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Abstract Understanding the regional food security situ-
ation is of great importance to maintaining China’s food
security. To provide targeted information to help regional
policymakers monitor food security status, based on the
differentiated foci during the phased development of food
security, this paper was conceived from the perspective of
the need for early warnings and proposes a framework for
regional integrated food security that incorporates food
quantity security, food quality security, and sustainable
food security. In this framework, an indicator system is
proposed, and the calculation of these indicators, as well as
their warning thresholds and warning ranges, is discussed.
To test this approach, a case study was conducted in one of
China’s major grain-producing areas, the Dongting Lake
area. The results showed that the overall integrated food
security situation in this area was generally in the low-
alarm range between 1986 and 2011; the primary causes of
this status were food quality security, generally in the low-
or medium-alarm range, and sustainable food security,
which in 14 of the 26 years was in the low-alarm range.
The government should establish a more robust system for
monitoring the quality of agricultural products, controlling
waste discharge, and guaranteeing poor individuals access
to sufficient, safe, and nutritious food to meet their dietary
needs. Policies on pesticide and fertilizer application
should shift from actively encouraging more use to con-
trolling excess application.
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Introduction

The widely accepted concept of food security has been
defined by the FAO as follows: ‘‘Food security exists when
all people, at all times, have access to sufficient, safe, and
nutritious food to meet their dietary needs and food pref-
erences for an active and healthy life’” (FAO 2003). As the
most populous country where the per capita presence of
most natural resources is far below the world average,
China never fails to attract attention from researchers and
policymakers with regard to its food security.

In recent decades, most studies on China’s food security
have focused on food quantity and have aimed at helping
the government achieve a national food self-sufficiency
rate of 95 % and 400 kg/capita/year of annual available
grain per capita (Felloni et al. 2003; Ma and Wang 2010);
food quality and environmental issues arising in the pro-
cess have been neglected (Qi et al. 2013). While in recent
years, China’s food self-sufficiency and annual available
grain per capita have reached the above goals (NBSC
2014), this progress has accelerated the processes of
resource degradation and environmental pollution, as well
as the deterioration of food quality and safety, forcing
policymakers and researchers to begin thinking about the
quantity of food. Most relevant studies, however, have
analyzed food security from the three aspects of food
availability, access, and utilization (Gregory et al. 2005;
Ericksen 2008; Barrett 2010; Ingram 2011), tending to
include these scale-differentiated issues in studies with
national/individual food insecurity as their major concern.
The lack of comprehensive studies of fixed scales based on

@ Springer



316

X. Qi et al.

socioeconomic status, resources, and environmental con-
ditions and carried out from the perspective of decision
making made it difficult for regional policymakers to adopt
and act upon important findings. Therefore, to construct a
decision-oriented framework according to the social char-
acteristics and development phases of food security, Chi-
na’s food security should be considered in an integrated
manner: From the perspective of food quantity, govern-
ments must ensure the overall balance and stability of food
supply and demand (Feng 2007; Felloni et al. 2003); from
the aspect of food quality, food should be harmless and
nutritionally balanced (Ensminger and Ensminger 1993;
Zhong et al. 2010); and as for food sustainability, gov-
ernments should ensure short-term capacity to produce the
required amount of food, and food should not be obtained
at the expense of the sustainability of the socio-ecological
system in the long run (Azar et al. 1996; Qi et al. 2013).
Many domestic researchers have asserted that China should
revise its national food security strategy to promote the
new concept of “integrated food security” with grain
production as its central concern (Ding 2006; Xu et al.
2006). However, these ideas have remained in the con-
ceptual or theoretical stage with no practicable method to
analyze them, and a complete analytical framework of
integrated food security is urgently needed.

To date, comprehensive studies on food security have
typically been conducted at the national or global level.
Although several studies were valuable and insightful
(Carvalho 2006; Godfray et al. 2010; Foley et al. 2011;
Krishnamurthy et al. 2014), their results were not made
available to regional policymakers due to their coarse
spatial resolution; the strategies used to manage and adapt
to food security risks are highly contextual, and analyses at
the national and global levels may hide regional trends.
The most relevant studies conducted at the regional level
generally focused on one or two issues that may cause food
insecurity, such as natural disasters (Tadesse et al. 2008;
Tirivarombo and Hughes 2011; Ashraf et al. 2013), adap-
tation capability (Groenewald and Bulte 2013; Chen et al.
2014), food requirements (Desjardins et al. 2010), food
claims (Louden and MacRae 2010), food flows (Giombo-
lini et al. 2010; Zhou et al. 2012), food sovereignty (Rocha
and Liberato 2013; Quave and Pieroni 2014), food avail-
ability (Kiriti and Tisdell 2004; Acheampong et al. 2011;
Li and Shangguan 2012), food supply chains (Ilbery and
Maye 2005), and economic recession (Carney 2012).
Because these studies tended to concentrate on a certain
aspect, their results did not provide comprehensive and
sufficient information to regional policymakers.

