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Abstract

:

Monitoring changing environmental conditions for short-term periods is a key aspect of adaptive urban planning. Unfortunately, the official environmental datasets are often produced at too large time intervals, and sometimes the speed of urban transformation requires real-time monitoring data. In this work we employed ESRI ArcGIS (ver. 10.8.1) to process two normalized difference vegetation indices for the campus area of the Izmir Institute of Technology (Turkey). The area of this campus constitutes an optimal site for testing whether alterations to the soil due to excavation and new construction can be monitored in small areas of land. We downloaded two different Sentinel acquisitions from the Copernicus ONDA DİAS platform: one taken on 28 March 2021 and the second taken on 13 March 2022. We processed the images while elaborating the normalized difference vegetation index for both years and compared them. Results demonstrate that all major and minor soil degradations on the campus during the intervening year were detected and empirically quantified in terms of NDVİ reduction (abrupt changes). These findings confirm that detailed seasonal environmental monitoring of every part of the world is now possible using semi-automatic procedures to process original Sentinel data and recommend site-specific ecological compensation measures.
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1. Introduction


In a rapidly changing world monitoring the speed and typology of soil degradation can be crucial to establishing adequate local policies and implementing local actions against climate change [1,2,3]. Most research in this area focuses on the anthropization process [4], which causes the worst kind of soil degradation, namely, the phenomena referred to as sealing [5]. However, several less-recognized forms of soil degradation also create serious environmental unbalances [6]. Excavation, or soil compaction due to the periodic transit of car or trucks over unpaved land, such as can be found on construction sites, can reduce the soil’s infiltration capacity, evapotranspiration, and topsoil biodiversity [7,8]. Soil pollution can be tremendously harmful to any human activity [9], and soil erosion [10,11], can cause biodiversity reduction and the loss of organic carbon and soil fertility [12]. All of these degradation processes affect the chemical and physical structure of the soil [13] while impacting the ecosystem’s capacity to perform natural biophysical processes [14,15,16]. It is worth mentioning that good soil management through the recognition and valorization of ecosystem services is widely acknowledged as one of the most effective solutions to climate change [5,17,18]. Although reducing emissions through rapid technological reconversion can play a vital role in climate change mitigation [19], this so-called adaptation must include a more holistic and organic approach to land transformation and soil management [20,21].



An enormous amount of attention has been paid to monitoring the soil sealing phenomena, but still there is much uncertainty about how to best monitor this phenomena and what monitoring methods are useful for establishing a more comprehensive approach to the soil degradation phenomena [22,23,24]. Nevertheless, freely-available remote-sensed geographic information can now support the monitoring process while furnishing a rich amount of seasonal information about the earth’s surface that can be used to establish adequate ecological compensation measures [25,26,27].



Ecological compensation, generally defined as the re-balancing of potential biodiversity loss during land and soil degradation processes [28], is the final and most radical action against soil sealing processes in the “mitigation hierarchy” sequence [29]. When land transformation cannot be avoided, and when mitigation measures are not sufficient to balance residual ecological impacts, creation or restoration of habitats is considered a basic measure to achieve No Net Loss, or result in a net gain, of biodiversity [30]. These practical concerns have been empirically investigated in recent literature on environmental compensation, but there is no common agreement about which type of biophysical assessment can be used as a basic reference [31].



There are at least two aspects to consider: (i) the absence of convergence on empirical assessment of ecological compensation [32] and (ii) the utilization of specific monitoring indicators for ecologic compensation [33]. Regarding the first aspect, a major concern is the effectiveness of the system, which fails to clearly define what No Net Loss means in specific terms [34]. Few studies investigate its operationalization, and there is a high degree of uncertainty about how the system should be measured empirically and how it should be designed to effectively perform nature conservation [31], thus, there is a fundamental need for a standardized measure of the impact by systematic monitoring. Regarding the second aspect, significant differences arise within the scope and kind of indicators that are used to measure the impacts of land-use changes [35]. Soil sealing, tree cover density, habitat quality, carbon sequestration, nutrient retention, water yield, and many other biophysical datasets can be employed to measure the impacts of human-induced land alteration [36]. Among the various kinds of indicators used, a growing body of literature refers to the normalized difference vegetation indices (NDVI). NDVI has been massively discussed in recent scientific bibliography due to its capacity to be employed for different purposes, such as agricultural productivity [37], biodiversity recovery [38], cooling capacity [39,40,41], environmental conservation and valorization [42], afforestation and natural coping capacity [43]. NDVI is also employed globally to monitor drought and to forecast biomass production or desertification [37,44].



