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Abstract: Agricultural transformation is a transition process of agriculture from the low development
stage to the high development stage. Identifying the agricultural transformation stage and analyzing
the evolution of agricultural development types based on Total Factor Productivity (TFP) are of great
significance for the rational formulation of agricultural development policies. Based on the total
factor productivity analysis framework, the DEA-Malmquist index model was used to measure the
agricultural TFP of the 87 counties in Gansu Province from 1988 to 2017. The cumulative anomaly
method was used to help identify agricultural transformation stages. Agricultural development types
of counties in different stages and their evolution process were analyzed. Results show that (1) the
agricultural transformation of Gansu Province can be divided into three stages: Traditional agriculture
in 1988–1998; low-capacity technology agriculture in 1999–2011; and high-capacity technology
agriculture in 2012–2017. (2) From 1988 to 2017, the agricultural TFP showed periodic U-shaped
fluctuations, and the areas with high TFP value expanded from the central region to the western region
and then to the entire region of the province. (3) Gansu Province presented a significant spatiotemporal
variation of agricultural development types. From 1988 to 1998, type-I (low technological efficiency
and slow technological progress) and type-VI (high technological efficiency and fast technological
progress) agricultural development was mainly observed, and these two kinds of counties accounted
for 55.17% of all evaluation units. From 1999 to 2011, the number of counties with type-I agricultural
development increased significantly, reaching 35, followed by the number of counties with type IV
(low technological efficiency) agricultural development, reaching 18. They together accounted for
60.92% of all evaluation units. From 2012 to 2017, the number of counties with type-IV and type-VI
agricultural development was the largest, reaching 29 and 25, respectively. They together accounted
for 62.07% of all evaluation units. (4) Types of agricultural development frequently change—from
1988 to 2017, the influencing factors of agricultural development had undergone a transition from both
technological efficiency and technological improvement to technological efficiency or technological
improvement alone.

Keywords: total factor productivity; agricultural transformation stage; spatiotemporal variation;
type evolution; Gansu Province

1. Introduction

“Transformation” was first used as a term in the economic field in 1921. Nikolai Bukharin explored
the concept of “economic transformation” in the transition from a market economy to a planned
economy. Transformation was later referred to as a system change [1,2]. Agricultural transformation
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is the transition process of agriculture from a low development stage to a high development
stage [3,4]. On the basis of the original agricultural production situation, we changed the agricultural
development mode, including the transformation of agricultural production structure and productivity
transformation [5]. Agricultural transformation is closely related to factors, such as technological
development, labor conditions, and external environment [6]. This will also have an important
impact on social and economic development [7]. With rapid industrialization and urbanization,
the world’s rural industrial structure, employment structure and agricultural production methods have
undergone tremendous changes. Therefore, agricultural transformation and upgrading have attracted
much attention [8,9]. Scholars engaged in the research of agriculture, rural areas and peasant issues
have carried out multi-perspective research on the stages of the transformation and development of
agriculture and rural areas [9,10]. In the current stage, research of agricultural transformation and
development, most theories divide agricultural development into three stages based on agricultural
production factors and technical characteristics. They are the primitive agricultural stage with lagging
technology and less input in agricultural production factors. The traditional agriculture stage with a
large investment in factors, such as land input, and the modern agriculture stage with technological and
institutional innovation and high capital input [11–14]. In comparison, most of the existing research
cases on agricultural transformation focus on the two stages of traditional agriculture and modern
agriculture [15]. Most studies tend to overlook the temporal and spatial differences in agricultural
development within different transformation stages. Therefore, it is easy to lead to the adoption
of unreasonable agricultural development measures, which makes the improvement of agricultural
productivity insignificant and the slow development of agricultural economy, which ultimately leads
to difficulties in agricultural transformation.

Some scholars have tried to quantitatively study agricultural and rural transformation. In addition
to evaluating agricultural productivity with statistical data or survey data by means of estimation
method (parametric method or non-parametric method) [15,16], analysis framework of agricultural
Total Factor Productivity (TFP) has gradually attracted academic attention [17–19]. As far as the study
of agricultural production is concerned, it can determine the changes and sources of productivity
growth other than inputs, and is an important indicator for measuring agricultural technological
progress and agricultural scale efficiency [20,21]. TFP and its analytical framework has been widely
used in agricultural research in around the world, especially in analyzing agricultural growth, changes
in the productivity of various agricultural sectors and crops, and exploring the mechanisms that affect
their changes [21–25]. Some scholars explored the dynamic changes and differentiation characteristics
of agricultural total factor productivity in some regions, and identified problems in the process of
agricultural development through the analysis of the efficiency combination of total factor productivity,
and believed that the efficiency combination of regional agricultural total factor productivity has
characteristics of temporal and spatial changes. Moreover, the factors that cause the total factor
productivity lag are different [26,27]. However, current research mostly focuses on the change of
agricultural total factor productivity and its factors in a certain period of time, and uses the change of
agricultural total factor productivity to divide the different development stages of regional agriculture,
and analyze the characteristics of agricultural total factor productivity efficiency combination in
different stages there is not much research [28–31]. Therefore, it is of great significance to study
the temporal and spatial changes of agricultural total factor productivity in typical regions, identify
problems in the process of agricultural development, and guide agricultural transformation and
upgrading, to realize agricultural modernization.

Along with the existing studies, there are three important that points should be noted. First of all,
most current studies ignore the fact that there are multiple stages of agricultural development [10].
In addition, previous studies mainly analyzed the stage division of agricultural transformation under
the system and policy environment, and it was rare to identify the stage of agricultural transformation
through data-driven methods [8,32]. Second, most studies analyze the temporal and spatial changes of
agricultural production without distinguishing the stages of agricultural development. However, it is
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very important to study the temporal and spatial differences of agricultural activities in different stages
based on the division of regional agricultural development stages [26,27]. Third, in the past, little
attention has been paid to the internal changes of agricultural production efficiency. Nonetheless, it is
also very important to understand the characteristics and elements of the agricultural transformation
stage through the framework of total factor productivity to diagnose the difficulties faced by agricultural
production transformation and its solutions [33].

