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Abstract

:

The dynamic changes of nitrogen (N) loads have been significantly impacted by the rapid expansion of many cities, potentially escalating the risk of N pollution in cities. However, the spatiotemporal changes of N loads in source and sink landscapes remain unclear in urbanization. In this research, we used source–sink landscape theory to identify the source–sink landscape in the process of N flow at the city scale and investigated the spatiotemporal changes of N loads in the source–sink landscape from 2005 to 2015 in Xiamen, a rapidly urbanizing city in southern China. The total N loads of source landscapes increased by 2 times between 2005 and 2015, with an average annual growth of 26%, while the total N loads of sink landscapes climbed gradually, with an average annual increase of 8%, according to our findings. Moreover, in terms of the spatial gradient, the N loads of the source landscape fluctuated downward and reached their peak in the urban center, whereas the N loads of the sink landscape tended to rise and reached their peak outside of the city. Our findings offered a fresh viewpoint on the source–sink landscape in N flows at the city scale and offered useful guidance for N spatial management to support sustainable city development.
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1. Introduction


Urbanization noticeably impacts the biochemical cycle of nitrogen (N) at a city scale [1,2,3]. Furthermore, the source and sink landscapes of cities also are greatly altered by urban expansion [4]. Due to the high concentration of people and socioeconomic activities that occurs in cities, cities have become hotspots of global N pollution [5]. The increasing N loads in the environment result in city ecosystem degradation (e.g., the greenhouse effect, ozone layer destruction, acid rain, eutrophication and biodiversity reduction) and damage to human health [6,7,8,9]. N management of cites is a critical part of Sustainable Development Goals and ecological environmental development [10]. Thus, clarifying the dynamic changes of N loads in source–sink landscapes are the key to reduce and manage N pollution in cities effectively.



Source–sink landscapes are defined as the origin and retention, respectively, of an object or substance [11,12,13,14]. Source and sink landscapes have different roles in ecological process [15]. The source promotes the progression of ecological processes, while the sink delays this progression [16]. Some researchers have defined and studied the source and sink landscapes in different processes and scales, including the carbon cycle [17], the urban heat island effect [18] and air pollution [19]. However, the source and sink have different significances in different research fields [20], and few researchers have clearly identified the source–sink landscape in the N flowing process. Furthermore, the spatial characteristics of N loads in source and sink landscapes are still unclear.



Cities, with higher population densities and fossil fuel consumption, are hot spots of N pollutants, resulting in environment pollution and public health impacts [5]. Previous studies on N flows and N loads at the city scale have achieved considerable achievements [21,22,23]. These studies have primarily clarified the human activity changes and the spatial distribution of N loads [24,25]. However, most of them selected the smallest administrative districts as their cases, while ignoring spatial gradient characteristics analysis at the city scale. In recent years, numerous cities throughout the world have proceeded with unprecedented rapid and large-scale urbanization and expansion [26], changing the source–sink landscapes of cities along the spatial gradient, thereby affecting the circulation of nutrients at the spatial gradient [27,28,29]. Furthermore, these changes have interfered with terrestrial ecosystems and changed the N biochemical cycle [30,31]. However, the linkage between urban expansion and the N loads in source–sink landscapes, along a spatial gradient, remains unclear. Therefore, exploring the dynamic characteristics of N loads along a spatial gradient at the city scale is more significant.



Based on the source–sink landscape theory and N loads analysis method, this study proposes a new perspective to identify the source and sink landscapes in the N flowing process and comprehensively analyze the dynamic characteristics of N loads along a spatial gradient, taking Xiamen as an example from 2005 to 2015. The main research objects are as follows: (1) identifying the source and sink landscapes in the N flowing process using a novel perspective; (2) revealing the spatiotemporal dynamics of source and sink landscapes; (3) investigating the spatiotemporal characteristics of N loads caused by the dynamic changes of source and sink landscapes.




2. Materials and Methods


2.1. Study Area


Xiamen (24°26′46″ N, 118°04′04″ E) is recognized as a typical coastal city, as well as a designated special economic zone, in southeastern China (Figure 1). Over the past forty years, Xiamen’s booming economy and rapid urbanization have remarkably altered its land use distribution. Notably, from 2005 to 2015, the per capita annual income surged from 16,402.75 to 42,606.62 yuan, the urbanization rate of Xiamen increased from 62.7% to 81.3% and the construction area grew by 2.5 times [32]. Xiamen is surrounded by mountains on the north, decreasing in altitude to a loess plateau on the south. Xiamen Island is located in the southwestern part of Xiamen. It is a highly urbanized area and is the center of the local economy (e.g., manufacturing and high-tech industries), culture and education. The urban expansion triggered the loss of farmland and caused environmental deterioration [33,34]. The rapid urbanization has expanded from Xiamen Island to outward, southwesterly.




2.2. Data Sources


The data required for this study can be divided into three categories: socioeconomic data, N flowing parameters and geospatial data. The data sources consisted mainly of government statistical yearbooks, published literature, survey data and the website of the Resource and Environmental Science and Data Center (https://www.resdc.cn/data.aspx?DATAID=335 (accessed on 6 August 2022)) The details are shown in Figure 2. Socioeconomic data can be obtained from the official statistical bureaus in Xiamen for 2005 to 2015. The land use data of Xiamen originated from Landsat-8 TM/ETM remote sensing images (30 × 30 m) in 2005, 2010 and 2015. The remote sensing land images were artificially interpreted and classified into 7 types of land use (cropland, forest, greenbelts and parks, urban residential areas, rural residential areas, traffic land and industrial land). Specific to the calculation of the N loads, the parameters of the N flowing came from our surveys and the existing literature.





3. Methodology


3.1. Source–Sink Landscape Identification in the N Flowing Process


In 2003, the source–sink theory was introduced into landscape ecology, and the source–sink landscape theory was constructed [16]. The source–sink landscape theory can better integrate landscape type, area and spatial location and the impact of the landscape on ecological processes. According to source–sink landscape theory, in the process of N flowing, the source landscape can promote the progression of N emissions, while a sink landscape is a type that prevents or delays the progression of N loss. As an acceleration of urbanization, landscape types turn out to be more complex, affecting the N flowing process and ecological functions in cities [27]. Source and sink landscapes play different roles in the functions of the N flow and either negatively or positively affect the environment at the city level.



