partial elastic-

ities of output with regard to direct R&D and indirect R&D, respectively. Ait captures the level of total factor prod-

uctivity (sometimes interpreted as the level of disembodied technology). Using logarithms, Equation (1) can be

written as:

lnðYitÞ ¼ ait þ alnðKitÞ þ blnðLitÞ þ clnðRitÞ þ llnðRistÞ þ �it (2)

This model has been widely adopted in measuring R&D spillover effects (Coe and Helpman, 1995; Raut, 1995:

5; Los and Verspagen, 2000: 129).

Most literature on inter-industry or international spillovers uses weights to aggregate external R&D stocks, which

are based on the correlations, similarities, or degree of interaction between the destination and the origin of spillovers

(Griliches, 1979; Aiello and Cardamone, 2005). In international spillover studies, trade volumes between two coun-

tries are used as weights (Coe and Helpman, 1995: 860; Jacob and Szirmai, 2007). In inter-industry studies, use can

be made of input–output tables. However, interregional input–output tables are scarce, so it is difficult to quantify

such weights. Some researchers have simply used the unweighted aggregate R&D expenditures of other regions

(Raut, 1995; Wei and Liu, 2006). In this study we will combine spatial proximity and sectoral similarity between re-

gions as weights, expressing the degree of regional closeness.

2.3.2 Group 2: FDI spillovers

The contribution of FDI to economic growth comes not only from its direct contribution to capital formation or em-

ployment creation, but also from its role as channel of international knowledge spillovers.17 Spillovers from FDI

15 In 2000, Shenzhen’s total population was 7 million, while the number of registered inhabitants with a local Hukou was

only 1.3 million.
16 Note that if Equation (1) is taken from the firm perspective, endogenous growth literature puts restrictions on the par-

ameters such as a+b+c=1 and Rst and can be viewed as an aggregate R&D stock leading to knowledge spillovers to

the individual firm. In case of an industry or regional perspective, Rit might already include intra-firm spillovers such

that the abovementioned restriction on the parameters is not required (Barro and Sala-i-Martin, 2004).
17 Technology spillovers are among the most important externalities associated with FDI. But there are other externalities

such as competition effects and efficiency gains. We interpret the coefficients of FDI as technology spillovers, but

there may be other effects involved as well.
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are among the technological spillovers that were discussed more generally in Group 1. Most existing literature on

FDI spillovers is also based on an extension of Equation (2). Given that the technology level of one region can be a re-

sult of both the direct technological influence from the foreign investment that has taken place in this region, and

spillovers from FDI in other regions, two sources of spillover effects can be defined: FDIit for direct FDI in region i,

and FDIist for indirect FDI aggregated from other regions. If both R&D and FDI are regarded as technology inputs,

the equation for knowledge inputs will be:

lnðYitÞ ¼ ait þ alnðKitÞ þ blnðLitÞ þ clnðRitÞ þ llnðRistÞ þ glnðFDIitÞ þ klnðFDIistÞ þ �it (3)

This formulation has been used by numerous authors in measuring FDI spillovers (Liu et al., 2001; Cheung and

Lin, 2004; Wei and Liu, 2006).

2.3.3 Group 3: Distinguishing between effects of foreign and domestic investment

In estimating the direct effects of FDI on growth, one needs to distinguish between domestic investment and foreign

investment. Usually, foreign investment is already included in the capital stock estimates. If one then simply adds FDI

or FDI stocks to the capital stock that already includes these investments, this results in double counting.

Balasubramanyam et al. (1996) separate the effects of FDI from domestic investment effects in their model as:

y ¼ aþ bl þ ckþ wf þ /x (4)

where y, l, k, f, and x are the growth rate of GDP, labor, domestic capital stock, foreign capital stock, and exports,

respectively, and b, c, w, and / are their output elasticities. Being aware of, and having stressed the impact of spill-

overs and externalities from FDI, they show that FDI makes a more important contribution to growth than domestic

investment, through comparing the coefficients of c and w. However, given that the two effects of FDI (international

knowledge spillovers and capital investment) are included together in w, their work does not measure the spillover ef-

fect separately. But one might interpret a significant positive difference between w and c as an indicator of the exist-

ence of international FDI spillover effects.

2.3.4 Group 4: Accounting for the endogeneity of FDI

As pointed out by Hale and Long (2011), most of the empirical studies on FDI spillovers in China suffer from an up-

ward bias owing to the endogeneity of FDI. Decisions on investment by foreign firms do not happen randomly. To

maximize profits, foreign companies tend to select regions (or sectors) with higher potential growth capabilities and

higher technology levels than other regions or sectors. In other words, FDI is more likely to take place in a region (or

sector) with higher productivity and/or more rapid growth. Therefore, the contributions of FDI will be exaggerated if

a part of regional or sectoral growth is misinterpreted as a FDI effect (Hu and Jefferson, 2002; Hale and Long,

2011). Ignoring the endogeneity of FDI results in an upward bias in the estimates of international knowledge spill-

over effects.

To account for the endogeneity in firm-level analysis, Aitken and Harrison (1999) and Hu and Jefferson (2002)

include an interaction term: firm-level FDI multiplied by industry-level FDI, which measures the impact of clustering

of FDI (i.e., FDI goes to locations where there is already much FDI). A positive interaction term “indicates that more

industry FDI makes firm-level FDI more productive, therefore giving reason to FDI clustering” (Hu and Jefferson,

2002: 1068). In line with this approach, Buckley et al. (2002) also take into account the interactions between labor

productivity and foreign investment. Taking a broader perspective than the model of Hu and Jefferson (2002), the

foreign presence in the work by Buckley et al. (2002) is assumed to be related to labor productivity, export intensity,

market size, R&D intensity, and labor quality in the studied industry. As stated by Aitken and Harrison (1999: 606),

“. . ., if foreign investment gravitates toward more productive industries, then the observed correlation between the

presence of foreign firms and the productivity of domestically owned firms will overstate the positive impact of for-

eign investment.”

However, we question whether interaction terms can adequately deal with issues of endogeneity at the regional

level. Endogeneity occurs when FDI flows to more productive regions (or firms), resulting in a spurious relationship

between FDI and productivity. In our study, we have dealt with endogeneity in four ways. First, we capture the time-

invariant effect of endogeneity by including regional fixed effects. The use of fixed-effect specifications implies that

between-region effects are cancelled out completely, so that only the within-region effects are possibly affected by
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endogeneity. It is primarily the differences between regions that are most problematic from the endogeneity point of

view. Second, we reduce the dynamic endogeneity by using lagged values of FDI and thus linking current productivity

with lagged FDI. Third, we use an interaction term between FDI and R&D to capture the dynamic endogeneity

emerging from more innovative regions attracting more FDI. Last, we checked our results by implementing an instru-

mental variables fixed-effects model using two-year lagged values of the FDI variable and two- and three-year lagged

values of the FDI variable as instruments. The results did not differ greatly from results without instrumental vari-

ables, tentatively suggesting that endogeneity is not a major issue.18

Like the authors cited above, we have also introduced interaction terms into our analysis (between R&D and

FDI) and between FDI in a region and a weighted average of the FDI in other regions. But we interpret them as indi-

cations of absorptive capacity, rather than as a solution to endogeneity issues. A positive and statistically significant

coefficient on the (R&D and FDI) interaction term indicates that FDI contributes positively in a region with a high

level of local R&D stock. Here, R&D is an indicator of absorptive capacity.

