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Abstract

:

The present study aims at predicting future land use/land cover (LULC) and quantifying and mapping the ecosystem services (ESs) of water yield, outdoor recreation opportunity and food production in current (here, 2017) and future landscapes in Northern Iran, using the InVEST, Recreation Opportunity Spectrum (ROS) and yield models. To that end, two LULC scenarios known as business as usual (BAU) and protection-based (PB) plan were applied for 2028, using the Markov Artificial Neural Network and Multi-objective land allocation (MOLA) models. The results show that rapid urbanisation, caused by the expansion of human settlements and industrial areas, has led to a decline in the ESs in the region. Compared to the ESs in 2017, the service of water yield increases as urban expansion increases, whereas food production and recreation services decrease as urban expansion increases, under the BAU scenario. On the other hand, in the PB scenario, relatively better conditions can be observed for all three ESs. Considering that the ecological structures of this region have been severely affected by rapid urban expansion, the results of this research will be useful for maintaining the existing ESs and can greatly affect planning and decision-making regarding future development towards urban sustainability.
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1. Introduction


As a functional and dynamic unit of the biosphere, an ecosystem consists of living organisms and the physical environment in which interaction and material exchanges are witnessed [1]. Ecosystems, with the goods and services they provide, underlie all aspects of human, cultural, social and economic well-being [2] and provide an important material basis for development [3]. However, they are under threat from anthropogenic drivers including climate change, urbanisation and agricultural intensification and expansion [4], which have serious effects on nature (which provides such goods and services [5]). Meanwhile, since changes in ecological parameters are not tangible to most humans and development decision-makers, ecosystem services (ESs) are used to link ecological or biophysical changes to economic and social consequences [6].



ESs refer to delivering services to human beings through special ecosystems under appropriate ecological situations and functional and structural integrity [7]. ESs provide a large number of satisfaction-related advantages to human beings, such as well-being, selection, social relationships, personal security, social sustainability and human needs. Thus, ESs are indispensable to human health and sustainable development [8] and comprise four categories: provisioning services, regulating services, supporting services and cultural services [5].



Urban expansion, resulting from the development of human activities such as industrialization and urbanization, reduces the construction of ecological and natural infrastructure of a region and, thus, causes a decrease in the provision of ESs [9,10]. In this regard, urban expansion refers to a dynamic process, growing towards the surrounding natural regions [11], that leads to land use/land cover (LULC) change and the alteration of ecosystems and their services [12]. Due to human activities, especially in terms of land use or land management change, ESs undergo significant variation [13]. The changes in ESs reflect the impacts of anthropic activities on the ecological environment and directly or indirectly affect patterns, processes and ecosystem functions [14].



Therefore, investigating the effects of urban development on ESs has become an urgent and significant task in the better realisation of urban ecology and achieving urban stability and sustainable urban development [15,16]. In addition, evaluating and predicting the current and future condition of ES supply based on different plausible scenarios can assist decision-makers [17] in taking efficient measures to deal with environmental issues in a more informed way [18].



In a wide variety of studies, possible scenarios have been programmed based on local LULC policies or only focused on improving one particular ES [19]. In this regard, scenario-based modelling [20] and mapping [18] of multiple ESs has aroused widespread attention, leading to specific research aimed at implementing the concept of ESs [21]. In this research, due to the proximity of natural and urban areas where the supply and demand of ESs are exchanged, this approach was performed in a mixed urban/natural landscape.



In recent years, the evaluation and modelling of urban ecosystem services have also been taken into consideration. In most studies, regulating services (carbon sequestration and air pollution removal services) were the most common subjects [22,23,24,25,26]. In the meantime, a small number of studies were associated with food provision, recreation services and water yield. Considering the importance and priority of these services for city residents, this research focused on their modelling. In this sense, water yield is critical in water resource management [27] and the health and well-being of the urban population [28]. Outdoor recreational opportunity is also an important factor in human well-being [29]. Food production is vital to ensuring food safety and urban stability [30]. Thus, quantifying and modelling these services are essential in urban planning [31].



However, studies that have been performed on the effects of urban expansion on these services (food provision, outdoor recreational opportunity and water yield) are still insufficient. In this regard, Reference [16] investigated the effects of urban expansion on several ESs in a metropolitan area. It was found that food supply services, habitat quality, carbon storage and soil conservation decrease with increased urbanisation and water service increases as urbanisation increases. Similarly, Reference [32] modelled urban expansion and its relationship with multiple ESs (recreation opportunity, carbon storage, biodiversity conservation) in the Wuhan metropolitan area. They found that, to a large extent, global urban expansion causes the destruction of ESs and changes in relation to exchanges and synergies. Reference [33] found that the services of food production, water supply, raw materials, air quality and climate regulation are greatly affected by urbanisation, while recreation and habitat quality are less affected by urbanisation. By reviewing various studies, it was found that, in different parts of the world, especially the areas that face unplanned and unstable urban growth, natural and ecological structures and assets have been severely damaged. Consequently, people’s livelihoods and well-being have been threatened due to the lack of supply of ecosystem goods and services.



A wide variety of methods has been used to model important ESs in urban ecosystems. For example, the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) water yield model has been extensively used by water resource managers to model the hydrological balance [34,35]. Moreover, the most common methods used in modelling recreation services are the InVEST model [36,37] and Recreation Opportunity Spectrum (ROS) [12,38,39,40]. Eventually, various factors are involved when investigating food production, yield quality, nutritional value and the amount of land [41]. Therefore, food supply quantification has been performed in different ways, including the use of statistical data of the agricultural yield [42], the comprehensive evaluation of agricultural suitability by indicators [43], harvested energy [44] and a yield model [19].



Although ES studies in Iran have recently focused on urban ecosystems, these studies are limited and in their early stages. Meanwhile, in more advanced countries, the quantification of urban ESs has received much attention.