Combining mechanisms of N flows with source–sink landscape theory, the source and sink landscapes are identified in this study. The source landscape refers to a landscape type that can promote the N flowing process, and seriously impacts the air, water and soil [35]. For instance, cropland landscape has high-intensity fertilizer inputs that result in considerable N runoff and leaching. Residential land, traffic land and industrial land are significantly positively related to human activities that can cause tremendous N pollution (e.g., air pollution, sewage and garbage). Therefore, cropland, residential land, industrial land and traffic land are identified as source landscapes in the N flowing process of a city. Conversely, sink landscape refers to a landscape type that inhibits the N flow process and delays N loss. For instance, existing reviews have examined the mechanism of N uptake, assimilation and transport, and the N utilization of plants growing in the soil, identifying areas with these functions as sinks [36,37,38]. Forests and greenbelts can retain N and delay N loss, and are therefore identified as sink landscapes in the N flowing process of a city.




3.2. Calculation of N Loads


This study calculated the N loads in 2005, 2010 and 2015, based on the material flow analysis (MFA) method, which is the widely accepted N budget accounting framework and methodology, N sources and sinks under the framework (Figure 3) are estimated [7,39,40]. It is worth noting that the N loads of the source landscape refers to parts of N emissions (including gases N and liquid N), while the N loads of sink landscape refers to parts of N retention. Therefore, in order to distinguish the different N loads between sources and sinks, when calculating N loads, the N loads value of sink landscapes was defined as a negative value, and its size was compared by absolute value rules, while the N loads value of source landscapes was defined as a positive value. The formula of estimating the number of N loads is given below, and the N parameters involved are shown in the Supplementary Information (SI).








	(1)

	
Cropland











    C  input      = C    fertilizer      + C    BNF      + C    deposition      + C    straw      + C    seed      + C    irrigation      + C    manure     



(1)






    C  output      = C    harvest      + C    denitrification      + C    leach      + C    runoff      + C      NH  3      



(2)







In Equations (1) and (2), Cinput and Coutput respectively denote the total N input and output in the cropland landscape; Cfertilizer denotes the N fertilizer input in agricultural production;CBNF is the biological N fixation; Cdeposition is the N deposition in cropland; Cstraw is the straw returned to the field; Cseed refers to the seeds in agricultural production; Cirrigation is the irrigation water input to agricultural production; Cmanure refers to the animal and human feces returned to the field; Charvest is a crop product; Cdenitrification refers to denitrification during cropland production, including N2 and N2O; Cleach and Crunoff denotes Nr leaching from cropland and N runoff from cropland; CNH3 is ammonia volatilization from fertilizer and manure in cropland production. The specific calculation formulas and parameters are presented in the SI (Tables S1 and S2).








	(2)

	
Forest











    F  input      = F    BNF      + F    deposition      + F    litter     



(3)






    F  output   =  F  denitrification   +  F   run   off      



(4)






    F  retention   =  F  input   −  F  output     



(5)







In Equations (3)–(5), Finput, Foutput and Fretention denote the total N input, output and N retention in the forest landscape, respectively; FBNF denotes the biological N fixation in the forest; Fdeposition expresses the N deposition in the forest; Flitter denotes litter returned to the forest; Fdenitrification refer denitrification of the forest, including N2 and N2O; Frunoff is the N runoff from the forest. The specific calculation formulas and parameters are presented in the SI.








	(3)

	
Greenbelt and park











    G  input      = G    BNF      + G    deposition      + G     pet - excreta       + G    fertilizer      + G    irrigation     



(6)






    G  output      = G    runoff      + G     N 2  O      + G     N 2       + G      NH  3      



(7)






    G  retention      = G    input   −  G  output     



(8)







In Equations (6)–(8), Ginput, Goutput and Gretention denote the total N input, output and retention in the greenbelt and park landscape, respectively; Gfertilizer represents the N fertilizer input to the greenbelts and parks; CBNF expresses the biological N fixation; Gdeposition is the N deposition in greenbelts and parks; Gpet-excreta denotes the excreta of domestic pets; GN2O denotes the N2O emitted during denitrification; GN2 denotes the N2 emitted during denitrification; GNH3 is the NH3 volatilities during the fertilization process; Grunoff represents the N runoff from the greenbelt and park lawns. The SI (Tables S1 and S2) presents the specific calculation formulas and parameters.








	(4)

	
Residential











    R  output      = R    garbage      + R    sewage      + R     energy - consumption      



(9)







In Equation (9), Routput denotes the total N output from the residential landscape; Rgarbage denotes the waste generated by residents;    R  sewage     represents the sewage generated by residents; Renergy-consumption expresses the energy consumption of households, which generates considerable NOx and N2O in residential areas. Detailed calculation formulas and parameters are illustrated in the SI (Tables S1 and S2).








	(5)

	
Traffic











    T  output      = T     N 2  O      + T      NO  X       + T      NH  3      



(10)







In Equation (10), Toutput expresses the total N output in the traffic land; TN2O represents the N2O emitted by the consumption of fossil energy; TNOX expresses the NOx emitted by the consumption of fossil energy; and TNH3 is the NH3 emissions. The SI (Tables S1–S6) illustrates the detailed calculation formulas and parameters.








	(6)

	
Industrial











    I  output      = I      NO  X       + I     N 2  O      + I    sewage     



(11)







In Equation (11), Ioutput denotes the total N output from the industrial landscape; INOX represents the NOx emitted by the consumption of fossil energy in industrial processes; IN2O represents the N2O emitted by the consumption of fossil energy in industrial processes; Isewage expresses the industrial sewage. The data for industrial N emissions directly originate from the compilation of environmental statistics (2005, 2010 and 2015) of the Xiamen Environment Bureau.




3.3. Spatial Gradient Analysis


Existing studies have used spatial gradient analysis to quantify spatial patterns of urbanization [41]. The evolution of cities has often resulted in concentric morphologies in many Chinese cities [42,43]. To examine the spatial gradient characteristics exhibited by landscapes and N load values in cities with concentric development patterns from the urban center to the fringe, GIS-based concentric buffer zones were built from the city development core along a spatial gradient (Figure 4). The buffer zone was clipped into 50 concentric areas, covering the entire area of Xiamen. The outward radiation distance between any two contiguous buffer zones was 1 km to avoid spatial autocorrelation. The number of buffer zones differed for each area. Lastly, 50 buffer zones were taken to calculate the source–sink landscapes and their N loads. This method improved the calculation accuracy of the spatial gradient characteristics of source–sink landscapes and their N loads.





