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Abstract

:

Farmland consolidation (FC) is among the measures to solve farmland issues, such as farmland fragmentation, and its impact on the ecological environment has always been controversial. In terms of long-term series and large-area analysis, the calculation of a large amount of data makes the analysis of the ecological–environmental quality of farmland consolidation very difficult. To solve this problem, our study applied a remote sensing ecological index model on the Google Earth Engine platform to analyze the changes in the ecological–environmental quality in two prefecture-level cities in Liaoning Province over the past 20 years. In addition, we analyzed the impacts of FC projects on the ecological environment from 2006 to 2018 and compared them to farmland without consolidation. The study results show that FC caused negative impacts on the quality of the ecological environment during the FC period (2006–2018) and that the FC’s positive effects take time to develop. In each FC phase, the results showed that FC exhibited negative effects before 2010 because the proportion of ecological–environmental quality reductions (0–47.67%) was higher than the proportion of increases (9.62–46.15%) in those FC phases. Since 2011, the area experiencing positive ecological–environmental benefits (31.96–72.01%) enabled by FC is higher than the area of negative impact (2.24–18.07%). This seems to be triggered by policy evolution. Based on the trend analysis, the proportion of FC areas with improved ecological–environmental quality grew faster (Gini index decreased 0.09) than that of farmland without consolidation (Gini index decreased 0.05) from before FC to after FC. Moreover, the new FC projects (2011–2018) performed better than the early projects (2006–2010), which may be due to policy evolution and technological advancements. However, the new FC projects (2011–2018) caused a dramatic decrease in ecological–environmental quality in a small number of areas due to the study time constraints. In conclusion, we believe that FC could improve the ecological–environmental quality of farmland, whereas some measures are needed to reduce its temporal negative impact on ecological–environmental quality, which may be caused by human interference. The remote sensing ecological index obtained using the Google Earth Engine platform provided an effective and reliable method for detecting the impacts of FC on the ecological–environmental quality of farmland. This could provide the basis and support for the monitoring of ecological–environmental changes in FC areas at a regional level.
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1. Introduction


Regional economic development is often inseparable from urbanization, which can cause land use and cover change and farmland loss, such as empoldering, disforestation, and farmland non-agriculturalization [1]. This massive loss of farmland will lead to reduced food production, which threatens food security [2,3]. Farmland consolidation (FC) can merge fragmented farmland, improve the efficiency of farmland use, and reduce the land occupation of ridges [4]. FC is widely used in China’s farmland occupation and supplement balance policy. Therefore, it could be considered as a measure to curb the farmland loss and to improve the quality of arable land. The most common pattern of this is farmland improvement, which includes farmland merging, agricultural infrastructure construction, and farmland remediation. In Europe, FC is usually applied to control land fragmentation, solve pollution problems, save biodiversity, and improve water management, which benefits rural sustainable development [5,6,7,8]. In African countries, FC has improved food security, landscape management, and farming efficiency and has decreased land-use conflicts [9,10,11]. In Asia, FC was employed to solve different kinds of land use issues, such as sustainable development goals (SDGs) and agricultural production efficiency [12,13]. Even though FC was used to improve sustainable development in many countries, it has experienced problems during implementation, and its effects on the ecological environment are still under discussion [14,15,16]. However, FC was quickly promoted and widely accepted in China, which may be because it is an effective measure to relieve the contradictions between population and farmland–a long-term presence in China.



From 2006 to 2012, the Chinese government invested approximately CNY 327.4 billion (USD 1 = CNY 6.75) into FC projects. The purpose of the “National land consolidation plan (2011 to 2015)” was to build 26.7 million ha of farmland (approximately 22% of the total farmland in China) by 2015 [17]. Moreover, the “National land consolidation plan (2016 to 2020)” planned to build 26.7 million ha of high-quality farmland by 2020 [18]. FC has increased farmer incomes and has decreased social conflict [17]. FC is considered to be an instrument to boost poverty alleviation and to activate the rural economy [19]. However, the ecological–environmental impacts of FC show divergence, as described by other studies. In terms of farmland soil, FC projects usually contain some cultivated land protection measures, which can control soil erosion and benefit the soil nutrient cycle [20,21,22]. However, FC may cause soil problems, such as soil hardening, topsoil breaking, and nutrient loss [23]. These negative effects were not easily avoided in early FC projects (before 2010) due to technical and awareness issues [24]. After 2010, the policy began to pay attention to the issues of farmland quality brought about by FC [25]. With the addition of farmland protection measures and the strengthening of supervision, the positive effect of FC on cultivated land has gradually become stronger [26]. The study of ecosystem services believes that FC increases crop yields while also increasing soil carbon emissions [27]. Some studies have indicated that FC does not show immediate benefits and that it takes 3 to 5 years to restore the local ecological–environmental quality [28,29]. Therefore, it is necessary to conduct further studies on the spatiotemporal ecological–environmental impact of FC, such as long-term series and large-scale data analysis.