From the perspective of risk management, food security
must be monitored at various levels of aggregation, such as
household, local, regional, and national. The main objec-
tive of an early warning system is to monitor food security
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and nutritional status to inform policymakers of impending
food shortages (Zhong et al. 2010). National early warning
systems are generally implemented by governments with
the help of external donors and implementing agencies,
such as FAO, and focus on monitoring food availability
and the food needs of vulnerable populations to prevent
famine-related disasters (FAO 2000; Suresh and Ergen-
eman 2005). Although constructing such a system would
be a useful tool for policymakers to monitor food security
status, few studies on food security have been conducted
from the perspective of early warning, and none to date has
considered food security in an integrated manner (Genesio
et al. 2011; Brickley 2012; Husak et al. 2013).

As noted above, there has long been a gap between
scientific research and the concrete pursuit of integrated
food security on a regional scale. Because food production
is dominated by the major grain-producing areas in China,
integrated food security conditions are of particular con-
cern for these regions (Liu et al. 2010; Qi et al. 2013).
Therefore, this paper is driven by the view that there is
practical value in studying a food security early warning
system in terms of integrated food security, focusing on the
major grain-producing areas, at the regional level.

To provide targeted information for regional policy-
makers to monitor food security status, this paper aims to
establish an early warning system that can be used to
evaluate integrated food security status based on regional
socioeconomic status, resources, and environmental con-
ditions. The first step is to propose a system of indicators to
identify the causes of food quantity insecurity, food quality
insecurity, and sustainable food insecurity. Next, the cal-
culation of these indicators, as well as their warning
thresholds and warning ranges, will be elaborated. The
approach is tested through a case study conducted in the
Dongting Lake area, China.

Methods and procedures
Study area and data sources

This research has examined the Dongting Lake area
(110°29'-114°15'E, 26°03'-30°08'N). This region is loca-
ted in northern Hunan Province and has long been a major
grain-producing area in China (Fig. 1). The raw data were
taken from the 1987 to 2012 editions of the Hunan sta-
tistical yearbook and the Hunan rural statistical yearbook.

Framework of the indicator system
Early warning is a process of verifying alarms, detecting

alarm sources, analyzing alarms, predicting the degrees of
alarms, and removing alarms (Zhao et al. 2006). Each
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Fig. 1 Location of the
Dongting Lake area
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alarm has its source, which before being triggered, and
without exception, produces a warning. Detecting the
source is the foundation of early warning analysis as well
as the premise of alarm removal. Because this paper aims
to provide intuitive information on the current situation and
the upcoming crisis of food insecurity for policymakers,
with a focus on the socioeconomic and socio-ecological
aspects that are easily affected by human behavior, we
tended to choose the intuitive indicators that could better
reflect the short-term food security situation. The con-
struction process of the early warning indicator system is as
follows:

As stated in the introduction, the early warning indica-
tors of regional integrated food security can be divided into
three main types: food quantity security indices, food
quality security indices, and sustainable food security
indices. Regarding food quantity security, the Chinese
government mandated provincial leaders to take responsi-
bility for maintaining an overall balance of food supply and
demand within their provinces as early as 1995 (OECD
1999); thus, the balance and stability of regional food
supply and demand are issues of greatest concern. Data on
undernourishment, an indicator of hunger and food inse-
curity, are collected at global and national levels but pro-
vide little useful information to regional policymakers.
While there are no statistics on the prevalence of
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undernourishment in the Dongting Lake area, food price
volatility, diet quantity, nutritional balance, and income in
poor areas—which are included in the food quantity
security indices, food quality security indices, and sus-
tainable food security indices in this paper, respectively
(Fig. 2)—provide more comprehensive and detailed
information (Krishnamurthy et al. 2014).

Frequent food hazards and accelerating changes in die-
tary structure make food safety and nutritional security the
issues of greatest domestic concern in terms of food quality
security (Bai et al. 2007; Ortega et al. 2011). For the
Chinese-style dietary structure, nutritional security can be
broadly measured by three aspects: high-quality protein,
fat, and calories (CNS 2008). Although numerous indica-
tors can be used to monitor food safety (e.g., additive
residues, toxin residues, child stunting), few data were
available in this area; as a result, only three indicators were
developed for this framework (Fig. 2).

For sustainable food security, there are a wide variety of
evaluation indicators. As discussed in the introduction, this
paper primarily focused on the short-term sustainability of
food production while taking into account the sustainability
of the socio-ecological system in the long run. Although
the interactions and trade-offs between agricultural pro-
duction and environmental security are complex (Foley
et al. 2011), long-term environmental sustainability has
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Fig. 2 Early warning indicator system for regional integrated food security risk

been ignored when the two conflict because China is a
populous developing country where ensuring continued
growth of food production is the most critical priority. For
example, while increases in the cultivated area per capita
has both positive and negative influences on sustainable
food security (the positive being that more cultivated land
allows for more food production, while the negative is
increased ecological degradation, which may harm future
production), only the positive influence was considered in
this paper (as with irrigation and agricultural investment).
Additionally, the composite indicators (those that are not
intuitive, such as ecosystem services value, ecological
footprint, and water footprint), the strict ecological indi-
cators (those whose impacts are more significant in the
long-term, such as biodiversity, ecological degradation,
and ecological functioning), and the highly elusive indi-
cators (those that are difficult to quantify and compare,
such as education level and road density) were excluded
from the sustainable food security indices.
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Based on the above discussion and the available data, 19
indicators were singled out, and a framework for an early
warning system for regional integrated food security was
constructed as shown in Fig. 2.

