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Abstract

:

China’s pesticide industry has played an important role in the growth of agricultural productivity in both China and worldwide, but its development is hampered by production inefficiency and the lack of innovation of active ingredients. To improve innovation and the productivity of the pesticide industry, the Chinese government has implemented a series of policies to stimulate private research and development (R&D) and firm innovation. Using the firm-level panel data of the Annual Survey of Industrial Firms (ASIF) collected by the National Bureau of Statistics in 2001–2007, this study examines the linkages between R&D investment, innovation, and productivity with a focus on the role of government policies. The results show that pesticide firms with a higher intensity of R&D investment were associated with a higher patent intensity, and more innovated firms were associated with a higher productivity. Public research, intellectual property enforcement, production subsidy, foreign direct investment (FDI), and being export oriented were positively associated with the innovation and productivity of pesticide firms.
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1. Introduction


China’s pesticide industry has made an important contribution to agricultural productivity in China and plays a vital role in the global pesticide market [1]. China’s National Bureau of Statistics show that China applied 1.5 million tons of pesticide in 2018 [2], accounting for nearly 30% of total pesticide usage worldwide [3]. China also has the largest pesticide production and is the leading export country of pesticide [4,5]. China exports over one third of pesticide production to over 160 countries and regions every year, which is nearly 25% of the global pesticide exports [6]. At the same time, the use of pesticides has a negative impact on the environment. So, there are new requirements for pesticide enterprises which are designed to develop more environmentally friendly, low-toxicity pesticide products.



However, low profits, inefficient production, and a lack of research and development (R&D) investment and innovation have characterized China’s pesticide industry [7]. In 2015, the top six multinational corporations (MNCs) produced 75.5% of the global pesticide sales (USD 56.6 billion) and their net profit margin was about 15 to 20% [8]. However, over 2000 Chinese pesticide firms took 13% of the global market share and their net profit margin was as low as 2 to 3% [8]. Furthermore, Chinese pesticide firms are far from being innovative. For example, China’s pesticide industry registered about 20,000 products in 2009, but the active ingredients were only 600 [9]. Some researchers reported that in 2007, among 313 active ingredients of pesticides produced by Chinese pesticide firms, only 13 were originally patented by Chinese firms and research institutes [7].



China’s pesticide industry must become more innovative to enhance its competitiveness in the world. The world-leading pesticide MNCs, such as Bayer, BASF, etc., invest over USD 3 billion in research and investment (R&D) every year [10]. In contrast, in 2013, the top 150 leading Chinese pesticide firms had invested less than half a million (3.2 billion yuan; USD 0.46-billion-dollar equivalent) in R&D in total [11]. To make Chinese pesticide firms more innovative and to stimulate innovation transfers from public sectors and research institutes, the government has implemented a series of policies, such as financial subsidies, stronger intellectual property protection (IPR), ownership reforms, and favorable policy treatments for foreign direct investment (FDI) [12,13]. In the 1990s, the Chinese government established two key public pesticide engineering centers in the North and the South of China successively (The Northern Center was dominated by the Shenyang Chemical Research Institute and Nankai University, while the Southern Center was dominated by the Jiangsu, Hunan, Zhejiang, and Shanghai Institutes.). Several important policy documents, including five-year plans and the National 863 and 973 projects, have listed the importance of science and technology R&D in the pesticide industry [14].



Empirical studies have documented the key role of R&D subsidies, IPR protection, and other supporting policies in improving innovation in China’s manufacturing industry [15,16,17]. Given the significant variations in the innovation process for different industries [18], it is necessary to focus on a specific industry to examine the impact of government policies on innovation.



This study aims to examine the linkages between R&D investment, innovation, and productivity of Chinese pesticide firms with a focus on the role of government policies. In particular, we investigate: (1) the relationships between R&D investment, innovation, and productivity for pesticide firms; and (2) the impact of government policies on such relationships. This study emphases the following policies: public innovation, IPR protection, and production subsidies. Although we lack the data to explicitly measure the government policies that support FDI, ownership reforms, and exports, we directly measure firm-level FDI, ownership type, and exports and examine their impact on innovation and productivity at the firm level.



This study makes the following contributions to the literature. First, it expands on the previous empirical literature on innovation in the pesticide industry by adding newly available firm level data on R&D, innovation, total factor productivity, exports, and FDI, along with policy variables such as firm level production subsidies [5]. It also is an improvement as it focuses on one specific industry as innovation processes vary greatly between industries [18]. The empirical results provide a solid foundation for industry-specific policy recommendations for a much larger range of policies to officials who are attempting to modernize the pesticides industry. Second, this study employs the Crépon, Duguet, and Mairesse (CDM) model, which corrects for selectivity and the endogeneity of R&D and innovation [19], to examine the entire process of innovation and the effect of government policies on innovation and productivity. As Crespi and Zuniga point out, innovation shocks (e.g., due to unexpected technological opportunities) may stimulate firms to invest more in new technological R&D, which could overestimate the impact of R&D investment [20]. The CDM model can partly solve this problem.



The rest of this paper unfolds as follows. Section 2 provides a literature review on the government policies aiming to improve innovation in the pesticide industry and facilitate the linkage between R&D investment, innovation, and firm productivity. Section 3 describes the model and datasets employed for empirical analysis. The econometric results are presented in Section 4. Section 5 provides the conclusion.




2. Literature Review


2.1. Policies and Impacts on Firms’ Innovation in China


Due to the public good attributes of new technology and information asymmetry, firms often lack incentives to innovate [21]. The Chinese government strongly encourages firms to develop independent innovations through a series of policies, such as establishing special funds for firm innovation, promoting cooperation between firms and public research sectors and institutes, strengthening IPR protection, reforming state-owned enterprises (SOEs), and establishing R&D research institutes [22].



