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Introduction

The expansion of cities, observed as the process of landscape anthropization, implies major impacts on the dynamics 
of land use. According to World Bank data, 56% of the population lives in cities (WORLD BANK, 2020). In Argentina, 
this percentage rises to 92%. The speed of the increase in these data shows a clear focus on the growth of the built-up 
area and the impact this has on ecosystems. Urbanization advances on territories whose fundamental ecological processes 
for sustainability are invisible to planners. Natural and semi-natural areas are anthropized and the consequences are 
evident when it has direct impacts on the population or the process is already irreversible. It follows that the density, spatial 
distribution and physical characteristics of human settlements are important drivers of social and environmental change 
at multiple scales. The space where land use and land cover change occurs most intensively is defined as an interface. This 
area is characterized by the interaction of two or more mutually affected systems, generating a new space with its own 
characteristics and dynamics. The heterogeneity of this area, as well as the coexistence of natural and urban systems, makes 
its spatial definition very complex. The speed and effects of these transformations require information that incorporates into 
Land Use Planning (LUP) processes, the visibility of areas associated with ecological processes that affect human settlements 
and increase their exposure to risk. The city of Córdoba is an example of this dynamic scenario, where the urbanized surface 
area increased from 7700 ha in 1976 to 14400 ha in 2014. The detection of these changes in land cover determined the urban 
advance over food-producing areas [1,2] in the metropolitan south and, to the northwest, over forest areas [3]. In the case 
of these types of natural areas, the process is associated with an increase in the probability of fires greater exposure of 
human settlements to extraordinary events such as floods [4], or erosion among others. The point of interest is based on 
the possibility and effectiveness of spatializing synthetic and useful exosystemic processes for LUP but, at the same time, 
the simplification implied by the specialization of certain processes does not generate false results or results that are too far 
from reality. Furthermore, work in the area of natural sciences has been crucial in the possibility of delimiting ecological 
processes for their quantification, based on methodologies for valuation of ecosystem services [5], propose a classification of 
ecosystem functions, goods and services in which it is assumed that the main ecosystem services (soil protection, production, 
purification and supply of water, provision of habitat and shelter) are directly associated with the amount of biomass present 
in the ecosystem proposed a methodological framework to evaluate land-use options through tradeoff analysis (ecosystem 
and economic provisioning of services) in the Argentine pampas. They defined functional complementation of biomes as 
a smart strategy to explore land-use options on a large scale (regional and temporal). Then, [6] analyzed the provision of 
multiple ecosystem services in periurban agricultural landscapes, identifying tradeoffs between provisioning and almost 
all regulation and cultural ecosystem services. This study defined that, an increased diversity of ecosystem services is 
positively correlated with regulation ecosystem services. Afterwards, estimated the regional provision of ecosystem services 
in Argentina using land-use and vegetation cover registers from 657 administrative districts from the national agricultural 
census and agricultural surveys. Also, adaptations on the models of Carreno et al. were reviewed, implemented by [7]. Most 
of these authors did not establish a particular consideration regarding the interaction of these processes with the urban 
variable and the weight that this can have in the models applied in interface areas. The purpose of this work was to adapt the 
methodology of specialization of basic ecosystem processes taking into account the anthropic impact of urbanization. The 
aim is to establish a baseline to address strategic lines of protection for areas that perform critical ecosystem functions for 
socio-ecosystems according to their specific context.

Materials and Methods

Study area and conditions

The city of Córdoba is situated in the geographical center of Argentina. Its metropolitan area was established by the 
provincial Land Use Law (No. 9841) [8] and has 263.000 hectares. Within this area, Córdoba is the most important city in the 
province and the second at the national level with 1.370.585 inhabitants. As observed, in the face of urbanization expansion 
processes in the metropolitan area of Córdoba (AMC), the environment with the greatest impact due to cover substitution 
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Abstract