Meaning of each indicator and its calculation
Food quantity security indices

Food quantity security can be reflected through balance
indicators and stability indicators, with the balance
between food supply and demand as the basic goal and the
stability of food supply and demand as the key indicators.

Ratio of dietary energy supply and demand This indi-
cator reflects the ratio of regional food energy supply to
demand and can be calculated as follows:

_ DES — DED
" DED

AD x 100 %

(1)
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where DES is the dietary energy supply per capita, DED is
the dietary energy demand per capita, and AD is the ratio of
dietary energy surplus or deficiency to demand.

Food self-sufficiency ratio This indicator reflects the
capability of the regional food supply to meet demand:

S
Z=5x100% (2)

where Z is the food self-sufficiency ratio, S is the total food
yield, and D is the total food demand.

Food-grain reserve ratio This indicator reflects the
ability to counteract the risk of imbalance between supply
and demand:

K= g % 100% (3)
where K is the food-grain reserve ratio, R is the food-grain
reserves for a given year, and D is the grain consumption
for that year.

Fluctuation ratio of food yield This indicator reflects the
stability of the regional food supply:

Y,

—Y,_
v_\,:’Y—”xloo% (4)

—1
where V, is the fluctuation ratio of food yield, Y, is the food
yield for a given year, and Y;_; is the food yield for the
previous year.

Fluctuation ratio of food demand This indicator reflects
the stability of regional food demand:

D, —D,_
7’1) =l 100% (5)

t—1

Vi =

where V, is the fluctuation ratio of food demand, D; is the
food demand for a given year, and D,_ is the food demand
for the previous year.

Food market price fluctuation ratio This indicator
reflects the stability of the regional food market:

— Py
—x 100% 6
P (6)
where V,, is the food price fluctuation ratio, P; is the food
price for a given year, and P,_; is the food price for the
previous year.

Food quality security indices

Food quality security includes food nutrition security, food
quality and food safety. Food nutrition security indicators
reflect the degree of nutritional imbalance; food quality and
safety indicators reflect the effects of harmful substances in
food on human health.

Proportion of high-quality protein High-quality protein
refers to the protein contained in beans and food of animal
origin. The proportion of high-quality protein gives an

accurate reflection of the nutritional balance status of the

diet:

P, = il x 100 % (7)
Ty

where Py, is the proportion of high-quality protein, Hj, is the

content of high-quality protein, and T}, is the total protein

content.

Proportion of fat in total calories Fat is a major source
of essential energy for the human body. An excessively low
or high proportion of fat consumption is harmful to human
health. Therefore, the proportion of fat in total calories is
considered an important indicator of food nutrition
security:

Py = ? x 100 % (8)
c

where Py is the proportion of fat in total calories, Fyis the

caloric content of fat, and T, is the total calorie content of

food.

Proportion of calories from food of animal origin in
total food Food of animal origin is rich in protein, fat,
inorganic salts, and vitamins, although excessive intake
may increase the risk of cardiovascular disease. Its pro-
portion can reflect the quality of the diet:

Ca
Po == X 100% 9)

&
where P, is the proportion of calories from food of animal
origin in total food, C, is the calorie content of food of
animal origin, and 7, is the calorie content of total food.

Qualified ratio of pesticide residues Pesticides are
widely used in China; they effectively protect grains from
pests and insects and raise yields. However, some pesticide
residues found in food do great harm to human health.
Therefore, the qualified ratio of pesticide residues is con-
sidered a key indicator of food quality and safety. (This
indicator can be directly determined according to the
sampling data collected by the Agricultural Product Qual-
ity Monitoring Center of Hunan Province).

Qualified ratio of veterinary drug residues As for food
of animal origin, direct pollution sources are veterinary
drugs and feed additives. Residues of veterinary drugs in
food pose a direct hazard to human health. The qualified
ratio of veterinary drug residues is an important indicator
of the quality and safety of food of animal origin (This
indicator can be directly determined according to the
sampling data collected by the Agricultural Product Qual-
ity Monitoring Center of Hunan Province).

Amount of heavy metal residues Environmental prob-
lems in China are increasingly serious. Pollution comes
mainly from agricultural chemicals, solid waste, and sew-
age irrigation, resulting in greater or lesser amounts of
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residues, among which heavy metal residues in food are
extremely dangerous. Therefore, the amount of heavy
metal residues is regarded as an important indicator of food
quality and safety (This indicator can be directly deter-
mined according to the sampling data collected by the
Agricultural Product Quality Monitoring Center of Hunan
Province).