4. Results


4.1. Changes in Landscape along the Spatial Gradient


From 2005 to 2015, urbanization was being expedited, and the total area of source landscapes (cropland, rural residential land, urban residential land, industrial land, traffic land) in 2015 exceeded that in 2005 (Figure 5). It is clear that cropland and forest land have been the dominant type of land change in the decades in Xiamen. By the spatial distribution of urban sprawl, the total area of the source landscape tended to fluctuate, although its peaks were concentrated at 20 km and 31 km away from the urban center. The total area of the sink landscape also fluctuated, reaching its peak at 43 km from the urban center.



Different landscape types present different characteristics along the spatial gradient; specifically, the built-up landscape covered the area in the inner 25 km of the urban core, while the forest and cropland landscapes progressively increased in the land 18 km and more away from the urban center. Moreover, the traffic land and residential landscapes continued to expand to the periphery of urban areas, and witnessed the most dramatic expansion of urban land. This may be largely due to well-developed infrastructure and a favorable economic foundation. Generally, the characteristics of landscape change in Xiamen can be summarized as follows: (1) cropland and residential land were the major source landscapes of urban expansion throughout the last several decades; (2) forest land is the major sink landscape which is concentrated at the edge of the urban areas.




4.2. N Source and Sink


4.2.1. Change in N Intensity


As illustrated in Table 1, the source and sink landscapes in Xiamen have different N intensities. With the urban development that occurred from 2005 to 2015, the N intensity of the source landscape reached levels higher than that of the sink landscape. Among all the source landscapes, urban residential land had the largest N intensity, with an average of 4832.84 kg/ha. The second and third intensities came from the industrial land and traffic land, with averages of 3651.27 kg/ha and 2484.41 kg/ha, respectively. These three types of source landscapes had significantly higher intensities than the other source landscapes, such as cropland and rural residential land. However, their N intensity trends were inconsistent. The urban residential land and traffic land kept increasing, while the industrial land had a decreasing trend from 2005 to 2015. As for the sink landscape types, the N intensity of the forest landscape remained stable at 70.0 kg/ha. The N intensity of the greenbelt and park landscape increased from 455.94 to 1612.41 kg/ha. In the wake of urbanization, the changes in the distribution of landscape types in Xiamen significantly affected the N intensities of various landscape types.




4.2.2. Spatio-Temporal Characteristics of N Loads


The N loads of source and sink landscapes presented different changing trends. Figure 6 presents the spatio-temporal changes in the N loads of the source and sink landscapes. Over the period of 2005 to 2015, the total N loads of the source landscape peaked at 8–10 km, 19–22 km and 28–30 km from the urban center, respectively, and tended to decrease as it approached the edge of the city. The total N loads of the sink landscape peaked at 4–10 km and 40–46 km from the urban center.



The total N loads of the source landscape increased by two times between 2005 and 2015, with an average annual increase of 26%, and the peak of N loads in the source landscape increased from 4.32 Gg to 5.51 Gg over this same period. The N loads came from considerable urban residential land and transportation networks concentrated in urban centers. The N loads of the sink landscape, though, were significantly lower than that of the source landscape. The total N loads of the sink landscape increased slowly, with an average annual increase of 8%, and the peak of N loads in the sink landscape was higher in 2015. For these reasons, the faster growth of greenbelt and park land in the urban center may be attributed to it.



A range of landscape types achieved different N load values in the spatial gradient (Figure 7). Since the N loads were affected by the urban expansion and human activities at a spatial scale, concentric buffer zones were set to examine the spatial characteristics exhibited by the N loads. As indicated from the results, the changing trend of the N loads decreased as the zones moved from urban centers to rural areas. The source landscape types with high N loads consisted of residential areas and industrial land, as well as traffic land. The N loads of the residential and industrial land peaked between 1 km and 16 km from the urban core. From 2005 to 2015, among the source landscapes, the N loads of the urban residential areas and the traffic land increased most rapidly. Especially, the N loads of traffic land increased significantly, while the N loads contributions of the cropland, rural residential land and industrial land significantly declined.



Among the sink landscape types, the N loads of forest land gradually decreased from the edge region to urban core. While in the range of 4 km to 7 km from the urban core, the N load of greenbelt land and parks increased 24.8 times. As urbanization has forged ahead, the landscapes of sources and sinks have become seriously unbalanced. The area of source landscapes has expanded significantly, making the urban areas a hotspot for N pollution.






5. Discussion


5.1. A Novel Approach to Identifying N Source–Sink Landscapes


In this study, the source–sink theory was innovatively introduced as an effective way to identify the source and sink landscape in the N flowing process. Many previous studies have applied source–sink theory to other research, such as on nonpoint pollution of watersheds, the urban heat island effect and carbon cycling [14,18,44,45,46]. The studies on nonpoint pollution of watersheds found that cropland and residential land were source landscapes, while grassland and forest land were sink landscapes [47,48]. However, it has until now remained unclear what the source–sink landscapes are for N flowing in a city ecosystem, although it has been shown that different types of landscapes have different roles in the N flowing process [37]. This study takes Xiamen as a case and can be helpful for understanding the characteristics of source–sink landscapes in N flows. Furthermore, this concept of the source–sink landscape in the N flowing process can be widely applied to other research areas.