3. Data and methods

To estimate the contribution of technological spillovers to the industrial output in regions, we need data for value

added, capital input, employment, R&D stock, and FDI. This section describes the data we have collected and the

methods used to analyze them.

3.1 Data collection

3.1.1 Value added

We collected value added time-series by region from the China Statistical Yearbooks (CSY) and the China Industrial

Economy Statistical Yearbooks (CIESY). Owing to the inconsistencies in coverage and frequent changes of concepts

in the published statistics, a series of adjustments has been made to create a consistent long-run time-series (Szirmai

and Ren, 2007). Price indices of industrial products from the CSY (2003: 313) are used to deflate the current price

series of value added to constant 1990 prices.

3.1.2 Capital input

Published information on capital investment in Chinese statistics is not yet consistent with the System of National

Accounts framework, which implies that such data cannot directly be used in productivity calculations. In recent

years, considerable progress has been made in estimating capital stocks at the national level (Chow, 1993; Huang

et al., 2002; Wu and Xu, 2002; Holz, 2006). However, so far there has been little research on regional capital stocks.

In this paper, we use our own estimates of regional capital stocks for 30 regions (Wang and Szirmai, 2012). The per-

petual inventory method (PIM) is used to cumulate investments into stocks. These estimates are made for productive

capital inputs, which take the decay in productive efficiency into account, rather than wealth capital stocks19 that are

based on economic depreciation. Data are collected for the newly increased value of fixed assets in the total economy,

adjusted for changes in coverage of the series. Using ratios of industrial to total investment in benchmark years, we

derive time-series of investment in total industry at the national level. These series are adjusted for decay in product-

ive capacity using a fixed decay rate in a hyperbolic decay function. Subsequently, we break down the aggregate ser-

ies into investment series for fixed structures, machinery and equipment years, and other investment. The data for

the total economy are broken down by region using investment proportions in benchmark years. After estimating the

original capital stocks for 1952 using incremental value added output ratios, we cumulate the investments using the

PIM methodology, with a life time of 30 years for fixed structures, 16 years for machinery and equipment, and 7

years for other investment (for more details on capital input estimations, see Wang and Szirmai, 2012).

18 Results available on request.
19 Productive capital stock measures the productive capability or efficiency of capital and this concept is used in prod-

uctivity analysis, while wealth capital stock reflects the market valuation of fixed assets, and it is used especially in

business accounts.
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3.1.3 Employment data

Selecting employment data needs to be done with caution owing to great inconsistencies of published data in Chinese

yearbooks. For employment before 1993, we used staff and workers by subsector of industry (CIESY, 1993). For

later years, we used staff and workers by detailed subsector from the labor statistics yearbooks CLSY, adjusting for

the more limited concept of “On-post staff and workers”. Also, post-1993 industrial employment figures are only

published for urban areas. We made upward adjustments to these series to arrive at employment series for the total

industrial sector (see also in Wang and Szirmai, 2013). The new data are for “employment”, so we don’t have to ad-

just to include the non-on-post workers.

3.1.4 R&D stock

Data on science and technology expenditures are collected from the China Statistical Yearbook on Science and

Technology (various issues). Intramural expenditure on R&D by region is available from 1998 onward, but expend-

iture on science and technology (S&T) activities20, a good proxy for R&D expenditure, is available from 1990 on-

ward. S&T expenditure includes R&D expenditure and also some other related expenditures.

The S&T expenditure generally (except in some earlier S&T yearbooks) is the sum of four categories: expend-

itures of independent research institutions, of large and medium-sized industrial enterprises, of institutions of higher

education, and other expenditures. The reason for using the sum of S&T expenditure instead of only that of indus-

trial enterprises is that we intend to measure both intra- and inter-industry knowledge spillovers. Innovations in

industries can originate not only from laboratories of industrial enterprises, but also from independent research insti-

tutions, universities, and other industries.

To estimate R&D investment for the years 1990–1997, we rely on S&T expenditure and the average ratio of

R&D to S&T between 1998 and 2002. We calculate the five-year average ratio of R&D to S&T for each region, and

then apply this ratio to regional S&T expenditure to get the estimated R&D investment between 1990 and 1997.

Using the same national price deflator as for value added, the R&D series are converted into constant 1990 prices.

R&D stock is accumulated from each year with a given depreciation rate. Applying the PIM, the R&D capital stock of

region i at time t (RDit) can be calculated by RDit ¼ RDit�1ð1� dÞ þ rdit, where d is the depreciation rate and rdit is the

R&D expenditure of year t. The depreciation rate is assumed to be 15% (Griliches, 1990; Raut, 1995; Los and Verspagen,

2000; Hall et al., 2010). The R&D stock in the initial year can be estimated through dividing the R&D expenditure in the

initial year by the sum of growth rate of R&D expenditure (g) and the depreciation rate (d), i.e., rd=ðgþ dÞ (Harberger,

1978, Coe and Helpman, 1995; Los and Verspagen, 2000). Given that the estimate of the initial R&D stock greatly de-

pends on the investment flow in the first year, an outlier year would bias the estimates. Owing to the considerable volatility

of the growth rates of R&D expenditure in the early years, we apply the growth rates of the entire period, i.e., average of

1990–2005. Moreover, we calculate the initial stock 16 times, using the R&D expenditure in all years, and then take the

average of these R&D stocks as our estimate of the initial stock. The generalized equation is as follows:

rdt � ð1þ gÞð1�tÞ

gþ d
j t ¼ 1;2; . . . 16 (5)

Where g is the average growth rate of S&T expenditure during 1990–2005; R&D investment flow rd was taken

in the whole period (1990, 1991 . . . 2005).

Interregional R&D spillovers are calculated by the distance weighted sum of R&D stock in other regions; see

Equations (7) and (8) below.

3.1.5 Foreign direct investment

As a substantial part of FDI is included in capital investment, we need to avoid double counting. Therefore, we use

regional FDI intensity, i.e., the regional ratio of FDI to TIFA (total investment in fixed assets), rather than regional

20 According to the China Statistical Yearbook on Science and Technology 2005 (p.436), the expenditure of science and

technology activities refers to the actual total expenses spent in this particular unit on S&T activities in the report

period, including expenses on wages, research business, research management, fixed assets in non-basic construc-

tion, and other S&D activities, not including the expenditure on productive activities, paying off loans, or money trans-

ferred to other units.
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FDI itself. If regional FDI intensity has a significant impact on regional growth, we interpret this as the effect of inter-

national knowledge spillovers to the region, over and above the effects of FDI as incorporated in the regional capital

stock. From this perspective, FDI intensity can be seen as an indicator of the degree of foreign involvement.

Data are collected from China Statistical Yearbook on Investment in Fixed Assets, 1950–1995; Statistics on

Investment in Fixed Assets in China, 1995–2000; and China Statistical Yearbook (various issues).21 Capital input

and labor input of foreign companies are already included in the variables of capital (K) and labor (L), so these

should not be double-counted by adding extra variables for them. Indirect FDI spillovers received from other regions

are calculated in the same way as R&D spillovers; see Equations (7) and (8).

3.2 Methodology

The aim of this paper is to examine interregional technology spillovers. To do so, we distinguish the effects of direct

regional R&D inputs, R&D spillovers from other regions, international knowledge spillovers embodied in direct re-

gional FDI, and interregional spillovers from FDI in other regions. In the present study, the units of analysis are 29

Chinese regions.22

The spillover model used in this paper is derived from Aitken and Harrison (1999) and Hu and Jefferson (2002).