The Saldan river basin in the northwest of the metropolitan area of Córdoba, Argentina, was defined as a unit for the 
observation of ecosystem services of water regulation. The capacity of the system to retain excess rainfall through vegetation 
in areas with slopes was analyzed. The observation area was a wildland-urban interface. From there, a model capable of 
synthesizing the behavior of the most relevant variables in the event of an extraordinary rainfall event was adjusted. The result 
was the definition of buffer areas or exosystemic protection in the interface. The testing and adjustment of this model defined 
a REP indicator that was proposed as an input in the planning of the sector. For validation, soil moisture permanence values 
from LWI were used. The derivative was calculated for each pixel value in the basin, for both dry and wet periods, and the 
areas with the lowest loss in both periods were compared with those with the highest retention obtained in the model. The 
zones identified by both methods show great similarities.
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was the natural area. This area is mostly conformed in the northwest by native forest, 
for this reason this environment was selected to analyze ecological processes in this 
study. Likewise, this dynamic was contrasted by several studies associated with 
extraordinary precipitations events [9,10]. Through the analysis of general hydrological 
processes, the Saldán river catchment was defined as the unit to test the modeling of 
ecosystem functions (Figure 1). The total area of the basin was estimated at 24,729 
hectares. This sector, located in the northwest of the MCA, concentrates the highest 
percentage of urban development on the previously identified mountain forest.

Identification of ecosystem functions

In general terms, ecosystems play an important role as regulators of the 
hydrological cycle and in particular, the structure and dynamics of vegetation influence 
hydrological processes and attributes. According to, the provision and regulation 
of water flows should be considered when exploring services or synergies with 
different possible land uses. Also relevant are the attributes of the ecosystem capable 
of influencing soil infiltration rates, which are particularly sensitive to interventions 
including fire and paving due to urbanization, among others. A close link was observed 
between the occurrence of extraordinary precipitation events and the loss of natural 
areas due to urbanization [11,12,4] so this indicator was taken as the starting point to 
define areas of maximum ecosystem protection in the basin. The period of analysis 
selected was January-December 2017 since at the time of this study it was the last year 
of complete satellite information available. According to, the capacity of the soil for 
purification and water supply will depend on its ability to process these water flows 
entering the system. Therefore, a greater biomass is associated with a greater capacity 
of the landscape to intercept, retain, and infiltrate water [13]. This capacity decreases 
with slope as the time that water remains in the landscape decreases. Based on the 
above authors, its proposed the indicator of the water purification and Supply Capacity 
of The Land (SWPL).

SWPL=B×(1-VCB)×Fsic×Fpre×(1-Fslo)

This indicator does not analyze the water needed by the forest ecosystem or 
what percentage of the total rainfall it incorporates, but it reveals the capacity of the 
ecosystem to retain excess rainfall during extraordinary events of the regime. Here 
it is assumed that the capacity of the ecosystem to intercept, retain and infiltrate 
rainfall depends on the biomass (B) and its stability (VCB), the infiltration capacity of 
the soil (Fsic), the precipitation (Fpre) and the slope (Fslo). Adaptations made to this 
equation for the ECO-SER protocol [7] specify that the ecosystem function of retention 
of excess rainfall by vegetation cover (REP) is defined as the storm water intercepted 
by the ecosystem in a year based on the index proposed [14]. Although in this index 
the most influential parameters are associated with the hydrological calculation for 
territories without a slope, the annual clipping was taken for the adaptation of the 
model proposed around the rainfall in the basin. Based on this, the rest of the variables 
were also calculated for the same year.

Indicator adaptation to interface areas

To adapt the model equation and define the weight of each variable, biophysical 
information was obtained from spectral data derived from satellite images from open 
access libraries and national public databases for local precipitation. In the case of 
the urban variable, the Normalized Builtup Area Index -NBAI- [15] was calculated 
and values associated with the waterproofing capacity of the area were obtained as a 
function of the built-up area. The adapted indicator was defined as follows.