Sustainable food security indices

Sustainable food security includes socioeconomic sustain-
ability and the sustainability of resources and the envi-
ronment; its evaluation indicators are described below.
Rate of increase in agricultural investment Sustained
agricultural investment is critical to the development of
agricultural production. In a developing country such as
China, a sustainable food supply cannot be achieved
without agricultural modernization and mechanization,
which depend on an increase in agricultural investment:

I -1,

R = 1 % 100% (10)

i1
where R; is the rate of increase in agricultural investment, /;
is the total agricultural investment in a given year, and /,_;
is the total agricultural investment in the previous year.
Engel’s coefficient This indicator refers to food expen-
diture as a proportion of total household spending and is
widely used to measure people’s living standards:

F
E = x100% (11)

where E is Engel’s coefficient, F is food expenditure per
capita, and T is total expenditure per capita.

Ratio of per-capita income in high-poverty areas This
indicator refers to the per-capita income in high-poverty
areas as a proportion of regional per-capita income. It
reflects the food-purchasing power of poor people:

I
R, :I—’:x 100 % (12)

where R, is the ratio of per-capita income in high-poverty
areas, I, is the per-capita income in high-poverty areas, and
I, is the regional per-capita income.

Cultivated area per capita As the world’s most popu-
lous country, China has per-capita natural resources sub-
stantially below the world average. A certain amount of
cultivated land must be maintained to achieve sustainable
food security when China reaches its peak population. (The
indicator value was taken directly from the Hunan statis-
tical yearbook).

Effective proportion of irrigated land Per-capita water
resources in China are less than one-quarter of the world
average, and their spatial and temporal distributions are
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uneven. The effective proportion of irrigated land has
become a major factor in regional grain-production
capacity:

P, =Ei s 100% (13)
T.
where P, is the effective proportion of irrigated land, E; is
the effective irrigated area, and 7, is the total cultivated
area.

Level of risk from natural disasters The average annual
grain losses caused by natural disasters represent more than
7 % of total grain production in China (NBSC 2014).
Therefore, the level of risk from natural disasters must be
treated as an important environmental indicator of sus-
tainable food security:

N,

s
where P, is the level of risk from natural disasters, N, is the
area at risk from natural disasters [i.e., where yields are
reduced more than 10 % due to natural disasters (Simelton
2011)], and T; is the total cultivated area.

Amount of waste discharge Waste discharge is the major
source of environmental pollution in China. It poses risks
not only to sustainable food quantity security but also to
sustainable food quality security:

PW:PZ_PL‘ (15)

where P, is the amount of waste discharge, P, is the total
amount of waste, and P, is the amount of controlled waste.

Calculation of normalized values and weights

Because the dimensions of these evaluation indicators vary,
all of the indicators must be transformed into dimension-
less values. The normalization equation is:

Xi = Xi(min)
=,
Xi(max) — Xi(min)

i=1,2,...,n (16)

where x; is the real value of the ith indicator, x;,;,) is the
smallest real value of the ith indicator, X;,,,, is the greatest
real value of the ith indicator, and z; is the normalized value
of the ith indicator. In this paper, the integrated food
security risk indicators can be divided into positive indi-
cators and reverse indicators. For a positive indicator, the
greater its value, the more security it reflects; its normal-
ized value is z;. For a reverse indicator, the greater its
value, the less security it reflects; its normalized value is
1 — z;. After conversion, the normalized values are all
between 0 and 1; 1 indicates the highest security, and O
indicates the lowest security.

After calculating the normalized value of each indicator,
weights must be defined. Although a balanced weight
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approach is the simplest method and has been widely used 1 aij '
in relevant studies (Sullivan 2002; Hahn et al. 2009; Wi i=12,...,n (19)

Krishnamurthy et al. 2014), an approach incorporating
expert opinion (i.e., the Delphi method) is preferable for
determining the weighting scheme because it can reflect the
perceived importance of specific factors (Chang 1996;
Eakin and Bojorquez-Tapia 2008; Ma et al. 2011). The
calculation process for the latter approach is as follows.

Construction of comparison matrix

To quantify the perceived importance of the 19 indicators
(Fig. 2), seven experts were invited to make pairwise
comparisons of the food quantity security indices, food
quality security indices, and sustainable food security
indices based on their expertise (e.g., an expert familiar
only with food quality security was asked to compare only
the food quality security indices). Using the food quantity
security indices as an example, the analysis steps are as
follows:

Considering an evaluation value a; denotes the pro-
portion of indicator A; and A;:

ajj :A,‘/Aj, ajj >0 (]7)

where a;; is the ratio of relative importance of A; and A; for
food quantity security. Assuming A; is more important than
Aj, or at least equally important, i.e., a; > 1 (then a; = 1/
a; < 1), a five-level comparison measure method can be
provided with reference to the relevant studies as shown in
Table 1 (Zhang 2008; Gumus 2009).