Elaborating on their methodology, we also include regional absorptive capacity, as reflected by the regional R&D

level, in explaining FDI spillover effects. Considering that most foreign companies have more advanced equipment

and use more advanced technology than domestic companies, their investments will have the greatest contributions

in regions that are most capable of cooperating with them. Thus, we include an interaction effect between R&D and

FDI. The second interaction term is between R&D and aggregate FDI from other regions (which is also called indir-

ect FDI). Hence, our extended model (Equation 6) involves not only the interaction term between local R&D and dir-

ect FDI, but also the interaction term between R&D and the aggregate FDI from other regions. To capture

technological change over time, we also include a technology parameter, i.e., At ¼ a0 � ea1t. Taking logarithms, we

get lnðAtÞ ¼ lna0 þ a1 � t. Therefore, we have the following model:

lnðYitÞ ¼ a0 þ a1 � t þ alnðKitÞ þ blnðLitÞ þ c1lnðRDeitÞ þ c2lnðRDSeitÞþ

c3FDIit þ c4FDISit þ c5lnðRDeitÞ � FDIit þ c6lnðRDeitÞ � FDISit þ �it
(6)

Where

Yit – the industrial value added of region i at time t;

Kit – the industrial capital stock of region i at time t;

Lit – number of persons engaged in industry in region i at time t;

RDeit – levels of R&D stock in region i at time t;

FDIit – FDI share in total investment (i.e., FDI/TIFA ratio) in region i at time t; the coefficient of this term meas-

ures international spillovers;

RDSeit – aggregated R&D stock levels from other regions23; the coefficient of this terms measures interregional

spillovers;

FDISit – aggregated FDI intensities from other regions24; the coefficient of this term measures international spill-

overs coming via other regions.

lnðRDeitÞ � FDIit – interactions between local R&D stock and international FDI spillovers.

lnðRDeitÞ � FDISit – interactions between local R&D stock and indirect FDI spillovers.

21 The published FDI data in Chinese yearbooks are in US dollars (at current prices). Before calculating the ratios, we ad-

justed FDI to Chinese Yuan (at current prices), and further to the same constant price as total investment in fixed

assets.
22 Of the 31 provincial-level regions in mainland of China, our paper covers 30 regions. Tibet is not included in our analysis

owing to lack of data. Chongqing and Sichuan are combined as one observation.
23 Geographic proximity and sectoral similarity are used as a joint weight in aggregating the R&D stock from outside re-

gions (see below for the applied methodology).
24 Geographic proximity and sectoral similarity are used as a joint weight in aggregating the FDI intensities from outside

regions (see below for the applied methodology).
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From a geographical perspective, the closer two regions are to each other, the greater the possibilities for commu-

nication and business and labor flows. Hence, there will be more opportunities for knowledge spillovers. However,

from the perspective of technological congruence, a great degree of technological congruence is expected to lead a

high level of technological spillovers (Frenken, et al. 2007; Antonelli, 2012). Moreno et al. (2003) found that spill-

over effects via spatial proximity can be enhanced when regions are technologically homogeneous. In the light of im-

portance of both geographical proximity and technological similarity, this study combines both as a joint weight in

aggregating spillovers from outside regions25. Accordingly, the spillovers of R&D and FDI can be presented as

follows:

RDSit ¼
X

j6¼i

wijRDjt

FDISit ¼
X

j6¼i

wijFDIjt (7)

Equation (7) measures the external R&D stock i as equal to the weighted sum of all other regions’ R&D stock.

Likewise, FDI from outside regions received by region i equals the weighted sum of all other regions’ FDI. Spillover

weight wij combines proximity weight (pij) and sectoral similarity weight (sij).

wij ¼ pij•sij (8)

Proximity weight (pij) is the standardized spatial weight between region i and j. Suppose the geographical distance

between region i and j is dij, the spatial proximity weight matrix (see also Ertur et al., 2006) can then be expressed as

follows:

p�ij ¼ 0 if i ¼ j

p�ij ¼ 1=d2
ij if dij � cutoff (9)

p�ij ¼ 0 if dij > cutoff

in which the distance weight is taken as the inverse of squared distance between region i and j26. To standardize, we

use pij ¼ p�ij=
X

j

p�ij. Thus, the sum of each row in the matrix is equal to 1.

The literature in regional economics has shown that spillovers are localized and happen only within a certain dis-

tance (Baumont et al., 2000; Bottazzi and Peri, 2003; Moreno et al., 2003; Madariaga and Poncet, 2007; Ke 2010).

When the distance is very large—i.e., beyond a cut-off value—geographic spillovers will be zero.

We have compared a variety of models with different parameters: no cut-off value, weights as a negative quad-

ratic function of distance, a cut-off value of 1520 km, and a cut-off value of 760 km. The choice for a cut-off value

has primarily been made on statistical rather than on theoretical grounds. The criteria of BIC (Bayesian information

criterion) and AIC (Akaike information criterion) show that models including a cut-off value have a better statistical

fit than those without a cut-off value. Next, with regard to the value chosen, given the geographic size of Chinese re-

gions, cut-off values should not be too small. Otherwise most regions would have no spillovers per definition. To en-

sure that each region has at least one adjacent region from which it receives spillovers, we have chosen a cut-off value

of 1520 km (as in Madariaga and Poncent, 2007).

The sectoral similarity weight is obtained following the method used by Jacob and Szirmai, 2007. The sectoral

similarity sij between region i and region j is defined as:

sij ¼
X

n

minðXin;XjnÞ; n ¼ 1; 2; . . . :; 37 (10)

in which, Xin and Xjn are sectoral output shares of sector n in region i and region j. We distinguish in total 37 sectors

25 Some studies use trade weights or input–output relationships between industries as weights in estimating spillovers.

We argue that these weights are more appropriate for estimating rent spillovers, and are less useful for pure know-

ledge spillovers. Hence, no such trade-related weights will be used in our analysis.
26 Distance of provinces is measured by their capital cities, considering that a capital city is usually the central business

and technology center of each province.
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and 29 regions. The value of sij takes 1 if the sectoral output structures between two regions are completely identical

and takes 0 if the output structure is completely different27.

As investments in R&D and FDI are likely to have a lagged impact on the level of technology and to avoid the endo-

geneity problem of these variables, a one-year lag has been applied to R&D, R&D spillovers, FDI, indirect FDI spill-

overs, and interaction terms. For the capital stock, we used a half-year lag, which is commonly used in the literature

reflecting the time needed to install capital and to make it productive (c.f. Jorgenson and Stiroh, 2000; OECD, 2001).

4. Empirical results

4.1 Regional distribution of R&D and FDI

It is well-known that Chinese R&D and FDI are very unequally distributed across regions. Before embarking on an

econometric analysis of regional R&D and FDI spillovers, we start with a description of trends on R&D and FDI

and their distribution across regions.

