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Executive Summary

Executive Summary

Over the past decades, China’s agricultural sector has made great progress in supplying
the country’s large population with sufficient amounts of food. However, as a
consequence of continuing population growth and an increasing wealth, it is generally
expected that the demand both for basic food commaodities, such as grain, and for
higher-value food commodities, including meat and aquatic products, will continue to
increase. If domestic supply is supposed to meet this increasing demand, it is necessary
to obtain a clear picture of the state and prospects of Chinese agricultural production
and to identify possible challenges, which could endanger its ability to reliably supply
increasing quantities of important food commodities. To this end, three major issues are
studied in the present thesis: (1) The effects of climate change on the inland aquaculture
sector, (2) the effects of climate change on grain farming and (3) the development of the

total factor productivity and its determinants in the inland aquaculture sector.

More specifically, the first study sheds light on the question of how climatic changes
will affect the expected output and the level of output risk in Chinese inland aquaculture
production. For this purpose, the method proposed by Just and Pope (1978, 1979) is
adapted and applied to analyze the effects of changing temperatures and precipitation

levels on the mean yield and the yield variance in the inland aquaculture sector.

In the second study, the above method is applied to determine the effects of changing
temperatures and precipitation levels as well as of changes in climatic variability on the

mean yield and the yield risk in Chinese grain farming.

In contrast with prior studies, which adopt variants of the Just and Pope method for the
purpose of climate change impact assessments, the influences of regular input factors on

the production process are also considered in the studies contained in this thesis.

Inland aquaculture and grain farming were chosen to be subjected to the above analyses
due to their major contributions to overall food security and due to their expected
sensitivity to climatic changes. While the effects of climate change on the Chinese grain
sector have already received a certain amount of attention in the agricultural economics
literature, this is not the case for the inland aquaculture sector. The impacts of climate

change on output risk in turn have not been systematically analyzed in the literature on

1



Executive Summary

either of these sectors. Hence, the climate impact studies in this thesis serve to fill
important knowledge gaps.

In the third study, Chinese inland aquaculture production is analyzed with respect to the
development of total factor productivity and its determinants (i.e. technical change,
technical efficiency change and scale change). For this purpose, a variant of the
parametric stochastic frontier production models, which have been pioneered by Aigner
et al. (1977) as well as Meeusen and van Den Broeck (1977), is estimated in a panel
data context under the assumption of time-varying technical inefficiency. In addition to
permitting an analysis of total factor productivity and its determinants on the sector
level, this model also provides the necessary estimates for a detailed analysis of the
development, geographical distribution and determinants of provincial technical

efficiency scores.

Given that the current literature is characterized by a lack of systematic attempts to
determine the contributions of total factor productivity and its determinants to the
development of the Chinese inland aquaculture sector, the results of these analyses will

be important for agricultural policy making.

The first study in this thesis, which analyzes the effects of climate change on Chinese
inland aquaculture production, most importantly reveals that both increasing annual
average temperatures and increasing levels of total annual precipitation will result in
rising mean vyields in this sector. Moreover, the results show that the relationship
between the annual average temperature and the mean yield is non-linear, as the
marginal effect of increasing temperatures is found to be diminishing. Furthermore, it
turns out that increasing annual average temperatures have a negative effect on the level
of yield risk. The implied reduction in output variability represents a second benefit of
higher temperatures. Consequently, Chinese inland aquaculture can, at least in the short
run, be expected to become a beneficiary of the projected increases in annual average
temperatures and total annual precipitation levels due to global climate change.

Based on the second study, which analyzes the effects of climatic changes on the
Chinese grain sector, it can be concluded that North and South China will be affected in
different ways. Both parts of the country would suffer from reductions in mean grain
yields following marginal increases in annual average temperatures. The effect would,
however, be stronger in North China, which might be related to the marked water

scarcity in this part of the country. Correspondingly, North China would benefit from a
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rising level of total annual precipitation, whereas South China would experience
reductions in mean yield if this were to happen. Moreover, it emerges that North China
would suffer from reductions in mean yield following an increase in the variability of
precipitation. With respect to yield risk, the results indicate that increasing temperatures
and precipitation quantities would reduce the yield variability in South China. In
addition, climatic variability, both with respect to temperatures and precipitation levels,
is positively correlated with the levels of yield risk in North and South China, though

the relationships do not reach conventional levels of statistical significance.

The analysis of total factor productivity and its determinants in the context of Chinese
inland aquaculture production shows that the sector has benefited particularly from
improvements in technology. Technical efficiency, however, has decreased over the
observation period. An analysis of the determinants of technical efficiency indicates that
a decreasing number of aquaculture technical extension staff per unit of labor in
aquaculture production and increasing annual average temperatures contribute to the

negative development of technical efficiency.

Nevertheless, even after accounting for the negative contributions of changes in the
scale of production to total factor productivity change, total factor productivity has
nearly doubled between 1993 and 2009. Moreover, technical efficiency in inland
aquaculture production turns out to be quite heterogeneous across the Chinese
provinces. Specifically, the provinces in Southeast and East China reach the highest
technical efficiency scores, whereas North and West China are the least efficient

regions.



1. Introduction

1. Introduction

1.1 General Introduction

In this section, the topics and issues addressed in the present thesis are introduced. In a
first step, information regarding Chinese food production in general and regarding
inland aquaculture and grain production in particular are provided. Thereafter, the issues
of climate change and production risk (i.e. output risk') are discussed before turning to

the topics of output growth and total factor productivity.

1.1.1 Food Production in China

After several decades of substantial growth, the population of the People’s Republic of
China had reached a size of around 1.36 billion people in the year 2010. Based on the
medium-variant projections of the United Nations, population growth in China will
continue until around 2030 when the population is expected to have reached a size of
approximately 1.45 billion people (UN, 2013). As a consequence of this development
and of China’s increasing wealth, projections by Zhao et al. (2008) show an increase in
aggregate food demand of around 18% between 2010 and 2030. While Chinese
agriculture has certainly made great progress in supplying sufficient food to the
country’s population, which is exemplified by the fact that per capita food output is now
3.5 times higher than 50 years ago (Godfray et al., 2010), it is also a fact that the slow
agricultural growth prior to the agricultural reforms beginning in 1978 resulted in
difficulties in expanding grain production at a rate above or equal to the growth rate of
the population (Lin, 1992). The agricultural reforms, which involved the introduction of
the household responsibility system, price reforms and other measures, marked the
beginning of the gradual introduction of market mechanisms into Chinese agricultural
production and led to considerable improvements in productivity and total output

(Brimmer et al., 2006; Yu and Zhao, 2009). Overall, China managed to increase its

! The terms output risk and production risk are used synonymously in this thesis.
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1. Introduction

grain output from around 305 million tons in 1978 to slightly more than 571 million
tons in 2011 (National Bureau of Statistics of China, 2012).

China has traditionally striven to be largely self-sufficient with respect to food. This
was initially rooted in a political ideology holding that import dependence, especially
with respect to basic food commodities, is an undesirable strategy for sustaining the
country’s large population (Yang and Tyers, 1989). China’s current goal to maintain a
food self-sufficiency rate of around 90-95%, however, does not only have political
reasons. It is also a fact that due to the magnitudes involved, changes in the demand for
and supply of food in China can potentially have strong impacts on global markets if
they force the country to resort to importing increasing amounts of food to satisfy
domestic demand (von Braun, 2007; Simelton, 2011). In order to be able to also satisfy
the future food demand of its growing population, China will have to continue to
increase its output of important food commodities. Two particular developments
currently stand out regarding changes in demand. On the one hand, the ongoing
population growth will keep increasing the total demand for grain as the most important
basic food commodity, and on the other hand China’s strong economic growth and the
concomitantly increasing wealth of its population will lead to an increasing
consumption of meat as well as aquatic and other higher-value food products (Zhao et
al., 2008; Ortega et al., 2009).

In China, aquatic products make a particularly strong contribution to overall food
supply. Over the past decades, the Chinese fishery sector has experienced an enormous
development. Its contribution to global fish output rose from just 7% in 1961 to around
35% in 2010. The strong supply and the rising income level in China allowed annual
per capita fish consumption to increase at an average annual rate of 6% between 1990
and 2009 and to reach a level of 31.95 kg in 2009, which is well above the average
supply situation in the rest of the world (15.4 kg per capita in 2009) (FAO, 2012). The
importance of aquatic products for Chinese consumers is also reflected in the fact that
they accounted for around 30% of the country’s animal protein supply in 2004 (Weimin
and Mengging, 2007). Within the fishery sector, aquaculture production in general and
inland aquaculture production in particular have traditionally played important roles.
However, despite the fact that pond aquaculture has been known in East China for 2500
years (Chen et al., 1995), the strong expansion in scale and improvements in output
quantities, technology and farming systems, which allowed the country’s aquaculture

sector to become a major contributor to overall food production, only began with the
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agricultural and economic reforms? (Weimin and Mengging, 2007). The overall output
of Chinese inland aquaculture rose from just 0.81 million tons in 1979 (FAO, 2005a) to
around 22.17 million tons in 2009, which corresponded to 43.3% of China’s total output
of aquatic products in 2009 (Chinese Ministry of Agriculture, 2010) and makes inland
aquaculture by far the most important sub-sector of Chinese fishery.

Given the past development of Chinese agriculture, projections of food security by Zhao
et al. (2008) show that China might be able to keep up with the food demand of its
growing population over the next few decades. There is, however, a considerable degree
of uncertainty involved in such general long-term projections and evidence is mounting
that agricultural production in China is already confronted with several challenges,
some of which could have a significant effect on the country’s ability to expand its
future food supply. A selection of important challenges will be discussed in the

following two sections.

1.1.2 Climate Change and Risk

Global climate change is among the major issues that recently received increasing
attention in the literature on agricultural production. According to Wang et al. (2010),
Chinese researchers expect that the annual average temperature in China could increase
by around 2.3-3.3°C until 2050, as compared to the year 2000, whereas the national
precipitation level could increase by 5-7% over this time period. Furthermore, extreme
climate events could become more frequent and more severe®. Of course there is
uncertainty involved in these projections and it is anticipated that regional climate
change patterns and impacts will vary greatly. Regarding the economic effects of
climate change on Chinese agriculture and particularly on grain production, Liu et al.
(2004) find that under the majority of the climate change scenarios considered in their
study, agricultural net revenues would increase in most regions of China, except for the
Northwest, the Southwest and parts of the Northeast, as a result of the projected
increases in temperatures and precipitation levels. Hence, they draw the conclusion that

Chinese agriculture as a whole could benefit from climate change. The results of Wang

2 As noted by Leung and Shang (1993), the introduction of the household responsibility system and the
accompanying creation of economic incentives for agricultural producers, including the incentive to
invest, also affected aquaculture producers as members of the wider agricultural sector.

* Similar but somewnhat slower developments are expected by the Intergovernmental Panel on Climate
Change for East Asia as a whole (Christensen et al., 2007). The predictions, however, depend strongly on
the assumed climate change scenario.
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et al. (2009), however, lead to different conclusions. According to them, Chinese crop
producers would on average benefit from increases in precipitation levels but would
over time increasingly suffer from rising temperatures. Based on a differentiation of
farmers into those with access to irrigation and those relying on precipitation, Wang et
al. (2009) find that higher temperatures would particularly hurt rainfed farms, whereas
they would be beneficial for irrigated farms, except for those in the northwest and
northeast of the country. Higher levels of precipitation would only have negative effects

on rainfed farms in the Southeast of China but would be beneficial everywhere else.

What is pointed out in both studies is that water plays a key role because gains from
increasing temperatures often rely on parallel increases in precipitation or at least on a
general level of water availability that is sufficient to cope with the effects of warming.
Specifically, rising temperatures increase water losses in agriculture due to
evapotranspiration, which might particularly harm agricultural production in areas that
are already experiencing a pronounced water scarcity like the North China Plain or the

country’s northwestern region (Wang et al., 2010).

Economic studies on the impact of climate change on Chinese aquaculture production,
however, are virtually absent, despite the growing body of literature on the possible
vulnerabilities of fisheries and aquaculture production towards changes in climatic
conditions. Specifically, most of the expected effects of climate change on aquaculture
are either directly or indirectly linked to changes in temperatures or precipitation
patterns. Among the most frequently anticipated negative impacts are an increasing
degree of heat stress following the warming of water habitats, an aggravated toxicity of
widespread pollutants in warmer waters and a higher incidence of diseases (Ficke et al.,
2007). Other effects of climate change include an uncertain future water supply
following changes in precipitation patterns and an increasing incidence of extreme
climatic events, which might kill cultured fish populations or destroy other productive
assets (De Silva and Soto, 2009; Ficke et al., 2007). However, according to Brander
(2007), positive effects are likely as well: Global warming could make it possible to set
up aquaculture operations in regions that formerly were too cold, or to benefit from an
expansion of production made possible by an extended frost-free season. In addition,
some fish species might experience accelerated growth along with an improved ability

to convert feed.



1. Introduction

What is neglected in most studies regarding the impacts of climate change on
agricultural production, be it in the context of crop production or of aquaculture, is the
issue of output risks (i.e. of unexpected variations in output). It is well known that
agricultural producers cannot precisely predict their output in any given year, which
results among other reasons from the fact that their production processes are subject to
numerous endogenous and exogenous uncertainties over the course of a growing season
(Just and Pope, 1979; Kumbhakar and Tsionas, 2008; Meyer and Yu, 2013). The exact
temperatures and precipitation levels in any year are important exogenous uncertainty
factors. They cannot be predicted by agricultural producers as they not only experience
changes in their expected values as a result of changes in global climate but also display

considerable and partly unpredictable inter-annual variability.

In their studies on yield variability in the U.S., Chen et al. (2004) as well as Isik and
Devadoss (2006) confirm that annual climate conditions (temperature and precipitation)
affect output variability in crop production, though the exact effects are found to be
crop-specific. Similarly, aquaculture production is also likely to experience increasing
output variability due to climate change. This is supported, for example, by Tveteras
(1999) and Tveteras and Wan (1999) who note that changes in water temperature or

other climate-related events cause output risk in Norwegian Salmon aquaculture.

Nevertheless, due to insufficient empirical attention in the literature it is as yet unknown
whether and to what extent changes in climate factors will affect output risk in the

different sub-sectors of Chinese agriculture.

1.1.3 Output Growth and Total Factor Productivity

Climate change, however, represents an external influence on agricultural production,
which is beyond the control of producers and hence only leaves them the possibility to
react to changing conditions. If China wants to exert an active influence on its future
food supply, it will also be important to know which economic factors have driven

output growth in the past and to devise agricultural policies accordingly.

A review of the corresponding literature shows that the strong growth in Chinese
agricultural production since the late 1970’s is mainly due to increases in the use of
input factors as well as to improvements in total factor productivity (TFP) and its
determinants (especially technology), though there exists an extensive debate regarding
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the contributions of individual factors to total factor productivity and output growth
(Lin, 1992; Kalirajan et al., 1996; Fan and Pardey, 1997; Jin et al., 2002; Fan et al.,
2004; Brimmer et al., 2006; Tian and Yu, 2012; Chen et al., 2013).

Regarding the future growth of China’s agricultural output, Jin et al. (2002) point out
the highly important role of technical change and hence of improvements in total factor
productivity because they consider it to be unlikely that an intensification in the use of
input factors will continue to contribute to output growth as strongly as it used to during
the 1980°s and 1990’s. As reasons for this they see for example already high levels of
input use, particularly with respect to agrochemicals, resource contraints, environmental
issues and increasing wages. Chen (2007) moreover considers the facts that
urbanization in China causes a substantial loss of agricultural land and that it creates
additional competition for water resources to aggravate the resource constraints on
Chinese agricultural production. If it should really become increasingly difficult to
expand production by means of increasing the quantities of inputs used in the
production process, a positive development of technology and hence of total factor

productivity will naturally become more important.

Another essential determinant of total factor productivity is technical efficiency, which,
as Kalirajan et al. (1996) explain, describes the degree to which producers are able to
use the potential of the available production technology. Kalirajan et al. (1996)
moreover point out that if the majority of producers is unable to fully employ
technological advances, promoting technical change will not be an effective measure to
improve TFP. This shows the need not only to determine the development of total factor

productivity itself but also to obtain detailed knowledge on its determinants.

However, most of the present literature on total factor productivity change and other
sources of growth in agricultural output, including the studies discussed above, deals
with grain or more generally crop production. Economic studies analyzing Chinese
inland aquaculture are scarce and do not provide a comprehensive picture of the sources
of growth. Generally, as Leung and Shang (1993) note, aquaculture producers are
confronted with broadly the same institutional and economic framework as the
remainder of the agricultural sector. Hence, developments that affect overall agricultural
production, could also have a bearing on aquaculture production, which is why
comparisons to studies on other sub-sectors of agricultural production could aid in the

analysis of aquaculture. However, given the nature of its products and the special
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environmental conditions under which aquaculture takes place, sector-specific analyses
are necessary to facilitate an accurate understanding of the driving forces in the

development of aquaculture production.

It has been stated in different studies that the Chinese inland aquaculture sector has
benefited from the introduction of modern production technologies, the development of
a specialized support industry and from an increasing knowledge regarding
management and production techniques among producers (Leung and Shang, 1993;
Weimin and Mengging, 2007). Hence, one would expect Chinese inland aquaculture
production to be characterized by increasing levels of total factor productivity, driven
both by positive technical change and by improvements in technical efficiency. The
latter should in particular be related to improved knowledge and abilities among
producers. However, empirical evidence regarding these factors is missing in the two
aforementioned studies. Regarding integrated aquaculture (i.e. aquaculture practices that
are integrated into other livestock or crop production systems), Chen et al. (1995) find
that productivity, which in their study is just represented by the yield per hectare, varies
considerably within and across the Chinese provinces. Generally, they find that the
provinces in Southeast China and the eastern coastal provinces feature higher levels of
productivity, which they assume is particularly due to the more advanced level of
economic development, better infrastructure and more favourable environmental
conditions, particularly with respect to water availability, in those provinces. A study by
Sharma et al. (1999) provides additional insights. They find that technical efficiency in
Chinese inland fish polyculture (an aquaculture practice, which involves rearing
multiple fish species in the same pond at the same time) also varies considerably across
producers and that producers from more developed provinces tend to be more
technically efficient. According to their overall results, improvements in technical

efficiency could considerably increase output.

Nevertheless, from an economic point of view, the literature on Chinese inland
aquaculture leaves many important questions unanswered and does not provide a
comprehensive picture of the development of the sector. Specifically, the available
studies are mostly rather outdated, often focus only on specific forms of aquaculture in
specific regions, mostly feature no analysis of temporal developments and tend to

neglect total factor productivity as well as technical change in their analyses.

10
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1.2 Purposes and Methodology

In this section, the purposes of the present thesis and of the individual studies contained
in it are outlined. Moreover, the methodological background of each study is discussed

given these purposes.

1.2.1 Purposes

It is the purpose of the present thesis to contribute to the literature on agricultural
production in China along two major lines. First, the issue of climate change is
addressed. It emerges from Section 1.1.2 that climate change is, on the one hand, likely
to have an impact on the general production conditions (i.e. on the expected output) in
different sub-sectors of China’s agriculture and, on the other hand, might affect the level
of output variability (i.e. the level of output risk) in those sub-sectors. Since yield risks
can on the national or regional level potentially have strong influences on the food
supply situation, it is obvious that the impacts of changing temperatures and
precipitation levels on yield risk represent an important additional aspect of climate
change. In order to obtain a clear picture of the different impacts of climate change on
agricultural production without neglecting the contributions of the regular input factors,
yield functions based on Just and Pope (1978, 1979) are adapted and estimated.
Moreover, based on the projected directions of climate change with respect to
temperatures and precipitation levels, yield and output responses to marginal changes in

climate are calculated and valued at market prices.

Given the great importance of both domestic inland aquaculture and grain production
for supplying sufficient food to the Chinese people and given their likely sensitivity to
climate change, these two sub-sectors are selected to be separately subjected to climate
impact analyses employing the above approach. Due to their different production
systems, it has to be expected that climate change will affect aquaculture and grain
production in different ways. Hence, different policy measures would be required in the
different sectors to cope with or to adapt to climate change. The two sector-specific
climate impact studies in this thesis are intended to provide important knowledge on the
influences of climate change and thereby to facilitate the development of suitable
policies. The studies are carried out on the basis of province-level data covering all

regions of China, which allows gaining new insights regarding the current state and the
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development prospects of Chinese inland aquaculture and grain production on the sector

level.

In Section 1.2.2, the methodological background of the climate impact studies is
introduced in more detail. Sections 1.3.1 and 1.3.2 give a brief overview of the
empirical findings with respect to inland aquaculture and grain production, respectively.
The complete studies are contained in Sections 2 and 3.

Next, attention is directed at the development and determinants of total factor
productivity in Chinese inland aquaculture’. The discussion in Section 1.1.3 has
revealed only fragmentary and often empirically unsubstantiated insights regarding the
development of total factor productivity and its determinants in this sector. Hence, so
far there exists only insufficient knowledge regarding the factors, which have driven the
development of Chinese inland aquaculture as a whole in the past. An accurate
assessment of possible sources for future growth would, however, require such
knowledge. To remedy this deficit and to contribute decision-relevant information for
policy making in this field, a variant of stochastic frontier analysis is applied. On the
one hand, this allows the estimation of the determinants of total factor productivity and
hence of total factor productivity itself. On the other hand, it additionally permits a
detailed analysis of the development, geographical distribution and determinants of
technical efficiency scores. Again, the study is carried out on the basis of province-level
data from all regions of China, which permits drawing conclusions regarding China’s

inland aquaculture sector as a whole.

The methodological background of this study is introduced in Section 1.2.3. Sections
1.3.3 and 4 contain a brief overview of the empirical findings and the complete study,

respectively.

1.2.2 Methodology I: Analysis of Climate Change and Risk

According to Deschénes and Greenstone (2007), temperatures and precipitation
quantities are input factors in the context of agricultural production. Hence, it is a
common practice in the literature on the effects of climate change on agriculture to

include climate or weather variables into economic models to analyze the influences of

* As emerged from Section 1.1.3, the analysis of total factor productivity in Chinese grain farming has
already received considerable attention in the literature. Hence, the productivity analysis in the present
thesis is focused exclusively on inland aquaculture.
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changes in these variables on yield, output, revenue or other relevant quantities (e.g.
Zhang and Carter, 1997; Lippert et al., 2009; Wang et al., 2009; Chen et al., 2013).

As the climate impact studies in the present thesis are concerned with the effects of
climate change on agricultural production, a yield model is proposed, which, similar to
the models of Zhang and Carter (1997) and Chen et al. (2013), simultaneously
incorporates both climate variables and regular input variables. This approach on the
one hand allows to directly estimate the effects of climate change on yield levels, and
on the other hand permits a more accurate modeling of the true production process than
would be possible if the important influences of climate on agricultural production were

neglected.