To determine the ecological–environmental impacts of FC, many measurement and calculation methods have been described by other studies. For example, soil data, including saturated hydraulic conductivity and bulk density, are usually applied to determine FC effects [30]. However, the cost of soil sampling is too high to investigate regional and spatiotemporal changes in ecological–environmental quality (EEQ). Therefore, remote sensing data are usually employed to analyze the ecological–environmental impacts of FC. The ecological niche method was used to analyze the impacts of spatial restructuring and FC based on remote sensing images [31]. In another study, the changes in crop yield caused by FC were determined by the normalized difference vegetation index (NDVI) [32]. Other ecological indices from remote sensing data, such as the leaf area index (LAI), ratio drought index (RDI), standardized precipitation index (SPI), and land surface temperature (LST), have been applied to measure the vegetation index, the intensity of drought, and the heat island effect, which are associated with ecological–environmental quality [33,34,35]. Various engineering construction methods for FC (land-level engineering, irrigation and drainage engineering, road engineering, ecological protection engineering, etc.) and land use and management patterns have positive or negative impacts on ecological–environment elements, including soil, water, and organisms. In terms of soil elements, FC and agricultural production have changed the soil moisture, soil temperature, and soil structure and texture [30]; in terms of water elements, FC and the utilization of facilities have affected local water resource allocation [36]; in terms of biological elements, FC and agricultural production have changed the quantitative structure and spatial pattern of vegetation [37]. Therefore, the response of ecological–environmental elements caused by FC can be reflected by indicators such as humidity, greenness, heat, and dryness, which can be integrated into the remote sensing ecological index (RSEI) [38]. Moreover, RSEI is more effective than the ecological index (EI), which is widely used to assess ecological quality in China based on the Technical Criterion for Ecosystem Status Evaluation [39] in studies on the ecological–environmental quality of FC [40]. Although the RSEI model has many advantages, the time cost of RSEI calculations is huge when using it to detect long-term EEQ changes in FC areas at a large scale [38,41,42].



To study spatiotemporal changes in EEQ, the Google Earth Engine cloud-based platform (GEE) was employed in our study. The GEE platform has previously been applied in different study areas, such as soil mapping, crop yield estimation, and land use detection [43,44,45]. The GEE can access most of the long-term sequence remote sensing image data for free, including Landsat, Moderate-Resolution Imaging Spectroradiometer product (MODIS), and Sentinel imagery [45,46]. It is necessary to analyze the RSEI on a regional scale based on the GEE platform. In this study, the RSEI obtained using the GEE platform was applied to monitor EEQ changes caused by long-term and widespread FC projects. This may greatly improve the efficiency of monitoring the environmental impacts of FC projects and help us to discover the regularity of FC development.



Liaoning Province belongs to the old industrial base of Northeast China, which needs to be revitalized based on the Chinese development strategy [47]. Shenyang and Liaoyang are located in the central area of Liaoning Province. FC is widely applied as an effective method to revitalize the sustainable development of those cities. The total investment is CNY 2.91 × 103 million (approximately USD 4.31 × 102 million). In terms of relevant policies, Liaoning Province has produced the “Land Use Master Plan of Liaoning Province (1997–2010)” and the “Land Use Master Plan of Liaoning Province (2006–2020)”. In the “Land Use Master Plan of Liaoning Province (1997–2010)”, the main purpose of FC is to protect the total amount of arable land from urbanization, which is repeatedly mentioned in items 19, 22, and 29 of the plan. In the “Land Use Master Plan of Liaoning Province (2006–2020)”, the importance of the quality of arable land began to receive attention, and the section on FC mentioned basic farmland construction and rural sustainable development. In this study, we used the GEE platform to analyze EEQ to answer three questions: (1) Did FC cause a decline in EEQ? (2) What is the impact of FC projects in different years on EEQ? (3) What is the trend of EEQ before and after farmland consolidation? The RESI model was employed to explain the changes in EEQ in the study.




2. Materials and Methods


2.1. Study Area and Data Sources


2.1.1. Study Area


Shenyang and Liaoyang were selected as the study areas (Figure 1). According to the Köppen Climate Classification, they are both located in the Dwa climate zone. The study area is dominated by plains, mountains, and hills that are concentrated in the southeast, and the Liao River, Hun River, Xiushui River, and Taizi River pass through the area. It has a temperate semi-humid continental climate, with temperatures ranging from −35 °C to 36 °C throughout the year. The average temperature is 8.3 °C, the annual precipitation is 500 mm, and the annual frost-free period is 183 days. Affected by the monsoon, precipitation is concentrated, the temperature differences are large, and the four seasons are distinct. The study area is located in the Liaohe Plain and is an important grain production base for corn and soybeans in China. In recent years, urban sprawl has caused a decline in the quantity and quality of arable land, making the protection of arable land increasingly important. From 2006 to 2018, a total of 557 farmland consolidation projects were completed, with a total area of 1.43 × 103 km2 (Table 1). Fundamental farm construction and dryland improvement are used to improve the infrastructure construction and production capacity of arable land. Farmland development is used to build new farmland, and farmland readjustment is used to control farmland fragmentation. Reclaiming dryland into paddy is used to improve the production capacity of dryland. The durations of these projects are varied. As our study mainly focused on the changes in EEQ after FC, we defined the year in which FC ended as its construction time. The classification of FC projects in the study region is diverse. However, the targets of those FC projects are similar, and they are all about improving farmland productivity and quality. In order to make the design more reasonable, we chose long-term stable arable land that has not participated in FC as the control. A summary of FC projects is shown in Table 1. We divided FC projects into different phases based on the year of project completion. FC projects are mainly distributed in Faku County, Kangping County, Liaozhong County, Xinmin City, Dengta City, and Liaoyang County.