The dominant composition of the recent Karaj landscape has been green cover and it is known as a ‘garden city’. The proximity of the Karaj metropolis to the capital city and communication highways to the west and south of the country has caused increased growth of the city’s area and population density (beyond its capacity). The natural resources available have been dramatically degraded because of the rapidly growing population that migrated to this city due to rapid industrialisation. This means that ecological structures have been threatened, causing damage to the sustainability of the urban environment, so that the continuity of citizens’ lives and their social well-being has decreased. In fact, the city of Karaj, near the capital of Iran, suffers from development instability, especially in terms of damage to its infrastructure and ecological assets. In this sense, urban expansion, LULC change, destroyed urban green spaces, recent droughts, the characteristics of climate seasonality, lack of rainfall, increased evapotranspiration, reduced water supply and increased water stress have all greatly reduced the capacity of ESs in this area. Accordingly, this city was chosen as a case study. Herein, we believe that the application of the ESs approach, as an integrated economic-social and ecological strategy, can greatly affect planning and decision-making regarding future developments towards urban sustainability. This investigation is the first attempt at quantifying and assessing ESs in the Karaj landscape, which has been experiencing dramatic urban change and intense environmental change.



In this research, the LULC map was initially generated using satellite imagery data of the Karaj landscape in 2006, 2011 and 2017. Afterwards, considering two different scenarios, an LULC simulation map was prepared for 2028. In this sense, the present study aims to predict future LULC by quantifying and mapping the ESs of water yield, outdoor recreation opportunity and food production in current and future landscapes. Comparing the results can contribute to proposing the most effective policy related to landscape-cover changes and sustainable urban development policies, achieving a sustainable city in the study area.




2. Materials and Methods


2.1. Study Landscape


The Karaj landscape (35°46′–36°09′ N, 50°46′–51°21′ E) covers an area of 117,520 ha in the east of Alborz Province, Iran. Karaj city is the fourth-largest city in Iran and the first populated city in Alborz Province, with a population of 1,592,492 people, according to the 2017 census. Moreover, about 96.2% of the population live in urban regions, with 3.8% living in rural areas (https://amar.org.ir/english, 20 January 2018). This region is mountainous, with an average altitude of 1300 m above sea level. The average annual rainfall and temperature are 247 mm and 14.4 °C, respectively. According to the Köppen–Geiger classification system, the Karaj metropolis is categorised as having a cold semi-arid climate. To better examine ESs and the influencing mechanism of urbanisation, the case study area was divided into two districts: upstream (ES supply locations) and downstream (ES demand locations) landscapes. In this regard, the upstream landscape is mainly covered by mountains, forest, grassland and gardens, which have a high potential for ecotourism. Regarding Alborz Province, there are two important water sources: the Karaj River and the Amir Kabir Dam; the Central Alborz Protected area is also in this district. The Karaj River is the most important waterway in the Alborz province and Karaj metropolis. Furthermore, most of the water in this river is transferred to Tehran city after being restrained in the Karaj dam. In addition, despite massive water production in the Amir Kabir Dam, a small part of it is consumed in the Karaj landscape but most of it is allocated to agriculture and drinking purposes in Tehran province. In addition, the popular Chalous Road—one of the busiest recreational roads—connects the district to the north of Iran. It is worth mentioning that the Karaj metropolis and agricultural land are located in the downstream landscape (Figure 1).




2.2. Data Sources and Methods to Quantify the ESs


In this study, three ESs were selected: water yield, food production and outdoor recreation opportunity. The selection of ESs was based on their importance in the region, data availability, interviews with local stakeholders, the knowledge of scientists from different disciplines and research centres and literature reviews for the ESs in an urban context [23,45]. The InVEST software tool was applied to model water yield [16,33], food production was evaluated with the Sun and Li yield model [19], and the ROS model was used to quantify outdoor recreation opportunity [37].



In addition, the Markov Artificial Neural Network (ANN)—Multi-objective land allocation (MOLA) model was used to model the future LULC (year 2028) in the first and second scenarios. The first scenario was defined on the basis that the process of LULC change will continue, compared to previous years, without any restrictions. On the other hand, the definition of the second scenario was based on the intervention of the government to prevent the destruction of agricultural land to stop the current process of LULC change. The second scenario, based on the protection of natural assets, was defined by assuming the existence of limits for the unsustainable development of human and industrial infrastructure and, if implemented, it is expected to change the current unsustainable development process towards gradual sustainability.



The sources and input data for ES assessment and LULC modelling are presented in Table 1. Moreover, the general structure of the study is indicated in Figure 2.




2.3. LULC Changes and Future Scenarios in the Karaj Landscape


The Landsat images were classified using the Support Vector Machines (SVM) algorithm [11,48,49] in the ENVI 5.3 software. The generated LULC were categorised into ten classes: Human-made (including rural settlements, urban areas, industrial land and mining land); Agriculture (all areas used for crop production); Garden; Water bodies (the deep and shallow waters of the Amir Kabir Lake dam); Low dense grassland (including sparse vegetation surface); Dense grassland (including moderate to good vegetation and shrubs); Barren (including uncovered, unutilised and barren land); Rocky outcrop; Greenspace (parklands); and River (Karaj River).



In order to confirm the accuracy of the classification, the kappa standard, kappa location, kappa no. and FoM in the IDRISI VALIDATE module were calculated. FoM is a number between 0 and 1, indicating complete overlap (1) and no overlap (0) between the simulated and real maps, respectively. FoM was obtained using Equation (1) [50].


  FoM =   Hits   Misses + Hits +  False   Alarms     



(1)




where Hits denotes the correct pixels where land use change has occurred in the observed and simulated data; Misses means the pixels that were fixed in the simulated data, although in the observed data they have changed; and False Alarms are errors that the model predicts changed but did not do so in observation.



2.3.1. Future Scenarios in the Karaj Landscape


Business as Usual Scenario (BAU)


This scenario was created based on a recent investigation [51] that considered the continuation of the present transformation trend of natural and green covers (agriculture, garden and grassland) to human-made areas. The comparison of the current status (2017) and base map (2006) indicated that agricultural lands have been dramatically reduced and rapidly replaced by human-made classes. In this sense, Markov and ANN models were applied to simulate LULC in 2028, using the LCM tool in IDRISI Terrset 16.3 software [52,53,54,55,56]. The transition potential of each LULC was modelled using ANN. The output of this step was used as the input for the Markov model. The Markov chain model is a stochastic process model that explains how likely one state is to change into another. In addition, the transition probability matrix is created from the Markov chain analysis in the LCM model (for more details, see [57]). The combination of ANN and Markov models is a robust approach that can be used to successfully simulate future urban expansion [58].



In the present research, the LULC map in 2017 was modelled using LULC maps from 2006 and 2011 and applying Markov and ANN models. The accuracy of this model was 90% compared to the real LULC map in 2017. Afterwards, the LULC map in 2028 was modelled based on the maps from 2006 and 2017, utilising the integrated method.