R&D expenditures at constant 1990 prices increased from 12.5 billion Yuan in 1990 to 144.3 billion Yuan in

2007. Between 1990 and 1998, the expenditures grew at 9% per year. After 1998, there was an explosive growth of

R&D expenditures. They increased by an annual rate of 21.6% between 1998 and 2007. In 1998, Beijing accounted

for 21% of all S&T expenditure, followed by Shanghai with 9.3%, Guangdong with 8.4%, Jiangsu with 7.4%, and

Sichuan with 7.3%. Six regions (the previous five plus Shaanxi) accounted for 60% of all S&T expenditures in

China. By 2007, the share of the top six regions still remains about 60%, but there have been some interesting shifts

among the leading regions. Beijing (13.6%), Shanghai (8.3%), Sichuan, and Shaanxi have become less prominent,

while regions such as Jiangsu (11.6%), Shandong (8.4%), Guangdong (10.9%), and Zhejiang (7.6%) have greatly

increased their shares in Chinese R&D.

There have been huge increases in inward FDI to China since 1990. China started at very low levels and then be-

came one of the most important destinations of FDI. It is interesting to note that the aggregate trends for FDI are

very different from those for R&D. Between 1990 and 1998, there was a spectacular growth of FDI (at 1990 con-

stant prices) from 15.5 billion Yuan to 192 billion Yuan. The annual growth rate was 37% per year. From 1998 on-

ward, domestic R&D started increasing rapidly. After 1998, just when R&D expenditures started to grow very

rapidly, the growth rate of FDI slowed down, though somewhat picking up again after 2001. FDI reached a level of

227.8 billion Yuan by 2005. The average growth rate between 1998 and 2005 was only 2.5% per year. As the

growth of total investment was more rapid than that of FDI (UNIDO, 2012; Naudé et al., 2015), FDI intensity

declined after 1995. In sum, there is an interesting shift from FDI-driven growth to domestic R&D-driven growth.

As regards destination, FDI was much more concentrated than R&D. In 1990, Guangdong alone accounted for

45% of all FDI inflows. Five regions (Guangdong, Liaoning, Shanghai, Fujian, and Beijing) accounted for 76% of all

FDI. By 2005, five regions still accounted for over 70% of FDI (Shanghai, Shandong, Guangdong, and Zhejiang),

but the share of Guangdong had declined to 20.5%, followed by Jiangsu with 15.8%.

Instead of focusing only on regional shares in R&D and FDI, it is also interesting to chart the regional distribution

of R&D and FDI intensity. Both R&D and FDI intensities are calculated as ratios to regional GDP. The intensity is

taken as the average of a 5-year period, which reduces the influence of outlier years. Two time periods are distin-

guished to highlight changes over time: 1990–1994 and 2001–2005. Darker shades represent higher intensities.

In the earlier period, R&D intensity is highest in four coastal regions (Beijing, Tianjin, Liaoning, and Shanghai)

and four regions located in the middle of China (Gansu, Shaanxi, Sichuan, and Chongqing). In the period

2001–2005, two more coastal regions (Guangdong and Jiangsu) have joined the high R&D intensity group, while

three middle regions have dropped out. Though R&D intensity is still fairly well-spread over regions, it is becoming

more concentrated in the coastal regions. The intensity of FDI presents a clear coastal focus in both periods

(Figures 1 and 2).

Overall, the intensity maps depict different patterns in the investment distribution of R&D and FDI. High FDI in-

tensity occurs mainly in coastal regions (in both earlier and later stages), while in the earlier period, high R&D

27 The sectoral output shares by region are collected from the database of China’s second national economic census

(China Economic Census Yearbook, 2008, Table 1B1–1B46).
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intensity can be also seen in central regions of China. With regard to R&D intensity, we do observe a shift from mid-

dle to coast between the two periods.

4.2 Econometric analysis

Our empirical analysis covers effects of technological spillovers on output in 29 Chinese regions during 1990–2005.

In the following tables, the coefficient of rdet�1 refers to the logged value of the direct effect of R&D inputs, meas-

ured by the R&D stock with a one-year lag. The coefficient of fdit�1 refers to international FDI spillovers, measured

by the ratio of FDI to TIFA, with a one-year lag. The coefficients of rdset�1 and fdist�1 represent the interregional

spillover effects of R&D and FDI from other regions with one-year lag. rdet�1 � fdit�1 is the interaction term between

local R&D stock and FDI, and rdet�1 � fdist�1 is the interaction term between local R&D stock and weighted FDI

intensities in other regions28. We also take natural logs for value added, capital, and labor. Summary statistics for all

the variables are provided in the Appendix (Table A1).

Figure 1. Regional distribution of R&D intensity (ratio of R&D to GDP). (a) 1990–1994 (5-year average). (b) 2001–2005 (5-year aver-

age). Note: (1) R&D intensity is the ratio of R&D expenditure to GDP. (2) Tibet is not included owing to lack of data. Source:

Authors’ own calculation. Data are collected from China Statistical Yearbook on Science & Technology (various issues) and China

Statistical Yearbook (various issues).

Figure 2. Regional distribution of FDI intensity (ratio of FDI to GDP). (a) 1990–1994 (5-year average). (b) 2001–2005 (5-year average).

Note: (1) FDI intensity is the ratio of FDI to GDP. (2) Tibet is not included owing to lack of data. Source: Authors’ own calculation.

Data are collected from China Statistical Yearbook on Investment in Fixed Assets, 1950–1995; Statistics on Investment in Fixed

Assets in China, 1995-2000; and China Statistical Yearbook (various issues).

28 All the interaction terms are also presented with one-year lag.
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It is very likely that the level of technology differs between regions and as we are estimating a production function

in (log) levels, we should use a fixed-effects panel model, or region dummies, to catch these differences. A formal

Hausman test indeed indicates a strong preference for using the fixed-effects model above the (more restrictive) ran-

dom-effects model and the tables below provide panel fixed-effects results.

First estimates and inspection of the results show clear breaks in the residuals. We therefore add break years in

our model to allow for structural breaks in the coefficients. To select the appropriate break year, we include flexible

breakpoints in our regressions, by adding slope-shift dummies for all variables for all possible break years between

1995 and 2002 and carrying out the Chow test. The year with the most significant F-test is chosen as the break year.

In almost all cases, the most significant break year turns out to be 1998, which is therefore selected as the break year

in the subsequent analysis. Choosing adjacent years as the break year shows only marginal differences in the Chow

Table 1. Determinants of regional GDP, 1990–2005 estimates of R&D, R&D spillovers, and FDI spillovers

Variables R&D and R&D spillovers FDI spillovers All

(1) (2) (3)

kt�1=2, t< 1998 0.372*** 0.407*** 0.425***

(0.083) (0.082) (0.094)

kt�1=2, t>¼1998 0.690*** 0.609*** 0.718***

(0.093) (0.086) (0.112)

lt , t <1998 0.643*** 0.676*** 0.624***

(0.056) (0.048) (0.058)

lt , t>¼1998 0.394*** 0.495*** 0.374***

(0.050) (0.046) (0.051)

rdet�1, t <1998 0.113** 0.133**

(0.052) (0.057)

rdet�1, t>¼1998 0.092 0.128**

(0.057) (0.062)

rdset�1, t <1998 0.093 0.131

(0.071) (0.085)

rdset�1, t>¼1998 0.150** 0.207**

(0.068) (0.082)

fdit�1, t <1998 0.0014 0.00093

(0.0015) (0.0013)

fdit�1, t>¼1998 0.006*** 0.004**

(0.00196) (0.0018)

fdist�1, t <1998 0.0026 �0.002

(0.0043) (0.005)

fdist�1, t>¼1998 �0.00021 �0.021***

(0.0059) (0.006)

t, t <1998 0.007 0.026*** �0.005

(0.012) (0.008) (0.013)

t, t>¼1998 0.077*** 0.125*** 0.055***

(0.013) (0.009) (0.019)

Prob > F 0.0000 0.0000 0.0000

Centered R2 0.940 0.936 0.942

N 464 464 464

Note: (1) Dependent variable is industrial value added. (2) Spillover effect is calculated based on the proximity weight times the industrial similarity weight. (3)

Fixed-effects models using robust sandwich estimator of the variance and HAC covariance estimation (Newey–West), standard errors are in parentheses.