However, as discussed in Section 1.1.2, agricultural production faces numerous
endogenous and exogenous uncertainty factors. Specifically, it is known that the applied
quantities of regular input factors as well as climate-related variables can affect the level
of output risk (i.e. the yield variance) in agricultural production (Just and Pope, 1979;
Chen et al., 2004; Isik and Devadoss, 2006; Kumbhakar and Tsionas, 2008).

Hence, in the climate impact studies in this thesis, the general approach proposed by
Just and Pope (1978, 1979) is adopted, which involves the construction and estimation
of a flexible composite production function that allows to analyze the marginal effects
of the independent variables on both mean yield and on vyield risk. This specific
functional form is necessary because, as Just and Pope (1978, 1979) show, many of the
common production functions, particularly those with log-linear disturbance terms,
impose the unrealistic constraint of a positive correlation between the applied quantity
of any input factor with a positive marginal product and the yield variance. The Just and

Pope specification does not impose such a constraint.

In past studies employing the approach proposed by Just and Pope (1978, 1979) it has,
however, been common to focus either on estimating the marginal contributions of
regular input factors to mean output and to output risk (e.g. Asche and Tveteras, 1999;
Kato et al., 2011) or on estimating the corresponding contributions of climate factors
(e.g. Chen et al., 2004, Isik and Devadoss, 2006). By specifying the components of Just
and Pope’s composite production function according the aforementioned yield model,
which incorporates both sector-specific regular input factors and climate factors, the

climate impact studies presented in this thesis combine these two strands of analysis.
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The Just and Pope yield models are estimated as non-linear fixed-effects panel data
models, using a three-stage estimation procedure that represents an adaption of the

procedure proposed by Just and Pope (1979).

1.2.3 Methodology I1: Analysis of Total Factor Productivity and Technical

Efficiency

The explanation of total factor productivity growth, or in other words, of output growth
that is not attributable to changes in input use, has received considerable attention in the
literature. An early measure of productivity was proposed by Solow (1957) who
introduced a Hicks-neutral technical change parameter that is supposed to capture all
influences, which lead to a shift of the production function. In the same year, Farrell
(1957) conceptulaized the idea of technical efficiency, which allows to measure to what
extent producers fall short of the maximum possible output, given their input levels and
given a production function representing perfect efficicency (i.e. a frontier production
function). Recognizing that changes in technical efficiency have an effect on
productivity, Fare et al. (1992, 1994) proposed a Malmquist index regarding total factor
productivity growth, which they decompose into the contributions of technical change
and of technical efficiency change. Their approach draws on the pioneering contribution
of Caves et al. (1982) who initially proposed the Malmquist index. Subsequently, this
framework has been improved and extended in several ways. Fuentes et al. (2001) for
example demonstrate the decomposition and estimation of the Malmquist total factor
productivity index in a parametric frontier production panel data context. In a related
study, Orea (2002) in turn once more raises the issue of the appropriate composition of
an index representing total factor productivity by pointing out the necessity to account
for the influences of changes in returns to scale. Specifically, he proposes a way to
extend the Malmquist total factor productivity index by a scale term that, under the
assumption of variable returns to scale, captures the influences of changing input use on

total factor productivity.

The study on total factor productivity in Chinese inland aquaculture presented in the
present thesis draws on the above research and employs a specific variant of parametric
production function analysis, namely stochastic frontier analysis (SFA), to obtain
estimates of technical change, technical efficiency change and of the effect of scale
changes. SFA, which has been introduced by Aigner et al. (1977) as well as Meeusen
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and van Den Broeck (1977), has the advantage that it incorporates a stochastic error
term into the frontier production function to capture the influences of statistical noise.
Moreover, by employing the time-varying technical inefficiency specification by
Battese and Coelli (1992), the SFA model yields year- and panel unit-specific estimates
of technical inefficiency. This allows to analyze the temporal development and
geographical distribution of efficiency scores and might thereby provide important
policy-relevant information. In various studies, including those of Pitt and Lee (1981)
and Kalirajan (1984), an additional use for technical efficiency scores has been
suggested. Regressing them on a set of explanatory variables in a second-stage
regression might help to determine whether any factors emerge as determinants of

technical efficiency.

1.3 Empirical Studies

This section contains summaries of the empirical studies included in the present thesis.
In particular, in the following sub-sections the main results and basic conclusions of

each study are presented.

1.3.1 Study I: Climate Change and Risk in Chinese Inland Aquaculture

Despite the fact that more than 60% of global aquaculture output is produced in China,
the impact of climate change on Chinese aquaculture has not been well studied. Using
an adaption of the Just and Pope (1978, 1979) method and a newly constructed data set
comprising province-level aquaculture production data and climate information from
1993 until 2009, it is the purpose of this study to analyze the marginal contributions of
regular input factors and climate factors to both mean yield and yield risk in Chinese

inland aquaculture. The main findings include the following:

(1) The inland aquaculture sector as a whole would benefit from marginal increases in
both annual average temperature and total annual precipitation in terms of an increasing
mean yield. The specific relationship between the annual average temperature and the
yield level, however, is found to be non-linear, so that the positive marginal effects of

temperature increases will gradually diminish.

(2) Increases in annual average temperature reduce yield risk at the margin.
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(3) A 1°C increase in annual average temperature would, ceteris paribus, increase the
average yield in the Chinese inland aquaculture sector by 6.8%. Given the total area
under aquaculture, this would, on the national level, generate additional output with a
value of around USD 2.97 billion. A 100 mm increase in total annual precipitation in
turn would improve the average aquaculture yield by 1.2%. The market value of the
consequent increase in national output would be USD 0.52 billion.

(4) An intensification of production would help to increase mean yields.
(5) Adjustments in the use of regular input factors can be used to limit yield risk.

In summary, it can be stated that the projected changes in climate, at least in the short
run, are not opposing further improvements in yield and overall output. To the contrary,
marginal increases in both annual average temperature and total annual precipitation
would even benefit the inland aquaculture sector. Moreover, it emerges that, after
climate influences are accounted for, an intensification of production by employing
more labor or using more fry would be suitable strategies to achieve further yield

improvements without causing an increasing level of yield risk.

1.3.2 Study II: Climate Change, Risk and Grain Yields in China

Adopting yield functions based on the aforementioned adaption of the Just and Pope
(1978, 1979) methodology, this study is intended to analyze the marginal impacts of
regional climate change and of the use of regular input factors on mean yields and yield
risks in the Chinese grain sector. For this purpose, a province-level panel data set on
grain production and climate between 1985 and 2009 has been constructed. The results
indicate that changes in climate will affect grain production in North and South China
differently. Specifically, it emerges that

(1) Increasing annual average temperatures would at the margin lead to reductions in
mean yields both in North and in South China, but North China would be more strongly
affected.

(2) Higher levels of total annual precipitation would lead to higher mean yields in North

China, but to slightly lower mean yields in South China.
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(3) Both increasing annual average temperatures and increasing levels of total annual
precipitation would have a negative marginal effect on the level of yield risk in South
China.

(4) A 1°C increase in annual average temperature would reduce national grain output by
1.45% (1.74% reduction in North China and 1.19% reduction in South China), while an
increase in total annual precipitation of around 100mm would increase national grain
output by 1.31% (3.0% increase in North China and 0.59% reduction in South China).

(5) Increases in the use of fertilizer and irrigation would, in both North and South

China, lead to yield improvements.

To sum up, the projected increases in temperatures and precipitation levels would have
both positive and negative effects on China. Hence, the overall impact of climate
change will depend strongly on the exact developments of temperature and precipitation
over time. However, particularly due to the negative effects of increasing annual
average temperatures on mean yields in both North and South China, a negative net
effect is possible. After climate influences are accounted for, increases in the
application of fertilizer and use of irrigation emerge as possible options to further
increase mean yields and hence output in Chinese grain farming, though the associated
risk effects should not be neglected.

1.3.3 Study I11: Total Factor Productivity and Technical Efficiency in Chinese

Inland Aquaculture

The Chinese inland aquaculture sector has grown substantially over the past decades.
While it is clear that part of the massive growth in output is due to increases in the use
of regular input factors, the development of total factor productivity (TFP) and its
components, especially of technology and technical efficiency, has so far received little
attention. Stochastic frontier analysis (SFA) is employed in the present study to estimate
TFP change and its components. It moreover allows analyzing the development,
geographical distribution and determinants of technical efficiency. Regarding the
determinants of technical efficiency it is of particular interest in the present study
whether the capacity of the extension system or climate variables affect the level of

technical efficiency. For these analyses a province-level panel data set on Chinese
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inland aquaculture production between 1993 and 2009 is employed. The main results

include:

(1) Technical efficiency in Chinese inland aquaculture has decreased notably between
1993 and 2009, while at the same time technical change has followed a strong positive
trend. Overall, after additionally accounting for scale effects, TFP has nearly doubled

over this period.

(2) After input growth has been the dominant driver of output growth in the beginning
of the observation period, TFP change and changes in input use have in later years made
contributions of similar magnitude, though the relative importance of the two factors

varies from year to year.

(3) Technical efficiency is highest in Southeast China and decreases strongly towards

the north and the west of the country.

(4) An increasing number of aquaculture technical extension staff per unit of labor in
aquaculture production would have a positive marginal effect on technical efficiency,
whereas increasing annual average temperatures would have a negative effect at the

margin.

In summary, technical change has been the driver behind the substantial TFP growth
between 1993 and 2009 and has thus become an increasingly important source of output
growth. The decreasing degree to which aquaculture producers are able to make use of
the potential of the available production technology, as evidenced by the negative trend
in technical efficiency, and an observed slowdown in technical change, however,
require policy attention. Among the reasons for the decrease in technical efficiency, a
declining capacity of the extension system to offer services to aquaculture producers
emerges as a particularly important issue. The wide range of the estimated technical
efficiency scores of the different provinces reveals that Chinese inland aquaculture faces
region-specific challenges, which might be aggravated by the negative effects of a
climate change-induced warming on technical efficiency.
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1.4 Research Articles

The main part of this thesis, which is contained in Sections 2 to 4, is based on the
following research articles, which also constitute the foundation for the above

introduction and the concluding discussion in Section 5:

- Holst, R, & Yu, X. (2013). Climate Change and Chinese Fresh-Water
Aquaculture. Working Paper (Submitted to Environmental and Resource

Economics).

- Holst, R., Yu, X., & Griin, C. (2013). Climate Change, Risk and Grain Yields in
China. Journal of Integrative Agriculture 12(7) , 1279-1291.

- Holst, R., & Yu, X. (2013). Total Factor Productivity and Technical Efficiency

in Chinese Inland Aquaculture. Working Paper.
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2. Climate Change and Risk in Chinese Inland Aquaculture

2.1 Introduction

Fishery contributes on average about 20% of the animal protein consumed in
developing countries. In extreme cases, like in Small Island Developing States (SIDS)
or remote coastal areas, this figure can even reach up to 90% (FAO, 2005b). After
having experienced several decades of substantial growth rates, China now is the world
leader in terms of fish output. It produced about 35% of the global fish output in 2010.
Aquaculture output in particular even amounted to 36.7 million tons in 2010, which
corresponded to 61.4 percent of the world’s aquaculture output (FAO, 2012). Around

60% of China’s aquaculture output in turn is attributable to inland aquaculture”.

Figure 1: Fishery output in China
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The fishery industry in general, and aquaculture in particular, play important roles in
China. As shown in Figure 1, the value of Chinese fishery output has substantially risen
from CNY 2.2 billion in 1978 to CNY 133.9 billion in 2011, which represents a nearly
61-fold increase. Moreover, it emerges that after the share of fishery in the total

agricultural output value at first increased quickly from only 1.6% in 1978 to about

% According to the Chinese Ministry of Agriculture (2010), China produced 14.1 million tons of salt-water
aquaculture products and 22.2 million tons of fresh-water aquaculture products in 2009.
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10.9% in 2000, it has since then been shrinking slightly but remains above 9%. Aquatic
products play an important role in the diet of the Chinese people. Studies show that the
expenditures on this food category amount to about 3% and 10% of the total
expenditures on food in rural and urban areas, respectively (Liao and Chern, 2007; Yu
and Abler, 2009). Due to its substantial share in overall fishery output, inland
aquaculture makes important contributions to satisfying the domestic demand for

aquatic products.

Agquaculture operations, however, are very sensitive to climate conditions (FAO, 2012).
In the current literature on the likely impacts of climate change, both positive and
negative influences on aquaculture have been discussed, which can mostly be attributed
either directly or indirectly to changes in temperature or precipitation (Brander, 2007;
Ficke et al., 2007; De Silva and Soto, 2009). The fact that both positive and negative
impacts on aquaculture are possible raises the question as to which influence on
aquaculture production will be dominant at which time. It is well known that most
agricultural production processes can only be conducted within certain ranges of
climatic conditions and that the relationship between yields and temperatures is often
non-linear (Quiggin and Horowitz, 1999; Schlenker and Roberts, 2009). Similarly, the
relationship between the species-specific growth rates of fish and the water temperature
is usually found to be non-linear, with fish growth initially increasing with temperature
from a lower critical temperature up to the so-called pejus temperature, after which
further increases in temperature result in decreasing growth rates (Portner and Knust,
2007; Neuheimer et al., 2011).

Moreover, it is important to note that in addition to their impacts on expected output
(i.e. mean output), many climate factors are also likely to affect the variance of output
(i.e. output risk) in aquaculture production. Brander (2007) discusses various effects of
climate change that are relevant in this respect, including potential heat stress,
uncertainties in water availability, extreme temperature or precipitation events, and a
higher disease risk. All of these effects could increase the frequency and severity of
unexpected output losses. The notion that climate-related factors, such as changes in
water temperatures, are likely to have an impact on output risks in aquaculture
production is also supported by Asche and Tveterds (1999), Tveteras (1999), and
Tveteras and Wan (2000). So far, however, the results of most climate impact studies

only apply to the effects on mean output (e.g. Neuheimer et al., 2011).
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Of course, climate factors represent an external influence on aquaculture production that
should not be analyzed in isolation. It is of crucial importance to simultaneously
consider the different influences of the use of regular input factors on the production
process. Specifically, it is known that the applied quantities of regular input factors are
not only determinants of mean output but are also relevant for the level of output risk
inherent in an agricultural production process (Just and Pope, 1979; Kumbhakar and
Tsionas, 2008; Holst et al., 2013). With respect to aquaculture, Asche and Tveteras
(1999), for example, suggest that rising stocking densities might increase production
risk due to an increasing oxygen consumption and waste production, whereas higher
levels of labor input might decrease production risk due to improving capacities for
monitoring, feeding or maintenance. Generally, different levels of input use will have
implications for the intensity of aquaculture production. More intensive production due
to an increasing use of a specific input factor could lead to an increasing output variance
if the production process becomes more difficult, technically demanding or sensitive to
external influences, which could lead to severe unexpected output losses. However,
intensification might also lead to a reduction of the output variance if, for example, an
increasing use of a specific input factor increases the degree of control over the
production process and thereby prevents unexpected output losses.

Climatic changes have already occurred in China during the past two decades (see
Figures 2 and 3) and according to the fourth assessment report of the IPCC, it is
projected that East Asia could experience a median increase in annual average
temperature of around 3.3°C until the year 2100, along with possible increases in total
annual precipitation and higher levels of climatic variability in terms of an increasing
incidence of extreme weather events, which could lead to more droughts and floods
(Christensen et al., 2007).

In light of the possible impacts of climate change on the mean output of aquaculture
operations and on their levels of output risk, it thus is of crucial importance to
determine, in which way the Chinese aquaculture sector as a whole will be affected.
However, despite the aforementioned extreme importance of the country’s aquaculture
sector, studies on how it will be affected by climate change have been conducted only in
a very limited way. In particular, the likely impacts of a changing climate on Chinese
aquaculture have not yet been assessed by means of economic analyses simultaneously

accounting for the influences of the regular input factors of aquaculture production.
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Figure 2: Annual average temperature (sample average)
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Figure 3: Total annual precipitation (sample average)
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The present paper is intended to remedy this deficit and thereby provide new insights

with respect to the question of whether Chinese aquaculture will be adversely affected

by the expected changes in regional climate or whether it might become a net

beneficiary. In particular, we focus on analyzing the effects on both the mean yield and

the yield risk, while simultaneously taking the potentially non-linear relationship

between aquaculture yields and climate into account. Furthermore, the yield responses

and the changes in national output due to a 1°C increase in annual average temperature

and due to a 100 mm increase in total annual precipitation are calculated.
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2.2 Empirical Analysis

2.2.1 Econometric Approach

The general approach chosen in this study to estimate the effects of climate change on
Chinese inland aquaculture is the production function approach (e.g. Zhang and Carter,
1997; Chen et al., 2013). It is preferred over the Ricardian approach, which represents
an alternative for economic climate change impact assessments (e.g. Deschénes and
Greenstone, 2007; Mendelsohn, 2009), for several reasons. First and foremost, it is the
purpose of the production function approach to determine effects on output creation.
Hence, by means of estimating suitable production functions, it can be employed to
analyze the effects of climate change on both the mean and the variance of yield levels,
which, as aforementioned, are the main concern of this study. Moreover, the production
function approach is appealing as it provides a structural form and as its data

requirements (production and climate data) can be satisfied in the present case.

The Ricardian approach, which aims at analyzing the effects of a changing climate on
the value of agricultural land or on the profitability of farms (Mendelsohn et al., 1994),
cannot be employed here, primarily because it is not intended to analyze effects on
agricultural output®. The Ricardian literature, however, points to an important
shortcoming of the production function approach, which the Ricardian approach itself is
intended to avoid, namely the former’s inability to take the adaption measures of
producers in response to climatic changes into account, which could lead to biased
estimation, for example by overestimating adverse climate effects (Mendelsohn et al.,
1994; Deschénes and Greenstone, 2007).

In order to gain at least some flexibility with respect to adaption measures, we conduct
yield regressions with aggregate aquaculture yield as dependent variable. This has the
advantage that adaption measures, which involve changes in the output composition, are
implicitly captured. Aquaculture operators could, for example, choose to raise other
species, which are more suitable for the new climatic conditions. In as far as not all
possible adaption measures are taken into account by this approach, the resulting
climate impact estimates will still be conservative because they might either slightly
understate climate-induced benefits or slightly overstate climate-induced damages. Such

® In addition, China possesses neither a functioning free market for agricultural land nor for water
resources, so that all methods analyzing variables such as land value, be it of regular farm land or of water
areas, are inherently problematic.
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prudence, however, seems appropriate given the importance of Chinese aquaculture for

the country’s food supply.

In choosing panel regressions incorporating non-linear climate impacts to analyze
yields, our approach is similar to that of Schlenker and Roberts (2006). However, by
embedding our climate impact analysis in a production function framework and by
additionally analyzing output risks, we depart from it. Furthermore, we consider annual

average temperatures instead of whole temperature distributions.

2.2.2 Model

Drawing on Zhang and Carter (1997), Schlenker and Roberts (2006), Tian and Yu
(2012) and Chen et al. (2013), a panel data production function incorporating non-linear
climate effects can be employed to model the effects of climatic changes on the yield

level without neglecting the contributions of the regular input factors:

Iny; = A; + a,Inwy + aylnng + agn sy + apln by + agay, + agas 1)

+ appic + apzpizt + € -

Here, y;; is the aquaculture yield in province i in year t, A; captures province fixed
effects, and w, n, s and b are the water area, labor per water area, stocking density and
capacity of boats per water area, respectively. a,,, a,, @ and a, can be interpreted as
the elasticities of yield with respect to the corresponding regular inputs. In order to
capture the possibly non-linear relationship between climate change and aquaculture
yields, we include both the first-order and the second-order terms of annual average air
temperature’ (a) and total annual precipitation (p). ag, @4, a, and a,, are the
corresponding coefficients. Similar approaches to capturing non-linear relationships
have also been chosen in other studies (Schlenker & Roberts 2009; Horowitz 2009).
However, the non-linear relationships are tested in our econometric models. The error
term ¢;, follows a normal distribution and represents the stochastic component of the

model.

As aforementioned, inputs do not only determine the expected output, but also affect the

variance of output. In a production function with a cross-sectional or a panel data

” Note that the climate factors are introduced in non-logarithmic form due to the possibility of negative
temperatures.
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structure, production risk takes the form of deviations of the observed output levels of
the different sample units from their predicted output levels.

Figure 4 illustrates the relationship between an input x and output y in the presence of
output risk. Two sample units are assumed: A and B. At the initial point, given an input
level of x,, the predicted output is y, but the observed output levels of the two units are
Ay and By, respectively. The risk level in that situation can be measured as the average
distance between observed and predicted output ((AeYo + Boyo)/2). As shown in
Figure 4, an increasing input use will usually result in an increase in expected output y.
The associated change in risk, however, is not predetermined. Risk could either increase
(as shown for the case x, — x;), decrease (as shown for the case x, — x,) or remain

constant.

Figure 4: Input use and production risk

Yy

A

Just and Pope (1978), however, observed that many of the commonly used production
function specifications, in particular those like Eqg. (1), which feature log-linear error
terms, are inappropriate for analyzing risks. According to Just and Pope (1978), this is
due to the fact that these specifications do not allow input factors to affect output risk
independently of their marginal effects on mean output (i.e. predicted output) (see

Appendix 1 for further details). In terms of Figure 4, they are only capable of modeling
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the case of a change from x, to x;, but not the case of a change from x, to x,. This is a
strong and unrealistic constraint, especially given that a review of the current literature
shows that an increasing use of certain inputs results in decreasing levels of output risk
(Just and Pope, 1979; Kumbhakar and Tsionas, 2008; Holst et al., 2013).

In order to overcome this unrealistic constraint, Just and Pope (1978, 1979) proposed a
more flexible production function specification (henceforth J-P function). Adjusted to
the panel data context of the present study it takes the following form:

yie = Fi) + (VRRD) exe @
where

f(Xie) = exp [A; + aylnwy + aplnng + agln s; + apln by + agay + a0 (3)

+ appic + “pzpizt]
and
h(Rit) = B; + Bylnwi + Bpinny + Bsin s + fpln by + Baaic + Bppie - (4)

The aquaculture yield in Eq. (2) now depends on two separate functions f(+) and h(-).
These functions in turn depend on the vectors of independent variables X;; and R;;,
respectively, which draw on the set of variables introduced for Eq. (1). The fact that &;,
IS a stochastic error term with a standard normal distribution results in an important
property of this specification: The expected value of the yield, or in other words the
mean Yield, is not determined by the same function that determines the yield variance
(i.e. the yield risk) (see Eq. (5)-(6)).