Protection-Based Scenario (PB)


This scenario modelled the interference of governmental conservation policies towards preserving agricultural and garden lands that are at risk of being converted to human-made areas. Applying this scenario will prevent the conversion of 1316.97 ha of agricultural lands and 161.42 ha of garden lands to built-up areas. To implement this scenario, MOLA was used to simulate land use in 2028. This method was conducted to dedicate new land use transfer and predict variations [59]. It is worth mentioning that MOLA authorises the utilisation of suitability maps, according to Multi-Layer ANN, to help divide the amount of variation predicted by Multicriteria decision analysis (MCDA) in various LULC classes [60]. Moreover, the main purpose of using the MCDA method is to provide a basis for evaluating a number of alternative electoral possibilities, based on multiple criteria [59]. Furthermore, an Analytical Hierarchy Process (AHP) method was used to determine the weight of the criteria [59] and the Weighted Linear Combination (WLC) method was used to overlay maps [61,62].






2.4. Assessing ESs


2.4.1. Water Yield


The model was developed using InVEST software, based on precipitation, storage and evapotranspiration data [38]. In fact, this model shows how variation in LULC patterns influences the annual water yield [12]. Regarding the InVEST model, evapotranspiration is the main parameter in computing the water yield depth under the assumption that precipitation is constant [34]. Evapotranspiration is interceded by transpiration through plants [63] and the shading effect of vegetation cover also changes heat fluxes in the soil, consequently leading to a reduction in evaporation [34,64]. The amount of rainwater permeating into the watershed’s subsoil and groundwater is calculated through soil depth, the available water content for plants and root depth [29]. The calculation of annual water yield is based on Equation (2).


  Yx = ( 1 −   AETx   Px   ) .   Px  



(2)




where Y(x), AET(x) and P(x) refer to water yield, the annual actual evapotranspiration of grid unit x and the annual precipitation amount of grid unit x, respectively. Moreover, AET(x)/P(x) represents vegetation evapotranspiration [35]. In order to calculate the mean annual evapotranspiration, the ‘Modified Hargreaves’ equation [17] was applied, using:




	
Daily average, maximum and minimum temperatures.



	
Mean daily maximum and minimum differences.



	
Extra-terrestrial radiation.








All information was acquired from the Karaj synoptic meteorological station. The data were collected from the Iranian Meteorology Organization’s daily database (http://irimo.ir/far/, 17 June 2017). The factors related to the soil, such as plant available water and soil depth [46], were not accessible and so, accordingly, we used data from the Harmonized World Soil Database (HWSD) provided by FAO [17,65]. Moreover, plant available water was obtained from HWSD and then divided by soil depth in order to determine the plant available water content (PAWC) fraction throughout the landscape. PAWC is the fraction of water content in the soil profile that is available for plants [46]. Notably, the model assumptions are based on the processes at watershed and sub-watershed scales. The whole landscape was considered to be one large watershed containing five sub-watersheds. Regarding each LULC class, plant evapotranspiration coefficients (Kc) were computed based on the existing coefficients in the relevant literature: Human-made = 0.10; Agriculture = 0.65; Garden = 0.70; Low dense grassland = 0.80; Dense grassland = 0.90; Barren = 0.50; Water bodies, Rocky outcrop, Greenspace and River = 1.00 [38].



The total water demand was calculated as the quantity of water consumption in agricultural land and human-made areas. Consumptive water in farmland was assumed to be the water used by agricultural activities that are not returned to the watershed. Considering the human-made area, water-use was calculated according to the water consumption per person, multiplied by the relative population density per square km and generalised to each pixel of the raster map with a resolution of 30 m [1]. Water consumption was also calculated according to the water demands for each type of crop in the irrigation plan of the Karaj metropolis. Various biophysical variables for model implementation are represented in Table 1 and further information related to the water yield model can be found in the InVEST user guide [46].




2.4.2. Food Production


Food production was examined for the current situation (CU), the business as usual scenario (BAU) and the protection-based scenario (PB) in two steps, as described below.



Calculation of Food Production Using the Yield Model


In this step, the production of fruits and grains was considered in the area. Food production was calculated using the yield model (Equations (3) and (4)) [19].


   PRO G  =  ∑  i = 1  i   A i  ×  R Gi  ×  P Gi   



(3)






   PRO F  =  ∑  i = 1  i   A i  ×  R Fi  ×  P Fi   



(4)




where PROG and PROF indicate the production of fruits and grains, respectively. Ai is the area of district i in the Karaj landscape; RFi and RGi indicate the area proportions of fruits and grains in the range of i, respectively, and PFi and PGi indicate the yields of fruits and grains per area unit for each district, respectively.




Calculation of the Relevant Capacity of LULC Classes for Food Production


To calculate the present level of ES delivery produced by each LULC class, the viewpoints of thirty scientists were collected from various sectors of governmental institutions (five of these scientists were members of the Iranian Association for Environmental Assessment (http://www.iraneia.ir/en, 24 August 2018)). In this regard, a questionnaire was designed based on the opinions of Burkhard et al. [66,67]. The questionnaire included a matrix specifying the relationship or disaffiliation between each LULC class and food production service. Afterwards, each participant was asked to specify the disaffiliation or relationship between each LULC class and food production by signing ‘Yes’ or ‘No’ in a matrix, to identify the resources producing this ecosystem service. Subsequently, they gave a score for the effective resourcing of food supply in the range of 0 to 5: 0 = no capacity to supply the selected ESs; 1 = very low capacity; 2 = low capacity; 3 = medium capacity; 4 = high capacity and 5 = very high capacity. The scores were averaged and then the values of average capacity were transferred to Arc GIS software to prepare a food production map for current, BAU and PB scenarios for the study landscape.





2.4.3. Outdoor Recreation Opportunity


Outdoor recreation opportunities refer to an ecosystem’s capacity [37] to provide outdoor recreation activities such as walking, running, outdoor sports and enjoyment in watching plants and animals. Therefore, the ROS model was conducted to determine the outdoor recreation service. The model simulates recreation opportunities provided by nature at a local level, as categorised in the ESs cascade [68]. This method was undertaken to assess outdoor recreation in the European Union [69]. Recreation potential covers three essential aspects of people’s behaviour and preferences for outdoor activities [47]. This model is estimated according to two indicators: the recreation potential index (RPI) and the remoteness/accessibility index (RAI).