As China’s economy changes from high-speed growth to the “new normal” stage of high-quality
development, the most important tasks facing China are accelerating the adjustment and optimization of
economic structure and promoting economic transformation [27]. China’s agricultural development is in
a critical period from the traditional agricultural development method based on increasing factor input to
modern agriculture based on scientific and technological progress. Promoting agricultural transformation
and upgrading is the most important task at present [34,35]. The China No. 1 Central Document of
2018 clearly stated that “the construction of a modern agricultural industry, production system and
management system should be accelerated to improve agricultural innovation, competitiveness and
TFP, and promote the transformation from a largely agricultural country to a strong agricultural
country.” Gansu Province is one of the provinces in the economically underdeveloped areas in
western China, as well as a large traditional agricultural province in China. Gansu Province has
a vast territory, intricate terrain, and great differences in natural conditions. This has resulted in
the uneven development of monsoon, non-monsoon, and alpine regions, and the eastern, central,
and western regions of the province. There are significant regional differences in agricultural economic
development [36]. The province’s agricultural production is greatly restricted by natural conditions.
Natural disasters (especially drought and hail), soil erosion, etc., occur frequently. The complexity
of the natural environment and the lack of resources have led to the limited space for survival and
development of the province’s advantages, resulting in production and living. The competition for
ecological space is fierce. In addition, it is particularly important to promote the transformation and
upgrading of agriculture in Gansu Province by improving agricultural total factor productivity [36–39].

In sum, although fruitful research results have been achieved on agricultural and rural
transformation and upgrading, there is still a lack of in-depth discussion of agricultural transformation
stages and types in Gansu Province from the perspective of TFP. For Gansu Province, an underdeveloped
region with poor resource endowments and fragile ecological environment in western China [40], it is
necessary to study the process and characteristics of agricultural transformation. Here, by evaluating
agricultural TFP in Gansu Province, we constructed a model for identifying agricultural transformation
stages of less developed regions. The spatiotemporal variation of agricultural development was
also analyzed in Gansu Province from 1988 to 2017. Then, we identified the types of agricultural
development and their evolution characteristics. The results provide a theoretical basis and practical
support for the transformation of agricultural regions.

Although many developed regions in the world have entered the stage of modern agricultural
development, agriculture in many underdeveloped regions in the world is still at a relatively low stage of
development. Therefore, it is of great significance to study the transformation mechanism and potential
obstacles of agricultural development in underdeveloped regions [36]. Gansu Province, as a region
with poor resource endowments and fragile ecological environment in western China, its agricultural
development has the typical characteristics of underdeveloped regions [40–42]. Here, by evaluating
agricultural TFP in Gansu Province, we constructed a model for identifying agricultural transformation
stages of less developed regions. The spatiotemporal variation of agricultural development was
also analyzed in Gansu Province from 1988 to 2017. Then, we identified the types of agricultural
development and their evolution characteristics, and finally guides agricultural transformation and
upgrading. To provide theoretical basis and practical support for the comprehensive transformation of
agriculture in underdeveloped areas.
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2. Materials and Methods

2.1. Overview of Study Region

2.1.1. Physical Geography

Gansu Province is located in northwestern China (92◦13′–108◦46′ E and 32◦31′–42◦57′ N). It is
in the junction area of China’s northwestern arid region, Qinghai-Tibet alpine region and eastern
monsoon region (Figure 1). The total land area of Gansu Province is 42.58 × 104 km2, accounting for
4.72% of China’s total land area. Its landforms are complex and diverse, with the crisscross distribution
of mountains, plateaus, plains, river valleys, deserts and Gobi. Gansu Province as a whole has a narrow
and long shape, with a length of 1655 km from east to west and a length of 530 km from north to south.
The elevation of the terrain decreases from southwest to northeast. The area of plateau accounts for
about 70% of the total land area of the province. Since Gansu Province is located in inland China,
the warm moist airflow from the ocean can hardly reach this region. As a result, the precipitation is low.
The annual precipitation is only 36.6–734.9 mm and declines from southeast to northwest. Besides,
about 50–70% of the precipitation is concentrated in June to August. The climate in most areas of
Gansu Province is dry and belongs to the continental temperate monsoon climate. The annual average
temperature is 0–15 ◦C. The province’s frost-free period varies from region to region. For the Longnan
River Valley, the frost-free period is around 280 days. For the Gannan Plateau, the frost-free period is
the shortest, only 140 days. The rivers in Gansu Province are branches of exorheic rivers, including
the Yangtze River and the Yellow River, as well as inland rivers, with river basin areas accounting for
8%, 32% and 60%, respectively, of the province’s area. There are many types of vegetation, such as
forest, bush, grassland, meadow, cushion vegetation, sparse vegetation on alpine rock slopes, swamp
vegetation, aquatic vegetation, etc. The plant resources in Gansu Province are relatively rich.
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2.1.2. Socio-Economic Profile

There are 14 prefectures composed of 87 counties/county-level cities in Gansu Province. Since the
reform and opening up in 1978, agricultural production in Gansu Province has continued to grow.
Crop production capacity and agricultural product supply have increased, which are driven by China’s
agricultural modernization and the reform of the rural economic system. The total output of grain
increased from 511.55 × 104 t in 1978 to 1105.9 × 104 t in 2017 and the per capita share of grain
increased from 273 kg in 1978 to 422 kg in 2017. With the rapid development of agriculture, China has
continued to promote the strategic adjustment of agricultural structure and develop characteristic
and advantageous industries. The agricultural structure has changed from a unary structure of food
crops to a ternary structure of food crops, cash crops and forage crops. Besides, forestry, animal
husbandry and fishing have all developed. At the end of 2017, the total power of agricultural
machinery in Gansu Province reached 2018.59 × 104 kw, and the contribution rate of science and
technology to agricultural economic growth reached 52.7%. In addition, characteristic agricultural
specialty industries are also growing. By 2017, support the establishment of 33 national-level facility
vegetable standardization communities, more than 200 provincial-level plateau summer vegetable
standard gardens, facility vegetable standardization communities, and intensive seedling breeding
bases, 37 provincial-level apple standardization demonstration parks, and Chinese medicinal materials
The standardized production demonstration base is 50.02 km2.