5.2. Spatial Gradient Characteristics of Source–Sink Landscapes and N Loads


This study further analyzed the spatial characteristics exhibited by the source–sink landscapes and their N loads along the spatial gradient. This study found that source landscapes demonstrated a significant increase in the urban center of Xiamen and showed the higher N intensity. This is similar to previous results which found that industrial and traffic land showed the fastest increases in N intensity during urbanization [49]. This may be attributed to the faster growth of economic, energy consumption and urbanization in cities. However, the area surrounding Xiamen is taken up with a larger proportion of sink landscapes, whereas around the urban center, there was a peak in the sink landscape area in 2015, due mainly to the development of ecological infrastructure construction and significant increases in the greenbelt and parks in the urban center of Xiamen. According to the statistical data by the Xiamen statistics department, the area of greenbelt increased 2.7 times between 2005 and 2015 [32]. The above-mentioned results are similar to those for the coastal city of Shanghai [50], but different from most inland cities (e.g., Xi’an), primarily because the urbanization level of coastal cities is higher than that of inland cities [35]. Researchers have reached a consensus that due to rapid urban expansion and development, city N loads have been changed significantly along the spatial gradient. Based on field investigations and experimental analysis of the N concentration of the river which flows through Xiamen from the outside to the urban center, the N concentration increased along the river downward, and was significantly correlated with built/residence lands [51].



The most significant changes in source and sink landscapes have noticeable impacts on N flows, and these will lead to spatial heterogeneity of N loads in the city.



We find that the urban center is a high-N-load area, where a large number of source landscapes are concentrated. Moreover, source landscapes have a high intensity of human activity and N emissions. The previous study found that Xiamen may accumulate more N loads in human settlements during urbanization [23]. Such an increase in urbanization will continue to raise N emissions. Furthermore, with residential and energy consumption and the continued rapid development of urbanization, anthropogenic N emissions could become more serious in the future [7]. An increased population will lead to an increase in N loads at the city scale. Considerable N emissions come from the food and fossil fuel consumption of residents in the urban center. This result is quite close to the previous study of N loads in Xiamen, which found actual N contained in net imported foods rose almost double from 1993 to 2012 [52]. However, this result differs from those of several studies at the national scale, which found that cropland is the critical source in the N flow [40,53,54]. Therefore, given the premise of not adversely affecting economic development, the terminal system of N emissions can be controlled by ameliorating urban residents’ food and energy consumption habits in the future [55,56,57].



As for sink landscapes, these are mainly distributed in areas surrounding the city and have low N loads. These sink landscapes mainly include forest and greenbelt lands, which cover and stabilize the soil surface, intercepting rainfall and delaying the timing of surface runoffs of N. At the same time, underneath the soil, the plant root system can absorb and intercept the N in the subsurface runoff and reduce the N loss from surface runoff [14,37]. To trap N pollution with sink landscapes, broadening the forest land and greenbelt can be most effective. In addition, forest land also can improve water quality [55,58]. For this reason, the results of this study suggest that the area of sink landscapes (e.g., greenbelts and parks) closest to the urban core should be appropriately increased to effectively reduce N loss in the environment.




5.3. Implications


Most researchers have found that rapid urbanization has led to an increase in N emissions in urbanized regions globally [2]. However, urban expansion changes the landscape significantly regarding the spatial gradient [59,60], and these changes have revealed the spatial trends of urbanization: increased human and economic development in urban area [61]. Furthermore, the spatial characteristics of N loads can be controlled by changes in source–sink landscapes along the urban–rural spatial gradient. Our case study found that the source–sink landscapes and N loads vary greatly along the spatial gradient from the urban center to the surrounding areas. City N spatial management strategies should be developed for a critical landscape type and N flowing process, in line with local conditions. However, the application of the ecological theory of source–sink landscapes to N flows at the city scale is still deficient, and no research on urbanization has yet proposed an accepted method of analyzing the source–sink landscapes and their N loads under urban spatial expansion.



Accordingly, the contributions of science and the results of this study can guide the spatial management of N loads in the future. Based on the Xiamen case study, we posit several policies for mitigating N pollution and promoting cities’ sustainable development. First, more actions should be taken to control the acceleration of urban expansion since these areas have greater resource consumption and are hubs of N pollution [62,63]. In the future, the intensive use of build-up land instead of extensive urban expansion should be advocated in city N management [4]. Second, as an important strategy to offset the negative impacts of the source landscape in the N flowing process, policies for protecting forest and greenbelt lands, such as the “Ecological Garden”, should be continually enforced.





6. Conclusions


In cities, the novel interactions between urban expansion and the N flow, generated by current rapid urbanization trends, are capable of generating novel ecological conditions and unprecedented effects, so that new ecological patterns, processes and functions may be created. This study provides a case that illustrates the interaction between the source–sink landscape and N loads changes under rapid urban expansion. The conclusions are: (1) the source and sink landscapes can be identified based on the landscape ecology theory and the mechanism of N flows; (2) considerable source landscapes tend to be concentrated close to the urban center, while sink landscapes tend to be located in the areas surrounding the city; (3) the N loads of source landscapes tend to fluctuate and decrease, with three peaks along the spatial gradient, while the N loads of sink landscapes tend to fluctuate and increase, with double peaks along the spatial gradient; (4) the N loads and their effects on the spatial gradient could be considered in formulating a city’s urban growth boundary and coping with rapid urban expansion.



This study provides new viewpoints for the source–sink landscape in the N flowing process of city. Moreover, our findings help understand the mechanism by which urban expansion affects city N load dynamics, especially in terms of spatial heterogeneity. It is well documented that human activities affect the function of city ecosystems with spatial gradient heterogeneity. In addition to scientific contributions, this study also has also contributed to the formulation of city policies for N management. For example, N loads of source–sink landscape and their effects could be considered in formulating the urban expansion boundary. In the future, city planning should focus on the balance of source–sink landscape to reducing N pollution, and finally to achieve cities’ sustainable development.




7. Limitation


While expanding our understanding of the source–sink landscape in the N flow and their N loads in the spatial gradient of a city, this study has several limitations and needs further improvement. (1) For further study, we could observe the dynamics of city N loads as the scale increases or decreases, aiming to articulate the homogenization hypothesis: that urbanization causes global homogenization or urbanization which might reduce the heterogeneity of city N loads at the scale of meters or below. (2) The dynamics of city N loads driven by social interactions are also worth studying. In our next study, we will further investigate the spatio heterogeneity of N intensity and reveal the effects of human activities on different landscape types along the spatial gradient at the city scale. Despite these limitations, however, this study has provided a novel perspective for identifying source–sink landscape in N flows and studying characteristics of their N loads along the spatial gradient at the city scale.
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The formula of estimating the number of N loads and the N parameters involved are shown in the Supplementary Information. The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/land11081371/s1. Table S1: The parameters of N load calculation; Table S2: The activity data of N load calculation; Table S3: Factor of energy sector NOx emission(kg/t); Table S4: Factor of energy sector N2O emission (kg/TJ); Table S5: Conversion of fuel calorific value (kJ/kg; kJ/m3); Table S6: Factor of vehicle-miles of travel NH3 emission. References [64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89] are cited in the supplementary materials.