Calculation of preliminary weights

After a pairwise comparison based on the measures shown
in Table 1, an orthogonal matrix can be formed:
all DR a[j
V=1|: "~ |, iLj=12,..,n (18)
aji e Apm
where V is a pairwise comparison matrix of the food
quantity security indices. Then, the weights of these indi-
cators can be calculated by the following functions:

Table 1 Comparison measures of two specified indicators

Evaluation value Interpretation

A; and A; are equally important

A; is slightly more important than A;
A; is obviously more important than A;
A, is strongly more important than A;

O S S

A; is extremely more important than A;

== ~n_ _
nj:1 Zk:l Aij

where w; is the weight of the indicator A;.
Determination of final weights

Logically speaking, if A; is more important than A;, and A;
is more important than A;, A; should be more important
than A,. However, in a practical comparison, the opposite
situation may occur and result in unreasonable results. To
ensure that the weights are logical and consistent with each
other, the results must be checked. The calculation func-
tions are as follows:

AW = Jpar W (20)
;Lmax —n
Cl =—— 21
— (21)
CR = CI/RI (22)

where W = (wy, ws,.. .,w,,)T and A,,,, are the corresponding
eigenvector, and the maximal eigenvalue of the matrix V,
ClI is the consistency index, RI is the random index (it is a
constant that can be directly determined by the order of the
matrix) (Zhang 2008), and CR is the consistency ratio. If
CR < 0.1, then the degree of consistency is satisfactory
and the preliminary weights can be regarded as the effec-
tive weights; otherwise, the pairwise comparison is invalid.
After the consistency check, the final weights (i.e., the
average effective weights of all of the experts) of these
indicators are determined as shown in Table 2.

After the normalized values and weights of each indi-
cator have been calculated, the integrated index value can
be calculated as:

n .
gZhmn g, @)

where Z is the integrated index value and z; and w; are the
normalized value and the weight of each indicator.

Identification of warning thresholds and warning ranges

Based on relevant standards, the warning thresholds of the
following indicators were established as follows.

Warning threshold for proportion of high-quality pro-
tein The Chinese Nutrition Society suggests that the pro-
portion of high-quality protein should optimally be 62.5 %
and no lower than 40 % (CNS 2008). Therefore, 40 % has
been recognized as the warning threshold for the propor-
tion of high-quality protein.

Warning threshold for food self-sufficiency ratio Many
researchers have argued that the Chinese government
should maintain at least 95 % food self-sufficiency to
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Table 2 Weights of regional integrated food security risk indicators

Indices category Weights

Food quantity security indices Aq: 0.395 Ay 0.213 Aj: 0.213 Ay: 0.046 As: 0.075 Ag: 0.057

Food quality security indices B;: 0.116 B>: 0.109 B3: 0.064 B,4: 0313 Bs: 0.222 Bg: 0.176

Sustainable food security indices Cy: 0.130 C,: 0.044 C5: 0.109 Cy: 0.273 Cs: 0.243 Ce: 0.101 C5: 0.100

Data source: Hunan statistical yearbook and Hunan rural statistical yearbook 1987-2012 (SBHP 2013; RITHP 2013)

ensure national food security, although the government has
considered 90 % food self-sufficiency acceptable (Felloni
et al. 2003; NDRC 2008; Qi et al. 2014). However, because
Dongting Lake is a major grain-producing area with a food
self-sufficiency ratio of approximately 100 % in the past
decade (SBHP 2013), a 100 % food self-sufficiency ratio
has been considered to be the warning threshold.

Warning threshold for food-grain reserve ratio The
food-grain reserve ratio in China was approximately 25 %
in the last century but has achieved 30 % in recent years
(Zhu 1998; Ding 2008). Taking into account the upcoming
population peak (Simelton 2011), 30 % has been recog-
nized as the warning threshold.

Warning thresholds for Engel’s coefficient According to
the FAO standards, an Engel’s coefficient above 59 %
represents absolute poverty; 50-59 % barely enough food
and clothing; 40-50 % a “moderately well-off” standard of
living; 3040 % a “well-to-do” standard of living; and
below 30 % a “wealthy” life (Kai and Qin 2011). China
has reached the stage of “moderately well-off”, and
therefore 40 % was set as the warning threshold.

Warning thresholds for proportion of fat in total calo-
ries The World Health Organization recommends that
15-30 % of total calories be derived from fat (WHO 1990).
China’s nutritionists have also suggested that caloric con-
sumption per capita per day should be limited to between
2,300 and 2,600 kcal, with a fat proportion between 20 and
30 % (Feng 2007). Therefore, 30 and 20 % were consid-
ered the upper and lower warning thresholds, respectively.

Warning thresholds for proportion of calories from food
of animal origin in total food Countries differ significantly
in dietary structure. Consistent with the recommendations
of the Chinese Nutrition Society and relevant studies
(Zhang 2006; CNS 2008), 20 and 10 % were considered
the upper and lower warning thresholds, respectively.

Warning thresholds for qualified ratios of pesticide and
veterinary drug residues and amount of heavy metal resi-
dues Consistent with the relevant studies and the quality
status of agricultural products in China (Li 2003), 50 %
was set as the warning threshold for qualified ratios of
pesticide and veterinary drug residues. The warning
threshold for amount of heavy metal residues was deter-
mined by the Agricultural Professional Standard of China
(NY861-2004) (MAC 2005).
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For the remaining indicators, there are no relevant
standards by which to set warning thresholds. Based on
relevant studies, the majority principle has been used to
calculate their thresholds (Zhao 2007; Zhong et al. 2010).
This principle is based on historical annual data, selecting
each indicator in two-thirds of the past years—with rela-
tively higher normalized values—as a warning-free period
and classifying the indicators in the remaining third of the
years into no-alarm, low-alarm, medium-alarm, high-
alarm, and huge-alarm categories.