Public research, as an external driving force for firm innovation, reduces the cost of firm innovation by providing new ideas and tools to the private sector, or exploiting the capacity of universities and research institutes to produce advanced knowledge, scientific breakthroughs, and scientists [23,24]. Public R&D investment in China increased from 65.6 billion yuan (USD 9.37 billion) in 2001 to 397.8 billion yuan (USD 56.83 billion) in 2018 [25]. However, there has been a debate on whether public R&D investment stimulates or crowds out private R&D investment. Hu et al. showed that basic agricultural R&D investment in the public sector increased private R&D investment in China, whereas applied agricultural R&D investment curbed private R&D investment [26]. In the pesticide industry, the Chinese government established a number of R&D centers, such as the National Pesticide Creation Center in the Southern and Northern China as well as the National Biological Pesticide Engineering Technology Research Center [14]. Shi and Pray found that public R&D investment in the pesticide industry has significantly improved firm innovation in China [15].



Intellectual property rights give patent owners a temporary monopoly over their inventions, allowing them to reap the benefits of the new technologies developed [21]. China joined the World Trade Organization (WTO) in 2001 and has amended laws on patents, trademarks, and copyrights as well as regulations on software protection since the WTO accession. Research has shown a stronger enforcement of IPR-boosted patent outputs and R&D investment in China [27,28]. Shi and Pray indicated that the amendment of patent law in China positively influenced innovation in the pesticide industry [5].



Production subsidies, as a key integral part of industrial policies, could help mitigate the market failure caused by the positive externality and non-excludability of knowledge in innovation activities [29,30,31]. Mao and Xu reported that up to 70% of the 1572 Chinese publicly listed firms received production subsidies in 2013 [32]. For example, Yang showed that production subsidies improve firm innovation in China [33]. Mao and Xu found a nonlinear relationship between production subsidies and innovation—only a moderate subsidies intensity was found to significantly stimulate firms’ new product innovation, while a high subsidies intensity was found to decrease new product innovation [32].



The Chinese government has taken measures to promote the inflow of FDI [34]. Some studies have found that FDI had a positive effect on firm R&D investment and patents [35], while others did not find such a relationship [36,37]. Fan and Hu showed that FDI did not affect the R&D of Chinese firms due to the weak enforcement of IPR in China [38].



SOEs are fundamentally different from private firms in China in terms of market power, ability to obtain loans from financial institutions, technological innovation, and access to other preferential policies [39]. Studies have shown that Chinese firms received nearly 60% of loans from the biggest four state-owned banks, where most of the loan went to the SOEs [40]. In recent decades, the reform of SOEs impacted firms’ R&D investment and innovation, but the empirical results were mixed. Research based on the World Bank surveys showed that the R&D investment and innovation outputs of SOEs were significantly higher than that of private firms in China [41]. However, based on Chinese industrial firms’ databases such as Annual Survey of Industrial Firms (ASIF), some studies found that SOEs have fewer R&D activities and have a lower productivity [42,43].



Nearly half of exporting firms in China sold over 70% of their output abroad, and half of these firms are “pure” exporters (namely selling all their output abroad) [44]. Exports are expected to affect firm innovation as they could learn from international experience and related technologies during the export process and often are forced to innovate in order to be competitive in foreign markets [45]. The Chinese government has formulated a number of policies and measurements to encourage firms to export, such as tax deductions and priority access to infrastructure and land [44]. There are mixed results in the literature on the impact of exports on firm innovation in China. Qiu and Yan, for example, indicated that exports significantly increased the productivity of Chinese manufacturing firms [46]. Shi and Pray found that exports spurred the innovation of Chinese pesticide firms [5]. In contrast, some researchers found that exports had no statistical effect on innovation performance among Chinese manufacturing firms [45,47].




2.2. The Relationship between Private R&D Investment, Innovation, and Firm Productivity


The literature provides three seminal studies that investigated firm innovation. Griliches provided a pioneer seminal work on the relationship between innovation and firm performance [48]. Pakes and Griliches developed knowledge production functions for the first time to simulate the relationship between innovation input and innovation output [49]. The CDM model extended the knowledge production framework into a recursive system to investigate the relationship between innovation input, innovation output, and firm productivity [50]. Using the CDM model, many studies found a similar positive effect of firm R&D investment on innovation output and productivity for developed countries. For example, Griffith showed that R&D investment improved innovation output, and innovation output spurred firm productivity in Europe [51]. Vahter showed that product and process innovations had a positive and significant impact on labor productivity in Estonia and Slovenia [52]. However, studies for developing countries offered mixed results [20]. Benavente found no significant effect of innovation on firm productivity among Chilean firms [53]. Howell found a positive association between R&D investment and innovation as well as innovation and productivity for Chinese manufacturing industry [34]. The relationship between R&D investment, innovation, and firm productivity for Chinese pesticide industry is important, but not well explored. This study intends to fill in this gap in the literature by using panel ASIF data and employing the CDM model.





3. Methodology


3.1. Conceptual Model


According to the CDM model, the innovation process of a firm mainly consists of three stages: the firm invests in R&D, the R&D input generates innovative output, and the innovative output further improves productivity [50]. Based on the CDM framework, we propose three hypotheses:



H1. 

The efforts of the Chinese government to encourage pesticide firms to innovate could increase firms’ R&D investment and innovation output.





The costs and benefits of firms’ investments will be evaluated when deciding on R&D investments. The efforts made by the Chinese government to encourage innovation, such as promoting cooperation between firm and public research institutions and strengthening intellectual property rights protection, can solve the problems of public goods attributes and the information asymmetry of new technologies. Thus, the efforts of the Chinese government could increase R&D investment by improving the profit expectations and reducing the innovation costs. In addition, the knowledge spillover of the public sector is also conducive to firms’ innovation output [23,24].



H2. 