***At 1% significance level.

**At 5% significance level.

246 L. Wang et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/icc/article/26/2/233/2907949 by M

aastricht U
niversity Library user on 12 M

ay 2022

Deleted Text: since 
Deleted Text: employ 
Deleted Text: fixed 
Deleted Text: fixed 
Deleted Text: random 
Deleted Text: fixed 


test and, more importantly, the resulting coefficients remain much the same. The structural break indicates that there

was an important shift in the pattern of Chinese economic development in the late nineties. In the next section, we

will elaborate on these changes.

Table 2. Determinants of regional GDP, 1990–2005 estimates of R&D, R&D spillovers, and FDI spillovers with interaction

terms

Variables Interaction

term rde*fdi

Interaction

term rde*fdi

Interaction

term rde*fdis

Interaction

term rde*fdis

Both interaction

terms

(1) (2) (3) (4) (5)

kt�1=2, t <1998 0.426*** 0.421*** 0.434*** 0.438*** 0.435***

(0.093) (0.095) (0.094) (0.092) (0.096)

kt�1=2, t>¼1998 0.717*** 0.719*** 0.723*** 0.733*** 0.734***

(0.112) (0.112) (0.103) (0.102) (0.113)

lt , t <1998 0.628*** 0.625*** 0.629*** 0.635*** 0.634***

(0.058) (0.058) (0.056) (0.055) (0.059)

lt , t>¼1998 0.379*** 0.371*** 0.379*** 0.374*** 0.371***

(0.052) (0.051) (0.049) (0.049) (0.051)

rdet�1, t <1998 0.130** 0.136** 0.123** 0.130** 0.133**

(0.057) (0.058) (0.054) (0.052) (0.058)

rdet�1, t>¼1998 0.133** 0.128** 0.119** 0.138** 0.139**

(0.063) (0.063) (0.060) (0.057) (0.063)

rdset�1, t <1998 0.127 0.130 0.132* 0.133* 0.133

(0.086) (0.087) (0.078) (0.079) (0.087)

rdset�1, t>¼1998 0.202** 0.207** 0.208*** 0.207*** 0.208**

(0.083) (0.083) (0.076) (0.077) (0.083)

fdit�1, t <1998 0.000056 0.00047 0.0011

(0.005) (0.0013) (0.0013)

fdit�1, t>¼1998 0.0084 0.0033* 0.0034*

(0.008) (0.0019) (0.0018)

fdist�1, t <1998 �0.002 �0.0024 0.021

(0.005) (0.005) (0.017)

fdist�1, t>¼1998 �0.022*** �0.0208*** 0.0051

(0.0065) (0.0065) (0.028)

rdet�1 � fdit�1, t <1998 0.00014 0.00013 0.000161

(0.00067) (0.00018) (0.00018)

rdet�1 � fdit�1, t>¼1998 �0.00059 0.000394* 0.000405*

(0.00097) (0.00022) (0.000224)

rdet�1 � fdist�1, t <1998 �0.0027 �0.00043 �0.00048

(0.0018) (0.0005) (0.00048)

rdet�1 � fdist�1, t>¼1998 �0.0028 �0.0025*** �0.0025***

(0.0032) (0.00071) (0.0007)

t, t <1998 �0.004 �0.005 �0.005 �0.005 �0.005

(0.013) (0.013) (0.012) (0.012) (0.013)

t, t>¼1998 0.056*** 0.054*** 0.059*** 0.055*** 0.054***

(0.019) (0.019) (0.018) (0.017) (0.018)

Prob > F 0.0000 0.0000 0.0000 0.0000 0.0000

Centered R2 0.942 0.942 0.942 0.942 0.942

N 464 464 464 464 464

Note: (1) Dependent variable is industrial value added. (2) Spillover effect is calculated based on the proximity weight and industrial similarity weight. (3) Fixed-ef-

fects models using robust sandwich estimator of the variance and HAC covariance estimation (Newey–West), standard errors are in parentheses.

***At 1% significance level

**At 5% significance level.

*At 10% significance level.
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Our main findings are summarized in Tables 1 and 2 below29. Table 1 presents three year-break models.

Specification 1 includes R&D and R&D spillovers (Col. 1); Specification 2 examines international direct FDI spill-

overs and interregional indirect FDI spillovers (Col. 2); and Specification 3 reports R&D, R&D spillovers, and two

types of FDI spillovers (Col. 3). All results are based on panel fixed-effects estimates using robust sandwich estimator

of the variance and HAC covariance estimation (Newey–West). Our preferred specification is Col. 3, though we also

refer to the other specifications in the text.

In Table 2, we examine what happens when we add theoretically relevant interaction terms to the preferred base-

run specification in Col. 3 of Table 1. Given that the variables fdi and fdis are highly correlated with their respective

interaction terms rde*fdi and rde*fdis, including both direct and interaction terms yields severe multicollinearity.

This results in large standard errors, leading to insignificant results when the direct effect and interaction effect are

included simultaneously. In Table 2, both direct and interaction terms are included in Specifications 1 and 3. In

Specifications 2 and 4, only the interaction terms are included, while the respective direct terms are dropped.

Specification 1 includes all R&D and FDI variables as well an interaction term between local R&D stock and FDI

effect (Col. 1). The regression of Col. 2 in Table 2 drops the FDI variable that is not significant in Col. 1. In the third

column of Table 2, the interaction term of R&D and FDIS is introduced. Following that, Col. 4 drops the nonsignifi-

cant FDIS variable. In the final Col. 5, we focus on both the interaction terms.

For each variable in both tables, there are two coefficients for different periods, one before the break year (t < 1998)

and one after the break year (t >¼ 1998). The coefficients of all logged variables are elasticities and each coefficient rep-

resents the percentage change in the dependent variable in response to a change of 1% in the explanatory variable.30

4.2.1 Importance of structural break in the late 1990s

The year break coefficients for capital and employment are all highly significant (P < 0.01), and the year break coef-

ficients for other variables are also usually significant in both Tables 1 and 2.

In the late 1990s, the structure and patterns of Chinese economic development undergo major changes. The most

important change is a clear shift from a labor-intensive to a capital-intensive production structure. In the late 1990s,

the aggregate labor input into industry starts to decline, while capital accumulation proceeds at a rapid rate. In Table

1, this manifests itself in a radical reversal of the coefficients of capital and labor. In the earlier period, the coefficient

of labor is 0.64, the coefficient of capital 0.37. In the later period, the situation is reversed and the coefficient of labor

drops to 0.39, while the capital coefficient changes to 0.69. Further analysis of the shares of labor income in value

added shows a marked decline of the share of labor income in manufacturing value added in the late 1990s, which is

consistent with the change in the coefficients. Using panel data on 29 Chinese regions for the years 1998–2007,

Scherngell et al. (2014) also find a clear break in 1998. They argue that significant science and technology policy ef-

forts implemented in the 1990s seem to have come into effect after 1998.