The first component of the RPI relates to people’s preferences for more natural regions and concerns the degree of naturalness [12,19,38]. The second component of the RPI refers to the protected regions, as they indicate a high natural value [70], and the third one is the attractiveness of water bodies [71]. The degree of naturalness is simulated according to the Hemeroby index [38], which determines the human effect on vegetation and landscape, ranging from 1 (natural) to 7 (artificial). Moreover, the degree of naturalness was obtained for each LULC class [37,72,73]. The protected natural regions are scored based on the management classes of the International Union for Conservation of Nature (IUCN) [74]. The protected areas were classified by focusing on their significance for recreation aims in the range between 1 (with the highest natural value) and 0 (the lowest). In this regard, the protected areas were mapped using information from the database of the Department of Environment of Iran. Based on the database, there are two protected areas (the Central Alborz Area and Karaj River) in the study area.



The water landmark is considered a natural key factor for leisure and recreation activities [75]. The attractiveness of water bodies was determined by measuring the distance to all surface water bodies [38]. Two layers of distance from the river and from water sources were prepared with a buffer function. The layers were then standardised using the decreasing linear fuzzy method (Table 2).



Moreover, in this method the remoteness/accessibility index (RAI) or access to the recreation sites was examined [19]. The RAI was determined by applying the proximity analysis in the ArcGIS toolbox to compute the straight distance from roads and human-made areas with a buffer function [12,19]. Table 2 shows the control points and the selected membership function.



The final RAI map was prepared according to the parameters presented in Table A1 (Appendix A) [47]. Notably, this method was slightly modified to augment the precision of spatial distributions of recreation potential. The final ROS was obtained by combining the RPI and RAI, based on the parameters in Table A2 (Appendix B).






3. Results


3.1. LULC in CU Situation and Two Scenarios


Kappa indexes (K standard = 0.92; k location = 0.94 and k no. = 0.95) and FoM coefficient (0.89) indicate satisfactory results of the Markov chain and MOLA models in LULC modelling. The results confirm that these models are suitable for modelling urban expansion. From 2017 to 2028, the proportion of different classes was as follows (from the highest to the lowest, respectively): dense grasslands, rocky outcrop land, low dense grassland, human-made, garden, agriculture, rivers, and green space. It is worth mentioning that water bodies and barren land had the lowest proportion of LULC class in the Karaj landscape. As shown in Figure 2, the BAU scenario, agricultural, garden and low dense grassland increased in the downstream landscape and, in some parts, they were converted to human-made land. On the contrary, in the upstream landscape, dense grassland decreased, which can be related to overgrazing. According to the BAU scenario from 2017 to 2018, agricultural lands, gardens, dispersed grasslands and dense grassland decreased, while agricultural land and gardens experienced the highest reduction. Based on this scenario, it was expected that the area of agricultural lands would experience a reduction from 6511.86 ha to 5199.85 ha (i.e., a 20% reduction of agricultural lands in the next 11 years). Furthermore, the garden areas will be reduced by 202.38 hectares. According to this scenario, the development of human-made areas will continue to increase in the future. Thus, the area of this class will increase by 29%, from 14,478.66 ha to 18,729.64, compared to that of 2017 (CU situation).



In the PB scenario, applying efficient management practices will prevent the transformation of gardens and farmland to the human-made class (conserving 1273.31 ha of agricultural lands and 161.42 ha of gardens). In this scenario, human-made areas are still increasing because of high demand for settlements due to a high population, but the intensity of the increase is less than that of the BAU scenario. In general, regarding the current scenario, 12, 13 and 14% of the land area are under the human-made, agricultural and water body classes, respectively.



The modelling results indicate that, in the PB and BAU scenarios, 10% and 12% are agricultural and garden lands, and the remaining 76% and 73% are covered by natural land cover and water ecosystems, respectively. However, the spatial distribution of the landscape elements is different for each scenario (Figure 3). Moreover, the findings showed that the most significant LULC change was manifested by urban growth and garden, grassland and agricultural land reduction in the Karaj landscape during 2017–2028 (Table 3).




3.2. Changes to ES Flows


3.2.1. Water Yield


The outputs of the InVEST water yield model were the volume of water yield in the sub-watershed scale and the estimated water yield per pixel. One of the outputs is in the form of a shapefile and a table containing biophysical output values per sub-watershed and the other is in the form of a raster map. In CU and the two scenarios, the ESs were assessed at the sub-watershed scale and the results of the water balance are presented in Table 4. The results show that the average water balance and the amount of available water will be enhanced in all scenarios, since green areas and natural cover transformation (low dense grassland, dense grassland) lead to decreasing evapotranspiration. The increase in water yield due to the reduction in evapotranspiration is not a positive result for water but it signifies the sudden release of water due to the destruction of grassland and gardens, instead of being stored in plant tissue and then being gradually released throughout the year.



According to the model predictions, although the water yield would increase, the water demand outweighs the water resource due to the excessive water consumption in the region. This may result in increased access to groundwater aquifers, subsequently leading to a decrease in groundwater storage. The PB scenario indicates a minimum decrease in water supply potential, signifying more efficiency in terms of water consumption compared to the BAU scenario. Moreover, regarding the BAU scenario, the highest enhancement in water demand can follow. Due to the arid and semi-arid climatic conditions in the area, on the one hand, and the rapid development of man-made areas, on the other, a water supply deficit is witnessed in the current situation and, also, under both future scenarios. However, under the PB scenario, despite maintaining the existing farms, the demand for irrigation of the protected farms is reduced compared to the BAU scenario; this indicates the greater efficiency of our conservation (PB) scenario for optimal water management in the area. On the other hand, the amount of food production in farms also increases, which is an advantage for all stakeholders.



The volume of water production and other related variables in the five water basins in the Karaj landscape are shown in Table 5.



In CU and the two scenarios, sub-basins 1 and 5 (possessing more than 120 million m3/year) and sub-basins 2 and 3 (with 1000 million m3/year) indicate the highest water supply and demand, respectively. In the BAU scenario, the water demand in watersheds 4 and 5 will increase by up to 38 million m3/year and 3 million m3/year, respectively. In watershed 1, the conditions will be the same as those of the CU situation, indicating the least effects on water-related ESs due to LULC transformation. Moreover, other watersheds show a decrease in water demand. In the PB scenario, the water supply potential is the same as the CU situation; however, the water demand will increase in all watersheds, especially in 3 (from 1081 to 1099 million m3/year) and 4 (from 771 to 857 million m3/year), because of the increasing agricultural activities.