2.2. Data Sources and Research Methods

2.2.1. Data Sources

This article estimated agricultural TFP at the county level. Considering the spatial integrity of
socio-economic activities and the availability of data, the data used in this article were mainly derived
from two sources—(1) Basic maps: The topographic map of Gansu Province (1:250,000) and vector
administrative boundaries (1:250,000) from Gansu Provincial Bureau of Surveying and Mapping;
(2) Agriculture-related data: Rural employees in counties (including county-level cities and districts) of
Gansu Province in 1988–2017, the total power of agricultural machinery, rural electricity consumption,
pure fertilizer application, crop planting area, total agricultural output value, and grain output from the
“Gansu Province Development Yearbook (1989–2018)” and “Gansu Province Rural Statistical Yearbook
(1989–2018)”. Some national-level indicator data from “China Statistical Yearbook” (1989–2018) and
“China Rural Statistical Yearbook” (1989–2018) were also used. For some missing input-output data
and a few outliers, corrections were made through referring to the related data of relevant county or
adjacent year. The total output values of agriculture, forestry, animal husbandry and fishery were
converted into constant prices of 1988.

2.2.2. Evaluation Model of Agricultural TFP

(1) Indicator system for evaluating agricultural TFP

Start with “production-input-output”, we selected indicators that can reflect the characteristics
of agricultural transformation and the comprehensive level of agricultural development. Ensuring
the consistency and accessibility of data and considering existing research results [30,34] and the
actual situation of agricultural development in Gansu Province, we constructed an indicator system
for evaluating agricultural TFP (Table 1). Then, it was used to identify the stage of agricultural
transformation in Gansu Province.

The total factor productivity of agriculture represents the additional production efficiency
achieved when the level of various factors of production in agriculture is established. The input
factors of agricultural production mainly include labor input, land input and capital input [35,40].
As a necessary condition for agricultural production, the quantity and quality of labor force will
affect the level of agricultural output. Agricultural employees represent the scale of labor input
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in agricultural production, referring to the rural population over the age of 16 who participate in
agricultural production and business activities and obtain income in kind or money [23,41]. Cultivated
land is the carrier of agricultural production, and crop planting area reflects the input scale of
land elements [26,29]. The total power of agricultural machinery, electricity consumption in rural
areas, and fertilizer application are important capital inputs in agricultural production. The total
power of agricultural machinery refers to the sum of the rated power of various machinery used
in agriculture, forestry, animal husbandry and fishery, including farming machinery, irrigation and
drainage machinery, harvesting machinery, agricultural transportation machinery, plant protection
machinery, animal husbandry machinery, forestry machinery, and fishery Machinery and other
agricultural machinery, which are calculated by converting their power into watts and reflect the
level of agricultural machinery in the process of agricultural production and the total investment
in agricultural technology and equipment [27,29]. Rural electricity consumption means electricity
consumption in rural life and production (because there is no single indicator of agricultural electricity
consumption, it is replaced by rural electricity consumption). Agricultural electricity consumption
represents the degree of electrification of agricultural production. It refers to electricity consumption
related to agricultural production and processing, mainly including drainage of farmland, irrigation,
electric plough, well drilling, threshing, fertilizer accumulation, rice seedling breeding, grain processing
of farmers, livestock feed processing, temporary lighting for flood control and insect-catching by
blacklight lamps [21]. The scalar amount of pure fertilizer application is an important guarantee for
increasing yield in agricultural production [34,36,37]. It is also an important guarantee for improving
quality in agricultural production. Among the agricultural output indicators, the total output value
of agriculture, forestry, animal husbandry and fishery shows the total output and total benefits of
agricultural production. The output of food crops and cash crops are the main agricultural products,
and their output represents the level of planting industry output [27,37]. There is no unified conversion
standard when calculating the output of cash crops. Therefore, according to the objective weight method,
oilseeds (0.319), cotton (0.073), vegetables (0.245), Chinese medicinal materials (0.195), and fruits (0.167)
are obtained. Finally, the total index of cash crop output was obtained from the weighted sum.

Table 1. Indicator system for evaluating agricultural Total Factor Productivity (TFP) in Gansu Province.

Indicator Type Indicator Mean Standard
Deviation

Minimum
Value

Maximum
Value

Agricultural
inputs

Agricultural workers
(10,000 people) X1

8.05 5.57 0.01 31.37

Crop planting area (hm2)
X2

43.90 33.95 0.00 163.05

Agricultural machinery
power (kw·h) X3

150,907.73 177,725.02 963.00 1,597,621.00

Agricultural electricity
consumption (kw·h) X4

3668.00 4538.32 11.72 46,881.82

Pure fertilizer application
(kg) X5

7871.14 9364.24 0.00 88,811.00

Agricultural
output

Total output value of
agriculture, forestry,

animal husbandry and
fishery (Yuan) Y1

48,594.57 50,698.56 0.00 580,380.31

Output of food crops (kg)
Y2

100,052.74 89,299.46 0.00 681,908.87

Output of cash crops Y3 0.1283 0.0921 0.00 0.6852
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(2) Malmquist TFP index model

DEA-Malmquist index method was used to measure agricultural TFP. The Malmquist productivity
index is often used to measure the trend of agricultural TFP in a certain period. The advantage is that
the Malmquist productivity index only relies on quantitative information, and does not depend on
price information or behavioral assumptions. It can also further decompose the improvement of TFP
into efficiency changes and technological changes. The reasons for the improvement of TFP and its
regional differences can provide a reference for further proposals for response policies [26,27]. Fare et al.
decomposed the into technological efficiency change (TEC) and technological change (TC) under the
assumption of constant scale. Under the assumption of variable scale, they further decomposed TEC
into pure technological efficiency change (PEC) and scale efficiency change (SEC) [43], namely,

TFP = TEC× TC = PEC× SEC× TEC (1)

where TFP represents a comprehensive productivity change. If TFP > 1, the comprehensive productivity
has improved. TEC reflects the degree of improvement in resource allocation and utilization efficiency
of decision-making units. PEC reflects the degree of improvement in resource utilization and allocation
efficiency at a particular production technology level, which is mainly a result of corporate system
reform and management level improvement. SEC indicates whether the input and utilization of
production factors have reached the optimal economies of scale. TC indicates the degree of improvement
in system production technology. The indicators are calculated as follows:

PEC =
Dt

v(xt+1, yt+1)

Dt
v(xt, yt)

(2)

SEC =
Dt

v(xt, yt)

Dt
c(xt, yt)

×
Dt+1

c (xt+1, yt+1)

Dt+1
v (xt+1, yt+1)

(3)

TC =

√
Dt(xt+1, yt+1)

Dt+1(xt+1, yt+1)
×

Dt(xt, yt)

Dt+1(xt, yt)
(4)

where xt and xt+1 are input factors in the periods t and t + 1, respectively; yt and yt+1 are output factors
in the periods t and t + 1, respectively; Dt(xt, yt) and Dt(xt+1, yt+1) are input distance functions of
decision units in t and t + 1 periods, respectively; Dt(xt+1, yt+1) and Dt+1 (xt, yt) are input distance
functions of decision unit in different periods; Dc and Dv are distance functions based on constant
scale returns and variable scale returns, respectively, which are the effective function values of the
investment-oriented DEA model [38,39]. If PEC (SEC or TC) > 1, it means that the pure technological
efficiency (scale efficiency or technology) is improved. If PEC (SEC or TC) = 1, it means that the pure
technological efficiency (scale efficiency or technology) remains unchanged. If PEC (SEC or TC) < 1,
it means that the pure technological efficiency (scale efficiency or technology) is decreased.

2.2.3. Identification Methods of Agricultural Transformation Stage and Development Type

(1) Identification method of agricultural transformation stage

Cumulative anomaly [44] was used to determine the time of change in TFP, and then determine
the stage of agricultural transformation.

Yt =
t∑

i=1

(xt − x) (5)

where Yt is the cumulative anomaly in the tth year; xt is the average TFP in the tth year in Gansu
Province; x is the 29-year average of TFP. Anomaly values may be positive or negative. When the
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cumulative anomaly continuously increases, the anomaly of TFP remains positive during the period.
When the cumulative anomaly remains constant, the anomaly of TFP is zero during the period.
When the cumulative anomaly continuously decreases, the anomaly of TFP remains negative during
the period. The year with the maximum absolute value of the cumulative anomaly of TFP was
considered as the abrupt mutation year, and the interannual change stage of TFP was determined.

In addition, the signal-to-noise ratio was calculated to check whether the selected mutation year
meets the standard of TFP mutation [45,46]. The formula is:

S
N

=
|X1 −X2|

σ1 + σ2
(6)

where S
N is the signal-to-noise ratio; X1 and X2 are the mean values for the periods before and after the

mutation year, respectively; σ1 and σ2 are the standard deviations for the periods before and after the
mutation year, respectively. When the ratio > 1.0, there is a difference between the values of the two
periods at the significance level of 0.01 and the selected mutation year is the right year. Otherwise,
no mutation phenomenon occurs.

(2) Identification method of agricultural development type

TFP, TEC, and TC were calculated for each county. TFP, TEC, and TC were classified into high
values (>1) and low values (≤1). The TFP, TEC, and TC values of all evaluation units were ranked to
get rank data of “RTFP, RTEC, RTC” of each evaluation unit. The rank data were used to examine the
relative relationship among the TFP, technological efficiency change, and technological change within
the same region. As can be seen, this research not only focused on the absolute value of TFP, but also
examined the specific changes in technological efficiency and technology in a region. On the above
basis, six types of agricultural transformation can be identified, which correspond to different relative
relationships among TFP, TEC, and TC (Table 2).

Table 2. Classification criteria for different types of agricultural development. TEC, technological
efficiency change; TC, technological change.

Types Description Relative Relationship

I Low technological efficiency and slow technological change
cause lag of TFP improvement TFP < 1 ∩ TEC < 1 ∩ TC < 1

II Low technological efficiency causes lag of TFP improvement TFP1 ∩ TEC < 1 ∩ TC > 1

III Slow technological change causes lag of TFP improvement TFP < 1 ∩ TEC > 1 ∩ TC < 1

IV Low technological efficiency TFP > 1 ∩ TEC < 1 ∩ TC > 1

V Slow technological change TFP > 1 ∩ TEC > 1 ∩ TC < 1

VI High technological efficiency and fast technological change TFP > 1 ∩ TEC > 1 ∩ TC > 1

Agriculture is undergoing dynamic changes over time—according to the identification results of
agricultural development types, we constructed a transfer matrix for agricultural development types,
which can reflect the changing trend between different types [47]. Let Ak

i j and Ak+1
i j be agricultural

development types in k period and k+1 period, respectively. Then from k to k + 1 period, the type
of agricultural development changed from I to j. The change can be described by Cij(i, j = 1 .... n).
According to the principles of map algebra, Cij can be obtained by using Formula (7). The matrix of the
quantitative relationship between different types of agricultural development can be obtained from the
Formula (8):

Ci j = Ak
i j × 10 + Ak+1

i j (7)
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(Applicable when the number of agricultural development types < 10)

A =

∣∣∣∣∣∣∣∣∣∣∣
A11 A12 · · · A1n
A21 A22 · · · A2n

· · · · · · · · · · · ·

An1 An2 · · · Ann

∣∣∣∣∣∣∣∣∣∣∣ (8)

where Aij is the type i agricultural development in the k period, which is changed into type j in k + 1
period; n represents the number of agricultural development types.

3. Results

Using panel data of the 87 counties (including county-level cities and districts) in Gansu Province
from 1988 to 2017, this paper measured the agricultural Malmquist productivity index through Deap
2.1 software. The changes in TFP, TEC, and TC were also examined.