2.1.2. Data and Pre-Processing


There are four ecological components involved in the RSEI model. Therefore, we selected the corresponding standard products from the MODIS library as the data source based on the RSEI model. The NASA Land Processes Distributed Active Archive Center (LPDAAC) Collections from the USGS United States Geological Survey (USGS, https://earthexplorer.usgs.gov, accessed on 28 September 2021) provided standard data on different scenarios at the 1B level, which were used to build RSEI directly, including land surface reflectance (LSR), land surface temperature and emissions (LST&E), and vegetation indices (VI). The wetness and dryness components are derived from the MOD09A1 image set in the LSR product [41]. The greenness component is extracted from the MOD13A1 V6 image set in the vegetation indices product [48]. The image provides the VI per pixel location with a spatial resolution of 500 m and uses the best pixels obtained within 16 days for synthesis. The heat component was extracted from the MOD11A2 V6 image set in the LST&E product. The quality of MOD09A1, MOD13A1 V6, and MOD11A2 V6 were all assessed using the quality control bands. Cloudy pixels were removed. The GEE platform was used to collect and process the MODIS data. The land use and coverage patches were extracted from the GlobeLand30 dataset [49]. These historical images can be collected and processed by the GEE without downloading. We uploaded the RSEI images as online Supplementary Materials.





2.2. Data Analysis


The data analysis process is exhibited in Figure 2. First, we used remote images with a 500 × 500 m2 spatial resolution to build the RSEI model. Second, the RSEI values of FC areas were extracted using FC polygons (2006–2018) from the past 20 years that were obtained from local natural resource departments. The long-term stable farmland (never change) was extracted from the GlobeLand30 dataset (only 2000, 2010, and 2020 available) and the area that overlapped with FC was removed. Then, the farmland without FC was obtained. We extracted the RSEI values based on the farmland without FC. Third, reclassification and spatiotemporal trend analysis were conducted in the whole study region, including in FC areas and farmland without FC. Finally, the differences in the time scales were compared, as were the differences between the FC patches and arable land without FC.



2.2.1. Construction of RSEI


The RSEI model was developed to determine the EEQ, which is composed of wetness, greenness, heat, and dryness [50,51]. The RSEI value could be defined as a function of wetness, greenness, heat, and dryness. The model was built as follows:


  RSEI = f   Wetness , Greenness , Heat , Dryness    



(1)







In Equation (1), wetness, greenness, heat, and dryness are characterized by the humidity component (WET), enhanced vegetation index (EVI), daytime land surface temperature (DLST), and normalized difference built-up and soil index (NDBSI), respectively. As the EVI could solve the NDVI’s saturation problem, and the EVI was used instead of NDVI, which is widely applied in RSEI models [51]. The other indicators are the same as described in another study [52]. The EVI and DLST were directly obtained from MOD13A1 V6 and MOD11A2 V6, respectively.



The WET component is characterized by the third component of the multispectral image after tasseled cap transformation, as described by other studies [53]. The formula for WET is as follows:


  W E T = 0.1147  ρ  r e d   + 0.2489  ρ  n i r 1   + 0.2408  ρ  b l u e   + 0.3132  ρ  g r e e n   + − 0.3122  ρ  n i r 2   + − 0.6416  ρ  s w i r 1   + − 0.5187  ρ  s w i r 2    



(2)




where ρred, ρnir1, ρblue, ρgreen, ρnir2, ρswir1, and ρswir2 represent the reflectance of the 7 bands of the MOD09A1 images, respectively [53].



The NDBSI was calculated based on the Bare Soil Index (BI) and the Index Based Built-up Index (IBI) [50,54]. The formula for the NDBSI is as follows:


  N D B S I =   I B I + B I  2   



(3)






  I B I =     2  ρ  s w i r 1      ρ  s w i r 1   +  ρ  n i r 1     − [     ρ  n i r 1      ρ  n i r 1   +  ρ  r e d     +  ρ  g r e e n   /    ρ  g r e e n   +  ρ  s w i r 1      ]     2  ρ  s w i r 1      ρ  s w i r 1   +  ρ  n i r 1     + [     ρ  n i r 1      ρ  n i r 1   +  ρ  r e d     +  ρ  g r e e n   /    ρ  g r e e n   +  ρ  s w i r 1      ]    



(4)






  B I =        ρ  s w i r 1   +  ρ  r e d     −    ρ  n i r 1   +  ρ  b l u e              ρ  s w i r 1   +  ρ  r e d     +    ρ  n i r 1   +  ρ  b l u e          



(5)




where ρred, ρnir1, ρblue, ρgreen, and ρswir1 represent the surface reflectance of the corresponding bands of the MOD09A1 V6 images, respectively [51].