Figure 4 shows the pixel-based (30 × 30 m) map of the water balance of the ecosystem in the study area. Water balance is higher in all three scenarios in the upstream landscape because the rainfall in these areas is greater than the evapotranspiration. In the northwest part of the upstream area, the water yield increases between 2017 and 2028. Significantly, in the central part of the study area, the water yield is low and the majority of change occurs in the central and downstream parts of the study area. The water yield decreases downstream (from 2017 to 2028) because of the transformation of vegetation cover to other LULC classes with higher water demand and, also, due to the fact that evapotranspiration is higher and precipitation is lower than the upstream areas. The results indicate that the volume of water produced in each of the three scenarios is 1259, 1304 and 1274 million m3/year, respectively. Accordingly, in 2028, the volume of water production in the BAU and PB scenarios will increase by 45 and 15 million m3/year, respectively.




3.2.2. Food Production


Food production showed various distribution patterns. In this sense, grain planting was only provided by the downstream landscape in the rather flat and fertile areas. In the west and southwest of the region, there is the least human habitation. Fruit production was mainly provided by the upstream landscape (Figure 4). Accordingly, from 2017 to 2028, grain production decreased in both the BAU and PB scenarios by 19% and 0.6%, respectively. Total grain production in the Karaj landscape will decrease in both BAU and PB scenarios. In this regard, grain production is 110,024.95, 88,170.88 and 109,271.36 tons per hectare for the CU situation and BAU and PB scenarios, respectively. During the 2017–2028 period, the cultivated lands decrease in the BAU and PB scenarios by 1312.01 and 38.7 ha, respectively. The expansion of urban and industrial areas of the downstream landscape is the reason for this decrease. The crop yield also decreases, mainly due to the reduction in cultivated land. Considering the fruit production, an increasing trend is seen in the upstream landscape (from 56,602.34 to 57,588.55 ton/ha), while in the downstream landscape—from the CU situation to the BAU scenario—a significant reduction is witnessed (from 1259.22 to 1015.15 ton/ha) and, in the PB scenario, it reaches the highest value (1361.53 ton/ha). In general, the total fruit production in the Karaj landscape decreases in the BAU scenario and increases in the PB scenario. Fruit production in the CU situation is 57,861.56 ton/ha and for the BAU and PB scenarios, it could be 57,774.38 and 58,950.91 ton/ha, respectively. During the 2017–2028 period in the upstream region, the area of garden land reduces in the BAU and PB scenarios by up to 74.15 and 70.23 ha, respectively. On the contrary, regarding the downstream area, the area of garden land experiences a reduction in the BAU scenario (from 930.7 to 802.47 ha) but a specific increase in the PB scenario (from 930.7 to 959.97 ha) (Table 6). The reason for this decrease is rooted in the massive villa construction and road expansion in the upstream area and the urbanisation of the downstream area. In general, the results indicate that the amount of food production will only improve under the PB scenario.




3.2.3. Outdoor Recreation Opportunity


Figure 5 shows the percentage of land within each ROS category. It can be seen that categories 9 (high provision–not easily accessible) and categories 3 (low provision–not easily accessible) are the largest and smallest areas, respectively. From 2017 to 2028, the value of the outdoor recreation opportunity index in the BAU scenario decreased, but in the PB scenario it increased.



Despite no considerable variation in recreation potential, this service represented clear spatial heterogeneity. Additionally, recreation services decreased from the upstream landscape to the downstream landscape because in the upstream landscape there are natural and semi-natural habitats such as water bodies, grassland, lakes, etc. It is worth mentioning that most of this area is mountainous with forest cover. Moreover, regions with a low population and high distance from the roads and urban areas always presented higher values of outdoor recreation opportunity. However, this service became worse in the downstream landscape. The rapid growth of the human-made class decreased recreational opportunity. The parts of the downstream landscape with green spaces showed a high recreation opportunity (Figure 4). According to the results, the PB scenario would be more favourable than the BAU scenario.






4. Discussion


4.1. Changes to LULC under Scenarios in the Future


Scenario simulation is one of the essential methods for predicting ES delivery [76], which can provide recommendations for LULC planning scenarios [77]. Therefore, in this paper, the effects of LULC changes were investigated on multiple ES delivery and supply under the current situation and two other scenarios in the future (BAU and PB scenarios).



There are some limitations in previous studies. Some researchers, such as [78,79], did not perform scenario analysis, which usually leads to different results. Additionally, in the studies that considered scenario analysis, such as Gao et al. [80], they did not study LULC effects on ESs in future scenarios.



The development of human-made settlements and infrastructure, due to urbanisation, will be the main LULC change in the Karaj landscape under both scenarios in 2028. Another important change is the reduction in agricultural and garden areas in the BAU scenario and their increase in the PB scenario. This augmentation can be attributed to lower anthropogenic pressure on the agricultural, garden and grassland areas as a result of better management practices followed by all stakeholders in the PB scenario. Furthermore, rapid economic development and population growth in the Karaj metropolis significantly changes the LULC.




4.2. Spatial Distribution of ESs in the Karaj Landscape


4.2.1. Spatial Distribution of Water Yield


In the InVEST model, the raster output is used to interpret and identify areas with water balance, as compared to areas facing water stress. Considering the problems of drought and lack of water output, our model indicates that, in the current situation, a major part of the downstream area suffers from water stress. By implementing the protection scenario and preserving the existing natural assets, it can be hoped that the water stress situation in the studied area will not worsen. Based on the yield, supply and demand of water in the sub-basins (Table 5), the water balance status of the Karaj landscape can be classified into three categories: balanced, water stressed and critical. In the CU situation and two scenarios, sub-basins 1 and 5 are in the balanced class, sub-basin 4 is in the water-stress class, and sub-basins 2 and 3 are in the critical class. Sub-basin 1 is dominated by green cover, mountainous and blue areas located in the upstream landscape, and sub-basins 2, 3 and 4 are dominated by agricultural lands and urban areas in the downstream area, which demand the most water. Overall, due to the topographic conditions [26,81,82] and LULC coverage [83,84,85,86,87], the water balance in the upstream landscape is higher than in the downstream area.