3.1. Identification of Agricultural Transformation Stage

The cumulative anomaly method was used to analyze the variation of TFP, TEC, and TC with
time (Figure 2). The cumulative anomaly values of TFP, TEC, and TC of 1998 and 2011 are two
turning points, where signal-to-noise ratios were greater than 1.0. Two significant turning points
were thus identified. Then, the agricultural transformation of Gansu Province can be divided into
three stages: 1988–1998, 1999–2011, and 2012–2017. In 1988–1998, the values of TFP, TEC, and TC
increased with sharp fluctuations and were lower than the corresponding average values (Figure 2).
In 1999–2011, the values of TFP, TEC, and TC increased with slight fluctuations and were lower than
the corresponding average values (Figure 2). In 2012–2017, the values of TFP, TEC, and TC decreased
with sharp fluctuations, but were greater than the corresponding average values (Figure 2). The annual
growth rates of agricultural input indicators, including agricultural employees, agricultural electricity
consumption, and pure fertilizer application showed a periodic decreasing trend in 1988–1998 and
1999–2011 (Figure 3). The annual growth rates of agricultural machinery power, the output values of
agricultural, forestry, animal husbandry and fishery, and cash crop output showed a periodic increasing
trend in 1988–1998 and 1999–2011 (Figure 3). It reveals that the overall Malmquist productivity in these
two stages was mainly affected by technological inputs and agricultural outputs. During 2012–2017,
agricultural employees decreased, other input and output indicators fluctuated, and the annual growth
rates showed a downward trend (Figure 3). The comprehensive Malmquist productivity at this stage
was affected by both input and output.
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Gansu Province.

In the 1960s, American agricultural economist John Mayer divided agricultural development into
three stages: Traditional agriculture, low capital technology agriculture and high capital technology
agriculture. Figures 2 and 3 show that in 1988–1998 with the increase of traditional inputs, such as
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agricultural workers and crop planting area, the output also increased. The expansion of agricultural
production was achieved with an increase of various inputs and with the reduction of benefits and
productivity per unit of inputs. Therefore, agriculture in this period was considered to be a traditional
one. In 1999–2011, the power of agricultural machinery and agricultural electricity consumption
increased significantly. Technological advancement led to significant improvement in the efficiency
and growth rate of agricultural production. Low-capital technology agriculture was thus identified.
In 2012–2017, the power of agricultural machinery and agricultural electricity consumption still showed
upward trends, while the labor force showed a significant downward trend. Laborers were gradually
replaced by agricultural machines, and the labor productivity continued to increase. A high capital
technology agriculture was thus identified. To sum up, since 1988, the agricultural development of
Gansu Province has undergone a transformation from traditional agriculture to low-capacity technology
agriculture and then to high-capacity technology agriculture.
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3.2. Spatiotemporal Variation of Agricultural Transformation and Development

3.2.1. Time Characteristics of Agricultural TFP

During the 29 years from 1988 to 2017, the TFP value was greater than the average value (1.02)
for 11 years, most of which (72.73%) were after 1995. The TFP value showed periodic U-shaped
fluctuations and changed between 0.92 and 1.16 (Figure 4a). From 1989 to 1998, the TFP value increased
rapidly from 0.95 to 1.16, and then declined to 0.97 in 1997. The value rose to 1.09 in 1998. During this
period, the structure of the agricultural industry was fine-tuned, which was reflected in the increase
in the output of cash crops and improvement in agricultural production efficiency. Among them,
the proportion of planting (agricultural) output value in the total output value of agriculture, forestry,
animal husbandry and fishery increased from 66.6% to 75.21%, and the proportion of the sown area of
food crops in the total sown area decreased from 78.62% to 76.65%. The fluctuation was significant
from 1994 to 1998. In 1994–1998, agricultural inputs continued to increase. However, the total output
value of agriculture, forestry, animal husbandry, and fishery only increased a little, and grain output
showed varying degrees of decrease. During the period, various natural disasters frequently occurred
in Gansu Province in 1994, 1995, and 1997 (the impact of drought was the most significant in 1995),
and the drought-affected areas of crops in the province reached 13,907 km2, 8343 km2 and 18,029 km2,
respectively. Leading to a large reduction in crops (especially food crops) [43,44].

From 1998 to 2011, the TFP value fluctuated and increased a little. During this period, governments
at all levels focused on increasing farmers’ incomes and adjusting the structure. They issued a
series of policies to encourage agricultural production, intensified the adjustment of the planting
industry structure, and actively suppressed summer and expanded autumn (expanded grain growth),
and worked hard to improve the proportion of cash crops. At the same time, the whole province has
made great efforts to fight drought. This ensures grain income and increases investment in farmland
water conservancy and rural infrastructure construction. Various measures have been adopted to
adapt to local conditions, such as the promotion of mulching, water-retaining agents, and mechanized
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dry farming and water saving to minimize the losses caused by disasters. Therefore, the change of TFP
is slower than the previous stage. Besides, previous immigration policies caused a great change in
scale efficiency, but this change had a lagged impact on agriculture. This period was also an important
period for the transformation of the structure of the agricultural industry in China. In addition, due to
the impact of the international agricultural industry on China after it entered the WTO in 2006, China’s
agricultural production efficiency did not increase rapidly [26,27].

From 2012 to 2017, the TFP value fluctuates greatly, showing an alternating trend of increase and
decrease. Among them, it increased slowly from 2012 to 2013, and fell to 0.98 in 2014. The main reason
was that the investment increases in 2014 were more significantly than in 2013 (especially the total
power of agricultural machinery increased by 28.74%). However, the output indicators have changed
slightly. After that, TFP increased significantly, reaching 1.01 in 2015, and 1.14 2016. In 2017, due to
the significant decline in the output of food crops and cash crops in each county, the TFP value also
reached the lowest value of 0.92. Compared with that of TC, the change range of TFC was relatively
small. The average value was 1.01. The TFC values in 14 years were greater than the average value.
There was a strong correlation between TEC and TFP, indicating that technological efficiency was an
important factor affecting agricultural TFP.
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Figure 4. Trends of (a) agricultural TFP, TEC, and TC of Gansu Province and (b) their coefficients of
variation with time.

Figure 4b shows that from 1988 to 2017, the gap between TFP and its constituent indicators TEC
and TC in different counties tended to decrease, and their values tended to be close to each other.
In general, the coefficients of variation of the three indicators showed a downward trend and then an
upward trend, from 14.25, 9.68 and 12.62 in 1988 to 4.62, 3.7, and 4.01 in 2015, respectively, and then
back to the initial levels.