E(i) = f(Xie) (5)

V(i) = h(Rir) (6)

f () and h(-) will thus be termed mean yield function and yield risk function in the
remainder of this paper. Most importantly, in as far as both functions feature
unconstrained parameters, the signs of the marginal contributions to mean yield and to

yield risk will be independent (Just and Pope, 1979). Hence, this specification allows us

27



2. Climate Change and Risk in Chinese Inland Aquaculture

to analyze the determinants of both mean yield and yield risk free of the above

constraint.

2.2.3 Estimation

For the purpose of comparison and in order to conduct a robustness check, we estimate
both the standard production function (Eg. (1)) and the J-P function (Eq. (2)-(4)), even
though the two models are not directly comparable due to their different error structures
(Just and Pope, 1978).

In order to correct for the heteroskedasticity and serial correlation, which we detect in
the estimation of Eq. (1) 8, we resort to an FGLS (feasible generalized least squares)
estimator to estimate the standard production function (Wooldridge, 2002).

Just and Pope (1979) proposed a three-stage procedure, which allows for consistent
estimation of the J-P function specified in Eq. (2)-(4). We adopt this procedure in the
present study in order to obtain estimates of both the mean yield function and the yield
risk function. On the first stage, we estimate Eq. (3) using the method of non-linear least
squares (NLS). On the second stage, a fixed effects panel regression of Eq. (4) is
conducted in order to determine the marginal contributions to the yield variance (i.e. the
yield risk)®. On the third stage, we use the estimates from the second stage as weights to
re-estimate Eq. (3) as a generalized non-linear least squares (GNLS) model. Due to the
climatic and structural heterogeneity of the Chinese provinces, it is necessary to
consider province fixed effects on all stages of the estimation procedure, which

represents a deviation from Just and Pope’s (1979) original procedure.

2.2.4 Quantification of the Impact of Climate Change

After estimating the flexible J-P yield function, it is possible to use the coefficients of
the climate variables from the mean yield function to quantify the impact of a given
marginal change in a climate factor on the expected yield level. The result will likely

hold important implications for food security in China.

®Breusch-Pagan test statistic: chi2(32)=404.96 (p-value<1%). The test has been conducted based on an
OLS estimation of Eq. (1) including province dummies.
% The dependent variable on the second stage is calculated from the residuals of the first stage.

28



2. Climate Change and Risk in Chinese Inland Aquaculture

However, according to Eqg. (A.6) in Appendix1, it is another drawback of many ordinary
log-linear production functions, such as Eq. (1), that they do not allow to calculate the
true expected marginal effects of changes in the independent variables due to a different

error structure. The J-P method in turn can fulfill this task.

As an example, drawing on Eq. (2) and (3) and on the fact that the climate variables
appear in the regression equations in non-logarithmic form, the change in the mean
yield level of an individual province caused by a change in the annual average air

temperature of that province can be calculated as follows:

0E(yi)  0f (Xir)
AYitq = L= = = (aq1 + 2ag2a;) f (Xit) , (7)
da; da;

where Ay;,, represents the quantity by which the mean yield of province i in year t
increases or decreases, following a marginal change in its annual average air
temperature (a;;). g, and a,, are the coefficients of the first-order and the second-

order term of the annual average air temperature, respectively.

If we have to statistically reject the assumed non-linear impact on the mean yield, this

implies that a,, = 0. In that case, Eq. (7) reduces to

Ayita = aarf Xip)- (8)

Given the different provincial Ay;., and information on the water area used for inland
aquaculture in each province, it is then possible to obtain the corresponding change in
total national output as the sum of the provincial changes in output. The effects of a

marginal change in total annual precipitation can be calculated analogously.

2.3 Data

For the purpose of the above analyses, a panel data set comprising the relevant

aquaculture production and climate data of 24 Chinese provinces®, which covers the

19 province-level municipalities (Beijing, Chongqing, Shanghai, Tianjin), special administrative regions
(Hong Kong, Macau) and the Tibet Autonomous Region have not been considered due to their special
economic structures. The provinces Ningxia and Qinghai could not be considered due to data availability
issues.
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time period 1993-2009, has been constructed. In particular, the provincial aquaculture
production data provide information on the aggregate aquaculture output, the total
weight of fry used for production, the capacity of fishery boats, the number of laborers
as well as the size of the area under aquaculture. The climate data in turn include
monthly observations of air temperatures and precipitation quantities. All data in this
study are taken from the respective issues of the China Statistical Yearbook (National
Bureau of Statistics of China, 1994-2010) and the Chinese Fishery Yearbook (Chinese
Ministry of Agriculture, 1994-2010). Table 1 provides the exact units of measurement

and shows the development of each variable over time.

Table 1: National inland aquaculture production and climate data

Year | Aggregate Water Fry Labor Boats Annualavg. Tot. annual

output area temp. precip.

(tons) (1000 ha) (tons) (number) (tons) (°C) (mm-m)
1993 | 6,211,184 4,067 1,067,721 1,754,882 149,193 14.06 982.96
1994 [ 7,592,043 4,353 1,271,190 2,250,352 163,522 14.88 1,005.98
1995 [ 9,073,397 4573 1,369,860 2,422,396 175,640 14.57 904.73
1996 | 10,648,373 4,757 1,578,267 2,707,096 178,620 14.20 959.13
1997 | 11,843,647 4,798 1,790,723 2,656,995 206,120 14.89 943.56
1998 | 12,648,355 4,921 2,071,004 2,746,435 214,535 15.56 1,057.54
1999 | 13,608,709 5,034 2,157,301 2,839,356 207,683 14.92 999.15
2000 | 14,521,729 5,109 2,425,157 2,935,284 193,852 14.63 921.63
2001 | 15,256,300 5,177 2,189,673 3,039,418 193,814 14.91 925.21
2002 | 16,195,337 5,286 2,622,511 3,138,462 175,676 15.13 963.08
2003 | 16,952,858 5,385 2,534,558 3,336,385 195,260 14.80 940.59
2004 | 18,119,238 5477 3,082,515 3,488,849 182,394 15.13 863.33
2005 | 19,245,516 5,615 2,964,569 3,481,126 193,727 14.60 938.43
2006 | 20,668,110 5,790 3,314,401 3,499,803 230,659 15.23 905.64
2007 | 18,990,442 4,290 3,210,928 3,902,571 254,552 15.49 816.82
2008 | 20,000,590 4,819 2,889,664 3,997,096 302,185 14.87 1,011.60
2009 | 21,403,514 5,235 3,063,225 3,915,150 354,336 14.93 913.55

Note on labor in 1993:  The observations for 6 out 24 provinces are missing or obviously incorrect and
have therefore been excluded. Hence, this aggregate figure is not directly
comparable to those of the other years.

Data: Chinese Ministry of Agriculture (1994-2010); National Bureau of Statistics of
China (1994-2010)

While the available data on output, fry and area are already specific to inland
aquaculture, the data on labor and boats have to be adjusted. In order to obtain the total
capacity, measured in terms of aggregate tonnage, of all boats used for the purpose of
inland aquaculture, the total capacity of boats in ocean fishery has in a first step been
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subtracted from the total capacity of all fishing boats in China, leaving only the total
capacity of boats in inland fishery. The result has then been multiplied by the ratio of
the total capacity of boats used in the course of fish farming to the total capacity of
fishing boats in China™. Similar simplifying approaches to adjusting input data have
also been used in other studies on agricultural production, such as those of Lin (1992)
and Zhang and Carter (1997).

So as to determine the number of laborers active in the coastal provinces’ inland fish
farming sectors, the number of laborers in marine fish farming has been subtracted from
the total number of laborers in the fish farming sectors of the respective provinces. For
the inland provinces, the required labor data were directly available.

The province-level temperature data stem from surface air temperature measurements
taken in or around the capital cities of the respective provinces in our data set and were
obtained using sheltered thermometers positioned 1.5 meters above ground. The
monthly temperature observations represent the averages of the daily average
temperatures in the respective months (National Bureau of Statistics of China, 2010). A
similar choice of temperature data has been made by Horowitz (2009) who uses the
temperatures in capital cities as proxies for the average temperatures of the
corresponding countries in a cross-country study aimed at analyzing the impact of

climate changes on economic growth.

At this point it should be noted that temperature measurements taken in the vicinity of
cities are possibly biased upwards due to the urban heat island (UHI) effect. However,
with respect to this study we have reason to assume that the UHI effect does not
significantly bias the results. First, since we use province-level temperature
observations, our temperature data capture differential warming trends across provinces,
including those caused by regionally varying UHI effects. Second, Li et al. (2004) find
only very small differences between the warming per decade measured by weather
stations obviously affected by the UHI effect and the warming measured by stations not
likely to be affected. Thus, over the period of less than two decades considered in this

study, the UHI effect can be considered to be a nearly time-invariant province-specific

11 As data on the total capacity of boats in fish farming were only available for the years from 2003
through 2007, it has been decided to use the average ratio of the total capacity of boats in fish farming to
the total capacity of fishing boats in China over those five years for the above data adjustment.

By using the capacity of boats instead of their number as an input, we take into account that the boats
used in fish farming to service cages in rivers or lakes or to harvest fish are usually much smaller than
their counterparts used for catching wild fish. We furthermore assume that this variable can also at least
partially capture the use of general production capital in aquaculture.
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increment on the true annual average temperatures. Third, there is no reason to believe
that aquaculture production sites in individual provinces are generally located closer to
cities than those in other provinces, especially since we excluded province-level
municipalities from the data. Under these assumptions, fixed effects or province
dummies should partly capture the UHI effect. Nevertheless, the inclusion of a second-
order temperature variable implies that the UHI effect may bias the temperature
coefficient. This, however, does not affect the marginal effect of changes in temperature

on aquaculture yields (proof: see Appendix 2).

In addition, the question arises whether the air temperature can be employed as
explanatory variable in the present study instead of the water temperature, which is
known to be a crucial determinant of aquaculture yields but which is not available in the
data. Boyd and Tucker (1998) provide an answer to this question by pointing out that
the temperature of water from surface sources is determined by local (i.e. air)
temperatures. Hence, the air temperature variables in the present study can be assumed

to correctly capture the effects of the water temperature on aquaculture production.

Precipitation is intended to serve as a proxy for water availability in general, which is
essential for the viability and productivity of aquaculture operations. This approach
seems justified because, as noted by Yoo and Boyd (1993), precipitation is the original

source of all pond water.

In addition to the possible measurement errors with respect to temperature caused by the
UHI effect or by the residual differences between air and water temperatures, some
measurement errors may also exist regarding other variables due to the fact that we use
highly aggregated data. For linear econometric models, instrumental variable estimation
is often proposed to tackle this problem. However, due to the non-linear nature of the
J-P method, it is impossible to identify the errors in the model given the limited

information available (Chen et al., 2011).

2.4 Results

2.4.1 Model Comparison

Table 2 contains the estimation results of an FGLS model (Model 1) and of the mean

yield functions (Models Ila and Illa) and the yield risk functions (Models I1b and 111b)
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of two different non-linear J-P models. Model I is specified according to Eq. (1),
whereas Models 11 and 111 are specified according to Eq. (2)-(4). Note, however, that, as
aforementioned, the FGLS model (Model 1) is reported only for reasons of comparison
of the two approaches and in order to conduct a robustness check. The results of Model
I are not directly comparable to those of Models lla and Illa due to the different model
structures (see Eq. (A.3) in Appendix 1), even though all three models provide estimates
of the mean yield. According to Models Ilb and Illb, the regular inputs and the
temperature play statistically significant roles in the risk function. This implies that
these factors do not only affect the mean yield of aquaculture production, but also have
an impact on the yield variance (i.e. the yield risk). Hence, the J-P model is superior to
the FGLS model in this study as it allows to analyze the driving factors behind yield
risk. Especially, it thereby provides important additional insights regarding the

influences of climate factors on aguaculture production in China*2.

Models Il and I1I differ in the set of climate variables included in their mean yield
functions (Models lla and Il1a). Model lla considers the full set of climate variables (i.e.
the first-order and second-order terms of both annual average temperature and total
annual precipitation), whereas Model Illa considers only a reduced set of climate
variables, from which the second-order term of total annual precipitation has been
excluded. It is important to note that the results of Model Il indicate no statistically
significant influences of the precipitation variables, despite the fact that a Wald test
rejects the null-hypothesis of joint insignificance of the precipitation variables in the
mean yield function*® (Model Ila). This implies that Model Il might be incorrectly

specified, possibly as a result of the inclusion of a second-order precipitation variable.

The results of Model 111, which does not include this variable, show that the first-order
term of precipitation has a statistically highly significant effect on the mean vyield.
Because of this clearer identification of climate influences, Model Il becomes our
preferred specification. Note, however, that all other results, except for the marginal
effect of labor in the yield risk functions (Models Ilb and Illb), remain virtually

unchanged.

2 Moreover, the temperature estimates of the FGLS model turn out to be unreasonable because the
positive coefficient of the first-order term of the annual average temperature and the positive coefficient
of the second-order temperature term together imply that the overall response of inland aquaculture yields
in China towards increasing temperatures is positive and exponential over the entire range of positive
annual average temperatures. This finding is not supported by the current literature, in which the marginal
effect of temperatures on fish growth is found to not only follow a non-linear relationship but to become
negative after the pejus temperature has been reached (Portner and Knust, 2007; Neuheimer et al., 2011).
13 Test statistic: F(2,369) = 6.20; Prob>F = 0.0022.
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Table 2: Analysis of Chinese inland aquaculture
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* significant at 10%-level; ** significant at 5%-level; *** significant at 1%-level

1.

2. The R-squared in non-linear models is different from that in linear models, hence the high R-

squared values in Models Ila and Illa are not surprising.
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2.4.2 Mean Yield in Chinese Aquaculture

According to the coefficient estimates from the mean yield function (Table 2, Model
I11a), the elasticities of yield with respect to fry and labor are around 0.208 and 0.164,
respectively, whereas the water area turns out to have a negative marginal effect of
-0.197. This implies that, if yield improvements are to be realized, employing more fry
or labor per hectare of water area would be effective measures. All three estimates are
statistically significant at the 1%-level. The coefficient for boats is -0.002 and
statistically insignificant, which implies that the use of boats in inland fish farming has

no significant impact on mean yields.

Looked at individually, all these results are reasonable. Using more labor or fry in the
production process can be interpreted as an intensification of production, leading
gradually away from traditional production methods with a comparatively low intensity
towards high-intensity production systems, which are usually characterized by higher
yield levels. Given that semi-intensive and extensive polyculture practices still account
for the majority of Chinese inland aquaculture output (Weimin & Mengqing, 2007),

these results were to be expected.

The negative coefficient of the water area implies that inland aquaculture production in
China turns out to be affected by negative scale effects, perhaps resulting from an
increasing competition for water resources in general or from a lack of coordination
among water users, which could reduce the mean yield when the water resources in a

given region are, as is usually the case, limited.

Focusing now on the core issue of this paper, namely the marginal contributions of the
different climate factors, it emerges that both the first-order and the second-order term
of the annual average temperature are statistically highly significant. The coefficient
estimates of the two terms are 0.150 and -0.002, respectively. This clearly shows a non-
linear relationship between annual average temperatures and inland aquaculture yields
in China. Similarly, non-linear effects of increasing temperatures have also been found
in other current climate impact studies (Neuheimer et al., 2011; Horowitz, 2009;
Schlenker and Roberts, 2009). Based on the exact coefficients, the theoretical turning
point is 32.59°C. This turning-point, however, is significantly higher than the national
annual average temperature of 14.93°C in 2009 and also higher than the highest
provincial annual average temperature in the data set, which is 25.40°C and which was

recorded in Hainan province. Since it is not realistic to assume that annual average
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temperatures in China will reach the above turning point in the foreseeable future, we
conclude that small temperature increases will lead to increasing aquaculture yields in
China, even though the marginal effect will be diminishing. In other words, in terms of
its mean aquaculture yield, China is likely to become a net-beneficiary of a limited
regional warming, which we attribute mainly to positive effects of increasing

temperatures on fish growth.

Another important result is that the level of total annual precipitation also turns out to
have a positive marginal effect on mean aquaculture yields in China. The coefficient
estimate of 0.0001 is highly significant. We interpret this as the beneficial effect of an
increasing water availability on inland aquaculture production. Especially given that a
number of regions in China today face a situation of water scarcity (Wang et al., 2009)
and given the aforementioned negative scale effects in aquaculture production, which
could well be related to water availability issues, it is reasonable to find that the Chinese
inland aquaculture sector will benefit from the predicted increases in total annual

precipitation levels.

2.4.3 Yield Risk in Chinese Aquaculture

The risk function of the J-P model makes it possible to estimate the marginal effects of
both climate factors and regular input factors on yield risk. The results obtained by
applying this procedure to Chinese inland aquaculture are presented in Table 2 (Model
I1b).

All regular input factors, except for labor, turn out to have a statistically significant
marginal effect on yield risk. This not only confirms the a priori assumption that these
factors indeed affect the variance of output but also implies that farmers can use

changes in their input intensities to adjust their overall risk exposure.

Specifically, we find that an increasing use of water area and fry would lead to a
reduction in yield risk. The corresponding coefficient estimates are -1.256 and -0.269,
respectively. The capacity of boats per hectare in turn has a positive marginal effect on
the level of yield risk. It receives a coefficient estimate of 0.195. These results are
plausible, even though not completely in line with prior expectations. On the province
level, a ceteris paribus increase in the water area could serve to alleviate risks stemming

from overused water resources at the current production sites and could furthermore
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stabilize provincial yield levels because localized hazards like disease outbreaks would
affect smaller shares of a province’s aquaculture sector. Moreover, at the provincial or
national level, the total area and the stocking density can be considered as indicators of
the size and the development of the aquaculture industry. Hence, it can be assumed that
these variables also reflect the development of the necessary infrastructure and support
industry, including fry breeders as well as equipment and feed producers, which might
offer some protection from yield risks. In addition, an intensification of production by
means of increasing stocking densities could also result in the adoption of more

managed and thus less risky production systems.

The risk-increasing marginal effect of an increasing use of boats in turn might arise
because it could cause severe stress for fish and could thus disturb their growth or lead
to unexpected output losses, even though more boats might be expected to increase the

control of producers over the production process, which should reduce yield risks.

Moreover, the result that labor has a negative marginal effect on the level of risk
involved in aquaculture production is consistent with our prior expectations. However,

this effect is only marginally statistically significant.

Among the climate influences analyzed, only the first-order term of the annual average
temperature turns out to have a statistically significant marginal effect on yield risk.
Given a coefficient estimate of -0.179, higher annual average temperatures would
reduce yield risk to a non-negligible degree. This might be attributable to a higher
resilience of fish towards environmental stresses if temperature increases move them to
a more favorable position in their individual optimal temperature ranges. Especially in
the northern more temperate regions of China, higher temperatures might furthermore
reduce risks related to frost or, more generally, very low temperatures, which
particularly threaten aquaculture production in shallow ponds early and late in the

growing season.

2.4.4 Marginal Impacts of Climate Change on Mean Yield

As aforementioned, ordinary log-linear production functions are not suitable for
calculating the true expected marginal effect of changes in the independent variables
(see Eqg. (A.6) in Appendix 1). However, drawing on the results of the J-P model this

can be achieved. Employing Eq. (7) and the results obtained with respect to the first-
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order and the second-order term of the annual average temperature variable in the mean
yield function (Table 2, Model Illa), the impact of a 1°C increase in annual average
temperature can be calculated. Given the required data from the last year of the data set
(i.e. 2009), we calculate that the national average yield and hence the national output
would increase by around 6.8%. In absolute terms, this implies increases in yield and
total output of around 0.28 tons-ha™ and 1.46 million tons, respectively. Since the grass
carp represents one of the main fish species in Chinese aquaculture, we use its average
price in 2009 of 13.895 CNY-kg™' (CPYEC, 2010) as an approximate price for all
aquaculture output in China and thus calculate a market value of the additional output of
approximately CNY 20.30 billion (about USD 2.97 billion™*).

Since the initial assumption of a non-linear relationship between the level precipitation
and the aquaculture yield is not supported by our results, Eq. (8) is employed to
calculate the marginal effects of a 100 mm increase in total annual precipitation. It turns
out that this would raise the national average yield and the national output by
approximately 1.2%. In absolute terms, the yield improvement would be about 0.05
tons-ha™, whereas the total additional output would amount to about 255 thousand tons,
which would have a market value of approximately CNY 3.54 billion (USD 0.52
billion).

2.5 Conclusions

The present study has made several novel contributions to the current literature on
inland aquaculture in China. First, a newly constructed province-level panel dataset has
been used to estimate the effects of climate change on aquaculture production, while
simultaneously accounting for scale effects and the influences of regular input factors,
including labor, fry and boats, all measured per unit of water area used for production.
Second, because climate factors are likely to non-linearly affect aquaculture, both the
first-order and the second-order terms of the annual average temperature and the total
annual precipitation have been considered as inputs. Third, the estimation procedure
proposed by Just and Pope (1978, 1979) has been adapted to analyze the marginal

contributions of the above inputs to both the mean yield and to the level of yield risk.

14 Exchange rate in 2009 (annual average) according to the People’s Bank of China: 0.14639 USD-CNY™
(http://lwww.pbc.gov.cn/publish/english/1141/index.html).
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Fourth, the yield responses and changes in national output due to a 1°C increase in
annual average temperature and a 100 mm increase in total annual precipitation have

been determined.

Regarding the regular input factors, we find that, before a background of changing
climatic conditions, an increasing use of fry and labor per hectare under aquaculture
would have a positive and statistically significant impact on mean yield at the margin.
Consequently, Chinese aquaculture could benefit substantially from an intensification of
production and the concomitant development of the sector away from traditional low-
intensity production methods. Judged by the output elasticities, increasing the stocking
density (i.e. the number of fry per hectare) would have the greatest potential for
increasing yields. However, in the longer term ever-increasing stocking densities might
lead to aggravating problems with respect to water quality or disease transmission.
Hence, striking the right balance between intensification and sustainability will be

important for the future development of China’s inland aquaculture sector.

Since aquaculture production is generally very sensitive and since it plays an important
role for assuring food security in China, the decision on the best development path
should also take the contributions of each input factor to yield risk into account.
Importantly, according to our results, an intensification of production by means of
increasing the stocking density, and possibly by employing more labor, would decrease
yield risk at the margin, which lends additional support to this strategy. Increasing the
scale of production (in terms of the water area) would also reduce yield risk. However,
given the negative impact of scale expansions on the mean yield and the limited
availability of suitable inland waters, the advisability of this approach is much more

uncertain.