Author Contributions


Conceptualization, Y.L. and S.C.; methodology, Y.L.; software, J.T.; validation, Y.L., J.T. and S.C.; formal analysis, Y.L.; investigation, Y.L.; resources, Y.L.; data curation, Y.L.; writing—original draft preparation, Y.L.; writing—review and editing, Y.L.; visualization, Y.L. and J.T.; supervision, S.C.; project administration, S.C.; funding acquisition, S.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China (grant number: 42071263); International Partnership Program of Chinese Academy of Sciences (grant number: GJHZ202118) and Scientific research projects for Anhui University of Science and Technology (grant number: 13200458).




Institutional Review Board Statement


This article does not contain any studies with human participants or animals performed by any of the authors. This study was granted approval through the Anhui University of Science and Technology and University of Chinese Academy of Sciences.




Informed Consent Statement


Not applicable.




Acknowledgments


We would like to thank all the authors and reviewers for their great guidance and help in writing this manuscript.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Liu, X.L.; Wang, Y.; Li, Y. Riverine nitrogen export and its natural and anthropogenic determinants in a subtropical agricultural catchment. Agric Ecosyst. Environ. 2020, 301, 107021. [Google Scholar] [CrossRef]

	



Li, X.; Nian, P.H.; Gui, R.Y. Nitrogen storage in China’s terrestrial ecosystems. Sci. Total Environ. 2020, 709, 136201. [Google Scholar]

	



Grimm, N.B.; Faeth, S.H.; Golubiewski, N.E.; Redman, C.L.; Wu, J.; Bai, X.; Briggs, J.M. Global change and the ecology of cities. Science 2008, 319, 756–760. [Google Scholar] [CrossRef] [PubMed]

	



Han, J.; Meng, X.; Zhou, X. A long-term analysis of urbanization process, landscape change, and carbon sources and sinks: A case study in China’s Yangtze River Delta region. J. Clean. Prod. 2017, 141, 1040–1050. [Google Scholar] [CrossRef]

	



Seddon, J.; Smit, W.; Kheirbek, I. The urban nitrogen challenge. One Earth 2021, 4, 8–9. [Google Scholar] [CrossRef]

	



Galloway, J.N.; Cowling, E.B. Reflections on 200 years of nitrogen, 20 years later. Ambio 2021, 50, 745–749. [Google Scholar] [CrossRef]

	



Cui, S.; Shi, Y.; Groffman, P.M.; Schlesinger, W.H.; Zhu, Y.G. Centennial-scale analysis of the creation and fate of reactive nitrogen in China (1910–2010). Proc. Natl. Acad. Sci. USA 2013, 110, 2052–2057. [Google Scholar] [CrossRef]

	



Bai, Z.; Zhao, H.; Velthof, G.L.; Oenema, O.; Chadwick, D.; Williams, J.R. Designing vulnerable zones of nitrogen and phosphorus transfers to control water pollution in China. Eniron. Sci. Technol. 2018, 52, 8987–8988. [Google Scholar] [CrossRef]

	



Erisman, J.W.; Galloway, J.N.; Seitzinger, S.; Bleeker, A.; Dise, N.B.; Petrescu, A.R.; Leach, A.M.; de Vries, W. Consequences of human modification of the global nitrogen cycle. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2013, 368, 0116. [Google Scholar] [CrossRef]

	



Ahlstrom, H.; Cornell, S.E. Governance, polycentricity and the global nitrogen and phosphorus cycles. Environ. Sci. Policy 2018, 79, 54–65. [Google Scholar] [CrossRef]

	



Chen, L.D.; Fu, B.J.; Zhao, W.W. Source-sink landscape theory and its ecological significance. Acta Ecol. Sin. 2016, 26, 1444–1449. (In Chinese) [Google Scholar] [CrossRef]

	



Chen, L.; Tian, H.; Fu, B.; Zhao, X. Development of a new index for integrating landscape patterns with ecological processes at watershed scale. Chin. Geogr. Sci. 2009, 19, 37–45. [Google Scholar] [CrossRef]

	



Wang, J.L.; Ni, J.P.; Chen, C.L.; Xie, D.T.; Shao, J.A.; Chen, F.X.; Lei, P. Source-sink landscape spatial characteristics and effect on non-point source pollution in a small catchment of the Three Gorge Reservoir Region. J. Mt. Sci. 2008, 15, 327–339. [Google Scholar] [CrossRef]

	



Wang, R.; Wang, Y.; Sun, S. Discussing on “source-sink” landscape theory and phytoremediation for non-point source pollution control in China. Environ. Sci. Pollut. Res. 2020, 27, 44797–44806. [Google Scholar] [CrossRef]

	



Li, D.; Tian, P.; Luo, H.; Luo, Y. Impacts of land use and land cover changes on regional climate in the Lhasa River basin, Tibetan Plateau. Sci. Total Environ. 2020, 742, 140570. [Google Scholar] [CrossRef]

	



Chen, L.D.; Jie, F.B.; Ying, X.J.; Gong, J. Location-weighted landscape contrast index: A scale independent approach for landscape pattern evaluation based on “source-sink” ecological processes. Acta Ecol. Sin. 2003, 23, 2406–2413. (In Chinese) [Google Scholar]

	



Canadell, J.G.; Quere, C.L.; Raupach, M.R.; Field, C.B.; Buitenhuis, E.T.; Ciais, P. Contributions to accelerating atmospheric CO2 growth from economic activity, carbon intensity, and efficiency of natural sinks. Proc. Natl. Acad. Sci. USA 2007, 104, 18866–18870. [Google Scholar] [CrossRef]

	



Li, W.; Cao, Q.; Lang, K.; Wu, J. Linking potential heat source and sink to urban heat island: Heterogeneous effects of landscape pattern on land surface temperature. Sci. Total Environ. 2017, 586, 457–465. [Google Scholar] [CrossRef]

	