Firms with more R&D investment produce more innovation outputs.





Firms can generate new knowledge and promote knowledge spillover to improve their innovation ability by investing in R&D. Pakes and Griliches found that R&D investment may increase firms’ knowledge accumulation, leading to innovation output. In this study, the output of innovation investment is measured by the number of patents or the sales share of innovative products [49].



H3. 

Firms with more innovation output will be more efficiency.





According to the endogenous growth theory, technological innovation is the endogenous driving force of economic growth when other input factors remain unchanged. Once innovation outputs are produced, the production sector can use the knowledge or technology to improve efficiency. Through this efficiency, primary inputs are translated into desired goods and services, or increased value for them by users, or both.




3.2. Empirical Model


The CDM model adapted based on the data availability for this study consists of three stages: (1) estimating a firm’s decision whether and how much to invest in in R&D; (2) estimating the determinants of innovation, where the number of patents and revenue share of new product sales are used, respectively, as a proxy; and (3) estimating the impact of innovation on firm productivity measured by total factor productivity (TFP).



Let subscripts i and t indicate firm and year, respectively, such that i = 1,2, ⋯, N and t = 1, 2, ⋯, T. We assumed that R&D investment by any individual firm, denoted by   R  D  i , t  *   , was guided by Equation (1a) and researchers only observed whether firms invested in R&D investment denoted by   R  D  i , t     in Equation (1b) and how much they invested denoted by    R  i , t     in Equation (1c).


     R  D  i , t  *  = α P u b _ i n  n  i , t − 1   + θ I P  R  i , t − 1   + γ S u b s i d  y  i , t − 1   + λ F D  I  i , t   + σ O w n e r s h i  p  i , t       + β E x p o r  t  i , t − 1   + δ  X  i , t   +  ε  i , t       



(1a)






  R  D  i , t   =  {  0   i f   R  D  i , t  *  ≤ c   1   i f   R  D  i , t  *  > c    



(1b)






   R  i , t   =  {  0   i f   R  D  i , t   = 0    R  i , t  *    i f R  D  i , t   = 1    



(1c)







Several explanatory variables were incorporated to explain the latent variable,   R  D  i , t  *   , in Equation (1a). As the literature suggests, we used pesticide invention patents developed by the public sector at the previous year as a proxy for public innovation, denoted by   P u b _ i n  n  i , t − 1    . The IPR protection strength was measured by the share of non-infringed patents in the cumulative number of patents, denoted by   I P  R  i , t − 1    .   S u b s i d  y  i , t − 1     refers to the lag of production subsidies received.   F D  I  i , t     refers to the share of FDI in total capital. The ASIF data report detailed capital sources, including state-owned capital, private capital, foreign-owned capital, and Hong Kong, Macao, and Taiwan-owned capital. We created a vector of ownership variables denoted by   O w n e r s h i  p  i , t     to capture the influence of state-owned capital on firm innovation, including majority state-owned firms if at least 50% of firm capital was state-owned, minority state-owned firms if firms own state-owned capital less than 50%, and non-state-owned capital firms if firms did not own any state-owned capital. Equation (1a) also controls for firm characteristics such as gross capitals, firm size measured by number of employees, and firm age.   R  D  i , t     in Equation (1b) is a binary variable indicating whether firm i invests in R&D or not. The combination of Equations (1a) and (1b) was estimated using the conditional fixed effects logit model. Equation (1c) was estimated using a random-effect Tobit model.



The second stage of the CDM model is to estimate firm innovation:


      P  i , t  *  = φ  R  i , t − 1  ^  + α P u b l i c _ i n n o v a t i o  n  i , t − 1   + θ I P  R  i , t − 1   + γ S u b s i d  y  i , t − 1   + λ F D  I  i , t   + σ O w n e r s h i  p  i , t       + β E x p o r  t  i , t − 1   + δ  X  i , t   +  v i  +  u  i , t       



(2a)






   P  i , t   =  {  0   i f    P  i , t  *  < a    P  i , t  *    i f    P  i , t  *  ≥ a    



(2b)







We assumed that technological innovation outputs denoted by    P  i , t  *    were guided by Equation (2a) and researchers only observed how many technological innovation outputs denoted by    P  i , t     in Equation (2b), measured by patent intensity and the revenue share of new product sales. Equation (2a) incorporates the lag of the predicted value from the first stage,    R  i , t − 1  ^   , as it is expected that R&D investment takes time to generate innovation outputs. We employed the random effects Tobit model to estimate Equations (2a) and (2b).



The third stage of the CDM model is to estimate the effects of firm innovation on firm productivity. We denoted the total factor productivity estimated by the generalized method of moments (GMM) by   T F  P  i , t     and it is written in Equation (3) below:


     T F  P  i , t   = ω  P  i , t − 1  ^  + α P u b l i c _ i n n o v a t i o  n  i , t − 1   + γ S u b s i d  y  i , t − 1     + λ F D  I  i , t       + σ O w n e r s h i  p  i , t     + β E x p o r  t  i , t − 1   + δ  X  i , t   +  u i  +  v  i , t       



(3)







Equation (3) incorporates a one-year lag of the predicted firm innovation denoted by    P  i , t − 1  ^    from the second stage. The other independent variables for public innovation, production subsidies, ownership structures, and export value are also controlled for. Equation (3) was estimated by a fixed effects panel estimation model.




3.3. Dependent Variables


According to the CDM framework, the following five dependent variables are mainly included.



Two variables are used to measure the firm’s innovation investment: (1) firm decide to invest in R&D, which is equal to 1 if firm’s R&D investment more than 0, otherwise it is equal to 0; (2) the firm’s R&D investment intensity, the proportion of R&D expenditure to total sales. If only the amount of R&D investment is considered, the impact of the firm’s sales scale is ignored. Therefore, the proportion of R&D investment is a more objective indicator of innovation effort.