A second change worth noting is the very rapid acceleration of labor productivity growth from the mid-1990s on-

ward. Between 1980 and 1995, average labor productivity growth in manufacturing is 3.5%. Between 1995 and

2003, it is 21.1%. For labor productivity in total industry, the corresponding figures are 3.4% and 17.3% (independ-

ent accounting system enterprises at township level and above: source Szirmai and Ren, 2007). Labor productivity

growth is driven by the increasing capital intensity of production, which manifests itself in the changes in the coeffi-

cients mentioned in the previous paragraph.

Further important changes include the huge increases in labor mobility from 1998 onward (Yue, 2015; Meng

et al., 2010), owing to the gradual relaxation of the restrictions of the Hukou system from 1998 onward. This results

in a regional reallocation of labor and efficiency gains owing to better allocation of labor. The efficiency gains owing

29 In addition to adding a time trend to capture improvements in technology at a constant rate, we experimented with

including time dummies to check the robustness of our findings, leading to a so-called two-way fixed-effects panel

model. The results from time dummy models are presented in the Appendix (Tables A2 and A3). They are generally con-

sistent with those from time trend models as presented in this section, but some coefficients lose their significance.

(See the Appendix for a discussion of the time dummy models).
30 The exception is the FDI variable that is the ratio of foreign to domestic investment.
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to a reallocation of labor—in a context of stagnant aggregate labor input—contribute to the increases in labor

productivity.31

Also worth mentioning are the changes in the roles of FDI and domestic investment. From the mid-1990s onward,

there is a decline in greenfield FDI as percentage of gross fixed capital formation. In the period 1991–1995, FDI ac-

counts for almost 11% of total capital formation. By 2006–2010, this has dropped to less than 5% (Naudé et al.,

2015). Interestingly, the coefficients of FDI and FDI spillovers (FDIS) become significant after the break, while they

are not significant before. Theoretically, this can be interpreted as the result of decreasing marginal impact of FDI in-

tensity as FDI intensity increases (or vice versa the increasing marginal impact of FDI intensity as intensity declines).

Finally, we observe a huge increase in R&D expenditures after 1998. Between 1990 and 1998, R&D expenditures

grow at 9% per year. After 1998, there is explosive growth. R&D expenditures increase by an annual rate of 21.6%

between 1998 and 2007. There is not much difference in the coefficients of R&D before or after the break, but R&D

spillovers do become significant after the break.

4.2.2 Contribution of R&D stock and R&D spillovers

The coefficients of the R&D stock are statistically significant in almost all specifications in Table 1 in which the vari-

able is included. Hu and Jefferson (2004) and Jiang et al. (2010) find that returns to R&D and its productivity have

declined over the years. Although the contribution of R&D seems to decrease slightly after the year break 1998, in

particular in the regression for R&D and R&D spillovers (Col. 1 of Table 1), the differences are not significant. In

the preferred specification in Table 1 (Col. 3 of Table 1), the average of R&D in both subperiods is around 0.13,

which signifies that for a 1% increase in the R&D stock, industrial value added will increase by 0.13%.

Regarding the interregional R&D spillovers, it is interesting that R&D spillovers contribute significantly and

positively to regional industrial value added only in the period after 1998 (Table 1). This indicates that regions did

not yet receive any significant spillover effects from the R&D invested by their neighboring regions until 1998. The

coefficients of lagged interregional R&D spillovers after 1998 (rdset�1, t >¼ 1998) are positive and statistically sig-

nificant in all regressions in Tables 1 and 2. In almost all models in Tables 1 and 2, the elasticity of R&D spillovers is

around 0.2, indicating that a 1% increase in the R&D spillovers will cause a 0.2% increase in industrial value added.

The finding that the elasticity of R&D spillovers is higher than that of own R&D is in line with the literature on

international transfer of technology, which often shows that spillovers of R&D performed abroad are extremely im-

portant, especially in developing countries (Abramovitz, 1986; Coe and Helpman, 1995; Jacob and Szirmai, 2007).

In their extensive overview of the literature, Hall et al. (2010) provide many examples of studies that report estimates

of output elasticities of R&D spillovers that exceed the output elasticities of own R&D (Hall et al., 2010: 1060–

1062, Table 5). Examples of studies showing that the contribution of R&D spillovers is more important than that of

own R&D include Wei and Liu (2006), Raut (1995), and van Pottelsberghe and Lichtenberg (2001).

4.2.3 Direct and indirect foreign technological spillovers

With regard to the contribution of FDI, we find a clear break. The direct international FDI spillover (fdi) is positive

and significant in the models that do not include an interaction term (Col. 2 and 3 in Table 1)32. But this effect exists

only after 1998. Our findings indicate that international FDI spillovers typically have positive effects on the Chinese

industry in a period when more domestic investment and domestic R&D is taking place.

The interregional FDI spillovers (fdist�1) are significant and negative after 1998. This can be explained by various

mechanisms. One mechanism is that the foreign-invested firm captures market shares at the expense of its domestic

competitors, as a result of which the productivity of the domestic firms declines. This is known as a “market-

stealing” effect (Aitken and Harrison, 1999). A second mechanism is that resources (e.g., skilled personnel) flow to

the regions that are most richly endowed with foreign investment. We do not have firm evidence that one mechanism

31 It is likely that the flow of labor from rural to urban areas acts as a depressant of wages, so that wages increase less

rapidly than productivity. This is again consistent with the change in the coefficients of capital and labor. But this ana-

lysis goes beyond the bounds and aims of the present paper and will not be elaborated on here.
32 In the model, value added is taken in natural logarithms, whereas the FDI variable is given as fraction of FDI to total in-

vestment The coefficient of 0.004 (Col. 3 in Table 1) indicates that an increase of 10% in the FDI ratio leads to 0.3% per-

cent increase in value added.
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is more important than the other. But we would argue that market stealing in terms of market shares is more likely to

occur within the same region. The fact that the direct coefficient of regional FDI intensity is positive does not indicate

that market stealing is taking place within regions. Therefore, our interpretation of the negative indirect FDI effect is

that FDI invested in one region can attract (or steal) labor and/or other resources from the neighboring region33.

4.2.4 The interaction between R&D and FDI

Table 2 includes theoretically relevant interaction terms. As mentioned above, the interaction terms are highly corre-

lated with the original terms, resulting in severe multicollinearity. When the R&D and FDI interaction term

(rdet�1 � fdit�1) is added to the preferred specification, the coefficients of FDI and of the interaction term both be-

come nonsignificant (see Col. 1 in Table 2). To examine this issue further, we drop the nonsignificant fdi variable in

the regression of Col. 2 of Table 2. The significant and positive coefficient of R&D and FDI interaction term

(rdet�1 � fdit�1) after 1998 shows that there is significant interaction between FDI and the local R&D stock.

This finding can be interpreted in two ways: a) the effect of FDI on growth is more important in regions where the

level of R&D stock is high, or b) the effect of R&D on growth is more important in regions where the FDI intensity

is high. In the light of the literature on absorptive capacity, the former interpretation is preferable to the latter. In

addition, the coefficient change (from Col. 3 in Table 1 to Col. 1 in Table 2) also reveals that the former explanation

is more plausible. As documented in Tables 1 and 2, the FDI variable (fdit�1) that is significant in Col. 3 in Table 1

(after 1998) becomes nonsignificant in Col. 1 in Table 2 where the interaction term (rdet�1 � fdit�1) is introduced. In

contrast, the effect of the R&D variable (rdet�1) remains unchanged from Col. 3 in Table 1 (without the interaction

term) to Col. 1 in Table 2 (with the interaction term). This indicates that the contribution of FDI, if any, is affected

by the interaction between R&D and FDI (rdet�1 � fdit�1). The positive interaction term highlights the importance of

local technological capacity for absorbing international FDI spillovers. This also helps us to understand why Qi et al.