Lal, K.; Kumar, D.; Kumar, A. Spatio-temporal landscape modeling of urban growth patterns in Dhanbad Urban Agglomeration, India using geoinformatics techniques. Egypt. J. Rem. Sens. Space Sci. 2017, 20, 91–102. [Google Scholar] [CrossRef]

	



Zhao, W.W.; Jia, L.Z.; Stefani, D.; Chen, L.D.; Liu, Y. Source–Sink Landscape. Encyclopedia of Ecology; Elsevier: Amsterdam, The Netherlands, 2019; pp. 467–473. [Google Scholar]

	



Zhang, X.; Zhang, Y.; Fath, B.D. Analysis of anthropogenic nitrogen and its influencing factors in Beijing. J. Clean. Prod. 2019, 244, 118780. [Google Scholar] [CrossRef]

	



Gu, B.; Chang, J.; Ge, Y.; Ge, H.; Yuan, C.; Peng, C.; Jiang, H. Anthropogenic modification of the nitrogen cycling within the Greater Hangzhou Area system, China. Ecol. Appl. 2009, 19, 974–988. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.M.; Cui, S.H.; Gao, B.; Tang, J.X. Modeling nitrogen flow in a coastal city—A case study of Xiamen in 2015. Sci. Total Environ. 2020, 735, 139294. [Google Scholar] [CrossRef] [PubMed]

	



Pang, A.P.; Jiang, S.Y.; Yuan, Z.W. An approach to identify the spatiotemporal patterns of nitrogen flows in food production and consumption systems within watersheds. Sci. Total Environ. 2018, 624, 1004–1012. [Google Scholar] [CrossRef] [PubMed]

	



Fan, X.W.; Worrall, F.; Baldini, M.L.; Burt, T.P. A spatial total nitrogen budget for Great Britain. Sci. Total Environ. 2020, 728, 138864. [Google Scholar] [CrossRef]

	



Sobota, D.J.; Compton, J.E.; Mccrackin, M.L.; Singh, S. Cost of reactive nitrogen release from human activities to the environment in the United States. Environ. Res. Lett. 2015, 10, 025006. [Google Scholar] [CrossRef]

	



Lin, T.; Gibson, V.; Cui, S.; Yu, C.P.; Zhu, Y.G. Managing urban nutrient biogeochemistry for sustainable urbanization. Environ. Pollut. 2014, 192, 244–250. [Google Scholar] [CrossRef]

	



Shen, Z.; Hou, X.; Li, W.; Aini, G.; Chen, L.; Gong, Y. Impact of landscape pattern at multiple spatial scales on water quality: A case study in a typical urbanized watershed in China. Ecol. Indic. 2015, 48, 417–427. [Google Scholar] [CrossRef]

	



Beck, S.M.; McHale, M.R. Beyond impervious: Urban landcover pattern various and implications for watershed management. Environ. Manag. 2016, 58, 15–30. [Google Scholar] [CrossRef]

	



Sutton, M.A.; Howard, C.M.; Erisman, J.W. The European Union Nitrogen Assessment: Sources, Effects and Policy Perspectives; Cambridge University Press: Cambridge, UK, 2011; pp. 249–270. [Google Scholar]

	



Chen, X.; Wang, Y.; Cai, Z. Effects of Land-Use and Land-Cover Change on Nitrogen Transport in Northern Taihu Basin, China during 1990–2017. Sustainability 2020, 12, 3895. [Google Scholar] [CrossRef]

	



XSB (Xiamen Statistics Bureau); NBSC (National Bureau of Statistics of China). Xiamen Statistics Yearbook; China Statistics Press: Beijing, China, 2016.

	



Liu, Y.S.; Wang, J.Y.; Long, H.L. Analysis of arable land loss and its impact on rural sustainability in Southern Jiangsu Province of China. J. Environ. Manag. 2010, 91, 646–653. [Google Scholar] [CrossRef]

	



Fazal, S. Urban expansion and loss of agricultural land—A GIS based study of Saharanpur City, India. Environ. Urban 2016, 12, 133–149. [Google Scholar] [CrossRef]

	



Hou, L.; Wu, F.Q.; Xie, X.L. The spatial characteristics and relationships between landscape pattern and ecosystem service value along an urban-rural gradient in Xi’an city, China. Ecol. Indic. 2020, 108, 105720. [Google Scholar] [CrossRef]

	



Tegeder, M. Transporters involved in source to sink partitioning of amino acids and ureides: Opportunities for crop improvement. J. Exp. Bot. 2014, 65, 1865–1878. [Google Scholar] [CrossRef] [PubMed]

	



Tegeder, M.; Masclaux, D.C. Source and sink mechanisms of nitrogen transport and use. New Phytol. 2018, 217, 35–53. [Google Scholar] [CrossRef]

	



Fan, X.; Naz, M.; Fan, X.; Xuan, W.; Miller, A.J.; Xu, X. Plant nitrate transporters: From gene function to application. J. Exp. Bot. 2017, 68, 2463–2475. [Google Scholar] [CrossRef]

	



Li, Y.M.; Gao, B.; Tang, J.X.; Huang, W.; Cui, S.H.; Huang, Y.F. The evolution characteristics of nitrogen flow and water environment load in Xiamen. Acta Sci. Circumstantiae 2019, 39, 335–348. (In Chinese) [Google Scholar]

	



Gu, B.J.; Ju, X.T.; Chang, J.; Ge, Y.; Vitousek, P.M. Integrated reactive nitrogen budgets and future trends in China. Proc. Natl. Acad. Sci. USA 2015, 112, 8792–8797. [Google Scholar] [CrossRef]

	



Luck, M.; Wu, J. A gradient analysis of urban landscape pattern: A case study from the Phoenix metropolitan region, Arizona, USA. Landsc. Ecol. 2002, 17, 327–339. [Google Scholar] [CrossRef]

	



Jim, C.Y.; Chen, S. Comprehensive greenspace planning based on landscape ecology principles in compact Nanjing city, China. Landsc. Urban Plan 2003, 65, 95–116. [Google Scholar] [CrossRef]

	



Tian, G.; Wu, J.; Yang, Z. Spatial pattern of urban functions in the Beijing metropolitan region. Habitat Int. 2010, 34, 249–255. [Google Scholar] [CrossRef]

	