Innovative outputs use two variables as proxies: patent intensity and new product intensity, which represent the ability of firms to generate new knowledge and turn new knowledge into business value. Patent intensity is the total invention patent number divided by total sales revenue. The patent here refers to the invention patent because the invention patent can better reflect the firm’s ability to invent or create new knowledge relative to other types of patents such as design or appearance. New product intensity is used as another measure of innovation output, referring to the proportion of new product sales to total sales. According to the definition of the National Bureau of Statistics, the new product refers to a new product developed or produced using the new technology principle, new design concept, or significantly improved in terms of structure, material, process, and other aspects than the original product, thereby significantly improving product performance or expanding the product’s function. Since the firm’s main goal is to make a profit, the new product intensity indicator can better measure the ability of firms to convert new technology knowledge into products of commercial value.



Productivity is measured by the firm’s total factor productivity. In order to correct the simultaneity problem in estimating the TFP process, the GMM method is used for estimation. This is a generalized moment method proposed by Blundell and Bond, which aims to solve the endogeneity problem of the model [54]. The basic idea is to solve the endogeneity problem in the model by adding tool variables.



All variables are defined in Table 1.




3.4. Data


This study employed the unbalanced panel data of the ASIF from 2001 to 2007 collected by the National Bureau of Statistics of China. The dataset includes private firms with annual sales of at least 5 million RMB (around US USD 0.71 million) and all state-owned firms. The sample firms accounted for 90% of China’s industrial output and 95% of export value [55]. The dataset consists of a total of 1452 pesticide firms, accounted for over 90% of pesticide production in China. The dataset collects information such as location, ownership, sales value, export value, sales of new products, R&D investment, and number of employees. We utilized two data sources to collect patent information. First, we merged the ASIF data with patent data from the State Intellectual Property Office (SIPO). Second, we used the Patsnap patent database to compile patents applied by public sectors in the pesticide industry (https://www.zhihuiya.com; accessed on 23 April 2020).



Following Howell, we dropped firm observations if any of the variables (total sales, total employment, province code, and capital) were either missing or reported a negative value (N = 136) as well as firms with less than eight employees (N = 117) [34]. We also dropped 156 SOEs or 829 observations with less than 5 million RMB in sales revenue to keep them comparable with non-SOEs in the ASIF data. The final data used for this study consisted of 1326 pesticide firms in 2001–2007.



This study used the 2001–2007 ASIF data due to two main reasons. First, R&D investment data were available only for 2001, 2005, 2006, 2007, and 2010. However, the statistical caliber of the database changed to some extent after 2008. Second, many scholars have pointed out that the ASIF data are less unreliable after 2007 [56]. The analyses based on the 2001–2007 data still provide a reasonable base to examine the relationship between R&D investment, innovation, and productivity of pesticide firms in China. First, China’s pesticide industry has not experienced significant changes recently. Take industry concentration as an example—the market share of the top 30 pesticide firms remained around 40% (Figure 1a) and the Herfindahl–Hirschman Index stayed at 0.010 (Figure 1b) from 2001 to 2013. Second, Chinese pesticide firms have faced similar challenges since the middle of 2000s, such as low industrial concentration, weak innovation, and product homogeneity. The Chinese government stated that innovation remained a driving force to make its pesticide industry more competitive in the fourteenth five-year plan. The government required further innovation from the pesticide firms. Therefore, the results of this study are still relevant to policymakers now and in the future.





4. Empirical Results


4.1. Descriptive Results


Table 2 provides summary statistics of the key variables. Howell showed that in the overall manufacturing industry, the expansion of firms in the ASIF data was because more private firms reached the threshold of sales revenue of RMB 5 million, but most of the new entrant firms did not have capacity to invest in R&D [57]. The pesticide industry was not an exception. Table 2 shows more pesticide firms in the ASIF data, increasing from 507 in 2001 to 795 in 2007 and the share of firms investing in R&D decreased from 35% in 2001 to 30% in 2007. On the other hand, the R&D investment intensity increased from 0.29% in 2001 to 0.38% in 2007. The patent intensity and the new products sales share did not change much, and firm productivity increased slightly in 2001–2007. Public innovation (patents) more than doubled, increasing from 105 in 2001 to 253 in 2007. The strength of IPR protection reached its peak in 2001, mainly because China entered the World Trade Organization (WTO) in 2001 and improved IPR protection.



The ASIF data collect government subsidies on production, but do not collect government subsidies on firms’ R&D [17]. As shown in Table 2, the share of pesticide firms that received government production subsidies decreased slightly in 2001–2007. As Table 3 shows, over 50% of firms that received government production subsidies invested in R&D, and this was almost double the firms that did not receive subsidies; firms that received production subsidies had a higher R&D investment intensity and a higher productivity than those who did not receive such subsidies.



Since China joined the WTO in 2001, the Chinese government lifted restrictions on foreign firm ownership structures. Driven by liberalization, China has rapidly become the country with the largest inflow of FDI. The share of FDI for China’s pesticide industry increased from 3.2% in 2001 to 4.7% in 2007 (see Table 2). Table 4 shows no statistical difference in R&D investment between firms with and without FDI in 2001, but firms with FDI had a higher share of firms investing in R&D, a higher revenue share of new product sales, and a higher TFP in 2007.



The ownership reforms significantly influenced the share of state-owned capital. The non-state-owned firms increased from 75.35% in 2001 to 92.96% in 2007, the share of firms owning at least 50% of state-owned capital decreased from 17.55% in 2001 to 4.40% in 2007, and the share of firms who had at most 50% state-owned capital decreased from 7% in 2001 to 2.6% in 2007. As shown in Table 5, in 2001, over 60% of the minority state-owned firms engaged in R&D, while the share decreased to nearly 48% in 2007. The proportion of non-state-owned firms with R&D investment decreased from 31% in 2001 to 28% in 2007. Although the proportion of non-state-owned firms with R&D was the lowest, the number of non-state-owned firms with R&D investment increased from 118 firms in 2001 to 210 firms in 2007. Moreover, patent intensity of non-state-owned firms was the highest, and minority state-owned firms had the highest share of new product sales in 2007.