In simple terms, NDVI uses near-infrared wavelengths of light to measure the health of vegetation based on how the plant reflects light. Chlorophyll absorbs visible light; therefore, when a plant becomes dehydrated or sick it absorbs more near-infrared light rather than reflecting it. In this way, the presence of chlorophyll is used to indicate the health of vegetation [45,46].



Unfortunately, the application of NDVI to detect landscape changes presents many incongruities. Short-time series are normally used to detect only vegetation changes that occur due to climatic dynamics, while long-time series are used to monitor human-induced changes. The definition of NDVI thresholds for landscape changes is another problem. Considering vegetation by defining different NDVI threshold values such as 10%, 15% or 20% can be considered relevant for short-time monitoring, while defining NDVI threshold values of 25% to 50% can be considered large steps for longer time interval observations [33]. According to this approach, it is commonly used to detect statistically significant differences between NDVI values in small catchment sites while employing standard deviation (z-scores) and probability values (p-scores) at certain confidence levels in small spatial radius (500 m or less) [35].



The Copernicus Sentinel is one of several image acquisition technologies that are freely accessible and it is usable for relatively short monitoring periods [47]. In particular, Sentinel-2 provides high-resolution multispectral imaging especially dedicated to land monitoring, including vegetation, soil and water cover, inland waterways, and coastal areas. The band’s composition varies between 10 and 60 m from the ground resolution, and the multispectral composition allows auto-production of many different environmental indicators [46,48].



The scope of this work is to use the original bands available through Sentinel-2 to provide a relatively short-term (1 year) diachronic spatial analysis based on two different NDVI in a small catchment that has been subjected to various soil degradation processes [42,49,50].



The Izmir Institute of Technology Campus (IZTECH) is located in the Karaburun promontory of western Izmir, directly facing the Aegean Sea [27,51]. The campus, active since 1992, has been built on a typical hilly Mediterranean maquis landscape. In the last year the campus has been subject to various renovation works, including the construction of new buildings, new excavations for construction sites, deposits of construction materials, open space re-design, and the widening of road banks by depositing new raw material. All of these actions caused some soil degradation processes. We chose to monitor these through a one-year comparison between two auto-produced NDVI indices (March 2021 and March 2022).



This paper wants to demonstrate that it is now possible to use Sentinel acquisition worldwide for seasonal monitoring of environmental degradation processes. In addition, it demonstrates that field analysis can be used to integrate a combination of remote-sensed digital indicators for a more qualitative understanding of the soil degradation typologies. Results will be discussed in the light of how and what potential ecological compensation measures should be designed to regenerate the degraded soil, even considering long-term perspectives [52]. In doing this we applied a purely biophysical compensation based on the ecological equivalence principle: we determined how many new green areas should be provided to restore the recorded NDVI losses.



The paper is structured as follows: in the Section 2 we carefully described the ESRI ArcGIS tools that we employed for this research and which processing and post-processing phases we used to obtain the final map of soil degradation. In the Section 3 we briefly described the output of the processing and post-processing GIS phases, in the light of a qualitative field survey of the campus area. In the Section 4 we proposed site-specific ecological compensation measures. Finally, in the Section 5 we summarized the entire process and made some final remarks.