3.2.2. Spatial Characteristics of Agriculture TFP

The Global Moran’s I index is used to explore the spatial pattern characteristics of agricultural
TFP in Gansu Province (Table 3). The Global Moran’s I of TFP, TEC, and TC in each period are all
greater than 0, as shown in Table 3. This indicates that they show a positive correlation in spatial
distribution. The p-value of TEC in 1988–1998 was less than 0.01, which failed the significance test.
However, the others passed the test. In addition, the spatial distribution of TEC has gradually changed
from weak agglomeration to strong agglomeration with the temporal changes of their Global Moran’s
I. The pattern of continuous distribution of high or low values of TEC has become more obvious.
The spatial agglomeration degree of TFP and TC has no obvious rule over time.
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Table 3. Global Moran’s I of agricultural TFP, TEC, and TC in Gansu Province.

Index TFP TEC TC

Year 1988–1998 1999–2011 2012–2017 1988–1998 1999–2011 2012–2017 1988–1998 1999–2011 2012–2017

Moran’s I 0.345 0.122 0.227 0.074 0.121 0.133 0.343 0.161 0.134
Z(I) 9.301 3.475 6.422 2.211 3.456 3.836 9.399 4.586 4.151

p-value 0.000 0.001 0.000 0.027 0.001 0.000 0.000 0.000 0.000

In Gansu Province, significant spatial variation of TFP, TEC, and TC was observed in all three
periods (Figure 5). The areas with medium and high TFP values expanded from the central part to
western part and then to the entire region of the province. In 1988–1998, TFP showed a spatial pattern
of “high value in the middle and low value in the east and west”. Among the 87 counties, 63 (72.41%)
showed TFP values greater than 1. In 1999–2011, the spatial difference in TFP between east and west of
Gansu Province increased. TFP showed a spatial pattern of “high value in the west and low value in
the east”, and the TFP value decreased in general. The number of counties with TFP value greater than
1 decreased to 42. The TFP value of central region decreased significantly, while that of western region
increased significantly. In 2012–2017, the TFP values increased significantly compared with those in
the previous stage. The number of counties with TFP value greater than 1 increased to 59, accounting
for 67.82% of all evaluation units.
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From 1988 to 2017, TEC showed a spatial pattern of “high value in the east and low value in the
west”, and the TEC value decreased significantly. In 1988–1999, the areas with medium and high TEC
values were mainly concentrated in the central and eastern regions of Gansu Province. There were 54
counties with TEC value greater than 1, accounting for 62.07% of all evaluation units. In 1999–2011,
the number of counties with TEC value greater than 1 decreased to 42. The TEC value of the central
region decreased significantly, while the TEC value of the northeast region increased. In 2012–2017,
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the number of counties with TEC value greater than 1 decreased to 32, accounting for 36.78% of all
evaluation units. The distribution of areas with high TEC values tended to be scattered.

The spatial pattern of TC was similar to that of TFP. From 1988 to 2017, the TC values increased.
The number of evaluation units with TC value greater than 1 increased from 57 in 1988–1998 to 72 in
2012–2017. From 1988 to 1998, the TC values of the areas surrounding Lanzhou city were higher than
those of other areas, and counties with a TC value greater than 1 accounted for 78.57% of the counties
in the central region. From 1999 to 2011, the spatial pattern of TC values was exactly the opposite of
that in the previous stage. The TC value of the areas to the west of Lanzhou city increased significantly,
and the counties with a TC value greater than 1 increased from 11 to 16. The TC values of the areas
around Lanzhou city and the eastern region decreased, and the counties with a TC value smaller than
1 increased from 13 to 26. From 2012 to 2017, except for some counties, the TC value of most areas
increased to varying degrees, and the proportion of counties with TC values greater than 1 increased
significantly to 82.76%.

The significant spatial differences in TFP, TEC, and TC in Gansu Province from 1988 to 2017
are related to the natural and socio-economic conditions of each region. Because of the differences
in natural conditions and economic foundations, the spatial level of agricultural production and
development speed are unbalanced. From 1988 to 1998, TFP, TEC, and TC all showed a spatial pattern
of “medium-high and low-period”, indicating that TFP during this period was jointly influenced by
TEC and TC. Compared with other regions, Longzhong region (central Gansu Province) presents
a significantly high-value area, which is closely related to the advantages of Longzhong region
in population and industry during this period. The Liujiaxia, Yanguoxia, Bapanxia and other
hydropower stations and high-voltage transmission grids in the area provide favorable conditions
for the development of electrical irrigation and agricultural mechanization [48]. From 1999 to 2011,
the spatial patterns of TFP and TC were similar, and the Hexi Corridor region (western Gansu Province)
showed obvious high-value areas. It shows that the improvement of TFP during this period was
mainly affected by TC, and the contribution of TEC was limited. During this period, the industrial
structure of the Hexi Corridor area has been upgraded and optimized, and the level of agricultural
mechanization has also been continuously improved. Coupled with the construction of modern
agricultural demonstration zones in Jiuquan and Zhangye, the process of agricultural industrialization
has been accelerated, and the comprehensive agricultural production capacity has been significantly
improved [33]. From 2012 to 2017, except for the individual Longdong region (eastern Gansu Province)
and Longdongnan region (southeast of Gansu Province), where the TFP and TC values were less than
1, most other regions were greater than 1. The growth of TFP during this period is still due to the
contribution of TC. Although the TFP, TEC, and TC in Longdong region and Longdongnan region have
increased compared with the previous two periods, the changes are not significant. This is related to
its poor agricultural foundation and backward farming technology [33]. The sown areas of crops in the
two regions accounted for 26.73% and 19.69% of the provinces, respectively, but the irrigated areas only
accounted for 8.9% and 8.8% of the province. The degree of water conservancy is low, and agricultural
planting has the characteristics of wide cropping and thin harvesting [45,48].

3.3. Evolution of Agricultural Development Types

3.3.1. Identification of Agricultural Development Types

According to the classification criteria for agricultural development types, GIS spatial query tools
were used to extract areas with TFP, TEC or TC lower than 1 in 1988–1998, 1999–2011, and 2012–2017.
The agricultural development types of different regions were identified through overlay analysis
(Figure 6). The agricultural development type showed significant spatiotemporal variation.
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In 1988–1998, the numbers of counties with type-I and type-VI agricultural development reached
22 and 26, respectively, together accounting for 55.17% of all evaluation units. The number of counties
with type-II agricultural development was the smallest and only 5. In the northeast and west parts of
the province, type-I agricultural development was mainly observed, and the number of such counties
reached 22. In the middle region of the province, type-VI agricultural development was mainly
observed, and the number of such counties reached 26. These two types of counties together accounted
for 55.17% of all evaluation units. The low agricultural technological efficiency and slow technological
improvement were the main reasons for the low agricultural TFP at this stage.