The Chinese government carried out a variety of policies such as loan interest exemptions and tax reductions for exporting firms [58]. The share of exporting firms increased from about 60% in 2001 to nearly 65% in 2005, then fell back to 52% in 2007. As shown in Table 6, the exporting firms were more likely to have R&D investment (56% vs. 23%) and had a higher R&D investment intensity (0.6% vs. 0.3%) than non-exporting firms in 2007. The exporting firms also had a higher new production intensity and productivity.




4.2. Estimation Results


Table 7 summarizes the estimation results for the three-stage CDM model. The R&D investment decision in the first stage was estimated using the fixed-effects logit model and the estimation results are summarized in Columns (1), while the R&D investment intensity was estimated using a random-effects Tobit model and the results are presented in Column (2). The patent intensity and revenue share of new product sales were estimated by the random-effects model and presented in Columns (3) and (4), respectively. We estimated the TFP for the third stage by the fixed-effects model and summarized the results in Columns (5) and (6).



As we discussed in the estimating methodology section, we used the fixed effects logit model to estimate the R&D investment decision and a random effects Tobit model to estimate the R&D investment intensity in the first stage as well as a random effect Tobit models for patent intensity in the second stage. Since the estimated coefficients were not the same as the marginal effects in both the logit and Tobit models, we present the marginal effects of these estimations in Table 7 and their estimate results are summarized in the Table A1 in Appendix A. Based on the estimation results presented in Table 7, we present the following findings.



Firstly, we examined the H1, which is the impact of relevant policies on the innovation process of Chinese pesticide firms. Innovation in the public sector, measured by the number of patents applied by public institutes and universities, was positively and statistically significantly associated with patent application by pesticide firms, but it had no significant relationship with the R&D investment decision, the revenue share of new product sales, or firm productivity. These results suggest that innovation in public sectors could increase new technological opportunities available for private sectors to develop and commercialize, which is consistent with other studies [26,59]. Hu found that basic R&D investment by the public sector stimulated private R&D in agricultural and food sectors in China [26]. Our result implies that the Chinese government’s efforts in public pesticide research can effectively stimulate private patents by pesticide firms, consistent with the findings in previous research [5]. However, innovation in public sectors did not contribute to the development of new products measured by the revenue share of new product sales and the improvement of firm productivity.



The IPR protection was found to be positively associated with R&D investment by pesticide firms. Specifically, for every one percent point increase in the enforcement of IPR protection, R&D investment intensity would increase by 0.17. This finding is in line with Shi and Pray’s results [5,24]. Pray showed that stronger IPR enforcement often provides incentives for the private sector, especially input firms, to increase research [24]. Shi and Pray showed that the stronger enforcement of IPRs in China made pesticide firms more innovative [5].



Production subsidies were not found to be statistically associated with firms’ R&D and innovation output, but significantly improved firms’ productivity. The lack of a statistical association between government subsidies for production and firm innovation might be attributed to the following reason. Unlike subsidies in R&D, subsidies in production are used to improve yields and may not necessarily be used to overcome innovation barriers. Although sometimes one objective of production subsidies is to encourage technological upgrading, it is mainly targeted at production [17].



Table 7 also shows that FDI only had a significant and positive impact on TFP. This finding is consistent with Harrison, Love, and McMillan’s results [60]. When foreign capital flows into the host country, it often brings advanced technologies that benefit domestic firms [35] and ultimately improve firm productivity [43].



Table 7 suggests that the ownership structure based on the source of firms’ capital had no statistical association with R&D investment innovation output or productivity. In particular, no significant difference was found in innovation and productivity between state-owned firms and non-state-owned firms in China’s pesticide industry. Firms with a greater export value were more innovative, which is consistent with Shi and Pray’s results [5]. Under the strong support from the Chinese government, China’s pesticide industry has become more export-oriented, which is expected to improve innovation.



Secondly, we examined the H2 and H3, which are about the relationship between R&D investment, innovation output, and firm productivity of Chinese pesticide firms. The results show that R&D investment intensity had a significant effect on patent intensity. This is in line with some previous literature [51,57]. However, R&D investment intensity had no significant effect on the revenue share of new product sales. The findings can be partly explained by the fact that Chinese pesticide firms made great innovation efforts in developing different applications based on known active ingredients rather than developing new active ingredients [61]. The revenue share of new product sales had a statistically significant and positive association with TFP, but innovation measured by patent intensity had no statistical association with TFP. Most Chinese pesticide firms sell generic products that have passed the patent protection period or are highly homogeneous [45]. As mentioned before, only a handful of patents filed by Chinese pesticide firms were new active ingredients and the majority of patents were based on known compounds, which explains the modest impact of patents on a firm’s productivity [61]. If the Chinese pesticide firms aim to improve productivity, the focus should be on more fundamental technological development and innovation. Only this type of research and innovation could help firms launch new products, reduce process costs, increase market share, and finally increase productivity [62].





5. Conclusions and Policy Implications


Using the 2001–2007 ASIF data combined with patent applications for the Chinese pesticide industry, this study investigated the impact of government policies on R&D investment, technological innovation, and firm productivity. The emphasis of government policies focuses on public innovation, IPR protection, production subsidies, FDI, ownership structures (state-owned and non-state-owned firms), and exports. A structural CDM model was employed to quantify the relationship between R&D investment, innovation output, and firm productivity.