At the core of our analysis has been the question of how Chinese aquaculture yields will
react to changes in climate conditions. Drawing on our results, we can confirm the
hypothesis that the relationship between temperature and aquaculture yields is non-
linear. Specifically, limited increases in temperature will increase aquaculture yields in
China, but at a decreasing marginal rate. Furthermore, it turns out that at present
increasing annual average temperatures are associated with a marginal decrease in yield
risk, implying less volatile future output quantities. Given that, in addition to the
temperature effect, the level of total annual precipitation is also characterized by a

positive marginal effect on mean yields, it can be concluded that, in the short run,
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China’s aquaculture sector is likely to become a net beneficiary of the predicted

increases in both average temperatures and total precipitation levels.

Regarding output responses to climatic changes, it has been calculated that a 1°C
increase in annual average temperature would, aggregated to the national level, lead to
an increase in total output of around 1.46 million tons, which would have a market
value of around USD 2.97 billion. A 100 mm increase in total annual precipitation
would be associated with around 255 thousand tons of additional output, which would

have a value of around USD 0.52 billion.
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2.6 Appendix

2.6.1 Appendix 1

If production risks are present, most commonly used production functions have two

major drawbacks:

Following Just and Pope (1979) and using Eq. (3), we can rewrite Eq. (1) as

Vie = f(Xit) - exp(€ie) (A1)

where exp refers to the exponential function. Drawing on Eq. (A.1), the output variance

V (y;i:) (i.e. the output risk) takes the form

V(i) = f2 (Xit) - Vlexp(er)] . (A2)

The marginal effect of a change in an input variable (e.g. w;;) on the output variance

then is
WV (y; Af (X, |
2o —2£ ) L2 Viexple) > 0 A3

for f(X;;) >0, %> 0 and V[exp(e;r)] > 0 (i.e. for well-behaved production
it
functions).

In addition, if we want to obtain the marginal effect of a change in an input variable on

mean output E (y;¢) (i.e. on the expected value of output) from
E(yi) = f(Xie) - E[exp ()], (A4)
we get

O (yir) _ 0f (Xit) |
aWit aWit

(A.5)

Elexp(e;)],

which indicates that
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0E (yir) L af (Xit) (A.6)
ow;; ow;e

for E[exp(e;r)] # 1. Note that E[exp(e)] # exp[E (e)]. For example, for the special
case of e~N'(0,1), E[exp(e)] = Ve ~ 1.64872, where e denotes Euler’s number.
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2.6.2 Appendix 2

If a UHI Effect is present in the temperature data and takes the form of a constant

province-specific mark-up S, on the true temperature T, , we can denote the measured

air temperature as a, =T, +S,. Rewriting Eq. (3) yields

INE(Y,)=In[f(X;)]=a +aa2ait2 +2,0
=a, (T, +S;) +a,, (T +Si)2 +Z,0

=0, (T, +S) + ., it2+Si2+2TitSi)+Zit9' (A.7)

where Z, is a vector comprising the remaining variables and @ is the corresponding

coefficient vector. The marginal effect with respect to the biased air temperature

measurement a, then is

oInE(y,)
oa

it

=a, +2a, (T, +5), (A.8)

whereas the marginal effect with respect to the true temperature T, is

dINE(y,)
oT.

it

=a, +2a,,l, +2a,,S,

=0£a+2aa2 it +SI) (A.9)

Eqg. (A.8) is identical to Eq. (A.9), which implies that the UHI effect may bias the
temperature coefficient but has no impact on the marginal effect.
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3. Climate Change, Risk and Grain Yields in China

3.1 Introduction

Farmers usually have no knowledge of the precise output when they make their
production decisions, which is mainly due to the fact that agriculture in general has a
long production cycle and is affected by a large number of endogenous and exogenous
uncertainty factors (Just and Pope, 1979; Kumbhakar and Tsionas, 2008; Meyer and Yu,
2013). The prevailing climate conditions for instance are important sources of
uncertainty because factors such as temperature or precipitation are characterized by
inter-annual variability, part of which can be explained by gradual shifts in mean
climate conditions caused by global climate change, while another part is due to
seemingly random fluctuations. Since the precise patterns of the variations are beyond

farmers’ control and their predictive capabilities, production risk emerges.

To our knowledge, currently no study exists that covers the influences of climate factors
on both the general production conditions and on the level of production risk in Chinese
grain farming, even though the impacts of food security issues in China on both
domestic and world food markets can be substantial (von Braun, 2007; Simelton, 2011).
Yu and Zhao (2009) as well as Tian and Yu (2012) provide good reviews of the existing
studies on agricultural production in China. However, with the exception of Zhang and
Carter (1997), Wang et al. (2009), Mendelsohn (2009), and Chen et al. (2013) most
studies have not explicitly considered climate factors in their analyses of the state and

prospects of Chinese agriculture. The issue of output risk receives even less attention.

The world climate is changing (Christensen, 2007; Parry et al., 2007; Shortle et al.,
2009) and the consequences of this are expected to be considerable. However, the
various existing studies on the impacts of climate change on agricultural production
produce a multitude of different results. Some studies for instance find that increases in
temperatures could benefit agricultural production in several developed countries, such
as the US (Mendelsohn and Dinar, 2003; Deschénes and Greenstone, 2007; Shortle et

> This section has been published as: Holst, R., Yu, X., & Griin, C. (2013). Climate Change,
Risk and Grain Yields in China. Journal of Integrative Agriculture 12(7) , 1279-1291.
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al., 2009) or Germany (Lippert et al., 2009). Others conclude that global warming could
harm agricultural production, for example in many developing countries in Africa and
South America (Féres et al., 2008; Mendelsohn, 2009). Regarding China, Mendelsohn
(2009) finds that global warming could be harmful to famers in general by reducing
their revenues, while Wang et al. (2009) conclude that global warming is harmfaul to
farmers without access to irrigation, whereas it is beneficial to farmers with access to
irrigation. Moreover, Chen et al. (2013) find that the contribution of climatic factors to
grain production in China has been positive and significant between 2005 and 2009. In
their review regarding the impacts of climate change on Chinese agriculture, Wang et
al. (2010), however, caution that the overall net effects on production and rural income

heavily depend on the assumed climate change scenario and the modes of production.

Regarding the future development of East Asia’s climate, it is expected that annual
average temperatures, total annual precipitation levels as well as climatic variability
could increase (Christensen et al., 2007). In particular, the increase in China’s annual
average temperature could be as high as 2.3-3.3°C by 2050, whereas the national

precipitation level could increase by 5-7% until then (Wang et al., 2010).

As a result of the country’s exposure to the East Asian monsoon, its climate and
particularly precipitation patterns are already characterized by a high degree of
variability (Tao et al., 2004), which frequently leads to droughts and floods (Smit and
Cai, 1996). The expected increase in climatic variability implies that even more extreme

climate events are likely to occur in the future.

These changes will likely have profound impacts on Chinese agriculture. Hence, the
main objectives of this paper are to develop a method, which uses yield functions of the
Just and Pope (1978, 1979) type, to analyze (1) how climate change affects the expected
grain output in China and (2) how the level of output risk immanent in grain farming is
affected. In contrast to several prior studies, which adopt functions of the Just and Pope
type for climate change impact assessments (e.g. Chen et al., 2004; Isik and Devadoss,
2006), we also control for the influences of regular input factors on the production
process. For our analyses, we use a panel data set of 26 Chinese provinces comprising
variables relevant for grain production and climate information from 1985 through
2009.
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3.2 Models and Estimation Approaches

3.2.1 Methodological Background

In the current literature, the production function and the Ricardian approach are the two
predominant approaches to estimating the economic impacts of climate change. The
Ricardian approach, which analyzes the influences of climate factors and other
exogenous variables on the productivity of farmland as measured by land rent (Lippert
et al., 2009), land value (Féres et al., 2008), net revenue per unit of land (Mendelsohn
and Dinar, 2003; Mendelsohn, 2009) or profit per unit of land (Deschénes and
Greenstone, 2007; Wang et al., 2009), has frequently been applied in recent years.
However, when using this approach, heterogeneities related to unobserved variables are
often embedded in the error terms. Certain inputs (e.g. fertilizers), landscape features or
soil characteristics can be correlated with climate variables and can thus cause
endogeneity problems in regressions, which would lead to inconsistent estimation
results (Deschénes and Greenstone, 2007). Moreover, it is a fact that the agricultural
land in China is equally distributed to farmers and that there is no open market for
farmland, so that neither rents nor values of farmland can be observed. Nevertheless, in
a study on China, Wang et al. (2009) use the Ricardian approach to analyze farmers’ net
income. However, since several important variables, such as land prices (or land rents)

and food prices, are not included in their analysis, their results might be biased.

The production function approach, which has the advantage that it provides a good
structural form, in turn suffers from the drawback that it, as pointed out by Deschénes
and Greenstone (2007), cannot incorporate farmers’ adaptations to climate change,
which may bias the estimates with respect to long-run climate influences. However, this
approach has the important additional benefit that it can be used to study the impacts of
climate change on output levels and output fluctuations (i.e. risks), which are of great
importance as it comes to food security considerations.

In light of the above facts, we resort to estimating aggregate grain yield with climate
factors and normal agricultural inputs as independent variables. This represents a mixed
approach as it on the one hand provides a structural model that enables us to analyze
output quantities and risk levels, and on the other hand allows us to overcome some of
the inflexibility that puts the production function approach at a disadvantage to the

Ricardian approach. The reason for this is that combining all grain varieties in an
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aggregate output variable implies that farmers’ possibilities to change their cultivated

grain variety in response to a changing climate are accounted for.

3.2.2 Base Model

In this study, following the discussions about agricultural production by Yu and Zhao
(2009), Tian and Yu (2012) and Yu (2012) and the production functions of Zhang and
Carter (1997) and Chen et al. (2013), we specify the basic model, which draws on the

Cobb-Douglas functional form, as follows:

K
Iny; =ap+ Z ay Inxp;e + h(Cit) + &5 ©)
k=1

where y;; is the grain yield in region i in year t, x,;; 1S the input quantity of factor k per
unit of land area under grain cultivation in the respective region and year and «;, are the
parameters to be estimated with respect to the various conventional input factors. h(C;;)
in turn is a polynomial function, which models the influences of a vector of climate
variables (C;;) on the grain yield and thus turns the model into a weather and input yield
function similar to the function used by Zhang and Carter (1997). A comparable
integration of external factors into a production function framework can also be found

in Chen et al. (2013). Finally, €;; is a normally distributed error term.

The model, however, needs to be adjusted in the presence of yield risks, which
doubtlessly affect agricultural production, and which can be assumed to take the form of
heteroskedasticity in the yield function (Just and Pope, 1979). The most important issue
is that many stochastic production functions with log-linear disturbances, such as Eq.
(9) or the conventional Cobb-Douglas function, impose the strong constraint of a
positive correlation between the use of any input factor and the yield variance®® (i.e. the
level of yield risk) (Just and Pope, 1978, 1979)*', which is a rigid assumption and is
obviously unrealistic. This clearly also has implications for the suitability of
conventional estimation procedures, such as fixed effects (FE) or feasible generalized

least squares (FGLS) estimation. Moreover, both FE and FGLS estimation of Eq. (9)

16 Assuming positive marginal products for the input factors.
17 Just and Pope (1978, 1979) also provide detailed proof.
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would not be informative with respect to the specific marginal effect of any input factor
on the level of output risk. Hence, a more flexible functional form and a suitable

estimation procedure are necessary.

3.2.3 Just and Pope Model

Following Just and Pope (1978, 1979), we develop a flexible non-linear fixed-effects
panel data model, which is suitable for separately analyzing each input factor’s marginal
contribution (considering both standard and climate inputs) to the mean yield as well as
to the yield risk in Chinese grain farming without imposing constraints on the signs of
the coefficients. Based on Just and Pope’s generalized production function, our model is

specified as follows:

K
vie = exp| @ + ) @plnvge + vt + hy ()
k=1

M
+ew [Bot ) Bl + hy(Coie) (10)

m=1

A major property of this model is that the expected yield (often also referred to as mean

yield) and the variance of the yield (yield risk) are determined independently:

K
EQie) = exp| ao+ ) alni + vt + hy (Crie) (1D
k=1
M
VG = o+ ) Bnlttmie + ha(Cart) (12)
m=1

In Eq. (10)-(12), yit, xxir and a; have the same definitions as in Eq. (9). x,,;; denotes a
standard input factor, which can influence the risk level, and S, is the corresponding
coefficient. t is a linear time trend and y consequently is a coefficient capturing the

influence of technological progress. h,(C,;;) and h,(C,;;) are polynomial functions
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modeling the impacts of different climate variables on the mean yield and the yield
variance, respectively. Thus, the vector C,;; contains climate variables, which are
deemed important for the determination of the mean vyield, whereas the vector C,;;
comprises climate variables, which are likely to affect yield risk. e;; now is a stochastic

error term following a standard normal distribution.

Just and Pope (1979) also proposed a three-stage procedure for consistently estimating
models based on their flexible functional form, which we will apply with some
modifications that account for the panel-data nature of our study to estimate Eq. (10): (I)
Non-linear least squares estimation of the mean yield (Eq. (11)) with province dummies
included, (1) estimation of Eq. (12) as a fixed-effects model for which the residuals
from the first stage are used to calculate the dependent variable, and (I11) re-estimation
of the mean yield utilizing a generalized non-linear least squares model with the

estimates from stage (I1) serving as weights and again with province dummies included.

Introducing province dummies on stages (1) and (I1l) and resorting to fixed effects
estimation on stage (II) is necessary because China’s provinces, which will be our panel
units, are quite heterogeneous in terms of geographical features, climate regimes,
economic development and various other aspects. However, the climatic differences and
the differences with respect to cropping systems between the country’s subtropical
south and its temperate north are likely to make a decisive difference with respect to the
impact of climate change (Lin, 1992; Wang et al., 2009). Specifically, the main grain in
South China is rice, and usually more than one cropping season per year is possible,
while the main grain in North China, where usually only one cropping season is
possible, is wheat. Rice generally prefers high temperatures, a high-humidity
environment and short durations of sunshine, while wheat grows better under long
durations of sunshine and a relatively dry weather. Therefore, we will split the sample
into northern'® and southern®® provinces and will separately apply the above procedure

to those subsamples.

8 Northern provinces: Gansu, Hebei, Heilongjiang, Henan, Jilin, Liaoning, Neimenggu, Ningxia,
Qinghai, Shaanxi, Shandong, Shanxi, Xinjiang.

19 Southern provinces: Anhui, Fujian, Guangdong, Guangxi, Guizhou, Hainan, Hubei, Hunan, Jiangsu,
Jiangxi, Sichuan, Yunnan, Zhejiang.
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3.2.4 Impact Analysis

From a policy perspective, it is particularly important to quantify the change in output
following a marginal change in climate. Drawing on the mean yield function (Eg. (11)),
we can calculate the change in mean yield following a 1°C increase in annual average

temperatures or a 1 mm increase in total annual precipitation as follows:

— 0E(y)
AyC = T ) (13)

where Ay, is the change in mean yield induced by a change in climate factor ¢ (annual
average temperature or total annual precipitation). y denotes the average mean yield of
the considered set of provinces in the last year of the data set. By multiplying the
change in yield by the total area under grain cultivation and by the average price of
grain products, it is furthermore possible to quantify the market value of the total
change in output.

3.3 Data

A panel data set of 26 Chinese provinces comprising information on grain production
and climate from 1985 through 2009 is used to carry out the analyses in this study. The
main variables regarding grain production, which are used for the regressions, include
annual observations of grain yield® (tons-ha™), grain acreage (ha), rural labor per unit
area of land under grain cultivation (persons-ha), the irrigated share of the grain
acreage (percentage), power of agricultural machinery per unit area of land under grain
cultivation (watts-ha™) as well as fertilizer use per unit area of land under grain
cultivation (tons-ha). The data on climate consist of monthly observations of
temperature (°C) and precipitation (mm-m™). The data set is constructed from various
issues of the China Statistical Yearbook (National Bureau of Statistics of China, 1986-
2010).

2 Aggregate grain output (measured by weight), as reported by the National Bureau of Statistics of China
(NBS), consists of the individual output quantities of the different varieties of rice, wheat, corn, sorghum,
millet, tubers and beans. The total weight of harvested tubers (net of the share recorded as vegetables) has
been converted by the NBS to grain-equivalent output by assuming that five kilograms of tubers are
equivalent to one kilogram of the other grains (National Bureau of Statistics of China, 2008).
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Except for the land area under cultivation, the available raw input data generally
represent aggregate input use regarding all sub-sectors of a province’s agriculture and
are thus not specific to grain farming. In order to approximate the province-specific
quantities of labor, fertilizer and machine power as well as the size of the irrigated area
used for the production of grain, the total input quantities have been multiplied by the
share of the grain acreage in total cropland, which entails the simplifying assumption of
equal input use per unit area of land for all crops. In the cases of labor and machinery,
we furthermore acknowledge that these inputs are also substantially used in parts of
agriculture not related to crop cultivation. Consequently, we adjust them a second time
by also multiplying them with the share of the crop output value in the total agricultural
output value. Similar adjustment procedures have also been applied by Zhang and
Carter (1997) and Lin (1992). Summary statistics of grain yields, the derived input
variables and the average climate conditions are presented in Table 3.

Table 3: Descriptive statistics

North China
Variable Measurement Mean Std. Dev. Min Max Obs
Yield 10,000t/ 1,000 ha 0.3753 0.1148 0.1476 0.7025 325
Area 1,000 ha 4,235,58 2,757.52 24470 11,391.03 325
Labor 10,000 persons / 1,000 ha 0.1384 0.0569 0.0418 0.2508 296
Irrigation Percentage of grain acreage ~ 0.3655 0.1763 0.0792 0.9500 313
Machinery 10,000 kw / 1,000 ha 0.1961 0.1001 0.0660 0.6013 309
Fertilizer 10,000 t /1,000 ha 0.0260 0.0143 0.0044 0.0722 314
Annual avg. temp. | °C 9.93 3.48 3.30 16.00 325
Tot. annual precip. | mm/m?2 481.14 19585 7490 1,21290 325
South China
Variable Measurement Mean Std. Dev. Min Max Obs
Yield 10,000 t /1,000 ha 0.4535 0.0844 0.2411 0.6127 322
Area 1,000 ha 3,876.07 1,740.37 402.64 7,337.73 322
Labor 10,000 persons / 1,000 ha 0.2011 0.0548 0.0985 0.4349 309
Irrigation Percentage of grain acreage 0.3071 0.0875 0.1345 0.5812 309
Machinery 10,000 kw / 1,000 ha 0.1337 0.0647 0.0410 0.4466 309
Fertilizer 10,000t/ 1,000 ha 0.0305 0.0195 0.0093 0.1524 310
Annual avg. temp. | °C 18.28 286  13.83 2540 321
Tot. annual precip. | mm/m? 1,291.83 385.27 565.80 2,67890 321

Data:

Figures 5 and 6 show the development of the aggregate grain output and the grain yield

in North and South China.

National Bureau of Statistics of China (1986-2010)
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Figure 5: Grain production in North China
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Figure 6: Grain production in South China
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In this study, we use the climate observations of the provincial capital cities as proxies
for the average climate of the corresponding provinces. We acknowledge that the
temperature data might be affected by the urban heat island (UHI) effect, but we assume
that this effect takes the form of a constant mark-up on the average temperatures of the
surrounding rural areas over the limited time period analyzed here. Consequently, the
intercept in the regressions should capture most of this effect as long as the climate
variables are linear. The results of Li et al. (2004) support our assumption as they find
that, while the UHI effect certainly exists, the difference between the decadal warming

trends of urban and non-urban measurement stations is minor.
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From the available monthly climate data we construct a total of four different climate
variables. The most elementary ones are the annual average temperature and the total
annual amount of precipitation. Additionally, because climate change does not only
change mean climate conditions but also affects the largely unpredictable climatic
variability, which might be particularly relevant with respect to yield risks, we construct
measures of aggregate deviation from long-term trends. They can be denoted as follows:

12
AGDEV.ze = ) leies = il (18

s=1

where AGDEV,;, represents the aggregate deviation of climate factor ¢ (temperature or
precipitation) in province i during year t from the linear trends of the individual
months. c¢;;; are actual climate observations for month s in the respective year and
province and ¢;;; are estimates obtained by calculating a linear trend for month s in

province i over the time period under consideration in this study (1985-2009).

Figures 7-10 show the development of North and South China’s annual average
temperatures and total annual precipitation levels between 1985 and 2009. Regressions
of annual average temperatures against time find positive and highly significant trends
for the past 25 years, which supports the hypothesis that China is already experiencing

climatic changes.

Figure 7: Annual average temperature in North China (1985-2009)
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Figure 8: Annual average temperature in South China (1985-2009)
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Figure 9: Total annual precipitation in North China (1985-2009)
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Figure 10: Total annual precipitation in South China (1985-2009)
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3.4 Estimation Results and Discussion

3.4.1 Model Comparison

For the estimation of the yield functions, it is important to correctly specify the climate
functions h,(Cy;;) and h,(C,;;). In particular, some studies arrived at the conclusion
that the impacts of climatic changes (particularly of changes in temperatures) are of a
non-linear nature (e.g. Quiggin and Horowitz, 1999; Horowitz, 2009; Schlenker and
Roberts, 2009). Hence, we estimated the Just and Pope models both with and without
inclusion of second-order temperature and precipitation terms into the mean vyield
component of our model. The results revealed that when second-order climate terms are
included, none of the second-order terms and nearly none of the first-order terms are
statitistically significant. In contrast, without inclusion of second-order terms all first-
order terms are statistically significant?’. Hence, the specification without second-order
terms is obviously superior to the specification with second-order terms. This might be
caused by the fact that we use highly aggregated data in our samples, which might have
smoothed away the non-liearity in the present case and might also result in relatively
small variances of annual temperatures and precipitation levels. Given the above
arguments, we only report the results of the models, which feature only the first-order

terms of the climate variables.

The regression results of our multi-stage analysis are presented in Table 4. Models A
and B use FGLS estimation, whereas Models C and D report the results of the Just and
Pope estimation procedure. In both cases the results are presented separately for North
and South China®’. Regarding the signs of the coefficients of the statistically significant
climate variables, there are no contradictions between the FGLS and the Just and Pope
models. Note, however, that their results are not directly comparable due to the
aforementioned constraint on the marginal contributions to the output variance that
affects the FGLS models as they are based on Eq. (9). Hence, it does not come as a

surprise to find that Model B is unable to identify any climate impacts on grain

?! See Table 4.

22 F-tests reject the null-hypothesis of there being no significant differences between the provinces for
both the North China and the South China sample. Therefore, irrespective of the sample, the introduction
of province dummies is warranted. Furthermore, an LR-test also rejects the null-hypothesis of there being
no significant differences between North China and South China, which supports our approach of
separating the national sample into a North China and a South China sub-sample. The validity of the LR
test and the F-test in a non-linear regression context is confirmed by Wooldridge (2002).