The water yield in the central parts of the downstream area is higher than other parts. This includes Karaj city and urban areas. The expansion of human-made areas increases the impervious region and, accordingly, a large amount of precipitation is collected and stored in the form of runoff, which decreases land surface evaporation and results in a high water yield depth in the urban area [88]. Therefore, in this section, urban growth was conducive to the augmentation of water yield [34]. In general, regarding the Karaj landscape, the destruction and conversion of green cover (such as agriculture and gardens) can be seen but the rate of this conversion is higher in the downstream region. The result of these LULC changes leads to evapotranspiration reduction, consequently increasing water yield [33,84] and floods [89] in the arid region of Karaj. In total, LULC change has a little positive impact on water yield but a powerful negative impact on water demand, water supply and, consequently, water stress. The positive effect of LULC change on water yield is mainly via decreased evapotranspiration and vegetation. This result is also compatible with the results of studies performed by [17,89,90,91]. On the other hand, rapid urban expansion and population growth have led to an increased water demand. In fact, population change has caused a change in water supply and demand, its increase leading to an increase in water demand. Therefore, in the Karaj landscape, despite the large supply of water, there is no balance between supply and demand. The mismatch between water supply and demand limits sustainable development and the economy of the region [79]. In this regard, given that most water resources in the region have been used more than the existing capacity, the need to pay attention to water resources and their management is very important for informing decision- and policy-makers regarding regional water security.




4.2.2. Spatial Distribution of Food Production


In terms of food supply, large amounts of fruit and grain production were dispensed in the upstream and downstream. According to the results (Table 6), although the cultivation level of garden products in the upstream decreases by 74.15 and 70.23 ha in 2028 compared to 2017, production in both scenarios is higher than the base year. Increasing garden products, despite reducing the area under cultivation of crops, indicates an increase in production per unit area and a productivity improvement. Generally, compared to the ESs in 2017, food production will decrease under the BAU scenario but will increase under the PB scenario in 2028. According to the different results of food production in the two scenarios, it can be argued that food production is dependent on intact natural LULC [92,93]. However, food production was also affected by other factors, such as the amount of land, yield, food quality, soil properties, climate, management practices and agricultural technology [19]. Herein, the model shows that grain production will decrease in the Karaj landscape by 2028. Due to the fact that there is no possibility of agricultural activities in the upstream areas, downstream agricultural activities must be developed and the preservation of these lands must be accompanied by strict management to ensure food security in the region. [87] argued that grain production decreases due to the degradation of agricultural land, particularly in developing countries. Consequently, managing the relationship between food security, urban construction and ecological conservation is vital in all countries [94].




4.2.3. Spatial Distribution of Outdoor Recreation Opportunity


The classification of LULC percentage in each ROS class (Figure 4) is based on the two factors of provision and accessibility. According to this classification, the easier the access and the more the provision, the higher the value of the recreational potential of the area would be. The total area percentage of these two categories in the region is 21%, 19% and 23% in the CU situation and BAU and PB scenarios, respectively. Based on the ROS map (Figure 5), the highest outdoor recreation opportunities were observed in the northeast, east and southeast parts and a few parts of the northwest upstream, in both future scenarios. The dominant coverage of these areas is natural habitats, water bodies and river areas, gardens and dense grassland. On the other hand, considering the downstream area of the region in both future scenarios, areas with high recreational value are distributed in parts of the north, southeast, southwest and a few parts of the centre that are urban parks. Although the spatial distribution of this service is the same in both future scenarios, the area of high recreational value is much more distributed in the PB scenario than in the BAU scenario. Overall, the identified recreation area is almost fine for both scenarios, despite obvious spatial heterogeneity. However, in the BAU scenario, compared to the PB scenario, the Karaj landscape would have lower recreational opportunities.



Outdoor recreation opportunities were highly influenced by topography. Due to its mountainous nature and other natural attractions in the upstream landscape, there are more recreation opportunities than downstream, which is located at lower elevations and is predominantly covered by the human-made class. Therefore, in confirmation of previous studies [12,19,40], outdoor recreation opportunities are affected by LULC changes.





4.3. The Impact of Urban Expansion on ESs


LULC is a determinative variable causing changes in ESs which are affected by the intensity of variations in the composition, patterns and structure of LULC [95]. When compared to the ESs in 2017 (CU situation), the water yield increases as urban expansion increases, whereas food production and recreational services decline as urban expansion increases, under the BAU scenario in 2028. On the other hand, in the PB scenario, water yield, food production and recreational opportunities increase.



Regarding the continuation of unsustainable urban development through extensive conversion of natural land cover to man-made uses, the ecological infrastructure of the studied metropolis has been threatened. This is because the management of natural assets, such as grassland, gardens, etc., is not in a favourable condition. Under these conditions, even with the implementation of protection scenarios, it is a difficult task to control LULC changes in the areas that are facing increasing demand for the creation of human and industrial infrastructures. However, in this study, it was shown that by adopting the conservation scenario, even if it is not possible to completely continue the current trend towards more sustainable LULC changes, it can be hoped that by preserving existing natural assets, the rate of deterioration of ESs and natural functions will be reduced as much as possible. Our modelling shows the PB scenario with fewer adverse consequences for ESs, indicating that the protection scenario is an approach that can establish a more sustainable form of urban development, compared to the scenario of the continuation of the existing situation in the future time perspective (year 2028).



Previous studies have demonstrated that the increase in the water yield due to LULC change, high precipitation and urban expansion [16,19,26,34,84,87] decreases outdoor recreation opportunity due to urban expansion and LULC change [39,40,96], as well as food production due to urban expansion [1,30,43,76,97].