Principal component analysis (PCA) was employed to couple these indicators, the first principal component (PC1) was selected to calculate the RSEI value, and the interpretation rates of the total variation were more than 80%. First, normalization was applied to those indicators, including WET, NVDI, DLST, and NDBSI. Second, the eigen analysis (https://developers.google.com/earth-engine/arrays_eigen_analysis, accessed on 28 September 2021) on the GEE platform was used to calculate PC1. Finally, the initial RSEI (RSEI0) could be calculated as follows:


  R S E  I 0  = 1 − P  C 1    f   W E T , E V I , D L S T , N D B S I      



(6)




where PC1 is the first principal component of the 4 indicators (WET, EVI, DLST, and NDBSI). The RSEI could be obtained from the RSEI0, and the RSEI values were normalized from 0 to 1. The normalized RSEI values were divided into 5 levels, and each level had an increment of 0.2. A value close to 1 indicated a good EEQ level. The levels were as follows: poor: 0–0.2; fair: 0.2–0.4; moderate: 0.4–0.6; good: 0.6–0.8; and excellent: 0.8–1, and were taken from other researchers who conducted similar studies [50,55]. Consequently, we used the RSEI levels to show the ecological–environmental status of the study area.




2.2.2. Spatiotemporal Trend Analysis


Change vector analysis, which was calculated using the difference between the RSEI levels from 6 years after FC and the RSEI levels from 6 years before FC, was employed to detect the EEQ changes and was conducted in QGIS [41,55]. The trend analysis was applied to the farmland without FC and each FC plot. The Mann–Kendall trend test (M–K test) and Theil–Sen slope estimator were used in combination to predict the change trends in the long-term series data and were conducted in the GEE platform [46]. The M–K test is a nonparametric statistical test method used to judge the significance of trends [56]. It is not affected by missing data values and can distinguish whether there are definite trends in natural processes.


  S =    ∑  i = 1     n − 1      ∑  j = i + 1    n  s g n    x j  −  x i     



(7)






  s g n    x j  −  x i    =       + 1 ,      x j  >  x i        0 ,      x j  =  x i        − 1 ,      x j  <  x i         



(8)




where n is the length of time series; xi and xj are RSEI values in time series. The variance of S is calculated as follows:


  τ = V a r  S  =   n   n − 1     2 n + 5     18    



(9)







The Z statistic is defined as follows:


  Z =         S − 1     V a r  S      ,     S > 0       0 ,     S = 0         S + 1     V a r  S      ,     S < 0        



(10)






  P ( T >  Z  ) =  1   2     ∫   Z    + ∞    e  −  β 2    d t = 0.5 −  1   2     ∫ 0   Z     e  −    t 2   2    d t  



(11)







Z has a standard normal distribution. We collected the results of the M–K test under the significance level of 95% and considered the area with the Kendall’s τ values in the range from −0.1 to 0.1 as the EEQ unchanged region, as described by other studies [46]. Therefore, values greater than 0.1 are considered a growing trend, and values less than −0.1 are considered a falling trend.



The Theil–Sen slope estimator is a robust nonparametric statistical trend calculation method. It calculates the median slopes of the long-term series and can reduce the impact of data outliers. The calculation of the Theil–Sen slope estimator is as follows:


  S l o p e  β  = M e d i a n      x i  −  x j     t i  −  t j       



(12)




where Slope (β) is the Sen trend degree of the long sequence of RSEI, xi and xj are the sequences of RSEI content, and ti and tj are the sequence years of RSEI, respectively. According to descriptions in other studies, we set the range from −0.03 to 0.03 to represent the state of relative stability. Values greater than 0.03 are considered a dramatic growing trend, and values less than −0.03 are considered a dramatic falling trend [38]. For the FC patches in different years, the EEQ changes in the overall process and the EEQ changes before and after FC were calculated. Then, we superimposed the results of different years into one graph (Figure 3). Finally, the comparison between FC areas and farmland without FC was carried out, and Gini coefficients were calculated based on the results of the trend analysis via the DescTools package in R language [57]. The Gini coefficients could reflect the development balance of EEQ and could detect the frequencies of low RSEI levels.