2. Materials and Methods


2.1. The Study Site


The Iztech campus currently occupies an area of approximately 151 ha, which is a small portion of the land allocated for the university. The campus is located at an average altitude of 88 m a.s.l. (max altitude 135 m., min altitude 35 m.) on the western part of the Izmir peninsula (see Figure 1) [27,53]. Its exact location is on the eastern margin of the Karaburun promontory, about 45 km from the city of Izmir and near the village of Gulbahce and the bay [54]. The campus counts 158 buildings which were constructed between 1992 and 2021 and is designed around a two-way circular connection road. The campus is accessible by car from two routes, one route that connects the campus to the bay and the second which connects the Izmir-Cesme primary road with the campus. The development of the campus site has taken many years and it is still evolving. New construction sites for new facilities can be seen in various areas of campus today.



The area’s stratigraphy is dominated by a Miocene volcano-sedimentary succession, including several sedimentary and volcanic units developed on top of the basement rocks of the Karaburun Platform and Bornova Flysch Zone [55].



From a landscape point of view the campus is located halfway between the densely vegetated hills of the Gulbahce basin and the flat sedimentary agricultural land of the village. The campus has made a substantial impact on the landscape, creating a barrier to the ecological continuity of the coast. The campus buildings and infrastructure interrupt the seasonal water streams formed by surface flows during the rainy season. These streams, and the natural Mediterranean maquis vegetation, have been interrupted by the campus roads, parking areas, and buildings. Most of the streams have been channelized, and they have lost their original biodiversity, sponge function and ecological integrity.



In this area of the world, which has a strong Mediterranean climatic characterization [23,56], one of the main hazards is the phenomenon of cloudburst rain, which causes flooding and potentially dangerous situations for the population and damage to the settlements [57,58]. Land changes such as the construction of new buildings and roads and the channelization of streams create several landscape equilibrium problems, and an updated and quantifiable land monitoring system is therefore required [59,60].




2.2. Data Collection and Processing


After downloading the original single-band layers from Sentinel-2 our method consisted of a simple processing phase consisting of production of the composite band and calculation of the NDVI for both time thresholds [47,61]. The two NDVI were then superimposed by pixel’s differential spatial analysis and post-processed by the Hotspot technique [62,63,64], which allowed us to identify only the statistically significant NDVI variations on the area.



The methodological process has been initiated by downloading the original Copernicus bands. On the 3 March 2022 we accessed the Copernicus ONDA Dias Catalogue. On the research control panel of the web catalogue we manually selected the western portion of Izmir’s bay and searched for Sentinel-2 L2A Data [47]. Sentinel-2 furnishes multispectral imaging (13 spectral bands spanning from the visible and near-infrared to the shortwave infrared) for land monitoring and delivers high-resolution optical images that range from 10 to 60 m of pixel resolution.



For the year 2021 we selected and downloaded the tile number T35SMC_20210328T085559_10m; for the year 2022 we used tile number T35SMC_20220313T085709_10m. Both tiles are 100% cloud-free, and the images were acquired during the same season (28 March 2021 and 13 March 2022) to avoid any potential bias in the NDVI comparison. NDVI is a seasonal indicator, and its utilization in comparative statistics has to consider the strong influence of the climatic and weather conditions during the acquisition period.



For the processing method we opted for the basic utilization of the ESRI ArcGIS image analysis tool (v. 10.8.1): first we imported the bands 02 Blue, 03 Green, and 04 Red (See Table 1) to the composite band tool and processed these for both years, and then we created the true color images (RGB composite band) of both tiles.



Finally, we resized both images by clipping the original borders of the tiles around the campus area.



Even though the images we used were acquired during the same season (spring) and around the same time of day, we found that the acquisition condition was different between the two colored images. The second acquisition (13 March) was less contrasted and more “flattened” since the light on 13 March and 28 March was different and since the luminosity of the two images was dependent on the humidity and pollution present in the air on those days. Thus, we decided to correct the 2022 RGB multiband raster by smoothly adjusting the contrast (30) and light (12), to gain higher comparability with the 2021 multiband raster. Once corrected, both multiband rasters were employed to calculate the NDVI, simply by adding the Band 8 (Near İnfra-Red) for both years (2021 and 2022). The NDVI tool automatically computes a multispectral image’s normalized difference vegetation index.