In the current research, it was found that the rapid and wide variation of LULC types, urban expansion and the absence or weak implementation of sustainable urban LULC planning methods cause some specific changes to the spatial distribution of ESs. Undoubtedly, these changes will cause the Karaj landscape to move from having an ecological function to a sociological one and reduce the sustainability of ecological networks [98]. Therefore, by adopting effective management policies and creating a balance between ecological and sociological functions, it is possible to achieve the sustainability of the urban ecosystem and, consequently, reduce the effects of urban expansion on ESs. In this sense, it is worth mentioning that urban expansion is one of the most significant reasons for changes in ES functions (increasing water yield and reducing outdoor recreation opportunity and food production) in the Karaj landscape. These results validate the results of previous investigations [7,12,16,17,24,26,99,100]. Significantly, the increased water yield, which can increase nutrient transport and flood risk [16], will have negative effects on urban sustainability and social well-being. On the other hand, water balance and the regional water cycle (which are vital in urban areas [101]) have been disrupted in the Karaj landscape due to excessive water consumption. Therefore, planners and managers of water resources should implement appropriate strategies and policies to deal with water supply deficiencies in the Karaj landscape. In addition, recreation potential is important for citizens’ well-being [102]. Thus, due to the reduction of this service in the Karaj landscape, and in order to improve the quality of the recreational and mental comfort in society, urban expansion strategies should increasingly aim to strengthen the natural and artificial network of green spaces by planting more trees, increasing the diversity of plant combinations and properly managing green spaces. Finally, it is worth mentioning that food can be regarded as a basic material for a good life [15]. The lack of food production will further deteriorate food safety in the Karaj landscape. Considering that there is no possibility for agriculture in the upstream areas and the reduction of the area of these lands, along with the garden lands in the downstream areas (especially the eastern and western parts), a significant decrease will be experienced in the capacity of the land to provide food for the city’s residents. Thus, urban planners must provide appropriate protection and sustainable plans for these uses.



Urbanisation leads to the spatial heterogeneity of ESs as a result of urban growth and population settlement [30]. Therefore, regarding the urban growth process in the Karaj landscape, the loss of ESs that were affected by LULC changes can negatively influence urban sustainability and, consequently, human well-being. However, this negative effect in the PB scenario was significantly reduced. It is due to the fact that, in this scenario, future management policies and land use planning were implemented. In this regard, to achieve favourable welfare, the planners and managers of Karaj should end the continuation of the current process by defining more informed protection and management scenarios, such as our protection scenario.




4.4. Limitations


In this study, there are restrictions in the InVEST model and the ROS model that result in less accurate parameters. These tools were applied due to the limited available data and information for the case study area. Moreover, InVEST models have the potential to beget a basic underpinning for decision- and policy-making [103]. Although the InVEST annual water supply does not contain the precipitation patterns all over the year, it overrates runoff and neglects groundwater recharge [37]. Moreover, the limitation of the stout testing restricts their credit [103]. The ROS method focuses on the recreational activities of natural infrastructure (usually the water component) but overlooks the recreational value of artificial substructures in the human-made areas [19]. Therefore, these limitations can lead to wrong approximations of ES supply [38]. Furthermore, we were able to support the accuracy of our estimations with the results provided in the literature and the experimental data, arranged to downgrade the inaccuracies. In this study, we did not consider the demand for recreation and food due to a lack of data. We suggest that the demand for these ESs be considered in future studies.





5. Conclusions


The research presented proposes a framework to evaluate spatial-temporal variations of multiple ESs in the Karaj landscape from 2017 to 2028. Models which are used to quantify ESs in Iran, although previously used for natural areas, have not yet been used in the urban landscape. Therefore, this study can form a good model to highlight key research priorities in urban ESs and can be considered as a basic study in urban landscapes for other researchers in Iran.



According to the results, fast urban growth will lead to a kind of decline in provisioning and support services in the Karaj landscape in the future—since urban expansion will destroy the grassland, farmlands and gardens. In contrast, water yield increases and water balance is disrupted in the region because of the process of urban expansion. In this regard, changes in water yield increase in most of the Karaj landscape, while outdoor recreation opportunity and food production mainly occur in the downstream areas and have spatial consistency with urban expansion.



Herein, recommendations were provided for urban planners in order to manage ESs. Generally, urban planners should take measures to improve food production in the downstream, especially in the western parts; outdoor recreation opportunities in the downstream areas, especially in the central region; and water supply in the central region and the western and northwestern parts of the downstream. Hence, regarding the process of fast urbanisation, the government must efficiently protect the sustainable capacity of ESs and logically plan for LULC, especially in places where the urban ecosystem is adjacent to natural lands and changes the natural structures in the appearance of Karaj’s landscape.



Scenario analysis shows that the PB scenario has a better performance in providing ESs. Consequently, urban ESs are spatially heterogeneous within the region, vary in relation to different scenarios, and highlight important issues in ESs, amounting to sustainable urban expansion policies and schematisation. Overall, the results presented in this study justify further research to ensure multiple ESs in the Karaj landscape. In addition, the present study gives a comparative result to areas having a similar scale. Finally, it is hoped that the results presented in this study will help managers and urban planners to make sensible decisions in ecosystem management and achieve urban sustainability. Regarding future research, we will present the effects of urban expansion on ESs in the Karaj landscape in several conservation and management scenarios, to provide urban planners with guidelines for urban sustainability and balanced development.
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Table A1. Remoteness/accessibility (proximity) parameters.
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Distance From Roads (KM)




	
Distance from human-made areas (KM)

	

	
<1

	
1–5

	
5–10

	
>10




	
<5

	
1

	
2

	
2

	
4




	
5–10

	
2

	
2

	
2

	
4




	
10–25

	
3

	
3

	
3

	
4




	
25–50

	
3

	
4

	
4

	
4




	
>50

	
4

	
4

	
4

	
5




	
1

	
Neighbourhood




	
2

	
Proximity




	
3

	
Almost far




	
4

	
Remote




	
5

	
Very remote
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Table A2. Parameters for the recreational opportunity spectrum.
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Recreation Potential Index (RPI)




	
Remoteness/accessibility (proximity)

	

	
1

	
2

	
3




	
<0.19

	
0.19–0.25

	
>0.25




	
1

	
Neighbourhood

	
1

	
4

	
7




	
2

	
Proximity

	
1

	
4

	
7




	
3

	
Almost far

	
2

	
5

	
8




	
4

	
Remote

	
3

	
6

	
9




	
5

	
Very remote

	
3

	
6

	
9




	

	
1 Low provision—easily accessible




	
2 Low provision—accessible




	
3 Low provision—not easily accessible




	
4 Medium provision—easily accessible




	
5 Medium provision—accessible




	
6 Medium provision—not easily accessible




	
7 High provision—easily accessible




	
8 High provision—accessible




	
9 High provision—not easily accessible
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Figure 1. Location of the study area. 
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Figure 2. The general structure of the models used for urban expansion simulation and quantifying ESs. 
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Figure 3. Spatial distributions of LULC in the Karaj landscape under CU and different scenarios. 
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Figure 4. Spatial patterns of the ESs in the Karaj landscape. 
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Figure 5. Percentage of land within each ROS category and the indicator value of outdoor recreational opportunity index in the Karaj landscape. 
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Table 1. The input data and sources for ES assessment and land use modelling.
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Data Types

	
Model

	
Input Data

	
Description






	
LULC

	
Support Vector Machines (SVM)

Markov Chain

MOLA

	
LULC data

	
Landsat 5 and Landsat 8 satellite images were downloaded for 2006, 2011 and 2017 from the United States Geological Survey (www.usgs.gov, 1 June 2006, 2011 and 2017).