55



3. Climate Change, Risk and Grain Yields in China

production in South China, whereas Model D1 clearly shows that climate factors play a
significant role in that region.

Moreover, while a small marginal effect of labor is reasonable due to factor’s
abundance in China, the above constraint on the FGLS model could also be responsible
for the fact that the marginal effect of labor turns out to be negative in Model A (North
China), which seems to be contrary to traditional economic theory. It cannot be ruled
out that the coefficients in Models A and B confound the contributions to mean yield
and to yield risk?. An indication that this might be the case with respect to labor in
Model A can be seen in the fact that the point estimate of the marginal effect of labor on
mean yield is positive (Model C1), whereas the marginal effect of labor on yield risk is
negative (Model C2). This again shows the deficiency of the normal production

functions.

Since the Just and Pope models are not affected by this constraint and additionally allow
us to identify the marginal contributions of individual input factors to the yield variance

(i.e. the level of yield risk), we generally consider them superior to Models A and B.

2 As a result, these models might lead to wrong policy conclusions.
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Notes on Table 4:
1. *significant at 10%-level; ** significant at 5%-level; *** significant at 1%-level
2. Fixed-effects dummies are included in all regressions, but are not reported.

3. The R-squared values in Models C2 and D2, which are rather low, imply that the explanatory
power of the risk functions is limited. This, however, makes sense, given the nature of
production risks, most of which cannot be fully explained by farmers or economists. In addition,
note that due to the non-linear nature of Models C1 and D1, their high R-squared values do not
necessarily imply a high explanatory power of the mean-production function.

3.4.2 Mean Yield Function

Regarding the marginal contributions of the standard input factors to mean yield, we
find a similar pattern for North China (Model C1) and South China (Model D1). The
amount of fertilizer per unit area of land as well as the irrigated share of the grain
acreage reach positive and highly significant output elasticities for both samples. This
implies that increasing the use of chemical fertilizer and an expansion of irrigation can

significantly increase mean grain yields in China.

Other regular input variables, such as the grain acreage, which in a yield regression
captures scale effects, the number of laborers and the use of machinery per unit area of
land have no significant impacts on mean yield at the margin. All these results are
plausible and consistent with the current literature (e.g. Lin, 1992; Yu and Zhao, 2009;
Ji et al., 2012), in which particularly machinery and labor input levels are believed to
have reached a saturation point in Chinese agricultural production. However, since this
study is focused on climate impacts, the regular input factors will only be discussed in

as far as they are related to the climate factors under consideration.

In particular, it emerges that with an output elasticity of 0.262, North China could
benefit considerably from expanding the share of its grain acreage under irrigation,
which stands in contrast to the relatively small elasticity of 0.136 estimated for South
China. We attribute this to the fact that North China is more frequently affected by
droughts and generally is a much more arid region than South China where precipitation
is relatively abundant. However, any long-term benefits from increasing the irrigated
share of the grain acreage are certainly conditional upon sufficient water availability,
which cannot be taken for granted, especially not in North China, which suffers from a
marked scarcity of surface water and already has to obtain a substantial part of the
current irrigation water from ground water sources, which in turn has led to a drastic
lowering of the ground water table in several regions, including the North China Plain
(Smit and Cai, 1996; Wang et al., 2010).

58



3. Climate Change, Risk and Grain Yields in China

Comparing the marginal impacts of the climate factors on mean yield, it turns out that
the impacts on North China are different from those on South China. With respect to the
northern provinces we find that a higher annual average temperature would have a
negative effect on the mean yield (coefficient: -0.017) and that a higher level of total
annual precipitation would increase the mean yield (coefficient: 0.0003). For South
China, the marginal effect of the annual average temperature is also negative
(coefficient: -0.012), whereas increases in total annual precipitation would decrease

mean yield (coefficient: -0.0001). All these effects are statistically significant.

The results regarding the negative impacts of higher annual average temperatures are
essentially consistent with the current literature (Xiong et al., 2007; Mendelsohn, 2009;
You et al., 2009). Wang et al. (2010) offer an explanation for these negative impacts by
pointing out that higher temperatures, ceteris paribus, also increase the water
requirements in agricultural production due to rising evaporation and transpiration
losses, which in our case is aggravated by the fact that water resources are generally
scarce in China, particularly in North China (Brown, 1995). Correspondingly, Wang et
al. (2009, 2010) also find that farmers without access to irrigation are particularly
vulnerable to increases in temperature. However, as compared to North China, South
China features more abundant water resources, which can explain why the negative

impact of increasing temperatures is smaller in the South.

In light of its serious water scarcity (Wang et al., 2013), it is also reasonable to find that
North China could benefit from increases in precipitation, which would alleviate this
problem and would hence improve grain yields. However, more precipitation in South

China might harm grain production as it could cause or aggravate floods.

It furthermore turns out that the variability of precipitation, as measured by our
aggregate deviation variable, significantly influences mean grain yields in North China.
The estimated negative effect is likely due to the fact that particularly negative
deviations of precipitation from the trend, perhaps in form of droughts, could have
severe impacts on grain production. Obviously, the possibly beneficial effects of
positive deviations cannot compensate for this. Due to the good local irrigation system
(Wang et al., 2010), South China might better be able to compensate for negative
deviations and might even benefit from positive deviations as long as they do not turn

into destructive floods. Hence, the overall effect of an increasing aggregate deviation of
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precipitation from current trends on grain yields in South China is positive. However, it
IS not statistically significant.

Regarding temperature variability, we cannot find any significant impacts on the mean

grain yields of either North or South China.

3.4.3 Marginal Climate Change Impacts

Drawing on the results just described and using information on grain production in the
last year of our data set, we can calculate the economic net benefits or net losses of
Chinese grain farming following marginal increases in annual average temperature and

total annual precipitation. The results are reported in Table 5.

In 2009, North China was characterized by an average grain yield of 4.46 tons-ha™.
Hence, drawing on the respective climate coefficients from Model C1, a 1°C increase in
annual average temperature would reduce North China’s grain yield by around 0.078
tons-ha™, whereas a 100 mm increase in total annual precipitation would increase it by
0.134 tons-ha™. The changes correspond to a 1.74% decline and a 3% improvement,
respectively. Given that the grain acreage in North China amounted to approximately
59.41 million ha in 2009, the changes in yield imply changes in total output of -4.61
million tons for the change in temperature and of +7.95 million tons for the change in
precipitation. Assuming an average grain price of around 1.762 CNY-kg™ for 2009
(CPYEC, 2010), the corresponding economic gains (losses) would be around CNY
-8.12 billion (USD -1.19 billion?") and CNY +14.01 billion (USD 2.05 billion),

respectively.

Based on South China’s average grain yield of 5.12 tons-ha™ in 2009, the effect of a
1°C increase in annual average temperature would be a decrease in grain yield of
around 0.061 tons-ha™, which would represent a 1.2% decline. Given the fact that South
China featured a grain acreage of approximately 46.46 million ha in that year, the
corresponding change in output and value of output would be around -2.83 million tons
and around CNY -4.98 billion (USD -0.73 billion), respectively. By similar
calculations, we find that an increase in total annual precipitation by 100 mm would

reduce the grain output of South China by 1.22 million tons (-0.026 tons-ha™), which

2 Average official exchange rate in 2009: USD 1 £ CNY 6.83 (Source: People’s Bank of China,
http://www.pbc.gov.cn/publish/html/2009s08.htm).
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would be equivalent to 0.59% of the grain output in that region and would have a
market value of CNY 2.14 billion (USD 0.31 billion).

Adding up the losses of North and South China, we find that a 1°C increase in annual
average temperature would reduce grain production in China as a whole by around 7.44
million tons, which would correspond to 1.45% of China’s total grain production in
2009 and would have a value of CNY 13.10 billion (USD 1.92 billion). A 100 mm
increase in precipitation, however, would increase grain output by 6.73 million tons,
which would correspond to 1.31% of the national grain production in 2009 and would
have a value of CNY 11.86 billion (USD 1.74 billion).

Table 5: Marginal impacts of climate change on grain production in China

Region Climate Change Yield Total Output Change CNY usD

Change Value Value

Quantity Quantity % Billion Billion

(kg-ha) (million tons) CNY UsD

North 1°C increase in -77.60 -4.61 -1.74 -8.12 -1.19
China temperature

100 mm increase in 133.80 7.95 3.00 14.01 2.05
precipitation

South 1°C increase in -60.82 -2.83 -1.19 -4.98 -0.73
China temperature

100 mm increase in -26.16 -1.22 -0.59 -2.14 -0.31
precipitation

All of 1°C increase in -7.44 -1.45 -13.10 -1.92
China temperature

100 mm increase in 6.73 1.31 11.86 1.74

precipitation

Notes:
1. The average government purchase price for grain was 1.762 CNY-kg™ in 2009 (CPYEC, 2010).

2. Average exchange rate in 2009: USD 1 = CNY 6.83 (Source: People’s Bank of China,
http://www.pbc.gov.cn/publish/english/1141/index.html).

3.4.4 Yield Risk Function

Our analysis of the determinants of yield risk in Chinese grain farming by means of Just
and Pope’s procedure (see Table 4, Models C2 (North China) and D2 (South China))
reveals that several of the standard input factors have a highly significant influence.
Generally, we acknowledge that yield risks are typically rather specific to the
operational environment of farmers, to their specific crops and personal experiences in
handling risks. Nevertheless, using a highly aggregate analysis (provinces as panel units
and aggregate grain yield as dependent variable) we find that a higher irrigation share in
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North China would lead to a reduction in yield risk and that an increasing use of
fertilizer would increase yield risk. Both would be reasonable due to the relative water
scarcity in North China that renders using large amounts of fertilizer a risky procedure
and that could at least partially be compensated for if a larger share of the grain acreage

could be irrigated.

For South China, we find that increases in the input levels of labor and machinery can
significantly reduce the yield variance, which does make sense as employing more labor
or machinery would allow producers to better react to other downside risks in the long
process of agricultural production and thus to at least partially compensate for them. It
is, however, puzzling that the share of irrigated land is positively correlated with the
yield variance, which is the opposite of what we find for North China. A possible
explanation might be that an overcapacity of irrigation in South China could incentivize
producers to inconsiderately convert non-irrigated land into irrigated land, so that the
newly planted crops, such as rice, are unsuitable on that land, which would render them

very susceptible to environmental influences.

In accordance with our earlier assumption that climatic changes affect yield risk, it
emerges that increases in temperature and precipitation would both significantly reduce
the yield variance in South China. The reason for this might be that an increase in
temperature generally implies a decreasing probability of extreme cold events, which
would be harmful for crops, particularly in South China. Moreover, due to its better
irrigation systems, South China should be able to employ increasing precipitation
quantities in a productive way, which could help to reduce the probability of drought
losses. For North China, where the conditions are considerably different, the

corresponding impacts are not statistically significant.

Moreover, we find the coefficient estimates regarding temperature and precipitation
variability to be positive for both North and South China, which is consistent with our
assumption that an increasing climatic variability would increase yield risks. However,

these estimates do not reach conventional levels of significance.

3.5 Conclusions

This paper has contributed to the current literature in several ways. We have used recent

data to analyze the influences of annual climate factors and of climatic variability on
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grain yields in China. In particular, we have modified the method of Just and Pope
(1978, 1979) to be able to separately determine the marginal contributions of both
regular input factors and climate factors to mean yield and to yield risk in a panel data

context.

Our results have several implications for Chinese agricultural and climate-related
policies. In an environment already characterized by a changing climate, a stabilization
or expansion of grain yields can in both North and South China be achieved by
increasing the quantity of fertilizer per unit area of land under grain cultivation, even
though grain production in China is already highly fertilizer-intensive. However, it
should also be kept in mind that further increments in the application of fertilizer could
have adverse impacts on the environment, which could have a severe negative impact
on agricultural production in the long-run. Moreover, since China is characterized by a
relative water scarcity, it would benefit from increasing the percentage of its grain
acreage under irrigation, particularly in the northern regions. Hence, building irrigation
infrastructure and securing a steady and sustainable water supply for irrigation purposes

are both important challenges.

It furthermore emerged that changes in input use can be employed to reduce yield risks.
Specifically, an increase in irrigation in North China and increases in the use of labor or

machinery in South China would all lead to reductions in yield risk.

One of the main results with respect to the influences of the different climate factors is
that North and South China will be differently affected by climatic changes.
Specifically, both North and South China would experience decreasing mean yields as a
consequence of rising annual average temperatures, but the northern part would be more
severely affected, which is consistent with the current literature (Xiong et al., 2007;
Mendelsohn, 2009; You et al.; 2009). Here, the different levels of water availability in
the two regions again seem to play a crucial role, which is also supported by the finding
that the relatively water scarce northern provinces would likely benefit from increasing
annual precipitation quantities, whereas the southern provinces, where water is
relatively abundant, could be adversely affected. Moreover, we find that an increasing
variability of precipitation, as measured by our aggregate deviation variable, would
likely reduce mean yields in North China but would have no significant impact on
South China.
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Regarding the influences of climate factors on yield risk, our main findings are that
increases in temperature and precipitation can significantly reduce yield risks in South
China, but would have no statistically significant impacts on yield risks in North China.
In addition, we find that the variabilities of temperature and precipitation are positively
correlated with the yield variance in both parts of the country. However, the

relationships are not statistically significant.

Overall, these results indicate that global warming would harm grain production in
China as a whole, but would have the benefit of reducing yield risks in South China. To
what extent temperature-related losses can be compensated by increases in total annual
precipitation in North China will depend on the exact future patterns of climate change

with respect to temperatures and precipitation levels.

Moreover, our results allowed us to calculate the economic losses of a marginal increase
in annual average temperature. It emerges that grain output, ceteris paribus, would
decrease by 4.61 million tons in North China and by 2.83 million tons in South China in
the scenario of a 1°C increase in annual average temperature. Hence, the national loss
would be 7.44 million tons, which would correspond to 1.45% of the overall grain
output in 2009 and would have a value of CNY 13.1 billion.

For the scenario of a 100 mm increase in total annual precipitation, we find that grain
output, ceteris paribus, would increase by 7.95 million tons in North China but would
decrease by 1.22 million tons in South China. In total, the national output would
increase by 6.73 million tons, which would amount to 1.31% of the overall grain output
in 2009 and would have a value of CNY 11.86 billion.

As aforementioned, this study is consistent with the current literature, which finds that
China will suffer losses in grain production due to global warming. Given the immense
size of the country’s population and the need for a stable food supply, China’s
government should take active measures to mitigate the negative impacts of global

warming on the country’s grain sector to ensure food security.
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4. Total Factor Productivity and Technical Efficiency in Chinese

Inland Aquaculture

4.1 Introduction

China features the largest aquaculture sector in the world. In 2010 it accounted for
nearly 62% of the global aquaculture production (FAO, 2012). The importance of the
Chinese aquaculture sector is also mirrored in the fact that its output growth of 5.2% in
2007 was responsible for 52.3% of the global growth in that year’s aquaculture
production (Bostock et al., 2010). The high output level presently enables the sector to
provide around 20% of the domestically consumed animal protein (Weimin and
Mengging, 2007) and hence to make a substantial contribution to food security in
China. Moreover, after its entry into the World Trade Organization China became the
world’s largest exporter of farmed aquatic products (Broughton and Walker, 2010).
Currently, a key role in providing China with aquatic products is assumed by Chinese
inland aquaculture production, which accounts for around 60% of total aquaculture
output (Chinese Ministry of Agriculture, 2010) and, as shown in Figure 11, for around

43% of the country’s total fishery output.

Figure 11: Chinese inland aquaculture output (1993-2009)
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It has variously been pointed out that important factors in the development and
expansion of the Chinese aquaculture sector over the past few decades have included
technological advances, improved production- and management-related knowledge
among producers as well as improved inputs and the development of a specialized
support industry  (Leung and Shang, 1993; Weimin and Mengging, 2007).
Improvements in technology and knowledge among producers would imply positive
technical change and technical efficiency change, respectively, which would both
contribute to improvements in total factor productivity. Empirical evidence on total
factor productivity and its determinants in Chinese inland aquaculture, however, is

extremely scarce, despite the sector’s importance for food security in China.

Chen et al. (1995) find considerable heterogeneity in the productivity (as represented by
the yield level) of integrated inland aquaculture farms across China, which they attribute
to differences in environmental conditions (e.g. different levels of water availability),
development and infrastructure. Sharma et al. (1999) in turn use data envelopment
analysis (DEA) to analyze economic efficiency (i.e. technical and allocative efficiency)
in Chinese fish polyculture, a form of pond aquaculture. They find that technical
efficiency also varies considerably across producers and provinces and suggest that
improvements in technical efficiency could lead to sizeable increases in total output.
These studies however have several limitations. They only analyze individual aspects of
productivity and consider no developments over time in their analyses. Hence, their
results do not allow drawing conclusions regarding the development of total factor
productivity or its components. Moreover, they are outdated, use data from only small
numbers of provinces and concentrate on specific aquaculture techniques. As a result of
these limitations, no comprehensive up-to-date information on the sources of growth in

China’s inland aquaculture sector is available.

Generally, productivity and technical efficiency have been important topics in analyses
of China’s agricultural sector. The output of agricultural products has increased
substantially over the past decades, particularly since the start of the agricultural
reforms in 1978. Besides institutional changes, increases in the use of inputs as well as
improvements in technology and hence total factor productivity have contributed
substantially to the expansion in output (Yu and Zhao, 2009). While the importance and
strength of the contributions of the above factors to productivity and output growth
during different periods after the introduction of the reforms are much-debated in the
literature (Lin, 1992; Kalirajan et al., 1996; Fan and Pardey, 1997; Jin et al., 2002; Fan
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et al., 2004, Brummer et al., 2006; Tian and Yu, 2012; Chen et al., 2013), it can be
stated that China has certainly undertaken great efforts to improve its agricultural
productivity, particularly by promoting the development and adoption of new
technologies (Jin et al., 2002). This however leads directly to the question of technical
efficiency because, as lined out by Kalirajan et al. (1996), the effectiveness of further
technological innovations depends on the ability of producers to fully employ the

potential of the current production technology.

Given that inland aquaculture, as a sub-sector of agriculture, is confronted with broadly
the same institutional and economic framework as the wider agricultural sector in China
(Leung & Shang, 1993), the above literature represents a useful starting point for the
analysis of the Chinese inland aquaculture sector. Specifically, it is the purpose of the
present study to analyze the development of total factor productivity and its
determinants (especially technical change and technical efficiency change) in this
important sub-sector. This will allow drawing conclusions with respect to the drivers of
past output growth and possible drivers of future output growth. Given the
aforementioned importance of technical efficiency in this respect, the present study puts
a particular focus on analyzing the development, geographical distribution and
determinants of provincial technical efficiency scores.

For the purpose of these analyses, a stochastic frontier model is estimated using a panel
data set that includes province-level data on aggregate inland aquaculture production
over the period 1993-2009 and that covers all forms of inland aquaculture in all relevant
production regions.

The remainder of this paper is organized as follows: In Section 4.2, the methodological
framework underlying the productivity and efficiency analysis is outlined. Section 4.3
contains information on the data set, which is used for the analysis, and in Section 4.4,
the empirical results are presented and discussed. Finally, in Section 4.5, conclusions
and policy recommendations are provided.
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4.2 Methodology

4.2.1 Empirical Approach

Assuming Hicks-neutral technical change, total factor productivity (TFP) can be stated

in a simplified form as:
TFPy = Ay = o Vie = Aief KXie) (15)
f(Xie)

where y;, is the output of producer i in time period t and f(X;;) represents a production
technology f(+), which employs the input vector X;; to produce Y;, (Del Gatto et al.,
2011). An important question, then, is which factors are responsible for changes in TFP,
or in other words for changes in output that are not attributable to changes in input use.
In this respect, Fare et al. (1992, 1994) proposed a Malmquist productivity index for
analyzing TFP and for decomposing it into technical change and technical efficiency®

change.

Frontier production functions represent an important approach to analyzing TFP and its
components. They are rooted in the assumption that in reality many producers do not
realize the frontier output (i.e. the maximum output it is possible to produce given their
input levels and the available technology). This shortfall is caused by what is called
technical inefficiency. Given this framework, frontier analysis directly recognizes the
two sources of changes in TFP considered in the Malmquist productivity index:
Changes in technical inefficiency (i.e. changes in the position of producers relative to
the production frontier) and technological change, which changes the position of the
production frontier itself (Hulten, 2001; Del Gatto, 2011)%.

The two predominant approaches to analyzing frontier production functions are the non-
parametric data envelopment analysis (DEA) originally proposed by Charnes et al.
(1978) and the parametric stochastic frontier analysis (SFA), which has been pioneered
by Aigner et al. (1977) and Meeusen and van Den Broeck (1977). Both approaches have

already been frequently applied in the context of agricultural production in China and

% The concept of technical efficiency employed by Fére et al. (1992, 1994) goes back to the contributions
of Farrell (1957).

% Different approaches have been developed to decompose TFP into its individual components. See
chapter 4.2.3 for details on the decomposition employed in this study.
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other countries. For a selected overview of various applications of frontier techniques to
agricultural production (and other sectors) see Battese (1992) and Tian and Yu (2012).

In the present study, the SFA approach is prefered over the DEA approach primarily
because the former is non-deterministic. Specifically, in addition to the technical
inefficiency term it allows for the introduction of a random error term to model
statistical noise. Due to its deterministic nature this is not possible in the DEA approach,
where effects of random events, of external (e.g. environmental or regulatory) factors
that cannot be influenced by the producers, and of model specification issues are
captured as part of technical inefficiency (Murillo-Zamorano, 2004). Other benefits of
the SFA approach are that the separate random error term captures measurement errors
regarding the output variable (Aigner et al., 1977) and that the approach allows for

formal statistical post-estimation tests (Hjalmarsson et al., 1996)

Particularly for the analysis of Chinese inland aquaculture, introducing a separate
random error term seems required in order to obtain a clear picture of technical
inefficiency and by implication technical efficiency. Specifically, it is known that
aquaculture in general is a sensitive production process, which makes it particularly
vulnerable to natural hazards and other production shocks (FAO, 2012), the effects of
which should not be considered as part of technical inefficiency. Moreover, due to the
fact that this study uses province-level (i.e. highly aggregated) production data, some
degree of measurement error cannot be ruled out. A separate random error would at
least partially capture these influences and would thus likely lead to more reliable
technical efficiency scores.