To avoid bias in the calculation of differences between the two rasters, we used the NDVI function instead of the Band Arithmetic function. The Band Arithmetic function produces a raster with values between −1.0 and 1.0, and the NDVI function rescales the pixels in a range between 0–255. By using the NDVI function we maintained a positive pixel value that could be compared with a simple subtraction.



The equation used to generate the output is:


NDVI = (B8 − B4)/(B8 + B4) × 100 + 100



(1)




where B8 stands for near-infrared band and B4 stands for red band.



The two NDVI were then post-processed by calculating the difference between the pixel values through raster calculator analysis (NDVI 2022—NDVI 2021). Then, to observe the abrupt changes, we employed the Hotspot analysis, thereby avoiding the arbitrary selection of thresholds to consider relevant in calculating the differences (NDVI abrupt changes). Once spatialized, the GİS statistically significant hotspots (abrupt changes) [65,66] were visually checked by a direct survey to observe the sites and identify the soil degradation types that had occurred within the last year.



We chose the Hotspot analysis tool since it is designed to identify statistically-significant clusters of high values (hot spots) and low values (cold spots) by using a confidence level (Gi_Bin) for each spatial feature. The polygons with +/−3 bins reflect statistical significance with a 99% confidence level, thus demonstrating that the concentration of high values in a particular area was not casual.



The Hotspot map helped us understand whether the observed spatial clustering was more concentrated than expected in a random distribution [67,68].



After converting the rasters into polygons, we applied a Hotspot analysis with a 10 m distance band. We then extracted the coldspot (Gi_Bin values −3, 99% statistical significance). In this way we obtained the final spatial localization of statistically significative clusters of abrupt negative changes [69].



As a final rendering procedure, we aggregated the polygons to avoid a pixelated distribution of the futures.



Once the final map had been generated, the NDVI abrupt changes were analyzed by a field survey to gather ground information and discuss potential ecosystem mitigation/compensation strategies.





3. Results


As shown in Figure 2, abrupt changes were recorded diffusely in the campus due to a jeopardized distribution of minor and major new excavation sites, construction areas, and open space design and renovation. Figure 2 represents the RGB images for the years 2021 and 2022, with a comparison of their NDVI indices below. Some differences were directly visible by juxtaposing the pictures, and the NDVI were used to locate and measure abrupt changes empirically.



In Figure 3 and Figure 4 it can be seen that the violet (numbered) areas were extracted from Hotspot analysis while recording a high statistical significance.



We called these hotspots “NDVI abrupt changes” since they represented the small portions of campus land that, according to NDVI analytical comparison, recorded significant decreases in values. Once extracted and analyzed, the selected features decreased the NDVI by about 41% on average. We then concentrated our attention on six selected abrupt change areas:




	
New terraces created in the eastern side of the Faculty of Architecture;



	
The construction site of the new dormitory;



	
New soil remediation area and plantation of trees next to the Faculty of Science;



	
Creation of the road banks along the main drive of the campus;



	
The land erosion process along road near the Rectorate;



	
New construction next to the Electronics and Electrical Engineering Department.








Among the other major and minor interventions on the campus during 2021 and 2022, the six areas selected are the areas that have a greater visual impact on the landscape of the campus. These interventions are part of a broad program for the campus improvement and expansion, and with these areas we provide a clear example of the use of an experimental NDVI monitoring program to establish some mitigation or compensation measures to restore degraded soil.



3.1. Area 1 New Terraces in Front of the Faculty of Architecture


According to NDVI analysis there has been a mean decrease of −52.08 (max variation −68, min variation −37) in this area. These terraces (Figure 5) were created during construction of the adjacent new dormitory (see Figure 6), while moving and replacing excavated soil from the construction site. Replacement of topsoil with new soil and the utilization of these areas as construction material storage created deep topsoil compaction over a few months. The field survey revealed that the terracing system created between October 2021 and March 2022 led to the formation of bare soil that hosts some spontaneous vegetation now in some parts. The areas that are still being used for storage of construction materials are completely unvegetated due to truck and car traffic.



Even though these areas have undergone abrupt changes they represent transitory degradation processes that will vanish once the dormitory construction site ends. A spontaneous process of plant re-colonization by secondary ecological succession will regenerate an initial state of biodiversity which can be accelerated by a sapient reconstruction of the original Mediterranean maquis.