In 1999–2011, the number of counties with type-I agricultural development was the largest and
reached 35, followed by the number of counties with type-IV agricultural development, reaching
18. These two types of counties together accounted for 60.92% of all evaluation units. The numbers
of counties with type-V, type-VI type-II, and type-III agricultural development was 10, 10, 7, and 7,
respectively. The agricultural development in the western part of the province changed from type I in
1988–1998 to type IV in 1999–2011. The agricultural development in the central region changed from
type VI in 1988–1998 to type II in 1999–2011. The agricultural development in the eastern part of the
province was still type I. However, the concentration region of this type changed from middle to south
of the eastern part of the province. The number of these three types of counties reached 60, accounting
for 68.97% of all evaluation units. The results indicate that low agricultural technological efficiency
was very common at this stage.

In 2012–2017, the numbers of counties with type-IV and type-VI agricultural development were
the largest, reaching 29 and 25, respectively. These two types of counties together accounted for 62.07%
of all evaluation units. In comparison, the number of counties with type-I agricultural development
decreased significantly, from 35 in 1999–2011 to 12 in 2012–2017, by 65.91%. In addition, there were
no counties with type-III agricultural development. Spatially, the regions to the west of Lanzhou
city were dominated by type-IV and type-VI agricultural development, and the number of such
counties reached 18, accounting for 90% of all evaluation units in the region. The overall pattern of
agricultural development in the regions to the east of Lanzhou city was similar to that in 1988–1998,
presenting scattered distribution. The regions were also dominated by type-IV and type-VI agricultural
development, and the number of such counties reached 36, accounting for 53.73% of all evaluation
units in these regions.

3.3.2. Evolution of Agricultural Development Types

Many regions of Gansu Province experienced changes in agricultural development types.
The change process of agricultural development types in the study area was complicated. According
to Equations (7) and (8), and through the overlay analysis of agricultural development types in
1988–1998, 1999–2011, and 2012–2017, we obtained the transition matrix of different types of agricultural
development (Table 4).
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The types of agricultural development in Gansu Province changed significantly during the three
stages. From stage 1988–1998 to stage 1999–2011, there were only 26 (29.88%) counties that experienced
no change of agricultural development type. From stage 1999–2011 to stage 2012–2017, there were
17 (19.54%) counties with no change of agricultural development type. From stage 1988–1998 to
stage 1999–2011, counties originally with type-I and type-VI agricultural development changed the
most. It was found that 54.55% (12) and 76.92% (20) of counties originally with type-I and type-VI
agricultural development changed to other types. Fifty percent of counties originally with type-I
agricultural development changed to counties with type-IV agricultural development. 40%, 75%,
36.36%, 71.43% and 40% of counties originally with type-II, type-III, type-IV, type-V and type-VI
agricultural development, respectively, changed to counties with type-I agricultural development.
The results indicate that around 1998 the change in agricultural TFP was gradually due to both
low technological efficiency and slow technological improvement. From the period 1999–2011 to
period 2012–2017, the counties with type-I agricultural development changed the most. It was found
that 88.57% (31) of counties originally with type-I agricultural development changed to other types,
such as IV (35.48%), VI (32.26%), II (29.03%), etc. The shift from types II, III and V to types IV or
VI was also observed. The results indicate that the change in agricultural TFP around 2011 was
gradually due to low technological efficiency or slow technological improvement instead of them.
This was exactly the opposite of that around 1998. In sum, from the perspective of TFP, influencing
factors of agricultural development had undergone a transition from both technological efficiency and
technological improvement to technological efficiency or technological improvement.

Table 4. Evolution of agricultural development types in Gansu Province from 1988 to 2017.

Year
1988–1998

Types of I II III IV V VI Total

1999–2011

I 10 2 6 4 5 8 35
II 1 0 1 1 1 3 7
III 3 1 2 1 0 0 7

IV 6 1 1 6 0 4 18
V 1 1 0 1 2 5 10
VI 1 0 0 2 1 6 10

Total 22 5 10 15 9 26 87

Year
1999–2011

Types of I II III IV V VI Total

2012–2017

I 4 0 3 2 2 1 12
II 9 0 0 2 2 3 16
III 0 0 0 0 0 0 0
IV 11 2 3 8 3 2 29
V 1 1 1 1 1 0 5
VI 10 4 0 5 2 4 25

Total 35 7 7 18 10 10 87

4. Discussion

From 1988 to 2017, the agricultural development of Gansu Province experienced a transition from
traditional agriculture to low-capacity technology agriculture and then to high-capacity technology
agriculture. Agricultural TFP in Gansu Province showed periodic U-shaped fluctuations with time.
The gap between TFP and its constituent indicators TEC and TC in different counties tended to decrease,
and their values tend to be close to each other. Gansu Province presented a significant spatiotemporal
variation of agricultural development types. The influencing factors of agricultural development
had undergone a transition from both technological efficiency and technological improvement to
technological efficiency or technological improvement
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There has been research on the types or models, trend characteristics, dynamic mechanisms
and influencing factors of agricultural and rural transformation [9,11]. However, few scholars have
accurately studied the stage characteristics of agricultural transformation in Gansu Province. In the
present study, from the perspective of TFP, we divided the agricultural transformation in Gansu
Province into three stages, identified different types of agricultural development and studied the
evolution of agricultural development type in the research area. Specifically, the cumulative anomaly
method was used to accurately determine the year at which agricultural TFP experienced abrupt
change. Then, the signal-to-noise ratio was calculated to test whether the two selected years meet
the criteria for the abrupt change in TFP. On this basis, the agricultural transformation in Gansu
Province was divided into three stages. Different types of agricultural development were identified in
Gansu Province. Transition matrix model was used to analyze the evolution of various agricultural
development types at different stages in Gansu Province.