REP=(B*(1-CVB)*Fcis*Fprec*(1-Fpend))-AIUrb

Given the normalized difference vegetation index -NDVI-(Tucker, 1979) has 
shown to have a strong relationship with biomass [16-18] the biomass values (B) for this 
indicator were obtained from it. The values were derived from a scene of Landsat 8 (21 
January 2017). The biomass stability (CVB) was obtained from the Landsat 8 collection 
-Collection 1 Tier 1 calibrated Top-of-Atmosphere (TOA) reflectance-, available for 
2017 through Google Earth Engine [19]. The number of scenes available for that year 
in the sector was filtered by the presence of clouds. A maximum NDVI value was then 
obtained for each scene - out of a total of 39 scenes - and the average value per pixel 
was taken for the basin. The values of both data sets were normalized according to 
the indicator, in a range of 0-1, where 1 corresponded to the highest NDVI values for 
the biomass and its stability values. To determine the infiltration capacity of the soil 
(Fcis), we used the Soil Chart of the National Institute of Agricultural Technology [20], 
where the main characteristics of the soil were identified: type, drainage and texture. 
The values were then normalized to a range of 0 -1, where 1 is the soil with the highest 
infiltration capacity and 0 the lowest. For the slope variable (Fpend), a 30m terrain 
elevation model -SRTM DEM- was used to work with data at the same scale as the 
Landsat scene information. The information from the DEM was used to generate a 
slope raster from the SAGA plug-in in QGIS software. Subsequently, slope data were 
normalized to values between 0 and 1, where the higher altitude areas were considered 
less able to retain excess precipitation and the lower slope areas -valley areas- were 
considered able to retain it. The precipitation variable (Fprec) was elaborated based on 
data obtained from the website of the Agro-industry National Ministry, from monthly 
values according to specific geographic coordinates in the study area. In order to have 
local data and identify spatial variability of rainfall, 20 random points were taken, 
with information of monthly values. The maximum annual value was obtained for 
each location and a raster image was constructed using the IDW -inverse distance 
weighting- interpolation method [21]. Later, they were normalized to values between 0 
and 1, where 1 was the area with the highest amount of mm fallen in the year and 0 the 
one with the lowest. The waterproofed urbanization area (AIUrb) was calculated based 
on the NBAI index that uses the relationship between the TM7, TM5 and TM2 bands 
(Landsat 5) and that were translated according to the bandwidth used to the SWIR2, 
SWIR1 and GREEN bands respectively in Landsat 8OLI. The patterns identified in 
the spectral signatures between these band ratios differed from the bare ground, thus 
reducing the pixel assignment error that is common in the identification of urbanized 
areas with other indices. As the process analyzed in this article is the presence and 
permanence of water in the soil and vegetation, the combination of the GREEN and 
NIR bands (Landsat 8OLI) was used which provide the potential to maximize the 
typical reflectance of water features using the wavelengths of green light, minimizing 
the NIR response for water features and taking advantage of the high NIR reflectance 
of vegetation values and soil features. When this relationship is used to process a 
multispectral image containing a green band in the visible and a NIR band, water 
features have a positive value, while soil and vegetation features have negative or zero 
values. This band ratio is defined as NDWI -Normalized difference water index [22]. 
As this index is derived in the same way as NDVI [23] the interpretation of these values 
is given in a similar way. For example, while NDVI provides an estimate of terrestrial 
biomass, it cannot provide species discrimination. Thus, an NDWI calculation will 
not distinguish suspended sediments with chlorophyll, but will provide general 
information on generic turbidity as analogous to total biomass. This model was run 
for the catchment area, but the negative corrected values decreased the possibility of 
spatial comparison. Replacing GREEN with SWIR in this banding relationship has 
the potential to recover the water content of the canopy [24]. This combination of NIR 
and SWIR bands [25,26] was defined as the Surface Water Index or LSWI [22,25,27].

This index was calculated for the same period: January-December 2017 in 
the catchment area. For the validation of the REP model, its response was studied 
according to temporal variations of the main independent variables. In particular, 
based on the LSWI, the variation of soil moisture presence during a year was observed, 
differentiating periods of higher and lower annual precipitation. From there, the 
retention areas of the REP model were evaluated with those of lower moisture loss 
that identified the temporal variation of LSWI values, and how this variation would 

Figure 1: Saldán catchment area.