3.2. Area 2–Coonstruction Site of the New Dormitory


According to NDVI analysis the mean decrease in this area has been of −61.14 (max variation −84, min variation −34). This transformation site (see Figure 6) represents the highest soil and landscape impact of the campus projects studied. The new dormitory is built on an extremely vulnerable and delicate part of the campus land. Indeed, the construction site is located on the northern side of the existent public dormitory and it is replacing typical Mediterranean vegetation. The site occupies approximatively 7.5 ha, including building footprint and excavation areas.



In this case, rather than soil compaction and loss of biodiversity, the vast majority of the previously permeable soil has been sealed by concrete and asphalt during an unsustainable urbanization process. Unfortunately, even the orientation of the buildings does not favor the environmental sustainability of this transformation: the main built-up area is located perpendicular to the water stream flow accumulation while generating erosion in the uphill and potential moisture reduction on the soil located downhill, thereby causing biodiversity reduction in the long term. For this specific transformation only ecological compensation measures implemented outside the construction site might possibly equalize the environmental damages caused by the new buildings.




3.3. Area 3–Soil Remediation Area and Plantation of Trees in front of the Faculty of Science


According to NDVI analysis the mean decrease in this area has been of −52.73 (max variation −62, min variation −44). This part of the campus has been used for biodiversity restoration projects, which has led to the new plantation of trees in the central open space in front of the Faculty of Science. Where there was grassland, the soil has been ploughed and prepared for plantation (Figure 7). Unfortunately, trees were planted with lines parallel to the slope direction instead of creating a terraced plantation that could intercept subsurface water flows and reduce run-off while controlling erosion. Nevertheless, this intervention will contribute to achieving higher biodiversity of the campus open space while increasing the canopy and shadowing effects once the plantation reaches maturity.




3.4. Area 4–Banks along the Main Road of Campus


According to NDVI analysis the mean decrease in this area has been of −52.42 (max variation −64, min variation −43). The reconstruction of the road banks is part of a major program to increase pedestrian accessibility to the campus. In this specific area, the northern side of the major road was re-designed and enlarged while the road bank was widened (see Figure 8). The new road bank comprises a compacted bare soil without biodiversity, which replaced a dense spontaneous riparian vegetation that bordered the street in a narrow green strip. Improvement of pedestrian mobility is one of the most important priorities for the IZTECH campus sustainability. Thus, this kind of intervention is made to improve pedestrian mobility in the long term. Nevertheless, this new road bank must be accompanied by the plantation of new autochthonous trees, which can provide shadow and protect the new bank of the road from run-off erosion, create more evapotranspiration and provide shadow for pedestrians.




3.5. Area 5–Erosion along the Rectorate Road


According to NDVI analysis, the mean decrease in this area has been of −50.81 (max variation −60, min variation −32). This area has been subject to two different soil processes: artificial erosion due to excavation and natural erosion on the steep side of the man-made terraces (see Figure 9). In this part of the campus excavation began early in 1992 to create the uphill floodplain for the Rectorate buildings. The natural hill was partially excavated, and the soil was used to level the ground for other building construction on campus. Unfortunately, besides the human-induced erosion, this portion of the campus is also affected by landscape degradation, since the excavation is directly visible from many other viewpoints of the campus. The terraces are composed of a mix of rocks and stones on bare compacted land without vegetation and with low biodiversity. The cessation of excavation, together with some soil consolidation practices, should be considered to re-naturalize these areas.




3.6. Area 6


According to NDVI analysis, the mean decrease in this area has been of −52.97 (max variation −75, min variation −38). This area is similar in some ways to Area 2. Both represent new construction sites, and we can see a non-sustainable process of soil sealing during construction of new buildings, with roads and impermeable materials on the new urbanized blocks (see Figure 10). Here, the original grassland has been deeply excavated and replaced by the concrete foundations of the buildings, with a resultant huge decrease in biodiversity. As in the previous case (the new dormitory), mitigation of the direct impacts caused by the sealing is potentially a way to reduce the environmental impact of this transformation. In addition, some compensation measures of re-vegetation, afforestation or ecological connection in other areas of the campus should be considered, to create an ecological balance for the soil degradation in this area.