The agricultural TFP in Gansu Province is significantly affected by technological efficiency and
technological progress. Agricultural TFP and its constituent indicators TEC and TC present significant
spatiotemporal variation in Gansu Province. The main reason is that the ability to resist risks is
weak when encountering natural disasters. This leads to a reduction of crop production. Another
reason is that the disordered and unreasonable input structure in the process of agricultural structural
adjustment leads to input redundancy. Therefore, the future focus of agricultural transformation and
development in Gansu Province should be on promoting the sustainable and effective increase of
agricultural income, and accelerating the development of modern agriculture. First, the government
should recognize that the rural infrastructure is poor. In addition, rural agriculture has poor resistance
to risks, such as drought, flood, and waterlogging [40,47]. It is necessary to improve agricultural
infrastructure, such as water conservancy transportation and production conditions, in order to enhance
the comprehensive competitiveness of agriculture and realize mechanization and industrialization [46].
Secondly, the efficiency of agricultural technology should be improved to reduce the negative impact
of low agricultural technological efficiency on agricultural TFP.

The agricultural TFP and its decomposition index have significant and unstable spatial differences
at different stages. The main reason is that the natural conditions and economic foundations of various
regions in Gansu Province are very different, which has caused the imbalance in the level of agricultural
production and development speed between eastern and western regions, mountainous and Sichuan
regions, and agricultural and pastoral areas [36]. According to the difference in agricultural TFP
among different regions, the government should formulate and implement region-specific measures,
rationally construct the distribution of agricultural productivity, promote specialized production,
improve economic efficiency, and promote agricultural transformation and upgrading [39,49–51].
In addition, the government should continue to further promote the development of characteristic
agriculture on the basis of the original agriculture, for example, Dingxi-based potato planting and
commercial potato production bases; Longdong region and Longdongnan region high-quality apple
production bases; Linxia and Gannan livestock breeding bases; Dingxi and Longnan Chinese medicinal
materials production bases and Hexi Corridor hybrid corn, melon and vegetable seed production bases.

Finally, the government should also focus on the formulation and implementation of policies.
For example, the government should deepen the reform of the rural land system, improve land
transfer policies, and accelerate the formulation of relevant laws and regulations on the transfer of
land contractual management rights. These can promote the standardized and orderly transfer of
rural land use rights, promote the optimal allocation of rural land resources, and solve the problems of
small-scale operations and scattered cultivated lands. In addition, the government should increase
rural human capital investment, establish an agricultural human resource development and training
system that suits the actual national conditions. Furthermore, the government improve the quality of
farmers, and cultivate entrepreneurial farmers and new types of farmers [19,52].

According to the three stages of agricultural development proposed by John Mayer, the agricultural
development in Gansu Province was divided into three stages based on agricultural TFP. In future
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research, the research area should be expanded to explore the applicability of John Mayer’s theory to
the agricultural development of China. Moreover, Due to the long study period and difficulties in
data collection, the selected indicators are limited. In fact, agricultural input should include various
indicators, such as agricultural water conservancy, chemistry, and mechanization. The agricultural
output should also include output indicators, such as agriculture, forestry, animal husbandry,
and fishery [23,26,27]. In the future, more indicators will be used to comprehensively evaluate
agricultural TFP. In addition, in the context of China’s vigorous promotion of agricultural modernization,
future research will focus on the problems in agricultural development, methods to accelerate the
transformation and upgrading of China’s traditional agriculture, the mechanism that underlies the
spatiotemporal variation of agricultural transformation types, and the coupling between agricultural
transformation and rural transformation.

5. Conclusions

(1) The agricultural transformation of Gansu Province was divided into three stages: 1988–1998,
1999–2011, and 2012–2017. In 1988–1998, the agricultural TFP presented sharp fluctuations below
the average value, indicating traditional agriculture. In 1999–2011, the agricultural TFP presented
small fluctuations, rose in general and was still below the average value, indicating low-capital
technology agriculture. In 2012–2017, the agricultural TFP presented large fluctuations, decreased
in general, but was greater than the average value, indicating high-capital technology agriculture.

(2) During the 29 years from 1988 to 2017, the TFP value was greater than the average value (1.02) for
11 years, most of which (72.73%) were after 1995. The TFP value changed between 0.92 and 1.16,
and exhibited periodic U-shaped fluctuations with time. The importance of agricultural TFP is
mainly from TC, and the contribution of TEC is limited. In terms of space, agricultural TFP and
its decomposition indicators have significant and unstable spatial differences at different stages,
showing a strong imbalance. The areas with medium or high TFP values expanded from the
central region to the western region and then to the entire region of the province. TEC showed
a spatial pattern of high-value in the east and low value in the west of the province. The TEC
values showed a significant downward trend with time. The spatial pattern of TC was similar to
that of TFP and increased with time.

(3) From 1988 to 1998, type-I and type-VI agricultural development were mainly observed in Gansu
Province, and such counties accounted for 55.17% of all evaluation units. From 1999 to 2011,
the number of counties with type-I agricultural development was the largest, reaching 35, followed
by the number of counties with type-IV agricultural development, reaching 18. These two types
of counties together accounted for 60.92% of all evaluation units. From 2012 to 2017, the numbers
of counties with type-IV and type-VI agricultural development were the largest, reaching 29 and
25, respectively. These two types of counties together accounted for 62.07% of all evaluation units.

(4) The agricultural development types frequently changed in Gansu Province. The change in
agricultural TFP was due to both low technological efficiency and slow technological progress
around 1998. The change in agricultural TFP was due to low technological efficiency or slow
technological progress instead of them around 2011.

(5) The main reason for the significant fluctuation of TFP and its index in time is due to the weak
ability to resist risks and the disordered and unreasonable input structure. Therefore, agricultural
infrastructure and production conditions should be improved. The investment and construction
in water conservancy, transportation and infrastructure should be strengthened. The reason
for the significant spatial difference and imbalance in space is that the natural conditions and
economic foundations of various regions are quite different. This results in an imbalance in the
level of agricultural production and development speed in space. According to the differences in
TFP of agriculture in different regions, regionally differentiated measures should be formulated
and implemented. Various measures should be adopted in accordance with local conditions to
make full use of natural advantages to rationally construct the layout of agricultural productivity.
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Ultimately, these measures will improve the comprehensive competitiveness of agricultural
production and promote the transformation and upgrading of agriculture.
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