The results show that public innovation significantly increased firms’ patent applications but did not influence the revenue share of new product sales and firm productivities. The findings suggest that the public sector may transfer their innovation to pesticide firms, but it does not necessarily improve firm innovation in developing new products or enhance productivity.



If the main goal of government is to increase innovation which can ultimately improve farm income, agricultural productivity, and competitiveness of the pesticide industry in export markets, this analysis suggests that policies which encourage private research investment such as patent enforcement as well investments in R&D that lead to public sector patenting, can be important. Encouraging exports and increasing the sizes of firms can also stimulate innovation, but other government interventions such as encouraging foreign investment, changing industrial structure towards or away from state ownership, or providing production subsidies has no measurable and statistical impact on innovation.



If the main goal of government is to increase the productivity of pesticide firms which could help farmers through less expensive pesticides and pesticide firms be more competitive in foreign markets, this study suggests that the government should encourage firms to increase the revenue share of new product sales, provide production subsidies, and encourage FDI.



There are some limitations of this study. First of all, the data were from 2001 to 2007, which is too early and relatively short. Therefore, what we obtained was the short-term impact of relevant policies on the innovation and productivity of Chinese pesticide firms. Since the main aspects of the pesticide industry between 2001 and 2007 and late years are not distinctively different, as we discussed in the previous section, the findings can still be applied to later years. However, in the future, we would like to access more recent data. Second, this study used public sector patents as proxies for public innovation. We also lacked data on R&D investment of the public sector. Better variables are needed to measure R&D investment and innovation in the public sector.
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Appendix A. The Estimation Results of the Original Coefficient
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Table A1. Original coefficient of R&D investment, innovation output, and productivity models.






Table A1. Original coefficient of R&D investment, innovation output, and productivity models.





	

	
Decision to Invest in R&D

	
R&D Investment Intensity

	
Patent Intensity

	
New Product Intensity

	
TFP

	
TFP






	

	
Logit fixed-effects model

	
Random-effects Tobit model

	
Random-effects Tobit model

	
Random-effects Tobit model

	
Fixed-effects model

	
Fixed-effects model




	

	
(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)




	
R&D investment intensity

	

	

	
0.16 *

	
2.23

	

	




	

	

	
(0.09)

	
(6.17)

	

	




	
Number of patents

	

	

	

	

	
0.41

	




	

	

	

	

	
(37.30)

	




	
Sales share of new products

	

	

	

	

	

	
1.28 **




	

	

	

	

	

	
(0.57)




	
Number of patents applied by public institutes and universities

	
−6.08

	
0.11

	
0.11 ***

	
−4.12

	
−2.07

	
−2.86




	
(16.51)

	
(0.07)

	
(0.04)

	
(2.51)

	
(5.66)

	
(5.62)




	
Strength of IPR protection

	
−3.33

	
0.02 *

	
0.00

	
−0.16

	

	




	

	
(2.34)

	
(0.01)

	
(0.00)

	
(0.24)

	

	




	
Production subsidy (million yuan)

	
−0.05

	
0.00

	
0.00

	
0.00

	
0.02 **

	
0.02 **




	

	
(0.03)

	
(0.00)

	
(0.00)

	
(0.00)

	
(0.01)

	
(0.01)




	
Share of FDI

	
−0.52

	
0.00

	
0.00

	
0.08

	
0.79 **

	
0.84 **




	

	
(1.15)

	
(0.00)

	
(0.00)

	
(0.14)

	
(0.35)

	
(0.35)




	
Major state-owned firm

	
0.22

	
−0.00

	
−0.00

	
0.09

	
0.09

	
0.08




	
(0.54)

	
(0.00)

	
(0.00)

	
(0.06)

	
(0.16)

	
(0.16)




	
Minority state-owned firm

	
0.08

	
−0.00

	
0.00

	
0.00

	
0.14

	
0.15




	

	
(0.61)

	
(0.00)

	
(0.00)

	
(0.07)

	
(0.18)

	
(0.18)




	
Export value (billion yuan)

	
3.77

	
0.00

	
0.01 **

	
0.55 ***

	
0.50

	
0.15




	

	
(2.37)

	
(0.00)

	
(0.00)

	
(0.19)

	
(0.44)

	
(0.46)




	
Firm size

	
0.56 **

	
0.01 ***

	
0.00

	
0.10 ***

	
−0.21 ***

	
−0.24 ***




	

	
(0.25)

	
(0.00)

	
(0.00)

	
(0.04)

	
(0.08)

	
(0.08)




	
Firm age

	
2.09 **

	
0.00

	
−0.00 ***

	
0.05

	
0.59

	
0.48




	

	
(0.82)

	
(0.00)

	
(0.00)

	
(0.04)

	
(0.47)

	
(0.46)




	
Gross capital

	
−0.02

	
0.00

	
−0.00

	
−0.00

	
0.00 **

	
0.00 **




	

	
(0.01)

	
(0.00)

	
(0.00)

	
(0.00)

	
(0.00)

	
(0.00)




	
YEAR

	
YES

	
YES

	
YES

	
YES

	
YES

	
YES




	
Constant

	

	
−1.79 *

	
−0.02

	
14.85

	
10.63 ***

	
11.90 ***




	

	

	
(0.96)

	
(0.34)

	
(24.16)

	
(1.20)

	
(1.30)




	
sigma_u

	

	

	

	

	

	




	
_cons

	

	
0.02 ***

	
0.01 ***

	
0.67 ***

	

	




	

	

	
(0.00)

	
(0.00)

	
(0.04)

	

	




	
sigma_e

	

	

	

	

	

	




	
_cons

	

	
0.01 ***

	
0.00 ***

	
0.30 ***

	

	




	

	

	
(0.00)

	
(0.00)

	
(0.01)

	

	




	
N

	
1514

	
3410

	
2328

	
2328

	
1520

	
1520




	
R2

	

	

	

	

	
0.09

	
0.09




	
adj. R2

	

	

	

	

	
−0.57

	
−0.56








Asterisks, ***, ** and *, represent the 1%, 5%, and 10% statistical significance levels. Numbers in parentheses are standard errors.
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Figure 1. Industry concentration of China’s pesticide industry in 2001–2013. (a) Market share of the top 30 pesticide firms in China (%). (b). HHI of pesticide firms in China. 
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Table 1. Definition of all variables.