3.7. Synthesis of Results


As shown in Table 2 and Figure 11, the boxplot characterization of the pixel-level NDVI difference values in the six areas demonstrates some differences: the maximum impact has been recorded in Areas 2, 6, and 1, which represent cases of sealing, together with compaction. The lowest minimum value was recorded for Area 5 (erosion), while Areas 3 and 4 have the same minimum values (both compaction). The highest average value by far is recorded in Area 2; the new dormitory (sealing) represents the highest impact on the campus in terms of loss of biodiversity.





4. Discussion


The analytical utilization of the NDVI difference can be used to set a short-time monitoring dashboard that can be employed to identify potential compensation measures [70,71]. One of the most common and critical problems of ecological compensation is that there are no objective and analytical methods to estimate the quantity and kind of environmental compensation measures that should be applied to recreate the pre-transformation ecological balance [72]. Ecological compensation has been theorized and applied in many countries [73,74,75]. It may be defined as the creation and restoration of nature to counterbalance the ecological damage caused by soil sealing [76]. Despite the recent attention paid by the environmental planning to use mitigation measures to reduce adverse impacts on natural habitats, it is clear that it is impossible to mitigate the negative effects of soil sealing completely [29]. Therefore, the ecological compensation principle implies that a minimum quantity of biodiversity should be developed aside from the areas directly impacted by the soil degradation. When compensation is defined, the realization of new biodiverse areas should balance the ecological damage, aiming to obtain a ‘no net biodiversity loss’ [77,78].



This auto-produced NDVI method constitutes a pioneering approach to monitoring the biodiversity reduction due to human-induced land alteration processes that cause significant soil degradation. Normally, the quantity and quality of ecological compensation measures rely on the measurement of two different conditions: the ex-ante evaluation of the land characteristic and the ex-post evaluation after the project implementation. Being the empirical evaluation based on the difference between two time series, we can assume that the NDVI loss reflects the change that occurred, considering both the ex-ante characteristics of biodiversity and the ex-post (or ongoing) characteristics of the topsoil.



According to our empirical evaluations, we can classify the soil degradation processes by some numerical characteristics, which helps to measure the impact of biodiversity reduction:




	
The sealing process recorded the maximum NDVI reduction. The maximum decrease in NDVI ranged between −32.9% and −29.4%; besides, the sealing is also characterized by the highest NDVI variance (NDVI absolute difference values range between −37 and −50);



	
The compaction process has a medium impact. The max decrease in NDVI ranges between −24.3% and −26.6%, while the min decrease in NDVI ranges between −14.5% and −17.2%;



	
The erosion process has the lowest impact. The max decrease in NDVI is −23.5%, and the min decrease in NDVI is equal to −12.5%.








4.1. Estimating the Ecological Compensation


Unfortunately, the campus represents a highly fragmented urban landscape, where long distances between densely vegetated spaces and corridors compromise the biodiversity and the thermal comfort for users. Additionally, the ecological fragmentation due to the new transformations reduces the soil’s capacity to mitigate flood risks through enhanced interception and infiltration. New land-use transformations should be designed to maintain a ratio between paved and unpaved surfaces that can absorb, filtrate, and store rainwater while reducing the artificialization of natural vegetated streams that augment erosion and pollution. These problems can be partially mitigated by creating semi-natural vegetated corridors that can connect the landscape elements between the campus’s external and internal areas while creating a continuous green network. The green system can act both by reducing the drainage discharge capacity of the artificial channels and at the same time slowing the infiltration of rainwater into the sewerage systems, thus protecting the living environment of the campus and the bay from flooding and water pollution.



Additionally, green mitigation measures created with new urban transformations can play an important social function in proactively stimulating slow mobility, providing new social aggregation in natural spaces that simultaneously provide multiple Ecosystem Services. Also, designing interconnected green spaces can be inclusive for the students, with both large-scale and smaller-scale interventions at the building scale.