3. Results


3.1. The Dynamic Changes in Ecological–Environmental Quality in FC Areas


The results of RSEI change showed that ecological–environmental quality showed increased volatility from 2000 to 2020 in the whole study region, in FC areas, and in the long-term stable farmland without FC (Figure 4a). The EEQ of the total region was usually better than that of FC and farmland without FC. The tendencies of FC and farmland without FC were similar before 2009. Then, the EEQ of FC areas became worse than that of farmland without FC until 2013. After 2014, the EEQ of FC started to exceed that of farmland without FC, except in 2018. From 2019 to 2020, the EEQ of FC gradually surpassed that of the entire area. Notably, the scale of FC showed that the largest number of FC projects was completed in 2013 (414.61 km2), followed by in 2015 (330.11 km2). Moreover, some years were selected to detect the regional changes in EEQ (Figure 4b). The average RSEI of FC was lower than in plots without FC in 2000. This was because the proportions of excellent and good levels were higher in the plots without FC (18.41% good; 0.40% excellent) than in the FC areas (17.65% good; 0.39% excellent). In 2003 and 2006, the EEQ of FC showed little difference from the plots without FC. The average RSEI of the plots without FC was significantly higher than in FC areas in 2012. The proportions of fair and poor levels were higher in FC areas (19.40% fair; 1.44% poor) than in plots without FC (10.61% fair; 0.94% poor). Then, the EEQ of FC was relatively higher than that of plots without FC in 2015. The reason for this seems to be that the proportion of poor levels in FC areas (6.05% poor) was less than that of plots without FC (8.32% poor). In 2018, the EEQ of plots without FC was again higher than that of FC areas. The proportion of fair levels in FC areas (29.21% fair) was higher than that in plots without FC (20.55% fair). In 2020, the proportion of excellent levels in FC areas (8.86% excellent) was higher than that in plots without FC (5.58% excellent), which improved the mean value of the RSEI in FC areas. The proportion of FC polygons at each EEQ level in 2015 and 2018 showed that large-scale FC projects may significantly increase EEQ risks (refer to Appendix A, Figure A1). Moreover, FC also increased the proportion of excellent EEQ plots compared to farmland without FC in several years, such as in 2018 and 2020 (Figure 4b). According to the spatial distribution of the RSEI in FC areas, the evolution of each FC phase may cause a fluctuation in the EEQ (Figure 5).




3.2. The Changes in Ecological–Environmental Quality in Each FC Phase


FC projects were presented in different time phases. The proportion of the quality level indicated that some FC projects were not always able improve the EEQ of farmland before 2010 (Figure 6). From 2011 to 2018, the subsequent and positive effects of FC projects always improved the proportion of good and excellent levels. The results demonstrating quality level changes also showed that FC projects usually caused one or two levels of improvement and deterioration (Table 2).



There were four FC phases that showed negative impacts (over 30% area deterioration), namely 2007, 2008, 2009, and 2010. The FC phases of 2006, 2007, 2008, 2009, and 2010 caused 30%, 46.15%, 12.02%, 9.62%, and 15.36% area improvement, respectively. They caused 0%, 38.46%, 47.67%, 35.73%, and 35.27% area deterioration, respectively. Other FC phases, namely 2011, 2012, 2013, 2014, 2015, 2016, 2017, and 2018, resulted in 50.74%, 40.96%, 48.25%, 50.70%, 45.27%, 36.89%, 72.01%, and 31.96% area improvement, respectively, and caused 6.85%, 18.07%, 3.37%, 7.04%, 9.22%, 16.80%, 2.24%, and 6.86% deterioration, respectively.




3.3. The Spatiotemporal Trend of Ecological–Environmental Quality in FC Areas


To determine the positive and negative impacts of FC, we employed the Mann–Kendall confidence test to evaluate the trend of RSEI in time series. The results of the M–K test indicate that the EEQ of the FC areas has increased slowly over the past 20 years (Figure 7a). Before FC finished, the area proportions that showed rising trends in the EEQ were 32.99% and 38.68% in the plots without FC and FC areas, respectively (Figure 7b and Figure A3). After FC finished, the proportion of the area with rising trends was 51.73% and 70.41% in the plots without FC and FC areas, respectively. Compared to the 18.74% increase in the plots without FC, the FC projects resulted in a 31.73% improvement. The Gini index also proved that FC effectively improved the EEQ of farmland.



The results of the Theil–Sen slope estimator showed that change strength was relatively stable in the overall process (Figure 8a). The stable area proportions were 98.26% and 98.68% in the plots without FC and in FC areas, respectively, before FC finished (Figure 8b). However, the proportions of stable areas dropped to 95.91% and 80.65% in the total region and in FC areas, respectively, after FC finished. Of the FC areas, 18.38% showed a dramatic increase in polygons. Meanwhile, 2.96% of the plots without FC showed a dramatic increase in polygons. However, the increased Gini index showed that some of the FC areas demonstrated a dramatic decrease in polygons after FC (Figure 9b). The new stage of FC projects (2011–2018) caused a dramatic decrease in polygons, the proportion of which increased from 0.50% to 1.21% (Table 3). A dramatic decrease in polygons was observed in FC (2011–2020) in 2011 (0.02%), 2013 (0.10%), 2015 (0.10%), 2016 (0.17%), 2017 (0.22%), and 2018 (0.60%).





4. Discussion


4.1. Ecological–Environmental Quality Monitoring at a Large Regional Level


This study described the spatiotemporal changes in the EEQ in a large region caused by agricultural land consolidation. According to descriptions in other studies, land consolidation projects are considered to be an effective instrument to promote plant biomass, optimize the landscape pattern, and change the structure and function of the regional ecosystem [58,59]. However, it is difficult to analyze the impact of numerous FC projects on the EEQ of a large region. The construction of the RSEI model requires a large amount of image data at a regional level and a long-term time scale, which greatly increases the cost of analysis and monitoring. According to descriptions in another study, the EEQ monitoring of FC was limited to spatiotemporal scales, which studied the impacts of one-year FC projects and EEQ changes after 2010 [29]. The application of the GEE cloud platform in our study has broken the boundary of rapidly and efficiently analyzing the spatiotemporal changes in environmental and ecological quality in a large area [42].