The warning ranges of each evaluation indicator were
calculated using the methods described above (Table 3).
According to the meaning of the integrated index value
(described in “Calculation of normalized values and
weights™), the warning ranges of the integrated food
security indicators can be equally divided into five parts, as
shown in Table 3.

Results and discussion

With reference to the framework for integrated food
security early warning described above, the integrated
index values and the corresponding warning ranges can be
calculated as shown in Table 4, and the trends of these
values are indicated in Fig. 3.

The results show that the overall integrated food security
situation in the Dongting Lake area was generally in the
low-alarm range between 1986 and 2011; the primary
causes of this status were food quality insecurity, which
was generally in the low- or medium-alarm range, and
sustainable food security, which in 14 out of the 26 years
was in the low-alarm range.

From the perspective of food quantity security, as a
major grain producer, the status of the Dongting Lake area
was basically safe and stable between 1986 and 2011. Over
the last two decades, the food self-sufficiency and food-
grain reserve ratios remained above the security thresholds
(i.e., warning-free), and the indicators used to evaluate
supply and demand stability (i.e., the fluctuation ratios of
food yield, food market price, and food demand) were
sometimes in the low- or medium-alarm ranges, which
somewhat affected regional food quantity security. How-
ever, when viewed holistically, these effects were slight.
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Table 4 Integrated index values and the corresponding warning ranges
Year Food quantity = Warning  Food quality Warning Sustainable food ~ Warning Integrated food ~ Warning
security index  range security index  range security index range security index range
1986 - - 0.61 Low-alarm 0.87 No-alarm 0.74 Low-alarm
1987  0.94 No-alarm  0.65 Low-alarm 0.89 No-alarm 0.83 No-alarm
1988 0.87 No-alarm  0.63 Low-alarm 0.75 Low-alarm 0.75 Low-alarm
1989 0.88 No-alarm  0.60 Medium-alarm  0.91 No-alarm 0.79 Low-alarm
1990 0.90 No-alarm  0.63 Low-alarm 0.73 Low-alarm 0.75 Low-alarm
1991  0.87 No-alarm  0.65 Low-alarm 0.87 No-alarm 0.79 Low-alarm
1992 0.88 No-alarm  0.66 Low-alarm 0.83 No-alarm 0.79 Low-alarm
1993  0.83 No-alarm  0.56 Medium-alarm  0.87 No-alarm 0.75 Low-alarm
1994  0.86 No-alarm  0.60 Medium-alarm  0.75 Low-alarm 0.73 Low-alarm
1995 0.88 No-alarm  0.68 Low-alarm 0.88 No-alarm 0.82 No-alarm
1996 0.93 No-alarm  0.68 Low-alarm 0.88 No-alarm 0.83 No-alarm
1997 0.92 No-alarm  0.67 Low-alarm 0.89 No-alarm 0.83 No-alarm
1998 0.93 No-alarm  0.64 Low-alarm 0.84 No-alarm 0.80 No-alarm
1999 091 No-alarm  0.66 Low-alarm 0.75 Low-alarm 0.77 Low-alarm
2000 0.92 No-alarm  0.65 Low-alarm 0.72 Low-alarm 0.76 Low-alarm
2001 091 No-alarm  0.58 Medium-alarm  0.83 No-alarm 0.77 Low-alarm
2002  0.86 No-alarm  0.58 Medium-alarm  0.78 Low-alarm 0.74 Low-alarm
2003  0.88 No-alarm  0.55 Medium-alarm  0.56 Medium-alarm  0.66 Low-alarm
2004  0.86 No-alarm  0.45 Medium-alarm  0.72 Low-alarm 0.67 Low-alarm
2005 0.83 No-alarm  0.47 Medium-alarm  0.78 Low-alarm 0.69 Low-alarm
2006 0.93 No-alarm  0.54 Medium-alarm  0.79 Low-alarm 0.75 Low-alarm
2007 0.94 No-alarm  0.52 Medium-alarm  0.77 Low-alarm 0.74 Low-alarm
2008  0.90 No-alarm  0.48 Medium-alarm  0.71 Low-alarm 0.70 Low-alarm
2009 0.88 No-alarm  0.63 Low-alarm 0.77 Low-alarm 0.68 Low-alarm
2010  0.90 No-alarm  0.51 Medium-alarm  0.72 Low-alarm 0.71 Low-alarm
2011 0.84 No-alarm  0.57 Medium-alarm  0.73 Low-alarm 0.74 Low-alarm

Data source: Hunan statistical yearbook and Hunan rural statistical yearbook 1987-2012 (SBHP 2013; RITHP 2013)

From the viewpoint of food quality security, the situa-
tion in the Dongting Lake area was very poor. The warning
range in half of the past 26 years was in the medium-
warning range and in the low-warning range for the other
half, and the situation was increasingly serious. The pro-
portions of high-quality protein and food supply of animal
origin were generally in the no-alarm range, while the
proportion of fat in the food supply was consistently in the
medium-alarm range. On the whole, the main factors
triggering alarms for food quality insecurity were pesticide
residues, veterinary drug residues, and heavy metal
residues.