The SFA approach has, however, been criticized for requiring the imposition of a
specific frontier production technology and of specific distributions for the error terms
capturing technical inefficiency and statistical noise, which results in the fact that the
results of analyses relying on the SFA approach become sensitive to a priori
assumptions (Kalirajan and Shand, 1999). While these points of criticism are certainly
valid, having to make the above assumptions can be considered as a trade-off necessary
to reap the benefits of the SFA approach (Del Gatto et al., 2011). Moreover, as Schmidt
(1985) points out, resorting to a deterministic frontier approach instead, thereby
assuming that no statistical noise is present, would also amount to making an a priori
distributional assumption. Given the aforementioned sensitivity of aquaculture to

external influences, this assumption would appear particularly questionable. Hence,
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SFA remains the most promising approach for the present study and it will be attempted
to ease its drawbacks by selecting a flexible frontier production function and by

choosing reasonable error term distributions.

4.2.2 Model Specification

The frontier production function to be estimated follows a translog functional form,
which represents a local second-order differential approximation to an arbitrary frontier
production function and is neither constrained by constant elasticities of substitution,
nor by constant elasticities of transformation (Christensen et al., 1973). This lends the
translog functional form a reasonable degree of flexibility. In the present study the
stochastic frontier production function takes the following form:

K K K K
1
nyis = Bo + z Bi Inxyie + Bet + EZ z Bicnnxyiclnx,;; + Z Bt Inxy;ct
k=1

k=1n=1 k=1

1
+ Eﬁtztz + (Wie — uy) (16)

where y;; represents the aggregate output of inland aquaculture producers in province i
during year t. x;; and x,;; (k,n = 1,2, ..., K) in turn stand for amounts of input factors
used in that province and year. t as a variable is a time trend, which in the present
model captures non-neutral technical change®’. v;, and u; form the composite error
term that is characteristic for stochastic frontier production functions. Adopting the
specification suggested by Battese and Coelli (1992), v;; is a white noise error term that
follows a normal distribution (vit~N(O, 03)), whereas u;; is a non-negative error term

that captures technical inefficiency and follows a truncated normal distribution®®

27 Non-neutral technical change is a common finding in the literature (see for example Fgrsund and
Hjalmarsson (1979) or O’Neill and Matthews (2001)). Moreover, Liu and Wang (2005) specifically
confirm the presence of non-neutral technical change in Chinese agriculture during the 1990s. Hence,
non-neutral technical change is adopted as the preferred specification of technical change for the present
model.

8 An alternative set of distributional assumptions that is commonly used in the literature consists of a
normal distribution with a mean value of zero for the random error term and of a half-normal distribution
for the inefficiency term (see Aigner et al. (1977) or Battese and Corra (1977) for early examples using
this specification). However, as lined out by Del Gatto et al. (2011), imposing a half-normal distribution
on the inefficiency term would be most suitable if the mode of the inefficiency distribution is expected to
be approximately zero. Given that the Chinese provinces are quite heterogeneous regarding various
factors, including their general state of development and agricultural structure, there is no strong a priori
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(wie~N*(u,62)). Both error term components are assumed to be independent and
identically distributed. In addition, u;; is modeled under the assumption of time-varying

technical inefficiency by employing the functional form proposed by Battese and Coelli
(1992): u; = (exp(—n(t - T))) u;. Since T is the last year in the data set, this time-

varying decay specification imposes a trend on the inefficiency term, which, depending
on the sign of the inefficiency trend parameter n, results in provincial technical
inefficiency scores that either increase or decrease towards u; over the time period
considered in the analysis. If it should turn out that n = 0, technical inefficiency
becomes time-invariant. For a fully technically efficient province, u;; will assume the

value zero.

4.2.3 Total Factor Productivity

In order to calculate the individual components of total factor productivity change
(TFPC), the approach presented by Coelli et al. (2005), which relies on the work of
Fuentes et al. (2001) and Orea (2002), is employed. Fuentes et al. (2001) show how to
decompose a Malmquist productivity index in a parametric frontier production panel
data context into separate components measuring technical efficiency change (TEC) and
technical change (TC). Orea (2002), however, observes that the Malmquist productivity
index neglects the influences of scale changes (SC) (i.e. of changes in the returns scale)
on overall productivity change and hence is not an adequate measure of total factor
productivity. Consequently, in order to obtain a comprehensive picture of the
development of productivity, in the present study the estimation results of the stochastic
frontier production model are used for the calculation of TEC, TC and SC. The product

of these three components represents TFPC.

Given that output-oriented distance functions measure output-oriented technical
efficiency (Kumbhakar and Lovell, 2004), Coelli et al. (2005) denote the distance
function-based TEC index stated in Fuentes et al. (2001) as:

TEC — TE; 41 _ E(exp(_ui,t+1)|vi,t+1 - ui,t+1)
TE;; E(exp(_ui,t)lvi,t - ui,t)

; (17)

indication that this should be the case in the present study. Hence, in the interest of flexibility the
truncated normal distribution is chosen for the inefficiency error term.
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where the technical efficiency of province i in year ¢, TE; , = E(exp(—u;)|vie — uiy),
is calculated directly from the inefficiency error term (u;.) of the stochastic frontier

production model.

Technical change in any time period of the above stochastic frontier model is measured
by the derivative of the natural logarithm of output with respect to time. Fuentes et al.
(2001), however, warn that for discrete data, the point estimate of technical change in
one time period is not an appropriate indicator for the technical change between two
consecutive time periods. To remedy this, Coelli et al. (2005) suggest using the
geometric mean of the time derivatives in the two periods, which in the context of the

present translog frontier production function implies:

_ dlny; . aln}’i,t+1)
TC =exp (0.5( o + G+ D) (18)

In order to incorporate the effects of scale changes into the calculation of TFPC, Coelli
et al. (2005) propose the following scale change index (based on the generalized output-
oriented Malmquist productivity index by Orea (2002)):

K
x .
SC = exp (0.5 Z(sk,i,tSFi,t + €xit41SFier1) ln< ""'”1>>, (19)
Xk,it
k=1
_ (€ie-1)

where SF;, = — is calculated from the returns to scale €;, = Yx_; € ;¢, Which in

it

L . diny;
turn are calculated from the individual output elasticities € ;. = a"y”

. As Orea (2002)

points out, the validity of his approach to modeling the effects of scale changes depends
on variable returns to scale and on non-constant input quantities. This also emerges
directly from Eqg. (19), which would equal unity for xy;; = xp;c+q Or for

€t = € ++1 = 1 and would in those cases have no effect on TFPC.
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4.2.4 Distribution and Determinants of Technical Efficiency

Technical efficiency is of interest not only in the context of total factor productivity, but
also as an important economic factor in its own right. As lined out before, technical
efficiency can be described as the degree to which the potential of the available
production technology is used (Kalirajan et al., 1996). In order to be able to draw
sensible conclusions with respect to technical efficiency in Chinese inland aquaculture
and to obtain a foundation for developing additional policy advice, three aspects of the
time-varying technical efficiency scores (TE;;) will be analyzed: (1) Their development

over time, (2) their geographical distribution and (3) their determinants.

The development over time and the geographical distribution of the efficiency scores
can be directly analyzed employing the estimation results of the stochastic frontier
model. For the purpose of analyzing the determinants of technical efficiency, a two-
stage approach is chosen, which involves regressing the technical efficiency scores
obtained from the stochastic frontier production model (Stage 1) on a set of
environmental and other explanatory variables (Stage 2). Such two-stage approaches are
particularly common in the DEA literature (see Simar and Wilson (2007) for an
extensive list of applied studies), but have also been used in the context of stochastic
frontier models (e.g. Pitt and Lee, 1981; Kalirajan, 1984). Various factors have been
found in the previous literature to affect the level of technical efficiency, including
environmental conditions (Simar and Wilson, 2007), farm-level characteristics like
management and ownership (Alam et al. 2012), input intensities (Pitt and Lee, 1981) as
well as the education and experience of producers and their access to extension services
(Bravo-Ureta and Pinheiro, 1993).

In the present study, environmental variables will be represented by the annual average
climate conditions as climate has been found to influence aquaculture production (see
Section 2). Moreover, the provincial number of aquaculture technical extension staff per
unit of labor in aquaculture production will be included as a measure of the capacity of
the extension system to offer services to producers. Despite their likely relevance for
technical efficiency, farm-level characteristics, however, cannot easily be represented in
the present study given its province-level nature and the poor data availability regarding
aquaculture producers in China. Instead, the input levels will be considered as

additional explanatory variables on Stage 2 because they carry important information

73



4. Total Factor Productivitiy and Technical Efficiency in Chinese Inland Aquaculture

about the characteristics of production, which in turn might be relevant for technical
efficiency. The second-stage regression model then takes the following form:

K M

InTE;; = ay + ailnxg;; + aglns;; + z A Comit » (20)
k=1 m=1

where s;; represents the total number of aquaculture technical extension staff per unit of
labor in aquaculture production in province i and year t, and c,,;; Stands for climate
variable m in the respective province and year. « represents the coefficients to be

estimated and all other variables are defined as before.

The two-stage approach to analyzing the determinants of technical efficiency, however,
has an econometric drawback. It has been criticized on the ground that regressing the
technical efficiency scores on a set of explanatory variables in an auxiliary regression
violates the assumption that the error term component u;; in the stochastic production
frontier model is independent and identiacally distributed (Battese and Coelli, 1995). To
remedy this issue, several authors (e.g. Reifschneider and Stevenson (1991); Battese
and Coelli (1995)) have proposed procedures that involve incorporating a model
determining technical inefficiency into the SFA model and allow for simultaneous
estimation of both models. Pitt and Lee (1981), however, warn that methods aimed at
avoiding biased estimation in an SFA context usually involve imposing further
restrictions on the technical inefficiency term. Particularly given the aforementioned
data limitations regarding farm-level characteristics of aquaculture producers in China,
it would be unclear how to specify the technical inefficiency model in a way that would
not be unduly restrictive. Hence, despite the above drawback, the two-stage approach
will be employed in the present study in order to analyze which factors have a

significant influence on technical efficiency.

4.3 Data

The panel data set employed for the present analyses contains data on inland
aquaculture production and climate in 24 Chinese provinces over the period 1993-2009.

The individual data were originally published in the corresponding issues of the Chinese
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Fishery Yearbook (Chinese Ministry of Agriculture, 1994-2010) and the China
Statistical Yearbook (National Bureau of Statistics of China, 1994-2010).

The provinces included in the analysis are Anhui, Fujian, Gansu, Guangdong, Guangxi,
Guizhou, Hainan, Hebei, Heilongjiang, Henan, Hubei, Hunan, Jiangsu, Jiangxi, Jilin,
Liaoning, Inner Mongolia, Shaanxi, Shandong, Shanxi, Sichuan, Xinjiang, Yunnan and
Zhejiang. The remaining provinces, province-level municipalities and special
administrative regions were not considered due to their exceptional economic structures

or due to insufficient data.

With respect to inland aquaculture production, the data set contains information on the
aggregate provincial aquaculture output as well as on the aggregate use of input factors,
including the water area, the amount of fry used for production, the number of
professional laborers and the total capacity (i.e. weight) of boats. Moreover, it

comprises information on the total number of aquaculture technical extension staff.

Table 6: Descriptive statistics of Chinese inland aquaculture production

Variable Unit Mean  Std. Dev. Min Max Obs
Aggregate aquaculture output | tons 620,047.4 720,759.5 5,314.0 3,076,742.0 408
Water area 1,000 ha 207.6 174.4 6.8 683.7 408
Fry tons 97,066.8 140,222.1 1.0 877,065.0 408
Labor number | 129,631.0 145,340.8 354.0 758,649.0 402
Boat capacity tons 8,754.3  24,709.2 0.7 189,141.8 408
Extension staff number 1,677.2 1,222.9 132.0 6,981.0 408
Annual average temperature | °C 14.9 51 4.4 25.4 408
Total annual precipitation mm/m”2 944.3 510.7 159.8 2,678.9 408

Data:  Chinese Ministry of Agriculture (1994-2010); National Bureau of Statistics of China (1994-
2010)

Except for the total weight of boats used in aquaculture production, all data were either
directly available or could be accurately calculated from the yearbooks. The total weight
of boats in inland aquaculture (BIA) for province i in year t has been approximated by
BIA;; = ABS; x (BF;; — BM;;), where ABS; stands for the average share of the total
weight of boats used for aquaculture (inland and marine production) in the total weight
of boats used across all sub-sectors of fishery (capture fishery and aquaculture in inland
and marine waters), BF?. BM in turn refers to the total weight of boats employed in

marine fishery (marine capture fishery and marine aquaculture). Even though

% Due to poor data availability regarding the use of boats in aquaculture production, ABS; could not be
calculated for each year but had to be calculated as the average over the period 2003-2007.
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approximations such as the above potentially introduce some degree of measurement
error, they are not uncommon in the literature in cases where exact data are not
available (e.g. Lin, 1992; Zhang and Carter, 1997). For the analysis of the determinants
of technical efficiency, the total number of aquaculture technical extension staff in each
province is normalized by the respective province’s total number of laborers in inland
and marine®® aquaculture because the extension system offers services to both types of

aquaculture.

The provincial average climate conditions in each year are represented by the annual
average air temperatures and the total annual precipitation levels of the respective
capital cities. The approach of representing the climate of a wider geographical area by
that of a single point in that area, like the capital city, is also followed in other studies
(e.g. Horowitz, 2009). The above climate variables are chosen for this analysis because
they can be considered to be key indicators of the environmental conditions under
which inland aquaculture operates. Air temperatures critically determine the
temperature of inland surface waters (Boyd and Tucker, 1998) and precipitation is an

important source of those waters (Yoo and Boyd, 1993)%".

4.4 Results and Discussion

4.4.1 Model Specification Tests

The stochastic frontier model in this study (Eq. (16)) has been specified as a translog
function with non-neutral technical change and time-varying technical efficiency.
Moreover, the truncated normal distribution and the standard normal distribution have
been imposed on the technical inefficiency error term and the white noise error term,

respectively.

After maximum likelihood estimation of Eq. (16), the approach of Battese and Coelli
(1992) and Battese et al. (2000) is followed, which involves testing the critical

assumptions of the model using likelihood ratio tests (see Table 7).

% In the case of coastal provinces.
31 See Section 2.3 for further details on the data. This study and the study in Section 2 draw on the same
data set.
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Table 7: Likelihood ratio tests of model specification

Null hypothesis (Hg) | Ho explanation LR chi2 | Prob>chi2 | Implication

I: Bin =P =P =0 | Model is of the Cobb-Douglas type 296.10 0.0000 | Hgrejected
with neutral linear technical change

IL: B =0 Technical change is neutral 86.58 0.0000 | Hgrejected

I:n=0 Technical inefficiency is time-invariant 31.98 0.0000 | Hy rejected

IVip=0 Technical inefficiency follows a 2.10 0.1474 | Hyaccepted
half-normal distribution

Vin=p=0 Technical inefficiency follows a half- 33.91 0.0000 | Hgrejected
normal distribution and is time-invariant

VIn=p=vy=0 All provinces are technically efficient 685.13 0.0000 | Hgrejected

Notes:

1. The threshold for the rejection of the null hypothesis is marked by the 5%-level of significance.
2. y=o0i/(o; +07)

Based on the above tests, all null hypotheses are rejected, except for hypothesis no. 1ll,
which, contrary to prior expectations, supports the assumption that the technical
inefficiency error term w;, follows a half-normal distribution (N*(0,02)). Hence, the
following results are based on a modified version of Eq. (16), which assumes a half-

normal distribution for u;,*.

4.4.2 Stochastic Frontier Model Estimation Results

The results of a maximum likelihood estimation of the modified SFA model are
presented in Table 12 in the appendix (Section 4.6). Employing these results, national
output elasticities and returns to scale are calculated. The derivative of the natural
logarithm of output with respect to time in turn yields point estimates regarding

technical change. Table 8 provides an overview of the different elasticities.

32 A comparison of the results regarding technical efficiency and the other components of TFP obtained
under the different distributional assumptions however reveals only marginal differences.
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Table 8: Output elasticities

Year | Area Fry Labor Boats Scale | Time
Elasticity

1993 | 0.2442 0.2485 0.0545 0.0389 0.5861 | 0.1354
1994 | 0.2314 0.2454 0.0541 0.0390 0.5699 | 0.1269
1995 | 0.2292 0.2355 0.0607 0.0395 0.5649 | 0.1193
1996 | 0.2245 0.2212 0.0631 0.0442 0.5530 | 0.1128
1997 | 0.2013 0.2271 0.0536 0.0404 0.5223 | 0.1042
1998 | 0.1990 0.2154 0.0633 0.0392 0.5170 | 0.0975
1999 | 0.1918 0.2070 0.0677 0.0382 0.5048 | 0.0905
2000 | 0.1923 0.1876 0.0897 0.0333 0.5030 | 0.0861
2001 | 0.1854 0.1765 0.0916 0.0349 0.4884 | 0.0797
2002 | 0.1673 0.1702 0.0761 0.0436 0.4572 | 0.0722
2003 | 0.1712 0.1579 0.0971 0.0360 0.4622 | 0.0658
2004 | 0.1597 0.1493 0.0969 0.0370 0.4429 | 0.0592
2005 | 0.1532 0.1391 0.1048 0.0357 0.4328 | 0.0524
2006 | 0.1452 0.1320 0.1127 0.0337 0.4235 | 0.0447
2007 | 0.1662 0.1337 0.1017 0.0119 0.4135 | 0.0424
2008 | 0.1599 0.1084 0.1409 0.0148 0.4239 | 0.0350
2009 | 0.1578 0.0821 0.1760 0.0103 0.4262 | 0.0313
Average | 0.1873 0.1784 0.0886 0.0337 0.4879 | 0.0798

It emerges from Table 8 that Chinese inland aquaculture is strongly characterized by
decreasing returns to scale. Over the period under observation, a 1% increase in all
input factors on average resulted only in a 0.49% increase in output. Moreover, the
results show that the development of the scale elasticity follows a negative trend (from
0.59 in 1993 to 0.43 in 2009). This trend results from decreases in the output elasticities
with respect to area (average elasticity: 0.19), fry (average elasticity: 0.18) and boats
(average elasticity: 0.03). Only the output elasticity with respect to labor (average
elasticity: 0.09) is increasing over time. The development of the elasticity of output with
respect to time is again characterized by a marked negative trend between 1993 (0.14)
and 2009 (0.03), implying a slowdown in technological advances in Chinese

aquaculture®,

According to the underlying data set on inland aquaculture, China has substantially
increased the use of inputs over the time period under observation. However, the water
area seems to emerge as a limiting factor in the expansion of aquaculture production.
Naturally, inland waters are in nearly constant supply and it has to be assumed that,
given the size of the national inland aquaculture sector, a large part of the suitable

% The use of point estimates for analyzing technical change has been criticized in the context of discrete
data (see Section 4.2.3). See Section 4.4.3 for further details on technical change.

78



4. Total Factor Productivity and Technical Efficiency in Chinese Inland Aquaculture

inland waters of decent quality are already being used for production. Thus, it does not
come as a surprise to find that the expansion in the use of water area has been
comparatively small. After 2006, the national inland aquaculture area has even
decreased to some degree. Consequently, it is reasonable to find the output elasticity
with respect to the water area to be among the highest over the entire time period. The
limited water area also offers an explanation for the decreasing output elasticities with
respect to fry and boats because according to the law of diminishing marginal returns,
strong increases in the use of certain input factors given only limited increases in the use
of other input factors imply decreasing output elasticities with respect to the input
factors being heavily used. Specifically, in the context of inland aquaculture production
it should be noted that any aquatic environment has a limited carrying capacity, which
implies an upper ceiling for the stocking density of fry (given a certain level of
technology). Similarly, ever-increasing input levels regarding boats would lead to
congestion effects, which would gradually reduce the corresponding marginal effect.
Based on the output elasticities in 2009, the capacity of boats currently in use should
already be very close to the limit of usefulness, while further increases in the use of fry
could still have a positive marginal effect on output. Labor, however, emerges as a
special case. Despite strong growth in the use of labor for aquaculture production, the
output elasticity with respect to this factor has increased over time. One explanation for
this is offered by the interaction term of labor and time in the SFA model. The
corresponding coefficient estimate is positive, which means that technical change has
been labor-saving over time. In other words, technical change has enabled a given
number of laborers to produce more output, which has contributed to a growing

elasticity of output with respect to labor.

The negative interaction terms of the other input factors with time reveal that technical
change has been area-, fry- and boat-using. Thus, technical change fosters a
development away from small-scale low-intensity production towards high-intensity

production at larger scales.

4.4.3 Total Factor Productivity

The individual components of national TFPC are calculated according to Eq. (17) to
(19). Table 9 shows the TEC, TC and SC in every year relative to the previous year as
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well as the cumulative changes with 1993 serving as the base period. Figure 12 gives a
graphical impression of the cumulative changes.

Table 9: Change in total factor productivity and its components

Year TEC TEC cum. TC TCcum. SC SCcum. | TFPC TFPC cum.
1993 1 1 1 1
1994 | 0.9625 0.9625 1.1402 1.1402 0.9556  0.9556 | 1.0486 1.0486
1995 | 0.9836 0.9467 1.1310 1.2896 0.9530  0.9107 | 1.0602 1.1118
1996 | 0.9834 0.9310 1.1230 1.4482 0.9689  0.8823 | 1.0700 1.1897
1997 | 0.9832 0.9154 1.1146 1.6142 09791  0.8639 | 1.0729 1.2764
1998 | 0.9830 0.8998 1.1061 1.7854 0.9688  0.8369 | 1.0533 1.3445
1999 | 0.9828 0.8843 1.0985 1.9614 0.9734  0.8146 | 1.0509 1.4129
2000 | 0.9826 0.8689 1.0923 2.1424 1.0220  0.8326 | 1.0969 1.5498
2001 | 0.9823 0.8535 1.0864 2.3276 0.9783  0.8145 | 1.0441 1.6181
2002 | 0.9821 0.8383 1.0789 2.5112 0.9642 0.7853 | 1.0216 1.6531
2003 | 0.9819 0.8231 1.0714 2.6907 0.9746  0.7654 | 1.0254 1.6950
2004 | 0.9817 0.8080 1.0645 2.8643 0.9860  0.7546 | 1.0304 1.7465
2005 | 0.9815 0.7930 1.0574 3.0287 0.9749  0.7357 | 1.0118 1.7671
2006 | 0.9812 0.7782 1.0498 3.1795 0.9613  0.7073 | 0.9903 1.7499
2007 | 0.9810 0.7634 1.0445 3.3211 1.0922 0.7725 | 1.1192 1.9585
2008 | 0.9808 0.7488 1.0395 3.4522 0.9347 0.7220 | 0.9529 1.8663
2009 | 0.9806 0.7342 1.0337 3.5687 1.0230 0.7386 | 1.0369 1.9353

An inspection of the results reveals that technical efficiency has continually decreased
over time. This is apparent from the fact that TEC in the above table is below unity over
the entire time period®. The average annual decrease in technical efficiency has
amounted to 1.9%. In cumulative terms, this has resulted in a loss of technical
efficiency of 26.6% between 1993 and 2009. By implication, aquaculture producers find
it increasingly difficult to reach the frontier level of output. In the context of Chinese
agriculture this result is not totally uncommon. In their study on grain production in
China, Chen et al. (2013), for example, also find a negative trend regarding technical
efficiency, for which they see one reason in insufficient management skills of farm
households. Similarly, it is possible that a deterioration in the average management
ability or skill level of aquaculture producers has contributed to the above reduction in
technical efficiency.