Sun, R.; Wei, X.; Chen, L. A landscape connectivity model to quantify contributions of heat sources and sinks in urban regions. Landsc. Urban Plan. 2018, 178, 43–50. [Google Scholar] [CrossRef]

	



Wz, A.; Bo, H.A.; Dong, L.B. Effects of land use and transportation on carbon sources and carbon sinks: A case study in Shenzhen, China. Landsc. Urban Plan. 2014, 122, 175–185. [Google Scholar]

	



Sun, R.H.; Cheng, X.; Chen, L.D. A precipitation-weighted landscape structure model to predict potential pollution contributions at watershed scales. Landsc. Ecol. 2018, 33, 1603–1616. [Google Scholar] [CrossRef]

	



Pu, J.W.; Zhao, X.Q.; Gu, Z.X.; Lu, F.F.; Zheng, T.T.; Gao, X.Y.; Chen, J.X.; Yi, Q. Relationship between landscape pattern changes and water quality in the Qilu Lake Basin of Yunnan Plateau. J. Hydroecol. 2018, 39, 13–21. [Google Scholar]

	



Cheng, X.; Chen, L.D.; Sun, R.H. Modeling the non-point source pollution risks by combing pollutant sources, precipitation, and landscape structure. Environ. Sci. Pollut. Res. 2019, 26, 11856–11863. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.M.; Cui, S.H.; Tang, J.X. Changes in land use and nitrogen load in Xiamen city. Acta Sci. Cirumstantiae 2020, 40, 353–360. (In Chinese) [Google Scholar]

	



Gu, B.; Dong, X.; Peng, C.H.; Luo, W.D. The long-term impact of urbanization on nitrogen patterns and dynamics in Shanghai, China. Environ. Pollut. 2012, 171, 30–37. [Google Scholar] [CrossRef]

	



Chen, N.M.; Dong, H.J.; Lu, T. Tracking nitrogen pollutants in Xiamen coastal river via multiple techniques and strategy of water quality management. Acta Sci. Circumstantiae 2017, 37, 2031–2039. (In Chinese) [Google Scholar]

	



Huang, W.; Gao, B.; Huang, Y.F.; Zhang, Z.L.; Xu, S.; Xu, L.L. Transforming nitrogen management of urban food system in a food-sink city. J. Environ. Manag. 2019, 249, 109180. [Google Scholar] [CrossRef]

	



Ma, L.; Guo, J.; Velthof, G.L.; Li, Y.; Chen, Q.; Ma, W. Impacts of urban expansion on nitrogen and phosphorus flows in the food system of Beijing from 1978 to 2008. Glob. Environ. Chang. 2014, 28, 192–204. [Google Scholar] [CrossRef]

	



Bereitschaft, B.; Debbage, K. Urban form, air pollution, and CO2 emissions in large US metropolitan areas. Prof. Geogr. 2013, 65, 612–635. [Google Scholar] [CrossRef]

	



Xu, K.; Mo, L.C.; Zhang, Z.M.; Zhang, M.X. Water quantity and quality changes from forested riparian buffer in Beijing. Environ. Sci. Pollut Res. 2019, 26, 29041–29051. [Google Scholar] [CrossRef] [PubMed]

	



Salon, D.; Boarnet, M.C.; Handy, S.; Spears, S.; Tal, G. How do local actions affect VMT? A critical review of the empirical evidence. Transp. Environ. 2012, 17, 495–508. [Google Scholar] [CrossRef]

	



Mao, Y.; Zhang, H.; Tang, W. Net anthropogenic nitrogen and phosphorus inputs in Pearl River Delta region (2008–2016). J. Environ. Manag. 2021, 282, 111952. [Google Scholar] [CrossRef]

	



Kändler, M.; Blechinger, K.; Seidler, C.; Pavlů, V.; Šanda, M.; Dostál, T.; Krása, J.; Vitvar, T.; Štich, M. Impact of land use on the water quality in the upper Nisa catchment in the Czech Republic and in Germany. Sci. Total Environ. 2017, 586, 1316–1325. [Google Scholar] [CrossRef]

	



Lin, T.; Sun, C.G.; Li, X.H.; Zhao, Q.J. Spatial pattern of urban functional landscapes along an urban–rural gradient: A case study in Xiamen City, China. Int. J. Appl. Earth Obs. Geoinf. 2016, 46, 22–30. [Google Scholar] [CrossRef]

	



Ai, B.; Ma, C.; Zhao, J.; Zhang, R. The impact of rapid urban expansion on coastal mangroves: A case study in Guangdong Province, China. Front. Earth Sci. 2019, 14, 1–13. [Google Scholar] [CrossRef]

	



Cai, E.; Liu, Y.; Li, J.; Chen, W. Spatiotemporal characteristics of urban-rural construction land transition and rural-urban migrants in rapid-urbanization areas of central China. J. Urban Plan Dev. 2020, 146, 05019023.1–05019023.10. [Google Scholar] [CrossRef]

	



Zhang, W.; Li, H.; Li, Y. Spatio-temporal dynamics of nitrogen and phosphorus input budgets in a global hotspot of anthropogenic inputs. Sci. Total Environ. 2018, 656, 1108–1120. [Google Scholar] [CrossRef]

	



Zhang, Z.; Deng, C.; Dong, L. Nitrogen flow in the food production and consumption system within the Yangtze River Delta city cluster: Influences of cropland and urbanization. Sci. Total Environ. 2022, 824, 153861. [Google Scholar] [CrossRef]

	



XSB (Xiamen Statistics Bureau); NBSC (National Bureau of Statistics of China). Xiamen Statistics Yearbook; China Statistics Press: Beijing, China, 2006.

	



XSB (Xiamen Statistics Bureau); NBSC (National Bureau of Statistics of China). Xiamen Statistics Yearbook; China Statistics Press: Beijing, China, 2011.