Sustainable food security in the Dongting Lake area was
at an intermediate level compared with food quantity and
food quality security. Three of the seven indicators (rate of
increase in agricultural investment, cultivated area per
capita, and effective proportion of irrigated land) were in
the no-alarm range during most years. The low per-capita
income in high-poverty areas and the increasing amount of
waste discharge were the main causes of sustainable food

@ Springer

security alarms. One major concern is the overall trend of
the integrated index value, which indicated that the sus-
tainable food security situation was becoming graver.

Policy implications

China’s population is expected to reach a peak in the
2030s, and urbanization rates are projected to increase from
40 % in 2000 to 80 % in 2050 (Ye and Van Ranst 2009);
meanwhile, the dietary trend is toward more meat and less
grain, with grain fed to animals instead (Simelton 2011).
Although the food quantity security of the Dongting Lake
area is good at present, the accelerating processes of
urbanization, industrialization, and consumption growth in
the coming years will pose even greater challenges to
maintaining food quantity security. Moreover, most of the
land occupied by urbanization and industrialization is high-
quality agricultural land (Li et al. 2003), and to compensate
for its loss, more land will be required to reach the same
productivity. How to control the total cultivated area and
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Fig. 3 Trends of the integrated index values. Data source: Hunan statistical yearbook and Hunan rural statistical yearbook 1987-2012 (SBHP

2013; RITHP 2013)

the effective irrigated area in a reasonable manner without
reducing their quality will be challenging issues for both
researchers and policymakers.

Due to abuse of agrochemicals and wastewater irriga-
tion in agriculture over the past two decades, pesticide
residues, veterinary drug residues, and heavy metal resi-
dues in many regions of China have exceeded the maxi-
mum residue limits allowed by the Ministry of Health (Bai
et al. 2006; Khan et al. 2008; Wang et al. 2008). One
major concern for food quality security in the Dongting
Lake area is that the qualified ratios of pesticide residues
and veterinary drug residues were both below 50 %, and
the heavy metal residues have far exceeded the maximum
residue limits in most years, due primarily, many believe,
to wastewater irrigation and over use of pesticides and
fertilizers (Qian et al. 2006; Zhong et al. 2012). Mean-
while, these residues have caused soil pollution and
environmental deterioration and finally led to deteriorated
sustainable food security. The government should estab-
lish a more robust system for monitoring the quality of
agricultural products and take strict measures to control
wastewater discharge and close those factories that have
caused serious pollution of the irrigation water. Addi-
tionally, relevant studies have shown that pesticide and
fertilizer inputs are no longer obstacles to increasing food
production in this area (Qi et al. 2013, 2014); policies on
pesticide and fertilizer application, then, should shift from

actively encouraging more use to controlling excess
application.

Although there will not be a significant change in the
short-term sustainable food security status in the Dongting
Lake area due to favorable resource status and agricultural
production conditions, unrestrained waste discharge and
excessive reclamation and high-intensity land use patterns
of cultivated areas will lead to land/ecological degradation
and weaken long-term sustainability. Moreover, the aver-
age annual grain shortfall caused by natural disasters has
reached 11 % over the past two decades in this area, far
exceeding the national average (approximately 7 %)
(RITHP 2013; NBSC 2014). Therefore, controlling waste
discharge, developing niche and conservation agriculture,
and establishing a robust ecological compensation mecha-
nism will be of great importance to preventing future
sustainable food insecurity. Additionally, constructing a
comprehensive risk prevention system to provide farmers
early warnings of natural disasters and establishing social
support mechanisms to give them technical, financial, and/
or physical support will be useful in directly reducing
sustainable food insecurity risk caused by natural disasters.
Moreover, the government should take effective measures
to guarantee people in high-poverty areas access to suffi-
cient, safe, and nutritious food to meet their dietary needs.

Not all studies must be conducted from an integrated
perspective when replicating this analysis. For example, if

@ Springer
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food quality security were generally at a no-alarm level,
while food quantity security and sustainable food security
were generally in the low- to huge-alarm ranges in a tar-
geted region, only the latter two aspects would need to be
considered; if the regional food supply capacity and sta-
bility were always able to meet the national needs and the
resources and environment were always in good condition,
a more comprehensive indicator system could be applied to
monitor the regional food quality security based on avail-
able data. Overall, attention should be placed where it is
most needed.