Table 1. Definition of all variables.





	Variable name
	Definition





	R&D decision
	Equal to one if a firm invested in R&D, and zero otherwise.



	R&D intensity
	Ratio of R&D expenditures in total sales revenue.



	Patent intensity
	Ratio of firm new invention patents number in total sales revenue.



	New product intensity
	Ratio of new product sales in total sales revenue.



	Total factor productivity (TFP)
	TFP estimated by the generalized method of moments (GMM) method



	Patents of public institutes
	Number of pesticide patents applied by public institutes and universities by province, lag 1 year.



	IPR protection
	Non-infringement rate of patents in the province where a firm was located.



	Production subsidies (million yuan)
	Production subsidies a firm received (million yuan).



	FDI Share
	Share of foreign capital to total capital.



	Major state-owned firm
	Equal to one if government capital share was at least 50%, and zero otherwise.



	Minority state-owned firm
	Equal to one if government capital share was positive but less than 50%, and zero otherwise.



	Non state-owned firm
	Equal to one if a firm had no state-own capital, and zero otherwise.



	Export (billion yuan)
	Firm’s export value (billion yuan).



	Employee
	Log of firms’ employees.



	Firm age
	Log of firm’s age.



	Gross capital (10 million yuan)
	Firm’s gross capital (10 million yuan).
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Table 2. Summary statistics of key variables by year.






Table 2. Summary statistics of key variables by year.





	

	
2001

	
2002

	
2003

	
2004

	
2005

	
2006

	
2007






	
Number of firms

	
507

	
515

	
553

	
688

	
684

	
740

	
795




	
Dependent variables

	

	

	

	

	

	

	




	
R&D investment (1000 yuan)

	
203.49

	

	

	

	
386.13

	
535.18

	
598.54




	
Firms investing in R&D (%)

	
35.11

	

	

	

	
29.82

	
30.41

	
29.56




	
R&D intensity (%)

	
0.29

	

	

	

	
0.32

	
0.41

	
0.38




	
Innovation output

	

	

	

	

	

	

	




	
Number of patents

	
0.26

	
0.31

	
0.36

	
0.47

	
0.71

	
0.57

	
0.59




	
Patent intensity (%)

	
0.07

	
0.07

	
0.10

	
0.12

	
0.10

	
0.09

	
0.06




	
Revenue share of new product sales (%)

	
5.94

	
5.91

	
4.90

	
6.80

	
5.30

	
5.83

	
5.68




	
Firm’s TFP

	
10.56

	
10.69

	
10.73

	
10.52

	
10.89

	
11.16

	
11.22




	
Independent variables

	

	

	

	

	

	

	




	
No. of public patents

	
105

	
175

	
225

	
201

	
249

	
253

	
253




	
IPR protection (infringement rate, %)

	
99.88

	
99.81

	
99.82

	
99.85

	
99.87

	
99.89

	
99.93




	
Having production subsidies (%)

	
17.55

	
19.22

	
19.71

	
16.28

	
13.74

	
15.54

	
13.33




	
Production subsidies (1000 yuan)

	
124.00

	
87.12

	
128.91

	
184.61

	
158.63

	
279.13

	
325.21




	
FDI share (%)

	
3.20

	
3.54

	
3.38

	
4.08

	
4.08

	
4.29

	
4.68




	
Ownership

	

	

	

	

	

	

	




	
Majority state-owned firm (%)

	
17.55

	
14.17

	
11.03

	
6.25

	
5.12

	
5.14

	
4.40




	
Minority state-owned firm (%)

	
7.10

	
6.80

	
5.06

	
4.80

	
3.51

	
2.43

	
2.64




	
Non state-owned firm (%)

	
75.35

	
79.03

	
83.91

	
88.95

	
91.37

	
92.43

	
92.96




	
Firms with export (%)

	
27.22

	
28.74

	
25.32

	
30.96

	
27.49

	
23.78

	
19.37
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Table 3. Summary statistics of key variables among firms with and without production subsidies in 2001 and 2007.
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Without Subsides

	
With Subsides




	
Year

	
2001

	
2007

	
2001

	
2007






	
No. of firm

	
418

	
689

	
89

	
106




	
Firms R&D investment measures

	

	

	

	




	
Having a positive R&D investment (%)

	
31.10

	
24.96

	
53.93

	
59.43




	
R&D investment intensity (%)

	
0.27

	
0.30

	
0.42

	
0.90




	
Innovation output measures

	

	

	

	




	
Patent intensity (%)

	
0.06

	
0.06

	
0.12

	
0.09




	
Revenue share of new product sales (%)

	
5.57

	
4.67

	
7.66

	
12.22




	
Firm productivity

	

	

	

	




	
TFP

	
10.41

	
11.12

	
11.23

	
11.87
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Table 4. Summary statistics of key variables among firms with and without FDI.
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Without FDI

	
With FDI




	
Year

	
2001

	
2007

	
2001

	
2007






	
Firm

	
475

	
740

	
32

	
55




	
Firms R&D investment measures

	

	

	

	




	
Having a positive R&D investment (%)

	
35.16

	
29.05

	
34.38

	
36.36




	
R&D investment intensity (%)

	
0.31

	
0.36

	
0.08

	
0.56




	
Innovation output measures

	

	

	

	




	
Patent intensity (%)