Another reason why producers are not able to maintain their position relative to the

production frontier could be the strong outward movements of the frontier apparent in

% A negative trend of the average technical efficiency also emerges directly from the estimation results of
the SFA model wehere the inefficiency trend parameter v is negative (-0.02).
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the technical change component in Table 9. Specifically, it might be that the
management abilities of producers are insufficient to cope with the rapid introduction of
technical innovations. Brimmer et al. (2006) moreover see a reason for a slowdown in
technical efficiency change in China’s grain sector during the 1990’s in the
deteriorating state of the country’s extension system. Given that inland aquaculture
receives services from China’s public agricultural extension system (PAES) just like the
wider agricultural sector (Hu et al., 2009), this might also be responsible for the
decreasing technical efficiency in inland aquaculture®™. Another possible explanation,
which however cannot be fully evaluated in this study, is related to the increasing
surface water pollution in many regions of China, which has been identified as a major
health risk for the country’s population (Wu et al., 1999; Zhang et al., 2010). It is
reasonable to assume that increasing water pollution also negatively affects aquaculture
production and increasingly prevents producers from utilizing the full potential of their
production technology. Moreover, aquaculture itself might contribute to water pollution.
With respect to China, Cao et al. (2007) note that concerns are growing regarding the
detrimental impact of the waste from aquaculture on the sector’s own productivity and

the ecosystem.

Figure 12: Cumulative change in total factor productivity and its components
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As outlined above, technical change in the aquaculture sector has been strongly positive
between 1993 and 2009. The average rate of annual technical change amounted to

8.3%, while, relative to the base period, technology has improved by 256.9% until 2009.

% For a more detailed analysis see Section 4.4.4.
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This finding of substantial improvements in technology is well in line with the
literature. Leung and Shang (1993) for example note that the expansion in China’s
inland aquaculture output has in part been due to the introduction of modern
technologies. Weimin and Mengging (2007) confirm that technological advances
regarding production systems have continued to play an important role in shaping the
development of Chinese aquaculture production until the present time*®.

The development of the technical change index in Table 9, however, also reveals a
notable slowdown in technical change, which has already been visible in the elasticities
of output with respect to time. Possibly, the aforementioned deterioration of the
extension system does not only hinder producers in their attempts to reach the frontier
level of output, but also slows down the introduction and diffusion of new technologies,
which would result in reduced rates of technical change. Another possibility is that
some of the recent technological advances have not met the exact requirements of
aquaculture producers and were hence not adopted®’.

It has already been discussed in the previous section that Chinese inland aquaculture is
characterized by decreasing returns to scale and that the level of the returns to scale has
been shrinking between 1993 and 2009. Table 9 additionally shows that the changes in
returns to scale have a negative effect on total factor productivity growth. In cumulative
terms, the scale index has decreased by around 26.1% between 1993 and 2009. Given
the situation of decreasing returns to scale and positive output elasticities found for
Chinese inland aquaculture, Eg. (19) implies that an increasing input use and a
decreasing level of scale elasticity will both contribute to reductions in total factor
productivity growth. As stated above, input use in Chinese inland aquaculture as a
whole has on average risen between 1993 and 2009. Together with the observed
decreases in the level of returns to scale, this explains the negative contributions of the

development of the scale index to TFP growth.

Overall, TFP has increased substantially over the time period 1993 until 2009. The
cumulative improvement in TFP amounts to 93.5%. The average annual TFPC has been
around 4.3%. Given the mostly negative contributions of technical efficiency change

and scale change to TFPC, it emerges that technical change has, despite the observed

*® These studies, however, did not provide concrete empirical evidence regarding technical change.
%7 Similar arguments have also been used by Chen et al. (2013) to explain a slowdown in technical change
in Chinese grain farming.
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slowdown, been the dominant factor in the development of TFP in Chinese inland

aquaculture.

Since increases in output are either due to an increasing use of inputs or due to
improvements in TFP (Del Gatto, 2011), the results regarding TFPC also allow to draw
conclusions with respect to the contributions of input growth to the observed growth in
output. Specifically, the contribution of input growth is obtained as the residual between
output growth and TFPC.

Table 10: Output growth decomposition

Year | Output growth rate | Due to TFP growth  Due to input growth
1994 22.23% 4.86% 17.37%
1995 19.51% 6.02% 13.49%
1996 17.36% 7.00% 10.35%
1997 11.22% 7.29% 3.93%
1998 6.79% 5.33% 1.46%
1999 7.59% 5.09% 2.50%
2000 6.71% 9.69% -2.98%
2001 5.06% 4.41% 0.65%
2002 6.16% 2.16% 3.99%
2003 4.68% 2.54% 2.14%
2004 6.88% 3.04% 3.84%
2005 6.22% 1.18% 5.04%
2006 7.39% -0.97% 8.36%
2007 -8.12% 11.92% -20.04%
2008 5.32% -4.71% 10.03%
2009 7.01% 3.69% 3.32%

Between 1994 and 1998, the growth in Chinese inland aquaculture output has slowed
down noticeably from 22.2% to 6.8%. Table 10 shows that this was primarily related to
a decreasing contribution of input growth to output growth. The output growth rates
remained positive after 1998 but ceased to display a clear trend. While the relative
contributions of TFPC and input growth to output growth were subject to a fair degree
of variability since then, it clearly emerges that input growth has lost its initially
dominant influence on output growth. In 2009, the two factors made approximately
equal contributions to output growth. This is well in line with the negative trend in
returns to scale found in this study. Particularly before a background of constrained
water resources and increasing environmental burdens, it has to be expected that the

contributions of input growth to output growth will decrease further. Hence,
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improvements in TFP will likely become increasingly important for future output

increases.

4.4.4 Technical Efficiency

The results discussed in the previous section confirm the important role, which technical
change has played for the development of the Chinese inland aquaculture sector.
However, the results have also revealed that on average producers have experienced a
deterioration of their position relative to the production frontier. This is apparent in the
decreasing level of technical efficiency. As technical change is slowing down, the
question of effective utilization of the available technology becomes increasingly

important. Hence, technical efficiency needs to be examined in greater detail.

Based on the error term component u;., which captures province- and year-specific
technical inefficiency, the corresponding technical efficiency scores have been
calculated. Figure 13 shows the results for the last year of the analysis, while Figure 14

shows the average technical efficiency scores over the period 1993 until 2009.

Figure 13: Technical efficiency in Chinese inland aquaculture (2009)
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It emerges that Chinese inland aquaculture is characterized by a considerable
heterogeneity with respect to the provincial levels of technical efficiency. In 2009, the
scores range from 0.96 (Guangdong) to 0.01 (Gansu). The average technical efficiency

in that year amounts to around 0.28.
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Figure 14: Technical efficiency in Chinese inland aquaculture (average: 1993-2009)
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A comparison with the average provincial TE scores again reveals the negative trend in
technical efficiency already discussed in the previous section. The national average of

the average TE scores amounts to around 0.32.

Based on the range of the TE scores in 2009, a classification of the provinces into four
groups is suggested: A high efficiency (HE) group (TE>0.8), which in this case contains
only the best-practice example (Guangdong), an upper middle efficiency (UME) group
(0.4<TE<0.8)*, a lower middle efficiency (LME) group (0.2<TE<0.4) and a low
efficiency (LE) group (TE<0.2).

The overall range and the average of the efficiency scores found in this study differ
from the results found by Sharma et al. (1999), who find TE scores between 0.39 and
1.0 and an average score of 0.83. There are, however, decisive differences between their
study and the present one, which can explain the divergence in results. Besides
methodological differences and different years of observation®, Sharma et al. (1999)
use a much smaller data set comprising individual aquaculture farms from only eight
provinces, all of which, except for Heilongjiang, are located in a geographically rather
confined region in the east and southeast of China®®. Moreover, they limit their analysis
to only one variety of inland aquaculture production, namely fish polyculture in ponds.

Given this narrower scope, as compared to the present study, and the likely more

% The TE range between 0.6 and 0.8 is empty for 2009. Hence, for ease of exposition this TE range has
been merged with the next lower one.

% Only 1985 in Sharma et al. (1999).

“ Only one of these provinces falls into the LE group identified in this study.
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pronounced similarity between their objects of study, it is not surprising that they find a

narrower distribution and a higher average TE score.

Figure 15 shows the geographical distribution of the TE scores obtained in the present
study. Technical efficiency is highest in the south and southeast of China as well as in
the other provinces along its eastern coast. This region is largely congruent with China’s
major production areas. Leung and Shang (1993) point out that Guangdong, Hubel,
Hunan, Jiangsu, Shanghai and Zhejiang already accounted for a share in national pond
aquaculture output in excess of 70% in 1988. In the data set used for the present study,
the HE and the UME group together account for around 66% of the aggregate inland
aquaculture output in 2009, while the more efficient half of the 24 provinces under
consideration together produce around 90% of the aggregate output. Hence, the size and
by implication the development of a province’s aquaculture sector seem to be correlated

with technical efficiency.

Figure 15: Geographical distribution of technical efficiency (2009)
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In addition, Chen et al. (1995) identify three sets of factors that are likely to have
influenced the regional development of aquaculture in China. First, the provinces in the
southeast and east have a much longer tradition of aquaculture production than those in

the North, where much of the production was only established after the onset of the
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reforms (i.e. after 1978). Thus, producers in the former group of provinces can be
expected to have accumulated considerably more experience and to have achieved
higher average skill levels. Second, in comparison to the remainder of the country, the
southeastern and eastern regions are characterized by generally high levels of water
availability and a climate favorable to aquaculture production. Third, the general level
of economic development and infrastructure is higher in China’s eastern and
southeastern regions, which eases access to capital, input factors, training and markets
with a high demand for aquaculture products. Generally, these factors can explain why
the provinces with high levels of technical efficiency in inland aquaculture production
are clustered in the water-rich and developed southeast and east of China, which has a
long aquaculture tradition, and why the comparatively water-scarce and less developed
provinces in the west and north of China, which do not have such a long aquaculture
tradition, mostly reach only very low levels of technical efficiency. Some of these
factors diverge so strongly between the different regions of China (e.g. between the
southeast and the northwest) that the substantial differences in TE between the most and

the least efficient provinces are not surprising.

An auxiliary (i.e. second-stage) regression of the technical efficiency scores on the total
number of aquaculture technical extension staff per unit of labor in aquaculture
production as well as on input and climate variables (based on Eq. (20)) is applied to
obtain further insights with respect to the determinants of technical efficiency. The

results of two fixed effects panel regressions are displayed in Table 11.

Table 11: Analysis of technical efficiency

Model I (FE) Il (FE)

coefficient t-value coefficient t-value
(In)Extension 0.0906 3.74  *** 0.0927 6.31 ***

(In)Area 0.0268 0.79

(In)Fry -0.0499 441 ***

(In)Labor 0.0629 2.23 **

(In)Boats -0.0744  -752 ***

Avg. temp. -0.0238  -197 ** -0.0392  -2.95 ***
Tot. precip. 4.38E-05 1.36 2.50E-05 0.71
Constant -0.5772 -1.70 * -0.5065 =247 *<*
Observations 402 402

Provinces 24 24

R-squared 0.5379 0.4882

Note: * significant at 10%-level; ** significant at 5%-level; *** significant at 1%-level
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Model | contains the full set of explanatory variables discussed in Section 4.2.4,
whereas Model Il contains a reduced set of explanatory variables, which does not
include regular input variables. The latter model serves purely as a sensitivity test. A
comparison of the results reveals that the coefficient estimates with respect to extension
and climate are remarkably stable across the models. Since most of the regular input
factors, except for the water area turn out to have a significant effect on the level of
technical efficiency, Model | is more informative and hence remains the preferred

specification.

What particularly stands out regarding the results is that an increase in the total number
of aquaculture technical extension staff per unit of labor in aquaculture production
would have the largest marginal effect on technical efficiency in Chinese inland
aquaculture. Generally, the link between extension services and technical efficiency in
agricultural production is well established. Bravo-Ureta and Pinheiro (1993) provide an
overview of various studies analyzing the determinants of technical efficiency in
agricultural production and find that all studies, which consider extension services, find
them to have a positive and significant marginal effect on technical efficiency.
Specifically, as Kalirajan (1984) points out, extension services can help producers to
improve their knowledge and to efficiently employ their available production

technologies.

With respect to the Chinese extension system, the available data, however, reveal that
the total number of aquaculture technical extension staff has decreased noticeably over
time. Figure 16 shows the development between 1993 and 2009. Since the number of
laborers in aquaculture production has increased substantially over the same period, it
emerges that the number of aquaculture technical extension staff per unit of labor in
aquaculture production has decreased. Hence, the estimate in Model | (Table 11)
implies that the decreasing capacity of the extension system to offer services to
aquaculture producers has contributed to the decreases in technical efficiency discussed

earlier*.

* This also supports the corresponding assumption in the previous section.
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Figure 16: Aquaculture technical extension staff in China
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Moreover, the results of Model | show that an intensification of production in terms of
employing more labor would increase technical efficiency, whereas using larger
quantities of fry or increasing the total capacity of boats used for production would
reduce technical efficiency at the margin. It seems likely that employing more labor
increases the management capacity of aquaculture operations, which would explain the
positive effect on technical efficiency. Ceteris paribus increases in the use of fry in turn
might imply a development towards more dense (i.e. more complicated) production
procedures, whereas raising the capacity of boats in production could disturb fish
growth, which would imply a lower output weight for given levels of technology and a

given use of the other inputs.

Based on the results regarding the climate variables, the assumption that climate affects
the level of technical efficiency in Chinese inland aquaculture is confirmed.
Specifically, it emerged that increasing annual average temperatures due to changes in
climate would, ceteris paribus, have a negative and statistically significant marginal
effect on technical efficiency. Hence, it can be concluded that the rise in annual average
temperatures, which has occurred in China over the observation period*, has also
contributed to the observed reduction in technical efficiency. It seems possible that the
rising water temperatures cause additional managerial and technical challenges, to

which not all producers can suitably respond.

42 5ee Section 2.1.
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The total annual amount of precipitation however turns out to have no statistically
significant effect on technical efficiency, which might be related to the fact that
precipitation, despite its importance as a source of surface and pond water, represents

only an imperfect proxy for overall water availability.

4.4.5 Sensitivity Analysis

The singular situation of Guangdong, which turns out to be the only province in the HE
group, might raise the suspicion that this province is a statistical outlier that biases the
results of the present study. It is however the case that Guangdong benefits from all of
the above factors that have been identified as being conducive to high levels of
technical efficiency in inland aquaculture. It had one of the highest output levels in
2009, has a long tradition of aquaculture production, features plenty of water from the
Pearl River and its tributaries as well as from high levels of precipitation, and it is
characterized by a warm climate and one of the highest levels of development in China.
Further support comes from Leung and Shang (1993) who already mentioned the Pearl
River delta in Guangdong as one of the highest yielding regions in China. Thus, high

levels of technical efficiency in Guangdong do not come as a surprise.

Nevertheless, for the purpose of sensitivity testing, the analyses of the previous chapters
have been repeated using a reduced sample, from which the most and the least efficient
province (Guangdong and Gansu) have been dropped. The results proved to be
remarkably stable, which strengthens the validity of the initial results using the full
sample. The values of the technical efficiency scores of the individual provinces
experience a general upward shift if Guangdong is not included, which was to be
expected, and a small number of provinces slightly change their position in the technical
efficiency ranking. However, all major conclusions regarding output and scale
elasticities and with respect to the development of TFP and its components are still
valid. Differences emerge only with respect to the magnitude of individual effects. The
reduction in technical efficiency and the improvement in technology over time for
example both turn out to be slightly weaker. TFP growth however is not severely
affected as these two differences seem to approximately balance out. Regarding the
determinants of technical efficiency, the main conclusions also remain unaltered.
Specifically, the marginal effect of changes in the number of aquaculture technical

extension staff per unit of labor in aquaculture production is still positive and significant
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and that of changes in annual average temperatures is still negative and significant.

However, the coefficient estimate regarding extension turns out to be smaller.

The results of the analysis using the reduced sample can be found in the appendix
(Section 4.6, Tables 13-15, Figure 17).

4.5 Conclusions

This study has filled several gaps in the current literature on total factor productivity
and its determinants in the context of Chinese inland aquaculture production.
Specifically, it does not rely on a small sample of farm level data and is not specific to
individual regions, culture techniques or species. Instead, the present study is based on a
province-level panel data set on aggregate aquaculture production that covers all
relevant production regions in China and all culture techniques and species. It hence
provides a detailed analysis of the development of TFP and its components in the
Chinese inland aquaculture sector as a whole between 1993 and 2009. Moreover, a
particular focus has been placed on analyzing the development, geographical
distribution and determinants of provincial technical efficiency scores. For the purpose
of these analyses, a stochastic frontier approach based on the pioneering contributions

of Aigner et al. (1977) and of Meeusen and van Den Broeck (1977) has been employed.

From the obtained output elasticities it is apparent that the water area likely acts as a
bottle-neck for inland aquaculture production since it can be expanded only to a limited
extent. Consequently, increasing stocking densities and boat usage have likely led to
decreasing elasticities of output with respect to these input factors. Only the elasticity of
output with respect to labor has on average increased over time, which might at least
partly stem from technical change that renders labor more productive. Overall, Chinese
inland aquaculture is characterized by decreasing returns to scale, which follow a
negative trend over time. Hence, further expansions in the scale of production will lead

to gradually declining marginal increases in output.

From the analysis of the components of TFP growth it emerged that technical efficiency
has decreased noticeably over the time period under observation, while technical change
was strongly positive, though at a decreasing rate. This has led to the conclusion that for
different reasons, Chinese aquaculture producers cannot keep up with the strong

technical change and hence experience a deterioration in their position relative to the
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production frontier. Nevertheless, despite the reduction in technical efficiency and the
negative effects of scale changes on TFP growth, technical change has led to a near
doubling of TFP between 1993 and 2009.

The level of technical efficiency has been found to vary strongly among the Chinese
provinces, which has been explained by the considerable heterogeneity of the provinces.
Several factors have been put forth to explain the geographical clustering of the more
efficient provinces: A long history of aquaculture production, high levels of water
availability, favorable climate conditions and high levels of economic development. In
all these respects, the southeastern and eastern provinces of China are at an advantage,
which should contribute to higher levels of technical efficiency.

A more detailed analysis of the determinants of technical efficiency has revealed the
importance of extension services for the technical efficiency in aquaculture production.
Specifically, it has been found that a larger number of aquaculture technical extension
staff per unit of labor in aquaculture production would lead to a higher level of technical
efficiency as extension services can help to improve the knowledge level of producers
and their ability to fully employ the potential of their technology. Based on this finding,
it has been concluded that the decreasing number of staff in China’s aquaculture
extension system is likely to have been an important reason for the observed decrease in
technical efficiency levels over the observation period. Moreover, the analysis has
shown that increasing annual average temperatures lead to decreasing levels of technical
efficiency and that an intensification of production in terms of increasing the use of the
different inputs would have mixed effects.

The results presented in this study allow drawing a number of policy-relevant
conclusions. Since increases in total factor productivity have contributed strongly to
output growth, future policies towards increasing inland aquaculture output should

include measures aimed at total factor productivity and its determinants.

Technical change has been the dominant driver of the development of total factor
productivity in Chinese inland aquaculture over the time period under analysis. Two
developments, however, require attention: The slowdown in technical change and the
decrease in technical efficiency. If producers become increasingly unable to fully use
the potential of their technology, this results in an unnecessarily low level of TFP and
hence output. Moreover, investments in research and development do not reach an

optimal return, which might gradually degrade the incentives for future research into
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new technologies. Therefore, in addition to maintaining positive rates of technical
change, promoting improvements in technical efficiency likely plays a key role for
sustaining TFP growth. A number of different measures seem promising to contribute to
this end:

First, the agricultural extension system should be strengthened, both with the goal of
promoting technology diffusion and with the goal of improving the skill levels and
management abilities of producers. Support for this approach comes from Jin et al.
(2002) who find that promoting the extension system usually entails improvements in
total factor productivity. Based on the above analysis of the determinants of technical
efficiency, it is recommended to increase the capacity of the extension system to offer
services to producers by increasing the number of staff per unit of labor in production.
This would contribute positively to technical efficiency and hence total factor
productivity. Such a measure could also help to compensate for the negative effects of
increasing annual average temperatures on technical efficiency. However, according to
Hu et al. (2009), a current flaw in the extension system is that extension specialists
spend too much time on administrative and commercial activities instead of offering
extension services. They also report that the commercial orientation in parts of the
extension system has in some cases been found to lead producers to adopt less then
optimal production procedures. Thus, reforms of the extension system aimed at
improving technical efficiency should also pay due attention to the independence and

time-allocation of extension specialists.

Secondly, both training and new technologies should be geared towards enabling
producers to work efficiently in situations of constrained water resources and to operate
sustainably, particularly with respect to managing and withstanding water pollution. If
new technologies are specifically designed to cope with the particular environmental
challenges that producers face, producers might find it easier to use those technologies
efficiently. Godfray et al. (2010) moreover point out that, in general, future output
increases in aquaculture could be promoted by the development of suitable technologies
for large-scale aquaculture and for dealing with the challenges of intensive production
(e.g. disease management). Particularly for the further development of China’s major

production regions, this should receive attention.