In the results of our study, the EEQ variation showed that the EEQ of FC areas declined during the FC period (Figure 4) and that the effects of FC had a lag (Figure 6). This is similar to the findings of other researchers who conducted similar studies in FC and ecosystems, in which intensive engineering activities brought about by FC caused ecological risks [60]. It takes 3–5 years to restore the ecological and environmental quality after FC [29]. The largest area of FC was completed in 2013 and 2015 and was distributed widely in the study area. We also found that FC projects may cause temporary and negative impacts. The FC areas completed in 2013 and 2015 experienced a decline in EEQ in 2018, which was proven by the EEQ classification results (Figure 6). Another study on FC also indicated that heavy consolidation work could threaten plant species diversity, which is associated with ecological resistance and EEQ [61]. Therefore, we suggest that although FC will enable long-term ecological benefits, the number and size of FC projects should be matched with the regional development in a short period (under 3 years). Moreover, it is necessary to consider the acceptability of ecologically fragile areas for FC projects.




4.2. Differences among FC Phases from 2006 to 2018


Our results indicate that the effects of FC on EEQ may be driven by policy evolution in China. Descriptions in another study showed that the development of FC and relevant policies could be divided into several phases over the past 20 years [25]. In our study region, the FC phases could also be divided into different stages. As mentioned above, the policy in Liaoning Province has begun to strengthen the requirements for the quality of cultivated land from 2006. However, the relevant inspections have not yet been implemented at the provincial scale. At the end of 2010, the State Council issued the “Notice of the State Council on Strictly Regulating the Pilot Program of Linking New Land Used for Urban Construction with the Decrease of Land Used for Rural Construction and Effectively Carrying out the Consolidation of Rural Land” (NO. 47 [2010] of the State Council). Subsequently, the Department of Land and Resources of Liaoning Province (DLRLN) organized an inspection of FC projects in 2011 (NO. 23 [2011] of the DLRLN) based on NO. 47 document of the State Council. The RSEI values of the FC phases reflected the change in policies. From 2006 to 2010, the impacts of some FC projects were negative. The FC phases of 2007, 2008, 2009, and 2010 showed that the area experiencing eco-environmental deterioration was greater than the area of improvement 6 years after the completion of the projects. On the other hand, the FC phases from 2011 to 2018 all showed that the area of eco-environmental improvement was greater than the area of deterioration, 6 years after the completion of projects. Therefore, the FC phases could be divided into two stages. One is from 2006 to 2010, and the other is from 2011 to 2020. This is generally in line with the time node representing FC policy adjustment in Liaoning Province, which shows the influence of policy evolution.



The results of the M–K test and Theil–Sen slope showed that the FC projects turned some areas with decreasing EEQ and unchanged areas into areas with increasing EEQ, which proved that FC can improve the EEQ of farmland. It also proved that the efficiency of the new FC projects (2011–2020) is higher than that of the early projects (2006–2010), in agreement with descriptions in another study that the strengthening of government supervision has improved the engineering efficiency of FC projects [62]. Moreover, the technical development of FC, including optimizing the landscape structure, may also provide ecological–environmental benefits [63]. Notably, the dramatic negative impacts of the new FC projects (2011–2020) have increased from 0.50% to 1.21%, whereas the impacts of the early projects (2006–2010) decreased from 0.99% to 0.00%. Some FC phases were completed in less than 5 years. Although the overall EEQ was effectively improved within 5 years after the completion of FC projects, the EEQ in some areas needs more time to recover. This is consistent to the description in another study [29]. Therefore, while we focus on the benefits of the FC project, we also need to pay attention to its possible negative effects in the short term. This seems to be consistent with our previous point that the number of FC projects should be promoted cautiously in the short term.




4.3. Policy Suggestions for FC


FC plays an important role in solving the contradiction between humans and the Earth in the Chinese urbanization process. Meanwhile, FC also shoulders the important task of rural revitalization. The number of FC projects will be persistently promoted in China, and the technical development of FC will also not stop. Therefore, we determine the impacts of FC on EEQ in the study area and making the following policy suggestions:




	
Even though FC is an effective method to improve the ecological–environmental quality of farmland, the regional development and environmental carrying capacity should be considered before FC. Our results showed that a fast-growing number of FC projects have increased the pressure on the ecological environment. The government should evaluate the impact of FC implementation on the ecological environment and the time required for restoration in advance. This evaluation should be based on historical data of regional development and FC projects.