(2009) only find significant positive spillover effects in few regions, such as Shanghai, Jiangsu, Guangdong, and

Beijing, where the domestic R&D capacity is known to be high.

We have noted that the significant FDI effect disappears when it is included along with the interaction term. The

interaction term becomes positive and significant when the FDI variable is not included after the break. This implies

that both the FDI and the interaction term between R&D and FDI move in the same direction, but that the effects of

the FDI variable are not all that robust.

4.2.5 Interaction term between R&D and indirect FDI spillovers

To further explore the dynamics of indirect FDI spillovers, we include the interaction term between R&D and the in-

direct FDI spillover variable (rdet�1 � fdist�1) in Col. 3 and 4 of Table 2. Again owing to multicollinearity, both FDIS

and the interaction term between R&D and indirect FDI spillovers (rdet�1 � fdist�1) become nonsignificant when the

interaction term is added to the preferred specification from Table 1. As in the previous section, the nonsignificant

direct variable (fdist�1) is dropped in Col. 4 of Table 2. Here, the coefficient of the interaction term is negative and,

after 1998, significant. In marked contrast to international direct FDI spillovers (fdit�1), interregional indirect FDI

spillovers (fdist�1) have negative contributions to industrial value added even in regions where local R&D levels are

high (see the negative coefficients of rdet�1 � fdist�1). On balance, interregional FDI spillovers seem to be negative.

In the final column in Table 2, we drop both direct variables FDI and FDIS and include both the interaction terms.

Again, the results are consistent with the previous ones. The interaction term between R&D and direct FDI

(rdet�1 � fdit�1) has a positive and significant effect on growth in the second period, while the interaction term be-

tween R&D and indirect FDI (rdet�1 � fdist�1) has a negative and significant effect in the second period. In sum, our

preferred specifications are Col. 3 of Table 1 and Col. 5 of Table 2.

5. Conclusions

This paper explores the impact of technological spillovers on the growth of industrial output in Chinese regions in

the period 1990–2005. Our empirical analysis focuses on three types of technological spillovers, interregional R&D

33 The gradual relaxation of Hukou system from 1998 onward allows labor and resource to move to regions with high level

of FDI. This seems to provide an explanation for the negative interregional FDI spillovers (see more details in Section

2.2).
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spillovers, international (direct) FDI spillovers, and interregional (indirect) FDI spillovers. We also focus on the role

of intraregional domestic investment in R&D. Our findings can be summarized as follows:

1. China is a large recipient of inflows of FDI in the developing world. FDI inflows increased dramatically from

1990 till 1998, tapering off afterward. Just when the inflow of FDI started to grow more slowly, domestic R&D

investment took off, growing at a rate of 21.6% between 1998 and 2007. One might say that after 1998, domes-

tic R&D took over from FDI as a driver of technological advance and technology spillovers.

2. Both R&D and FDI are highly concentrated in certain regions, with FDI even more concentrated than R&D. Six

regions (Beijing, Shanghai, Guangdong, Jiangsu, Sichuan, and Shaanxi) accounted for 60% of all R&D in 1998.

Both in 1990 and in 2005, five regions accounted for 70% of all FDI. This makes the questions about interre-

gional technology spillovers more relevant than ever.

3. Over time, there have been some interesting geographic shifts. In terms of FDI intensity, the role of Guangdong

became much less prominent. In terms of R&D intensity, in the earlier years, there were inland regions in middle

China with high R&D intensities. Over time, R&D intensity shifted toward the coast. FDI intensity was highest

in the coastal regions throughout the period of analysis.

4. Our empirical analysis indicates that there is a break in the pattern of Chinese economic development in the late

1990s. The contributions to regional growth of almost all variables (capital, labor, R&D stock, R&D spillovers,

direct FDI spillovers, and indirect FDI spillovers) vary greatly before and after the break year 1998. Ignoring the

structural break would lead to different (or even wrong) conclusions. The break is associated with major changes

in the structure and patterns of Chinese economic development in the late 1990s. These include changes in the im-

portance of capital and labor, increasing capital intensity, increased labor mobility, accelerated productivity

growth, increased R&D efforts, and increasing importance of domestic investment.

5. The regional R&D stock contributes significantly and positively to regional economic growth. Interregional

R&D spillovers are significant and positive after 1998. Given that R&D is primarily concentrated in a number of

advanced coastal regions, interregional spillovers allow inland regions to profit from coastal R&D activities.

6. As the largest FDI recipient in the developing world, Chinese regions benefit from foreign technology spillovers,

but not during the entire period under consideration. The positive contribution of direct international FDI spill-

overs to industrial growth took place mainly after 1998. There are some indications that regions profit more from

international FDI spillovers when their local R&D stocks are higher.

7. With regard to the interregional (indirect) FDI spillovers, our findings are that regions do not benefit from FDI

received by neighboring regions. On the contrary, a high level of foreign investment in one region will negatively

influence its neighbor’s industrial output. A possible explanation of this phenomenon is provided by the move-

ment of labor and other resources toward regions with more FDI. The increase of labor mobility since the late

1990s seems to reinforce such negative indirect FDI spillovers. As shown in Yue (2015), migrant workers account

for more than 10% of total labor force after 1999. Our results also indicate that other than in the case of direct

FDI spillovers, a high level of local R&D does not facilitate positive interregional indirect FDI spillovers.

8. In summary, we conclude that the growth of industrial value added in Chinese regions relies mainly on the re-

gional R&D expenditure, interregional R&D spillovers, and direct international FDI spillovers. Indirect interre-

gional FDI spillovers are negative.

9. A number of limitations in this paper need to be mentioned. First, our data do not allow us to unscramble foreign

and domestic investment in capital. As FDI is included in the capital stock variable, we had to use FDI intensity

to avoid double counting. Second, the R&D variable we use in this paper is the general (total) R&D, and we are

unable to distinguish between military and civilian R&D, or between public and private R&D. Finally, this paper

only distinguishes regions and specific regional clustering of economic activities. Studies carried out at the micro

level (e.g., firms) and allowing for clustering of firms within regions could provide further insights on the role of

R&D and FDI spillovers.
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Appendix