	
0.07

	
0.06

	
0.06

	
0.09




	
Revenue share of new product sales (%)

	
5.95

	
5.46

	
5.82

	
8.70




	
Firm productivity

	

	

	

	




	
TFP

	
10.48

	
11.16

	
11.65

	
12.01
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Table 5. Summary statistics of key variables among firms with different ownership.
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Majority State-Owned Firms

	
Minority State-Owned Firms

	
Non-State-Owned Firm




	
Year

	
2001

	
2007

	
2001

	
2007

	
2001

	
2007






	
Firm

	
89

	
35

	
36

	
21

	
382

	
739




	
Firms R&D investment measures

	

	

	

	

	

	




	
Share of firms having a positive R&D investment (%)

	
39.33

	
42.86

	
63.89

	
47.62

	
31.41

	
28.42




	
R&D investment intensity (%)

	
0.20

	
0.54

	
0.47

	
0.43

	
0.30

	
0.37




	
Innovation output measures

	

	

	

	

	

	




	
Patent intensity (%)

	
0.03

	
0.01

	
0.01

	
0.10

	
0.27

	
0.59




	
Revenue share of new product sales (%)

	
10.04

	
8.86

	
4.03

	
10.48

	
5.16

	
5.39




	
Firm productivity

	

	

	

	

	

	




	
TFP

	
10.78

	
11.53

	
11.37

	
12.29

	
10.43

	
11.17
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Table 6. Summary statistics of key variables among firms with or without exports.
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Without Exports

	
With Exports




	
Year

	
2001

	
2007

	
2001

	
2007






	
Firm

	
369

	
641

	
138

	
154




	
Firms R&D investment measures

	

	

	

	




	
Share of firms having a positive R&D investment (%)

	
27.64

	
23.09

	
55.07

	
56.49




	
R&D investment intensity (%)

	
0.28

	
0.32

	
0.34

	
0.62




	
Innovation output measures

	

	

	

	




	
Patent intensity (%)

	
0.06

	
0.06

	
0.08

	
0.06




	
Revenue share of new product sales (%)

	
4.62

	
3.81

	
9.47

	
13.48




	
Firm productivity

	

	

	

	




	
TFP

	
10.25

	
10.97

	
11.37

	
12.26
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Table 7. R&D investment, innovation output, and productivity models.
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Decision to Invest in R&D

	
R&D Investment Intensity

	
Patent Intensity

	
New Product Intensity

	
TFP

	
TFP






	

	
(1)

	
(2)

	
(3)

	
(4)

	
(5)

	
(6)




	
R&D investment intensity

	

	

	
2.39 *

	
0.75

	

	




	

	

	
(1.28)

	
(2.07)

	

	




	
Number of patents

	

	

	

	

	
0.41

	




	

	

	

	

	
(37.30)

	




	
Sales share of new products

	

	

	

	

	

	
1.28 **




	

	

	

	

	

	
(0.57)




	
Number of patents applied by public institutes and universities

	
−1.30 × 10−23

	
1.09

	
1.66 ***

	
−1.38

	
−2.07

	
−2.86




	
(4.27 × 10−23)

	
(0.70)

	
(0.54)

	
(0.84)

	
(5.66)

	
(5.62)




	
Strength of IPR protection

	
−7.11 × 10−24

	
0.17 *

	
0.00

	
−0.05

	

	




	

	
(7.2010−24)

	
(0.09)

	
(0.05)

	
(0.08)

	

	




	
Production subsidy (million yuan)

	
−1.02 × 10−25

	
0.00

	
0.00

	
0.00

	
0.02 **

	
0.02 **




	

	
(1.87 × 10−25)

	
(0.00)

	
(0.00)

	
(0.00)

	
(0.01)

	
(0.01)




	
Share of FDI

	
−1.11 × 10−24

	
0.00

	
0.01

	
0.03

	
0.79 **

	
0.84 **




	

	
(3.10 × 10−24)

	
(0.04)

	
(0.03)

	
(0.05)

	
(0.35)

	
(0.35)




	
Major state-owned firm

	
4.66 × 10−25

	
−0.01

	
−0.01

	
0.03

	
0.09

	
0.08




	

	
(1.39 × 10−24)

	
(0.02)

	
(0.02)

	
(0.02)

	
(0.16)

	
(0.16)




	
Minority state-owned firm

	
1.78 × 10−25

	
−0.01

	
0.02

	
0.00

	
0.14

	
0.15




	

	
(1.36 × 10−24)

	
(0.03)

	
(0.02)

	
(0.02)

	
(0.18)

	
(0.18)




	
Export value (billion yuan)

	
8.04 × 10−24

	
0.04

	
0.08 **

	
0.18 ***

	
0.50

	
0.15




	

	
(1.48 × 10−23)

	
(0.04)

	
(0.03)

	
(0.06)

	
(0.44)

	
(0.46)




	
N

	
1514

	
3410

	
2328

	
2328

	
1520

	
1520




	
R2

	

	

	

	

	
0.09

	
0.09




	
adj. R2

	

	

	

	

	
−0.57

	
−0.56








The values shown in the table are marginal effects. Asterisks, ***, ** and *, represent the 1%, 5%, and 10% statistical significance levels. Numbers in parentheses are standard errors.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agriculture-12-00709


  
    		
      agriculture-12-00709
    


  




  





media/file3.png
0.011
0.01

HHI 0.012

©O T a o
5 - - =

aIByS 19YIBIN

0.009

0.008

0.007

0.006

¢10¢
¢10¢
110¢
010¢
600¢
800¢
L0O0C
900¢
$00¢
¥00¢
€00¢
00¢
100¢

Year

Year

(b)

(a)





media/file0.png





media/file2.jpg
Marketshare

zn

B
»

SELESTLELSSES

@

Year

i

oo
om
oo

oo

oo