	



Ti, C.; Pan, J.; Xia, Y.; Yan, X. A nitrogen budget of mainland China with spatial and temporal variation. Biogeochemistry 2012, 108, 381–394. [Google Scholar] [CrossRef]

	



Yan, W.; Yin, C.; Zhang, S. Nutrient budgets and biogeochemistry in an experimental agricultural watershed in Southeastern China. Biogeochemistry 1999, 45, 1–19. [Google Scholar] [CrossRef]

	



Chen, N.; Hong, H.; Huang, Q.; Wu, J. Atmospheric nitrogen deposition and its long-term dynamics in a southeast China coastal area. J. Environ. Manag. 2011, 92, 1663–1667. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, T.; Wang, Y.; Wang, F.; Feng, Y. Analysis of the nitrogen footprint of agriculture in Guangdong. China Environ. Sci. 2014, 34, 2430–2438. [Google Scholar]

	



Gao, L.W. Study on Evaluation of Nitrogen Nutrient Flow in Food Chain—A Case Study of Huang Hai Region; Hebei Agriculture University: Baoding, China, 2009. (In Chinese) [Google Scholar]

	



Ma, L.; Velthof, G.L.; Wang, F.H.; Qin, W.; Zhang, W.F.; Zhang, F.S.; Oenema, C. Nitrogen and phosphorus use efficiencies and losses in the food chain in China at reginal scales in 1980 and 2005. Sci. Total Environ. 2012, 434, 51–61. [Google Scholar] [CrossRef]

	



Zheng, X.; Han, S.; Huang, Y.; Wang, Y.; Wang, M. Re-quantifying the emission factors based on field measurements and estimating the direct N2O emission from Chinese croplands. Glob. Biogeochem. Cycle 2014, 18, GB2018. [Google Scholar] [CrossRef]

	



Intergovernmental Panel on Climate Change. IPCC Fourth Assessment Report: Climate Change 2007(AR4). 2007. Available online: https://www.ipcc.ch/report/ar4/syr/ (accessed on 6 August 2022).

	



Schlesinger, W.H. On the fate of anthropogenic nitrogen. Proc. Natl. Acad. Sci. USA 2008, 106, 203–208. [Google Scholar] [CrossRef]

	



Moller, D.; Schieferdecker, H. Ammonia emission and deposition of NH4 in the G.D.R. Atmos. Environ. 1989, 23, 1187–1193. [Google Scholar] [CrossRef]

	



Cai, B.F. City’s Greenhouse Gas (GHG) Emission Inventory Research; Chemical Industry Press: Beijing, China, 2009. (In Chinese) [Google Scholar]

	



Ma, L.; Ma, W.Q.; Velthof, G.L.; Wang, F.H.; Qin, W.; Zhang, F.S.; Oenema, O. Modeling nutrient flows in the food chain of China. J. Environ. Qual. 2010, 39, 1279–1289. [Google Scholar] [CrossRef]

	



Min, J.; Shi, W.M. Nitrogen discharge pathways in vegetable production as non-point sources of pollution and measures to control it. Sci. Total Environ. 2018, 613, 123–130. [Google Scholar] [CrossRef]

	



Liu, Y.M. Terrestrial nitrogen cycles. Land Ecol. Transl. 1984, 4, 32–41. [Google Scholar]

	



Xin, J.B.; Zhang, F.S.; You, X.L. Nitrogen balance of natural forest ecosystem in China. Acta Ecol. Sin. 2007, 27, 3257–3267. (In Chinese) [Google Scholar]

	



Townsend-Small, A.; Pataki, D.E.; Czimczik, C.I.; Tyler, S.C. Nitrous oxide emissions and isotopic composition in urban and agricultural systems in southern California. J. Geophys. Res. 2011, 116, G01013. [Google Scholar] [CrossRef]

	



Zhang, R.L. Research advances on fertilizer application to lawn. Chin. J. Trop. Agric. 2002, 22, 77–81. [Google Scholar]

	



Research Report on Market Investigation and Development Prospect of Chinese Pet Industry. 2014–2019. Available online: http://www.cninfo360.com/ (accessed on 6 August 2022).

	



Xing, G.X.; Zhu, Z.L. An assessment of N loss from agricultural fields to the environment in China. Nutr. Cycl. Agroecosyst. 2000, 57, 67–73. [Google Scholar] [CrossRef]

	



Ren, Y. Study on Comprehensive Evaluation and Dynamic Optimization of Wastewater Treatment System in Xiamen; Xiamen University: Xiamen, China, 2015. (In Chinese) [Google Scholar]

	



Xian, C.; Ouyang, Z.; Lu, F.; Xiao, Y.; Li, Y. Quantitative evaluation of reactive nitrogen emissions with urbanization: A case study in Beijing megacity, China. Environ. Sci. Pollut. Res. 2016, 23, 17689–17701. [Google Scholar] [CrossRef]

	



Shi, Y.L.; Cui, S.H.; Xu, S.; Lin, J.Y.; Huang, W. Nitrogen oxide emission in energy consumption in China from a consumption-based perspective. Acta Sci. Circumstantiae 2014, 34, 2684–2692. (In Chinese) [Google Scholar]

	



CESB. China Energy Statistics Yearbook; China Energy Statistics Bureau: Beijing, China, 2021.

	



Zhang, Q.H.; Gao, B.; Huang, W.; Yan, X.M.; Cui, S.H. Analysis of Anthropogenic Reactive Nitrogen Emissions and Its Features on Prefecture-level City in Fujian Province. Environ. Sci. 2017, 38, 3610–3619. (In Chinese) [Google Scholar]








[image: Land 11 01371 g001 550] 





Figure 1. Study area. 
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Figure 2. Construction of the spatial analysis of the nitrogen loads database. 
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Figure 3. Accounting framework for N sources and sinks. 
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Figure 4. Study area and buffer zone construction. 
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Figure 5. Spatio-temporal characteristics of landscape types. 
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Figure 6. Nitrogen loads of source and sink landscapes along the spatial gradient ((a): source landscape; (b): sink landscape). 
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Figure 7. N loads of different landscape types along the spatial gradient. 
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Table 1. Nitrogen intensities of source and sink landscapes (kg/ha).
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	Year
	Forest
	Cropland
	Urban Residential Land
	Rural Residential Land
	Industrial Land
	Greenbelts and Parks
	Traffic Land





	2005
	−70.0
	241.04
	5656.8
	1050.87
	5985.19
	−455.94
	1627.92



	2010
	−69.9
	284.51
	4258.22
	1189.95
	3654.65
	−1608.35
	1865.26



	2015
	−69.2
	216.28
	4583.51
	2769.79
	1313.98
	−1612.14
	3960.05
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