	
Digital elevation model

	
Aster satellite




	
Provisioning Service

Water yield

	
InVEST model

[46]

	
LULC map

	
A GIS raster dataset with an LULC code for each cell




	
Precipitation (mm)

	
A GIS raster dataset with a non-zero value for average annual precipitation for each cell.




	
Average annual reference evapotranspiration (mm)

	
A GIS raster dataset with an annual average evapotranspiration value for each cell.




	
Root restricting layer depth (mm)

	
A GIS raster dataset with an average root restricting layer depth value for each cell.




	
Plant available water (PAWC)

	
A GIS raster dataset with a plant available water content value for each cell.




	
Watersheds

	
One polygon per watershed (shape file).




	
Sub-watersheds

	
A shape file with one polygon per sub-watershed within the main watersheds specified in the Watersheds shape file.




	
Biophysical Table

	
Tables of LULC classes, including data on biophysical coefficients used in this tool.




	
Demand Table

	
A table of LULC classes showing consumption water use for each LULC type.




	
Food production

	
Yield model

[19]

	
LULC map

	
A GIS raster dataset with an LULC code for each cell.




	
Cultural Service

Outdoor recreation opportunity

	
ROS model

[37,38,47]

	
Cultivated land Number of fruit-producing tress

	
Statistical information on agricultural and garden products obtained from the Statistics Centre of Iran.




	
Natural area

	
Degree of naturalness: Hemeroby index




	
Water component

	
Water bodies (extracted from LULC)




	
River (extracted from LULC)




	
proximity

	
Road network




	
Urban areas (extracted from LULC)
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Table 2. The shape of membership functions and control points of different factors.
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Criteria

	
Shape of Membership Functions

	
Control Points




	
a

	
b

	
c

	
d






	
Distance from River

	
Decreasing linear

	
-

	
-

	
500

	
1000




	
Distance from Water bodies

	
Decreasing linear

	
-

	
-

	
30

	
2000




	
Distance from Human-Made

	
Decreasing linear

	
-

	
-

	
2000

	
5000




	
Distance from Roads

	
Decreasing linear

	
-

	
-

	
500

	
5000
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Table 3. Changes in LULC in the Karaj landscape under each scenario.
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Land Use Type

	
Area (ha)




	

	
CU

	
BAU

	
PB






	
Human-made

	
14,478.66

	
18,729.64

	
17,630.64




	
Agriculture

	
6511.86

	
5199.85

	
6473.16




	
Garden

	
7036.67

	
6834.29

	
6995.71




	
Water body

	
326.97

	
326.97

	
325.5




	
Low dense grassland

	
22,584.96

	
20,197.93

	
19,899.67




	
Dense grassland

	
40,167.09

	
39,810.59

	
39,774.65




	
Barren

	
227.43

	
227.43

	
226.63




	
Rocky outcrop

	
24,393.78

	
24,401.78

	
24,402.09




	
Green space

	
802.42

	
801.36

	
801.79




	
River

	
990.36

	
990.36

	
990.36
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Table 4. The effects of changes in precipitation and evapotranspiration on landscape water yield in CU and two scenarios.
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Average Precipitation

(mm)

	
Average Evapotranspiration

(mm)

	
Water-Related

(Million m3/Year)




	
Water Yield

	
Water Supply

	
Water Demand






	
CU

	
523.21

	
288.08

	
235.10

	
−105.62

	
340.72




	
BAU

	
523.19

	
282.58

	
240.61

	
−106.98

	
347.59




	
PB

	
523.19

	
283.75

	
238.41

	
−108.26

	
346.67
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Table 5. The volume of water production and other related variables in the water basins in the Karaj landscape.
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Sub-Basin Code

	
1

	
2

	
3

	
4

	
5






	
Area (ha)

	
76,114.00

	
963.18

	
3131.216

	
34,540.50

	
2771.277




	
Average Precipitation (mm/year)

	
573.62

	
407.49

	
407.44

	
431.46

	
454.05




	
Evapotranspiration (mm/pixel)




	
Potential

	
550.91

	
127.31

	
273.22

	
450.4

	
597.59




	
Actual

	
338.77

	
92.26

	
139.98

	
198.6

	
245.32




	
Water yield volume (million m3/year)




	
CU

	
234.7

	
315.2

	
267.5

	
232.9

	
208.7




	
BAU scenario

	
233.3

	
331.9

	
277.3

	
253.1

	
208.7




	
PB scenario

	
234.6

	
314.4

	
269.4

	
247.4

	
208.7




	
Water supply (million m3/year)




	
CU

	
121.1

	
−868.8

	
−813.9

	
−539.0

	
134.4




	
BAU scenario

	
119.8

	
−666.1

	
−698.1

	
−556.7

	
131.5




	
PB scenario

	
120.0

	
−871.6

	
−830.5

	
−610.3

	
134.3




	
Water demand (million m3/year)




	
CU

	
113.6

	
1184.0

	
1081.4

	
771.9

	
74.3




	
BAU scenario

	
113.5

	
998.0

	
975.4

	
809.8

	
77.2




	
PB scenario

	
114.6

	
1186.0

	
1099.9

	
857.7

	
75.4
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Table 6. Changes in food production under different scenarios.
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Food

	
Landscape District

	
Area Agriculture and Garden Land (ha)

	
Production (Ton/ha)




	

	
CU

	
BAU

	
PB

	
CU

	
BAU

	
PB






	
Grains (Agriculture land)

	
upstream

	
0

	
0

	
0

	
0

	
0

	
0




	
downstream

	
6511.8

	
5199.8

	
6473.1

	
110,024.9

	
88,170.88

	
109,271.3




	
Fruits

(Garden land)

	
upstream

	
6105.9

	
6031.8

	
6035.7

	
56,602.3

	
56,759.23

	
57,588.5




	
downstream

	
930.7

	
802.4

	
959.9

	
1259.2

	
1015.15

	
1361.5
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