Comparison with relevant studies

The most common method of analysis usually evaluates
food security in three aspects: food availability, access, and
utilization (Gregory et al. 2005; Ericksen 2008). The
method contains many scale-differentiated issues and uti-
lizes national, household, and individual level indicators.
Although this method is an excellent way to evaluate
individual, national or international food security, the lack
of specific information on socioeconomic status, resources,
and environmental conditions make it difficult for regional
policymakers to adopt and act upon the results of studies
using this method. Additionally, this method is not useful
in examining the differentiated foci during the phased
development of food security, especially for developing
countries where attention is gradually turning to food
quality and safety and sustainable development after the
national total food demand has essentially been met.
China has only approximately 7 % of the world’s total
cultivated area, but more than one-fifth of the world’s
population. As a result, most past studies on China’s food
security have focused on quantity and attempts to increase
food production through various approaches, neglecting
food quality and environmental issues arising in the pro-
cess. The recent studies focused on food quality and safety
status or resources and environmental issues usually con-
structed indicator systems from one single aspect, and none
has been conducted from the perspective of early warning.
Therefore, regional policymakers had difficulty obtaining
comprehensive targeted information from these studies.
However, using the analytical framework proposed in
this paper, the situation could be effectively improved.
According to the differentiated development phases of food
security, the indicator system for integrated food security
risk was divided into food quantity security indices, food
quality security indices, and sustainable food security
indices; this decision-oriented classification will make it
easier for policymakers to monitor different aspects of food
security. Moreover, the weighting scheme based on the
Delphi method could reflect the perceived importance of
specific indicators, and the warning thresholds and warning

@ Springer

ranges were determined by regional socioeconomic status,
resources, and environmental conditions; this makes the
framework more capable of being reasonably and effec-
tively applied in a regional study.

Limitations of the indicator system

Because this paper aimed to provide a decision-oriented
framework for monitoring regional integrated food security
status and divided the indicator system into three main
aspects (quantity, quality and sustainability) according to
the social characteristics and the development phases of
food security, some conflicts were inevitable between or
within the indicators. To avoid these complex conflicts and
facilitate the decision-making process, environmental sus-
tainability has been ignored when it has conflicted with
food production. This practice has made this framework
more suitable for monitoring integrated food security status
in developing countries where ensuring continued growth
of food production is the most critical priority for
policymakers.

Due to limitations in the available data, several indica-
tors that could be used to evaluate food quality security
(e.g., additive residues, toxin residues, child stunting) were
not included in this framework. However, with the
improvement of the food safety monitoring system and the
acceleration of government transparency in China, this
situation will largely improve in the foreseeable future.

This paper mainly focused on socioeconomic sustain-
ability, particularly on the sustainability of food supply
capacity, and attempted to provide intuitive information for
regional policymakers. Consequently, several ecology-
biased or composite indicators—such as ecosystem ser-
vices, water footprint, biodiversity and ecological degra-
dation—were excluded from the framework, and these risk
factors, which will affect long-term food production con-
ditions, may not be adequately revealed.

Additionally, the degree of sensitivity of the indicators
to the allocation of weights may have a significant effect on
the warning ranges. Because of favorable natural resource
conditions and socioeconomic status in the Dongting Lake
area, all of the food quantity security indicators and most of
the sustainable food security indicators were basically in
the no- or low-alarm range and therefore were not sensitive
to the allocation of weights. However, due to wastewater
irrigation and overuse of pesticides and veterinary drugs,
the qualified ratios of pesticide and veterinary drug resi-
dues and amount of waste discharge were all in the heavy-
or huge-alarm range, and all were very sensitive to the
allocation of weights. Therefore, although the weighting
scheme proposed in this paper could reflect the perceived
importance of specific factors and was regarded as a better
approach than a balanced weighting scheme in regional
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studies, the weights may need to be adjusted in regions
with significant differences in socioeconomic status,
resources or environmental conditions.

Conclusion

To date, the most common method of analysis has gener-
ally evaluated food security from the three aspects of food
availability, access, and utilization, and such studies have
typically been conducted at the national or global level.
These studies’ lack of specific information on socioeco-
nomic status, resources, and environmental conditions
made it difficult for regional policymakers to adopt and act
upon the results. To provide targeted information for
regional policymakers to monitor food security status,
based on the differentiated focuses during the phased
development of food security, this paper took the per-
spective of early warning and proposed a framework for
regional integrated food security that incorporates food
quantity security, food quality security, and sustainable
food security. This framework is more suitable for moni-
toring regional food security, especially for developing
countries where attention is gradually turning to food
quality, food safety, and sustainable development after the
national total food demand has essentially been met.

To test the approach, a case study was conducted in the
Dongting Lake area. The results showed that the overall
integrated food security situation in this area was generally
in the low-alarm range between 1986 and 2011; the pri-
mary causes of this status were food quality security, which
was generally in the low- or medium-alarm range, and
sustainable food security, which in 14 of the 26 years was
in the low-alarm range. Wastewater irrigation and overuse
of pesticides and fertilizers have caused serious food
quality security issues and finally led to deteriorated sus-
tainable food security. The government should establish a
more robust system to monitor the quality of agricultural
products, and policies on pesticide and fertilizer applica-
tion should shift from actively encouraging more use to
controlling excess application. Additionally, controlling
waste discharge, developing niche and conservation agri-
culture, establishing an explicit ecological compensation
mechanism and providing farmers early warning informa-
tion and technical, financial, and/or physical support
against natural disasters will be important to preventing
future sustainable food insecurity. Moreover, the govern-
ment should take effective measures to guarantee that
people in high-poverty areas have access to sufficient, safe,
and nutritious food to meet their dietary needs.
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