Table A1. Summary statistics

Variable Mean SD Minimum Maximum Observations

Value added (y) Overall 10.17 1.09 7.11 12.92 N ¼ 464

Between 1.00 7.82 11.73 n ¼ 29

Within 0.46 9.01 11.52 T ¼ 16

Capital (k) Overall 11.11 0.77 8.99 12.93 N ¼ 464

Between 0.65 9.57 12.20 n ¼ 29

Within 0.42 10.18 12.12 T ¼ 16

Labor (l) Overall 5.18 0.97 2.52 7.06 N ¼ 464

Between 0.96 2.71 6.55 n ¼ 29

Within 0.22 4.53 5.82 T ¼ 16

R&D stock (rde) Overall 7.78 1.39 3.53 11.05 N ¼ 464

Between 1.29 4.87 10.16 n ¼ 29

Within 0.57 6.04 9.54 T ¼ 16

Fdi (fdi) Overall 8.13 9.59 0.00 56.69 N ¼ 464

Between 8.07 0.56 29.75 n ¼ 29

Within 5.37 �14.34 35.07 T ¼ 16

R&D spillovers (rdss) Overall 7.79 0.97 4.18 10.38 N ¼ 464

Between 0.82 4.80 9.48 n ¼ 29

Within 0.54 6.44 9.22 T ¼ 16

FDI spillovers (fdis) Overall 4.56 3.28 0.00 19.83 N ¼ 464

Between 2.44 0.42 9.73 n ¼ 29

Within 2.24 �3.32 14.66 T ¼ 16

rds*fdi Overall 65.21 75.31 0.01 384.06 N ¼ 464

Between 64.97 3.37 241.40 n ¼ 29

Within 39.84 �82.36 238.14 T ¼ 16

rds*fdis Overall 36.78 28.89 0.01 199.39 N ¼ 464

Between 22.54 2.65 98.95 n ¼ 29

Within 18.53 �43.24 137.21 T ¼ 16

Note: (1) The unit for value added, capital, and R&D is mill Yuan and the unit for labor is 10,000 persons. FDI is the share of FDI in total investment. Variables

of value added, capital, labor, rde, and rdss are in logged values. More detailed information for each variable has been provided in Section 3.2. (2) The “overall” rows

describe the mean, standard deviation, minimum, and maximum values of all observations (N ¼ 464), taken over all years and all regions. The “between” rows de-

scribe the standard deviation, minimum, and maximum of the averages per region (n ¼ 29). The “within” rows refer to the deviation from each individual’s average,

but the overall average is added. Take the variable of value added as an example: the largest negative deviation in one region from its own average is 9.01 �
10.17 ¼�1.16, while the largest positive deviation from its own average is 11.52 � 10.17 ¼ 1.35. (3) The above table shows that the standard deviations of “be-

tween” and “within” are in the same order of magnitude, though the former is somewhat larger than the latter. This means that variations taken over time and those

taken over regions are more or less comparable in magnitude.
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Table A2. Determinants of regional GDP, 1990–2005 estimates of R&D, R&D spillovers, and FDI spillovers (year dummy

models)

Variables R&D and R&D spillovers FDI and FDI spillovers All

(1) (2) (3)

kt�1=2, t <1998 0.374*** 0.467*** 0.419***

(0.076) (0.075) (0.091)

kt�1=2, t >¼1998 0.688*** 0.636*** 0.691***

(0.084) (0.081) (0.102)

lt , t <1998 0.606*** 0.576*** 0.576***

(0.051) (0.041) (0.057)

lt , t>¼1998 0.362*** 0.417*** 0.347***

(0.047) (0.041) (0.052)

rdet�1, t <1998 0.099** 0.099*

(0.049) (0.055)

rdet�1, t>¼1998 0.078 0.089

(0.052) (0.060)

rdset�1, t <1998 �0.040 �0.022

(0.068) (0.079)

rdset�1, t>¼1998 0.030 0.055

(0.064) (0.076)

fdit�1, t <1998 0.00057 0.00068

(0.001) (0.001)

fdit�1, t>¼1998 0.007*** 0.005***

(0.002) (0.002)

fdist�1, t <1998 0.00205 0.0014

(0.0038) (0.0051)

fdist�1, t>¼1998 �0.00074 �0.013**

(0.0047) (0.0058)

rdet�1 � fdit�1, t <1998

rdet�1 � fdit�1, t>¼1998

Prob > F 0.0000 0.0000 0.0000

Centered R2 0.958 0.957 0.960

N 464 464 464

Note: (1) Dependent variable is industrial value added. (2) Spillover effect is calculated based on the proximity weight and industrial similarity weight. (3) Two-

way fixed-effects models, robust standard errors are in parentheses.

***At 1% significance level.

**At 5% significance level.

*At 10% significance level.

(4) Year dummies are not reported in the tables. (5) The findings in Tables A2 and A3 are generally consistent with the findings using a time trend in the main text,

but there are some differences. Because of the introduction of time dummies, the models rely much more on variation between regions and eliminate aggregate vari-

ation. Year-specific information that is the same for all provinces is taken out by these dummies. As spillover effects capture to some extent R&D stocks at the more

aggregate level, some variations captured by these indicators are taken away by the dummies. Hence, coefficients of R&D spillovers become marginally insignificant

when time dummies are incorporated into the models. The fact that the coefficients of the main tested FDI and other variables retain their significance is a confirm-

ation of the findings in our one-way fixed-effects models.
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Table A3. Determinants of regional GDP, 1990–2005 estimates of R&D, R&D spillovers, and FDI spillovers with interaction

terms (year dummy models)

Variables Interaction

term rde*fdi

Interaction

term rde*fdi

Interaction

term rde*fdis

Interaction

term rde*fdis

Both interaction

terms

(1) (2) (3) (4) (5)

kt�1=2, t <1998 0.421*** 0.408*** 0.421*** 0.426*** 0.418***

(0.089) (0.092) (0.073) (0.072) (0.072)

kt�1=2, t>¼1998 0.692*** 0.687*** 0.692*** 0.701*** 0.698***

(0.102) (0.103) (0.079) (0.078) (0.077)

lt , t <1998 0.575*** 0.578*** 0.580*** 0.585*** 0.585***

(0.055) (0.057) (0.044) (0.042) (0.0417)

lt , t>¼1998 0.348*** 0.344*** 0.350*** 0.348*** 0.344***

(0.052) (0.051) (0.039) (0.038) (0.038)

rdet�1, t <1998 0.096* 0.105* 0.096** 0.097** 0.1028**

(0.054) (0.055) (0.043) (0.040) (0.040)

rdet�1, t>¼1998 0.094 0.090 0.087* 0.096** 0.098**

(0.060) (0.060) (0.046) (0.044) (0.044)

rdset�1, t <1998 �0.042 �0.026 �0.019 �0.023 �0.025

(0.079) (0.080) (0.063) (0.062) (0.062)

rdset�1, t>¼1998 0.034 0.054 0.058 0.052 0.053

(0.076) (0.076) (0.061) (0.060) (0.060)

fdit�1, t <1998 �0.0063 0.00109 0.0011

(0.004) (0.001) (0.001)

fdit�1, t>¼1998 0.004 0.005*** 0.0049***

(0.008) (0.001) (0.001)

fdist�1, t <1998 0.0006 0.00084 0.0092

(0.0052) (0.0050) (0.014)

fdist�1, t>¼1998 �0.014** �0.013** �0.003

(0.0059) (0.006) (0.025)

rdet�1 � fdit�1, t <1998 0.0010* 0.00016 0.000176

(0.00057) (0.00015) (0.00014)

rdet�1 � fdit�1, t>¼1998 0.000091 0.00061*** 0.00062***

(0.00094) (0.00019) (0.00016)

rdet�1 � fdist�1, t <1998 �0.00087 0.000095 0.000016

(0.0015) (0.00035) (0.00035)

rdet�1 � fdist�1, t>¼1998 �0.00106 �0.0015*** �0.00158***

(0.0027) (0.00051) (0.00051)

Prob > F 0.0000 0.0000 0.0000 0.0000 0.0000

Centered R2 0.960 0.960 0.960 0.960 0.960

N 464 464 464 464 464

Note: (1) Same as previous table.
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