Thirdly, it seems advisable to focus efforts regarding the improvement of technical

efficiency on regions with a comparative advantage in inland aquaculture production.
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Given the more difficult production environment in North and West China, it would
likely be much more costly to improve technical efficiency in those regions. As the
demand for aquaculture products is generally lower in the less developed provinces
anyway (Chen et al.,, 1995), it thus appears to be more advisable to concentrate

improvement efforts on the UME and LME provinces in Southeast and East China.
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4.6 Appendix

Table 12: Stochastic frontier model estimation results

Dependent variable: Coef.  Std. Err. z P>z [95% Conf. Interval]
In(aguaculture output)

In(area) -0.0958 0.2246 -0.43 0.670  -0.5360 0.3445
In(fry) 0.5348 0.1237 4.32 0.000 0.2924 0.7771
In(labor) 0.0230 0.1578 0.15 0.884  -0.2862 0.3323
In(boats) -0.4139 0.0779 -5.31 0.000 -0.5667 -0.2612
In(fry)*In(labor) -0.0653 0.0158 -4.12 0.000 -0.0963 -0.0342
In(fry)*In(boats) 0.0051 0.0062 0.82 0.413  -0.0071 0.0172
In(fry)*In(area) -0.0255 0.0291 -0.88 0.381  -0.0825 0.0315
In(labor)*In(boats) 0.0387 0.0110 3.53 0.000 0.0172 0.0601
In(labor)*In(area) 0.0544 0.0231 2.35 0.019 0.0090 0.0997
In(boats)*In(area) 0.0286 0.0133 2.16 0.031 0.0026 0.0546
(In(area))"2 -0.0320 0.0447 -0.72 0.474  -0.1196 0.0556
(In(fry))*2 0.0525 0.0127 4.12 0.000 0.0275 0.0775
(In(labor))*2 0.0159 0.0126 1.26 0.209  -0.0089 0.0406
(In(boats))*2 -0.0234 0.0058 -4.03 0.000 -0.0348 -0.0120
In(area)*trend -0.0077 0.0038 -2.04 0.041 -0.0151 -0.0003
In(fry)*trend -0.0113 0.0028 -4.02 0.000 -0.0169 -0.0058
In(labor)*trend 0.0064 0.0027 2.39 0.017 0.0012 0.0117
In(boats)*trend -0.0016 0.0010 -1.56 0.118 -0.0035 0.0004
Trend 0.2278 0.0268 8.50 0.000 0.1753 0.2804
Trend*trend -0.0058 0.0007 -8.43 0.000 -0.0072 -0.0045
Constant 9.2351 0.9825 9.40 0.000 7.3095 11.1608
Eta -0.0200 0.0034 -5.82 0.000 -0.0267 -0.0133
In(sigma”2) 1.3390 0.3125 4.29 0.000 0.7266 1.9514
ilgt(gamma) 5.7429 0.3238 17.73 0.000 5.1082 6.3776
Sigma’2 3.8153 1.1921 2.0680 7.0388
Gamma 0.9968 0.0010 0.9940 0.9983
Sigma_un2 3.8031 1.1922 1.4665 6.1397
Sigma_v~2 0.0122 0.0009 0.0104 0.0139
Log likelihood 232.51

No. of observations 402

Wald chi2(20) 1955.05

Prob > chi2 0.0000
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Table 13: Output elasticities (sensitivity test)

Year | Area Fry Labor Boats Scale | Time
Elasticity

1993 | 0.2812 0.1761 0.0615 0.0287 0.5474 | 0.1255
1994 | 0.2682 0.1796 0.0601 0.0295 0.5374 | 0.1173
1995 [ 0.2669 0.1779 0.0659  0.0293 0.5399 | 0.1094
1996 | 0.2566 0.1708 0.0660 0.0347 0.5281 | 0.1027
1997 | 0.2344 0.1829 0.0538 0.0294 0.5005 | 0.0949
1998 | 0.2260 0.1788 0.0637 0.0276 0.4961 | 0.0877
1999 | 0.2150 0.1777 0.0671 0.0259 0.4856 | 0.0804
2000 | 0.1975 0.1691 0.0888 0.0195 0.4749 | 0.0741
2001 | 0.1858 0.1650 0.0875 0.0212 0.4595 | 0.0675
2002 | 0.1710 0.1637 0.0748 0.0276 0.4371 | 0.0607
2003 | 0.1691 0.1609 0.0943 0.0189 0.4434 | 0.0531
2004 | 0.1479 0.1595 0.0898 0.0210 0.4182 | 0.0465
2005 | 0.1350 0.1585 0.0958 0.0192 0.4086 | 0.0390
2006 | 0.1235 0.1598 0.1044 0.0166 0.4043 | 0.0308
2007 | 0.1704 0.1350 0.1006 -0.0121 0.3939 | 0.0330
2008 | 0.1367 0.1420 0.1355 -0.0084 0.4058 | 0.0202
2009 | 0.1014 0.1350 0.1689 -0.0134 0.3918 | 0.0125
Average | 0.1935 0.1640 0.0870 0.0187 0.4632 | 0.0680

Table 14: Change in total factor productivity and its components (sensitivity test)

Year TEC TEC cum. TC TCcum. SC SCcum. | TFPC TFPC cum.
1993 1 1 1 1
1994 | 1.0429 1.0429 1.1291 1.1291 0.9569 0.9569 | 1.1267 1.1267
1995 | 0.9932 1.0358 1.1200 1.2646 0.9514 0.9104 | 1.0583 1.1924
1996 | 0.9931 1.0286 1.1119 1.4061 0.9700 0.8831 | 1.0711 1.2772
1997 | 0.9931 1.0215 1.1039 1.5521 0.9805 0.8659 | 1.0748 1.3728
1998 | 0.9930 1.0144 1.0956 1.7005 0.9734 0.8428 | 1.0590 1.4538
1999 | 0.9930 1.0072 1.0877 1.8496 0.9734 0.8204 | 1.0513 1.5283
2000 | 0.9929 1.0001 1.0803 1.9982 1.0245 0.8405 | 1.0990 1.6796
2001 | 0.9929 0.9930 1.0733 2.1447 0.9736 0.8183 | 1.0375 1.7426
2002 | 0.9928 0.9858 1.0662 2.2867 0.9561 0.7823 | 1.0120 1.7636
2003 | 0.9928 0.9787 1.0586 2.4206 0.9730 0.7612 | 1.0225 1.8033
2004 | 0.9927 0.9716 1.0510 2.5441 0.9871 0.7514 | 1.0299 1.8572
2005 | 0.9927 0.9644 1.0436 2.6551 0.9701 0.7289 | 1.0050 1.8665
2006 | 0.9926 0.9573 1.0355 2.7494 0.9582 0.6984 | 0.9849 1.8383
2007 | 0.9926 0.9502 1.0324 2.8385 1.1061 0.7725 | 1.1335 2.0837
2008 | 0.9925 0.9431 1.0270 2.9151 0.9298 0.7183 | 0.9477 1.9747
2009 | 0.9925 0.9360 1.0165 2.9633 1.0623 0.7631 | 1.0718 2.1164
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Figure 17: Technical efficiency in Chinese inland aquaculture (2009) (sensitivity

test)
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Table 15: Analysis of technical efficiency (sensitivity test)

Model I (FE) Il (FE)
coefficient t-value coefficient t-value

(In)Extension 0.0258 231 ** 0.0403 560 ***

(In)Area -0.0026  -0.16

(In)Fry -0.0172  -3.31 ***

(In)Labor 0.0182 1.39

(In)Boats -0.0489 -10.43 ***

Avg. temp. -0.0277 451 *** -0.0360  -5.05 ***

Tot. precip. 2.39E-06 0.15 -9.13E-06 -0.50

Constant -0.1256  -0.77 -0.2502  -2.29 **

Observations 369 369

Provinces 22 22

R-squared 0.5613 0.3686

Note: * significant at 10%-level; ** significant at 5%-level; *** significant at 1%-level
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5. Discussion

5.1 Contributions

China’s agriculture can draw on only 7% of the globally available arable land to support
around 22% of the world’s population. Continuing population growth and a growing
wealth imply that China will have to continue to increase the agricultural output
generated from this land if the declared self-sufficiency goals are to be met. Due to the
strong agricultural development of the past few decades, China has managed not only to
substantially increase total agricultural output but also to notably raise the per capita
availability of many food commodities, including grain, meat and aquatic products. This
development, however, has created considerable pressure on agricultural resources
(Zhao et al., 2008). It is hence an important question, whether Chinese agriculture will
be able to continue growing or whether factors exist, which could adversely affect its

future development.

Against this background, it has been the purpose of this thesis to contribute to the
literature on Chinese agricultural production in two fields: First, according to the
discussion in Section 1.1.2, global climate change could potentially have strong and
adverse impacts on Chinese agriculture. Possible effects on grain farming and inland
aquaculture, as two of its most important sub-sectors, have been discussed in greater
detail. Nevertheless, the effects of climate change are still often neglected in studies on
agricultural production in general, and virtually no economic empirical evidence exists
regarding climate change impacts on Chinese inland aquaculture. Another issue, which
has received insufficient attention in the agricultural economics literature on both grain
farming and inland aquaculture in China, especially in connection with climate change,
is that of output risks. A thorough analysis of climate change impacts on agricultural
production should, however, include this issue, as risk-related findings might hold
important policy implications.

Hence, two sector-specific climate impact studies have been conducted on the basis of
newly assembled province-level panel data sets on grain and inland aquaculture

production, which cover all relevant production regions of China. In order to be able to
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analyze the marginal effects of changes in different climate variables on both mean
yield and on yield risk in the two sub-sectors without neglecting the contributions of
regular input factors, modified Just and Pope (1978, 1979) yield models have been
employed.

Secondly, despite the important contributions of the inland aquaculture sector to overall
food and nutrient supply in China and despite the expected future increases in aggregate
demand, the discussion in Section 1.1.3 has revealed a lack of systematic attempts to
analyze the sources of the observed growth in inland aquaculture production.
Specifically, the development of total factor productivity growth and its components
(technical change, technical efficiency change and scale change) in the Chinese inland
aquaculture sector is as yet largely unknown. Such knowledge, however, is
indispensable for designing policies aimed at a further expansion and development of

inland aquaculture production.

To remedy this deficit, a stochastic frontier panel data model employing the time-
varying technical inefficiency specification by Battese and Coelli (1992) has been
applied to the aforementioned data set on Chinese inland aquaculture production. This,
in addition to serving as the foundation for estimating the above components of total
factor productivity growth, also provides the necessary information for an analysis of

the geographical distribution, development and determinants of technical efficiency.

5.2 Results and Conclusions

A cross-sectoral comparison of the obtained results regarding the marginal effects of
climate change, i.e. of changes in the different temperature- and precipitation-related
variables, reveals considerable heterogeneity. This generally supports the approach of
sector-specific climate impact analyses to obtain clear and informative results.

With respect to Chinese inland aquaculture, the results indicate that both increasing
annual average temperatures and increasing levels of total annual precipitation would
lead to improvements in mean yields. More specifically, the relationship between the
annual average temperature and the yield level has been found to be of a non-linear
nature with a positive but gradually diminishing marginal product, whereas the
relationship between the level of total annual precipitation and the yield level turns out

to be linear. Employing the coefficient estimates of the temperature and precipitation
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variables from the mean vyield function, it could be determined that a 1°C increase in
annual average temperature and a 100 mm increase in total annual precipitation would,
ceteris paribus, increase the average aquaculture yield by 6.8% and 1.2%, respectively.
At market prices, the additional national output due to the increase in temperature
would have a value of around USD 2.97 billion. The increase in precipitation in turn
would lead to an additional output with a value of USD 0.52 billion. With respect to the
effects of climate change on the risk level, it has been found that increasing annual
average temperatures have a negative marginal effect on yield risk in the Chinese inland

aquaculture sector as a whole.

In the case of Chinese grain farming, the results show that increasing annual average
temperatures would reduce mean yields in both North and South China, though the
effect on North China would be stronger. Increasing annual precipitation quantities in
turn would benefit North China in terms of rising yields but would hurt South China.
Based on the marginal effects of changes in the annual climate conditions, it has been
calculated that China as a whole would experience a change in average grain yield of
-1.45% following a 1°C increase in annual average temperature, whereas a 100 mm
increase in total annual precipitation would raise the average grain yield by 1.31%,
which shows the dominant influence of the yield improvements in North China. The
corresponding changes in total output would have a market value of USD -1.92 billion
and USD 1.74 billion, respectively. Moreover, it has been found that North China also
has to expect being affected by the predicted increases in climate variability.
Specifically, it would experience decreasing mean grain yields in the case of an
increasing variability of precipitation. Regarding yield risks, the results indicate that
increasing temperatures and precipitation levels would both reduce the level of risk in

South China, whereas they would have no statistically significant effect on North China.

In order to fully understand the implications of climate change for the specific sub-
sectors under analysis in the present thesis, it is necessary to interpret the above results
before the background of the corresponding production processes. This is made possible
by the use of yield functions, which incorporate both regular input factors and climate

factors.

In the context of inland aquaculture production, the expected main changes in climate
(i.e. a gradual warming and increasing precipitation levels) do not threaten the short-

term development of the sector given the current structure of production. To the
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contrary, it has been found that inland aquaculture would benefit from these changes.
This implies that the species available for aquaculture production are well-suited for the
environmental conditions expected for the near future, particularly in regard to their
temperature tolerances, which likely enables them to benefit from increasing

temperatures in terms of an improved growth.

In the case of Chinese grain farming, it has emerged that the specific environmental
conditions under which grain production is carried out matter for the effect of climate
change. Specifically, the general level of water availability has been concluded to be a
key factor in this respect. North China, which is considerably more water-scarce than
South China and which suffers more often from droughts, would be more severely
affected by increasing annual average temperatures and the concomitantly rising
evapotranspiration losses of water. Thus, it would benefit noticeably from increasing
precipitation quantities. Correspondingly, it has been found that in terms of mean yield,
North China would benefit substantially more than South China from increasing the
share of its grain acreage under irrigation. Against this background it also does not
come as surprise that increases in the extent of irrigation would reduce yield risks in
North China. In the case of South China, the relative abundance of water and
precipitation in turn might mitigate the effects of rising temperatures to some degree
and can explain why increases in precipitation might rather lead to more intense floods,
which would reduce mean yields. Overall, the existence of both beneficial and adverse
impacts of climate change on grain yields implies that the net effects on this sector will
depend strongly on the exact pattern of changes in the temperature- and precipitation-

related variables (i.e. on the climate change scenario).

The analysis of total factor productivity in Chinese inland aquaculture has provided
important insights with respect to the drivers of past output growth. According to the
results, total factor productivity has increased almost continuously between 1993 and
2009, though at a decreasing rate. In cumulative terms, total factor productivity has
nearly doubled over this period. The driver of this development has been technical
change, the index of which more than tripled until 2009. The observed improvements in
technology have been more than sufficient to compensate for the negative development
of technical efficiency and the negative contributions of scale changes. However,
technical change has slowed down over time, which has been identified as the reason
for the slowdown in total factor productivity change. Nevertheless, as a determinant of

output growth, total factor productivity change has, despite some variability, over time
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become approximately equally important as growth in input use, after input use has
initially been the dominant source of output growth.

An analysis of the geographical distribution of technical efficiency has shown
considerable differences between the different regions of China. Specifically, the
provinces with the highest levels of technical efficiency cluster in Southeast and East
China, while the north and the west of the country are characterized by very low levels
of technical efficiency, which has, among other reasons, been attributed to different
levels of economic development, water availability and experience in aquaculture

production.

A detailed analysis of the determinants of technical efficiency by means of a second-
stage regression has revealed that an increasing number of aquaculture technical
extension staff per unit of labor in aquaculture production would have an important
positive marginal effect on technical efficiency in this sector. Drawing on this result, it
has been concluded that the observed decrease in the number of aquaculture technical
extensions staff per unit of labor in production has contributed to the decrease in
technical efficiency over the observation period. Increasing annual average temperatures
in turn were found to reduce technical efficiency at the margin, whereas a more
intensive production could have positive or negative marginal effects, depending on the

input variable.

These results have several main implications. The observed slowdown in technical
change gives cause for concern regarding the future development of total factor
productivity. Different factors have been suggested as possible reasons for this,
including problems with respect to technology diffusion and unsuitable technological
innovations. Moreover, the relatively low average level of technical efficiency and its
negative trend suggest that aquaculture producers find it increasingly difficult to make

full use of the potential of the available technology.

5.3 Policy Recommendations

The analyses with respect to inland aquaculture and grain farming presented in this
thesis have contributed new insights regarding agricultural production in China. Based
on the results and discussions regarding the impacts of climate change on inland

aquaculture production and grain farming under special consideration of yield risks and
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regarding total factor productivity and its determinants in inland aquaculture production,

conclusions regarding policies and advisable production adjustments can be drawn.

The analysis of climate change impacts on inland aquaculture production indicates
positive marginal effects of increasing annual average temperatures and total annual
precipitation levels on mean yields and a negative marginal effect of increasing
temperatures on vyield risks. All these effects are beneficial for the aquaculture sector.
Hence, based on the present study, there is apparently no urgent need for policy
interventions or changes in the structure of production to cope with the impending
changes in climate. It should, however, be reemphasized that the results of the climate
impact studies in this thesis only pertain to the short-run due to the focus on marginal
effects. The long-run impacts might well be different and it would therefore be prudent
to carefully observe whether the relationship between inland aquaculture yields and

climate changes in the medium- to long-run.

For now, the effects of climate change on the inland aquaculture sector, however, do not
threaten to bind resources that could otherwise be put to a productive use. Hence, efforts
can be directed toward a further development and expansion of the sector. Specifically,
based on the coefficient estimates regarding the regular input factors, it emerges that an
increasing use of fry and labor in the production process would lead to higher mean
yields and that using more fry would have the additional benefit of reducing the level of
yield risk. Consequently, policies fostering a more intensive production will be
beneficial for inland aquaculture production in terms of raising and stabilizing future
output quantities. This should help the sector to cope with the projected increases in the
demand for aquatic products in China. Moreover, the results imply that changes in the
use of certain input factors represent a possible way to mitigate external risk effects
from sources other than input use or climate change, which were not considered in the
present study. A reduced variability of yield and hence output would moreover help to
avoid supply and price fluctuations in domestic and international markets. It should
however be considered that an intensification of production in terms of increasing
stocking densities might only at first be beneficial as the sector develops away from
production systems relying heavily on semi-intensive and extensive polyculture
practices towards more intensive and more managed production systems. In the longer
term, this strategy might cause problems as ever-increasing stocking densities are likely
to lead to a deteriorating water quality. Hence, sustainability considerations and

environmental regulations should be part of any long-term development strategies
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aimed at maintaining or improving the ability of the inland aquaculture sector to
contribute to overall food supply in China.

The results regarding climate change impacts on grain farming give more cause for
concern. Specifically, the projected increases in annual average temperatures would lead
to reductions in mean grain yields throughout China. While it has been found that
increasing precipitation levels could at least partially counter this effect in the case of
North China, such a development would have a negative marginal effect on mean grain
yields in South China. Hence, while the net effects of changes in the different climate
variables will depend on the exact climate change scenario, there is a concrete
possibility of a negative outcome in the near future. Given that the general level of
water availability has been identified as a key factor determining the impact of climate
change, it should receive special attention in the design of adaption measures,

particularly in the case of North China.

As the benefits from increases in precipitation in North China are uncertain in
magnitude and timing, improvements of the irrigation system seem particularly
promising to stabilize or increase yield levels. Moreover, according to the results
regarding yield risks in North China, a higher degree of irrigation would also be
associated with more stable yield levels, which would represent an additional benefit.
Possible measures could on the one hand include an increase of the share of the grain
acreage under irrigation. On the other hand, investments in a more efficient irrigation
infrastructure with the goal to reduce unproductive water losses, for example due to
damages or evaporation, could be beneficial. However, as has been discussed before,
water is generally a scarce resource in North China and the use of groundwater for
agricultural purposes has already led to a considerable lowering of the ground water
table in several regions. Consequently, if a sustainable supply of water for irrigation
purposes is difficult to ensure, improvements in the reliability and efficiency of the
existing system seem more promising. The importance of efficient water utilization in
Chinese agriculture for coping with the effects of climate change is also emphasized by
Wang et al. (2010), who additionally point out that the Chinese government and private
farmers have already begun to invest in irrigation infrastructure and to adopt measures
aimed at using water more efficiently. Based on the results presented in this thesis, these

investments and efforts should be strengthened.
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Increasing fertilizer use has emerged as another way to increase mean grain yields in
North China. However, given the already high level of fertilizer application, the
potential environmental long-term consequences and the risk-increasing effect of such a
measure would make policies encouraging further increases in fertilizer use seem less

advisable.

For the case of South China, where the level of water availability in general and that of
precipitation in particular is considerably higher, it turns out that an expansion of the
irrigation system with the intention to compensate for climate-induced mean vyield
reductions would have a weaker effect and would aggravate yield risks. Hence, if such a
strategy was chosen, it would be important to compensate for the concomitant increase
in risk. In addition to the expected reductions in yield risk stemming from climate
change, a further risk reduction could be achieved by employing more labor or
machinery. A possible way to deal with the adverse effects of increasing precipitation
levels on mean yields in South China would be to promote investments in improved

flood control systems.

The third study in this thesis has shown that total factor productivity in China’s inland
aquaculture sector has nearly doubled between 1993 and 2009 and that technical change
has been the driver of this remarkable development. Based on a detailed analysis of total
factor productivity and its determinants, several issues have been found, which require
attention. Specifically, technical change has experienced a slowdown while technical
efficiency has even decreased over the observation period. In order not to endanger the
future ability of the inland aquaculture sector to continue growing, it is necessary to
address both issues. Technical change might be promoted by strengthening research into
new technologies. For this to be an effective measure, the new technologies should be
geared towards the specific challenges and environmental conditions faced by
aquaculture producers, including an increasing scale and intensity of production,
situations of water scarcity and increasing water pollution. A well-functioning

agricultural extension system can help aquaculture producers to adopt new technologies.

However, the observed decrease in technical efficiency indicates that producers have in
the past not been able to fully use the potential of the available technology and that their
ability to do so has even decreased over time. To remedy this issue, it would be
beneficial to provide more technical and managerial training to aquaculture operators.

This would help them to efficiently utilize their resources and technologies and to deal
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with environmental and other challenges. Specifically, as a first measure, the negative
trend in the number of aquaculture technical extension staff per unit of labor in
aquaculture production should be reversed in order to improve the capacity of the
extension system to offer services to aquaculture producers. More training could also
enable producers to compensate for the negative effects of the expected increases in
China’s annual average temperature on technical efficiency. However, as discussed in
the study, it might additionally be necessary to improve the efficiency of the extension
system itself by allowing extension specialists to spend most of their time on actual
extension-related work instead of other duties (e.g. administration) and by enabling
them to give advice independent of any business interests.

The analysis of the geographical distribution of the technical efficiency scores in the
Chinese inland aquaculture sector has moreover revealed considerable heterogeneity
among the provinces. Given that the least efficient provinces make only small
contributions to national output, it would be a more efficient measure to concentrate
efforts aimed at promoting increases in technical efficiency on those provinces, which
currently feature intermediate levels of technical efficiency. An intensification of
domestic trade could assure that future increases in the demand for aquatic products in

provinces with very low levels of technical efficiency are satisfied.
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