	
Government supervision should be applied in the post-FC period. Compared to the whole process of supervision of FC projects, post-FC supervision is also important. On one hand, the results showed that FC sometimes caused EEQ to decrease in the following period. Some of the negative impacts of FC existed for a long time. Supervision should be repeatedly applied to the farmland involved in FC. On the other hand, the incorrect management of those areas may also cause environmental issues [21]. Reasonable management and problem-solving methods should be promoted during the post-FC period.



	
Early FC projects, which lacked policy evolution and technical improvement, also need attention. Remedial measures should be implemented to control the negative impacts caused by early FC issues. It is necessary to implement green agriculture and ecological intensification in early FC areas.



	
The government can use monitoring methods that use big data cloud platforms to understand the changes in the EEQ in FC areas. In our study, the variation in each patch can be displayed. In our follow-up research, we could analyze the causes of environmental problems in different patches in a targeted manner. This could improve the efficiency of monitoring and information processing.










5. Conclusions


In the study, we calculated the RSEI (including the NDVI, WET, LST, and NDBSI) on the GEE platform to analyze the spatiotemporal changes in the EEQ in regional farmland consolidation areas. We found that the analysis of RSEI using the GEE platform is suitable for large-scale temporal and spatial series monitoring, and it reflects the dynamic impacts of FC projects at a regional level. Our study has effectively broadened the spatiotemporal scale compared to other studies.



The results showed that FC could improve EEQ effectively, while some issues were also present. First, the positive effect of farmland consolidation takes more than 3 years to appear, and it may have a negative effect in the short term. Therefore, it is more reasonable to decide the scale of remediation according to the actual situation of regional development. The launch of large-scale FC projects may temporarily increase the pressure on the environment. Second, the policies associated with FC could impact the effects of FC on the EEQ. With the emphasis on FC projects in policy, the positive impact of FC is becoming increasingly stronger. Finally, the new FC projects showed more positive effects than the early FC projects, while risks were also present in the new projects. Therefore, the application of the RSEI model on the GEE platform could improve the efficiency of government inspections of FC projects at a regional level, which could help us conduct targeted follow-up studies, such as fieldwork of EEQ issues caused by FC projects.
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Figure A1. The area proportion of FC phases at each EEQ level in selected years. 






Figure A1. The area proportion of FC phases at each EEQ level in selected years.



[image: Remotesensing 14 03646 g0a1]







[image: Remotesensing 14 03646 g0a2 550] 





Figure A2. The overall process of the trend analysis in FC areas and an addition to Figure 7 and Figure 8. (a) is the results of the M–K test, and (b) is the results of the Theil–Sen slope test. 
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Figure A3. Results of trend analysis for the farmland without FC: (a) M–K test; (b) Theil–Sen Slope test. 
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Figure 1. The location map of the study area and farmland consolidation (FC) phases marked by FC year. Liaoning Province (a) and our study region (b). 
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Figure 2. The technique flowchart. MODIS, Moderate-Resolution Imaging Spectroradiometer product; VI, vegetation indices; LSR, land surface reflectance; LST&E, land surface temperature and emissions; EVI, enhanced vegetation index; WET, humidity component; NDBSI, normalized difference built-up and soil index; DLST, daytime land surface temperature; PCA, principal component analysis; RSEI, remote sensing ecological index; MK test, Mann–Kendall trend test; Slope, Theil–Sen slope estimator; EEQ, ecological–environmental quality; FC, farmland consolidation. 
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Figure 3. The trend analysis procedure. FC, farmland consolidation. Outside the dashed box is the trend analysis of the changes in the quality of the ecological environment in the FC plots, and inside the dashed box is the trend analysis of the quality changes in the ecological environment in the stable farmland without FC. 
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Figure 4. The changes in the average RSEI values for the whole study region, FC areas, and farmland without FC in each year. The coverage years of the FC phases are in gray (a); area distribution of EEQ levels in FC areas and in the farmland without FC in the selected years, from 2000 to 2020 (b). For the convenience of presentation, we chose to display one years from each three-year period. 
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Figure 5. Spatial distribution of EEQ levels, same as before, in the FC areas in selected years from 2000 to 2020. 
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Figure 6. Area proportion of EEQ levels in each FC phase. The EEQ levels are same as before. Moreover, we exhibited the changes in the average RSEI from the 6 years before FC to the 6 years after FC in each FC phase. 
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Figure 7. The trend of eco-environment quality (M–K test) in the FC areas at the 95% confidence level before FC (a) and after FC (b); the subsets (1–4) are used to reflect the changes. 
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Figure 8. The trend strength of the EEQ (Theil–Sen slope value) in the FC areas at the 95% confidence level before FC (a) and after FC (b); the subsets (1–4) are used to reflect the changes. 
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Figure 9. The comparison between FC areas and the plots without FC based on Kendall’s τ value (a); the comparison between FC areas and the plots without FC based on Theil–Sen slope (b). The Gini coefficients are shown along the scale of the x-axis. 
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Table 1. Basic information of land consolidation projects.
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City

	
FC Classification

	
Completed Area of FC (km2)