The importance of designing and realizing natural green riparian corridors along the streams or the upstream land can produce many regulative effects beyond the re-introduction of the biodiversity on the campus: they can provide a cooling effect and regulate the microclimatic conditions for many species that need refuge from warming.



Green corridors can also include other micro-interventions, such as permeable streets, bioswales, rain gardens, and planted gardens, providing micro passages and habitat values that support biodiversity and allow biota to move, survive, and propagate.



According to the NDVI empirical measurement, to create an adequate counterbalance to the compaction and erosion processes recorded in areas 1, 3, 4, and 5, new, biodiverse areas of 26.000 sqm should be designed and realized on the campus. This compensation measure aims to introduce more biodiversity to existent open spaces while creating more ecological connectivity. Considering the NDVI recorded index on naturally vegetated areas, the re-introduction into the campus of the typical Mediterranean maquis can guarantee an average increase of the NDVI of 20% while rebalancing the soil degradation caused by erosion and compaction. The new green corridors should be designed as continuous linear green infrastructures according to the principle of landscape ecology. Autoctonus strips of trees, plants, or natural Mediterranean vegetation can be designed in the permeable spaces between the buildings to emphasize green connectivity while achieving a unique network.



The design of these green corridors should include a general planting and growth strategy. The selection of plants and the definition of a suitable open green space depends on climate and lighting conditions, soil conditions, and moisture. A good principle is to select, where possible, more drought-resilient native species. The mitigation potential of plants depends on the water management, growth rate, photosynthesis capacity, shadow capacity, aesthetic value, and contribution to urban wildlife habitat.




4.2. De-Sealing and Greening the Campus


According to the decrease of NDVI due to the sealing process, it is suggested to improve the infiltration capacity (de-sealing) for an additional 32,000 sqm. These de-sealing processes can be enhanced through targeted interventions to improve infiltration, reduce run-off, and increase water retention. New permeable areas should replace the existing sealed areas to improve biodiversity performance and create ecological continuity among the main core natural areas internal and external to the campus while facilitating pedestrian connectivity and slow mobility.



Permeable pavements can substitute traditional asphalt with pervious concrete or interlocking and plastic grid pavers. These solutions are particularly effective in reducing the surface run-off. Besides, over the infiltration process, semi-permeable material allows higher evapotranspiration while filtering and storing rainwater.



Examples of well-designed and realized permeable pavements are normally constituted by a surface-gridded or semi-permeable pavement layer on top of an aggregate stone layer with a filter installed at the bottom. The solution can be adopted on all of the paved parts of the campus: all around the buildings, plazas, and main roads and parking areas.



The two combined solutions ((1) biodiverse areas in green corridors and (2) de-sealing), if applied to a general surface of 58,000 sqm (greening 26,000 sqm and de-sealing 32,000 sqm), should guarantee a general upgrade of the NDVI index in the long term which will range between 37% and 42%, thereby compensating for the negative impacts on campus biodiversity that the recorded soil degradation processes have produced.




4.3. Limits and Potentials


As the NDVI is a seasonal indicator, the exact definition of common threshold values used in different cases is arbitrary and not fixed. With this approach we only wanted to demonstrate that abrupt changes can be identified by an auto-produced environmental diagnosis based on Copernicus services. Therefore, we don’t expect the exact definition of ecological compensation measures elsewhere can be estimated using the same observed trends (−32.9% and −29.4% for sealing, −24.3% and −26.6% for compaction, and −23.5% for erosion).



Even if other authors have already practiced this approach for different scopes, we can confirm that NDVI comparison can be used for a relatively short-time monitoring dashboard aimed at verifying the human-induced changes in the landscape and supporting the decision-making for urban planning. The paper demonstrated the validity of this approach also for minor transformations (in terms of size) and tried to heuristically define the characteristics of the degradation process through threshold analysis. At the same time, this method can pave the way for further studies in other geographical and climatic contexts that can employ a similar process and verify abrupt changes in the soil (estimated by NDVI comparison and Hotspot technique) and determined by field survey.