	
Shenyang

	
Fundamental farm construction

	
582.88




	
Farmland development

	
466.82




	
Farmland readjustment

	
23.74




	
Farmland reclamation

	
7.98




	
Liaoyang

	
Fundamental farm construction

	
173.66




	
Farmland development

	
60.13




	
Farmland readjustment

	
106.69




	
Dryland reclamation into paddy

	
6.06




	
Drylands improvement

	
3.99








Source: Natural Resource Departments of Shenyang and Liaoyang.
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Table 2. Changes in RSEI levels in each FC phase based on the change vector analysis.
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Year

	

	
Improvement

	
Stable

	
Deterioration




	

	
+3

	
+2

	
+1

	
0

	
−1

	
−2

	
−3






	
FC of 2006

	
Area/km2

	
0

	
0

	
1.5

	
3.5

	
0

	
0

	
0




	
(2000 to 2012)

	
Percentage/%

	
30

	

	

	
70

	
0

	

	




	
FC of 2007

	
Area/km2

	
0

	
0.25

	
2.75

	
1

	
2.5

	
0

	
0




	
(2001 to 2013)

	
Percentage/%

	
46.15

	

	

	
15.38

	
38.46

	

	




	
FC of 2008

	
Area/km2

	
0

	
0.5

	
15

	
52

	
56.25

	
5.25

	
0




	
(2002 to 2014)

	
Percentage/%

	
12.02

	

	

	
40.31

	
47.67

	

	




	
FC of 2009

	
Area/km2

	
0

	
0.25

	
6.75

	
39.75

	
24

	
1.75

	
0.25




	
(2003 to 2015)

	
Percentage/%

	
9.62

	

	

	
54.64

	
35.73

	

	




	
FC of 2010

	
Area/km2

	
0

	
2.75

	
21.75

	
78.75

	
50.75

	
5.25

	
0.25




	
(2004 to 2016)

	
Percentage/%

	
15.36

	

	

	
49.37

	
35.27

	

	




	
FC of 2011

	
Area/km2

	
0

	
16.75

	
77.75

	
79

	
12.75

	
0

	
0




	
(2005 to 2017)

	
Percentage/%

	
50.74

	

	

	
42.42

	
6.85

	

	




	
FC of 2012

	
Area/km2

	
0

	
3.5

	
5

	
8.5

	
3.5

	
0.25

	
0




	
(2006 to 2018)

	
Percentage/%

	
40.96

	

	

	
40.96

	
18.07

	

	




	
FC of 2013

	
Area/km2

	
4.75

	
44.5

	
223

	
273

	
17.75

	
1.25

	
0




	
(2007 to 2019)

	
Percentage/%

	
48.25

	

	

	
48.38

	
3.37

	

	




	
FC of 2014

	
Area/km2

	
0

	
0.5

	
8.5

	
7.5

	
1.25

	
0

	
0




	
(2008 to 2020)

	
Percentage/%

	
50.70

	

	

	
42.25

	
7.04

	

	




	
FC of 2015

	
Area/km2

	
0.75

	
26.25

	
173

	
201

	
40.75

	
0

	
0




	
(2009 to 2020)

	
Percentage/%

	
45.27

	

	

	
45.50

	
9.22

	

	




	
FC of 2016

	
Area/km2

	
0

	
0.75

	
21.75

	
28.25

	
9.75

	
0.5

	
0




	
(2010 to 2020)

	
Percentage/%

	
36.89

	

	

	
46.31

	
16.80

	

	




	
FC of 2017

	
Area/km2

	
0

	
7.5

	
40.75

	
17.25

	
1.5

	
0

	
0




	
(2011 to 2020)

	
Percentage/%

	
72.01

	

	

	
25.75

	
2.24

	

	




	
FC of 2018

	
Area/km2

	
0

	
2

	
38.75

	
78

	
8.75

	
0

	
0




	
(2012 to 2020)

	
Percentage/%

	
31.96

	

	

	
61.18

	
6.86
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Table 3. The differences between FC phases before 2010 and FC phases after 2010.






Table 3. The differences between FC phases before 2010 and FC phases after 2010.





	
Trend Analysis

	

	
Early FC (2006–2010)

	
Newly FC (2011–2018)




	

	
Percentage/%

	
Percentage/%






	
Kendall’s τ value

	

	
Before FC

	
After FC

	
Before FC

	
After FC




	

	
From 0.1 to 1

	
40.86%

	
64.10%

	
38.28%

	
88.50%




	

	
From −0.1 to 0.1

	
29.07%

	
21.83%

	
31.78%

	
16.51%




	

	
From −0.1 to −1

	
30.07%

	
14.66%

	
29.94%

	
11.50%




	

	
Gini index

	
0.21

	
0.14

	
0.21

	
0.05




	
Theil–Sen slope

	

	
Before FC

	
After FC

	
Before FC

	
After FC




	

	
From 0.03 to 0.5

	
3.35%

	
1.94%

	
0.50%

	
22.37%




	

	
From −0.03 to 0.03

	
95.71%

	
98.06%

	
99.44%

	
76.42%




	

	
From −0.03 to −0.3

	
0.94%

	
0.00%

	
0.50%

	
1.21%




	

	
Gini index

	
0.02

	
0.01

	
0.003

	
0.08
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