We also believe that the downloading, processing, and post-processing phases can be automatized by simple GIS operations (ModelBuilder or Python).



Even if we consider the results partial and not definitive, we think this first experimental approach is consistent enough to indicate the enormous potential of Copernicus data utilization for environmental diagnosis, land-use changes, biodiversity monitoring, and soil degradation measurement.





5. Conclusions


In this paper we tried to demonstrate how empirical monitoring of environmental conditions is a prerequisite for applying ecological compensation strategies and projects. Unfortunately, as declared in the introduction, environmental monitoring relies on remote-sensed data produced at too long intervals, thus revealing their inefficiency in developing real-time measures and immediately supporting the urban design decision-making process.



As we have pointed out, land-use change causes significant soil degradation processes, among which sealing is the most irreversible. We decided to establish an experimental methodology to build an auto-produced environmental monitoring dashboard in a relatively small catchment: the Iztech Campus in Gülbahçe Village (Izmir, Turkey). The monitoring dashboard was composed of two timeframes of freely-downloaded Copernicus images, acquired on March 2021 and March 2022. We used the ESRI ArcGIS (ver. 10.8.1) image tools to process the original spectral bands and create a multiband raster colored image and a multiband NDVI. We then used raster statistics to calculate the NDVI differences and visualize the Hotspot areas (abrupt changes).



We discovered that three different soil degradation processes are happening mainly in six transformation areas of the campus. We revealed the efficacy of employing NDVI to detect even small changes in the biophysical composition of topsoil due to different kinds of human actions: excavations, new plantations, building construction, or road expansion.



We then empirically measured which range of NDVI losses are caused by the three different forms of soil degradation: sealing, compaction, and erosion.



Finally, according to our analytical evaluation of the NDVI values found in different parts of the campus, we proposed two different ecological compensation measures. At the same time, we determined the amount (58,000 sqm) and the kind of compensation measure (new biodiverse areas and de-sealing).



The study demonstrated that the method could support the detailed quantification of land-use change impact even in small catchments and aims to provide a fully-replicable GIS decision-making support system that both private and public institutions can use in their application of ecological compensation projects.
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Figure 1. The area of interest. 






Figure 1. The area of interest.
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Figure 2. Comparison of RGB (a) 2021 and (b) 2022 and NDVI (c) 2021 and (d) 2022. 
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Figure 3. The final map of NDVI abrupt changes. 
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Figure 4. The final map of NDVI abrupt changes. 
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Figure 5. New terraces created in front of the Faculty of Architecture. 
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Figure 6. The construction site of the new dormitory. 
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Figure 7. The new soil remediation area and plantation of trees in front of the Faculty of Science. 
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Figure 8. Creation of banks along the main road of the campus. 
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Figure 9. Erosion along the Rectorate Road. 
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Figure 10. New construction next to the Electronics and Electrical Engineering Department. 
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Figure 11. New construction next to the Electronics and Electrical Engineering Department. 
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Table 1. Band’s characteristics.






Table 1. Band’s characteristics.





	Sentinel 2A Bands
	Central Wavelength (nm)
	Bandwidth (nm)





	Band 2–Blue
	492.4
	66



	Band 3–Green
	559.8
	36



	Band 4–Red
	664.6
	31



	Band 8–NIR
	832.8
	106
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Table 2. Synthesis of the Areas description.
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	Area Number
	Description
	NDVI Change





	Area 1
	New terraces created in front of the Faculty of Architecture
	−52.08 (max variation −68, min variation −37)



	Area 2
	New construction site for the dormitory
	−61.14 (max variation −84, min variation −34)



	Area 3
	New soil remediation and the plantation of trees in front of the Department of Biology
	−52.73 (max variation −62, min variation −44)



	Area 4
	Creation of the road banks on the main road of campus
	−52.42 (max variation −64, min variation −43)



	Area 5
	Erosion along the Rectorate Road
	−50.81 (max variation −60, min variation −32)



	Area 6
	New constructions next to the Electronic and Electrical Engineer Department
	−52.97 (max variation −75, min variation −38)
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