Page 3/5

Copyright  : Yuliana Céliz

Citation: Céliz Y, Pons D, Giobellin B, Zefferino M (2022) Identification of Environmental Buffer Areas in Urbanized Catchments Based on Synthetic Ecosystem 
Functions. Environ Sci Ecol: Curr Res 3: 1052

indicate areas of retention or no moisture loss in the soil. LSWI was used as an 
independent variable or covariate, so that the values obtained could be analyzed using 
similar methodologies but in isolation. The objective was to obtain soil moisture loss 
data without resorting to complex procedures (hydrological models or work with 
radar images) that exceed the scope of this article. Since in the validation analysis, the 
condition of soil water permanence or loss has a temporal component, all available 
scenes for the watershed corresponding to the study year were used. The temporal 
variation rate of LSWI per pixel was calculated for each available Landsat 8 scene. 
Once the temporal filters and the presence of clouds were applied, 14 scenes were 
obtained from which the green and swir bands were selected for LSWI calculation. 
Subsequently, the mean monthly precipitation values were observed in 3 points of 
the basin and the scenes were divided into dry and wet periods. From there, the first 
derivative was calculated for each pair of pixels of each pair of scenes, taking into 
account the time elapsed between one and the other as follows.

∆LSWI=∆∆xt

scenes∆and𝑥 is the time elapsed between these scenes. The mean was then 
obtained for Where is the difference between two LSWI values for the same pixel in 
two consecutive each period ∆divided 𝑡 into wet period 1 (January-April), dry period 
(May-September) and wet period 2 (October-December). The pixels that during 
the 3 calculated periods remained with lower water loss (derivative close to 0) were 
inferred as those with higher storage or retention capacity. Subsequently, the area of 
pixels with greater capacity to retain excess precipitation due to vegetation cover was 
compared with those pixels weighted by the presence of soil moisture obtained from 
the calculation of the temporal derivative of LSWI (Figure 2).

Results and Discussion

Intermediate products

After observing the environments most affected by anthropization, the retention 
rate of excess precipitation by vegetation cover (REP) was tested. Intermediate 
products were obtained for 2017 (Figure 3) these was associated with biophysical 
processes involved and the urbanized area: biomass (B), Biomass Stability (CVB), 
soil infiltration capacity (Fcis), maximum annual rainfall (Fprec), slope (Fpend) and 
the urbanization waterproofed area (AIUrb). The methodology by which the AIUrb 
variable was defined did not incorporate low-density urban land use areas since high 
percentages of anthropization of the soil were included for the waterproofed area. This 
means that, despite the anthropization of natural areas, low-density areas offer large 
areas to absorb excess rainfall. The result was 6 raster images (Figure 3) where the 
values were associated with a table from 0 to 1. Where zero was the pixel with the 
least capacity to influence the model and 1 was associated with the maximum biomass 
values, the area impermeabilized by urbanization, the greatest amount of precipitation 
received, the best infiltration capacity, and in the case of the slope this relationship was 
inverse, considering the greater the slope the lower the retention capacity.

The REP model for environmental buffer areas

REP values were obtained for the northwest catchment area of the AMC. These 
range from -0.001 located in areas of intermediate slope but poor vegetation coverage 
and, the maximum values up to 0.79. In a first observation, the highest values are 
associated with areas of biomass concentration, in zones of intermediate slope (in the 
catchment), and with high proximity to the urbanization of the valley (Figure 4). It was 
deduced that in the catchment outflow area, the percentage of impermeabilization was 
high, which means low levels of retention. This was already observed in the building 
of the AIUrb layer because the pixel is mainly urban and the average block belongs 
more to the Córdoba city than to the mountain valley. In the first instance, the close 
relationship between the exposure of human settlements (both in the serrano valley 
and those near the city of Córdoba), during the occurrence of extraordinary rainfall 
events for the sector, was observed. This is associated to the low capacity of the area to 
retain rainfall excesses, the slope and the decisive influence of the urban area on the 
values of the indicator. In addition, it was inferred that the areas with greater capacity 
to retain excess rainfall correspond to the mean values of slope and greater areas of 
forest concentration. Based on specific literature, these values correspond to areas of 
mountain forest and piedmont forest [3]. However, in recent years the Sierras Chicas 
sector has shown a strong presence of exotic species (mainly ligustrum lucidus forests) 
[28]. Given the proportion of these species it is possible to estimate their presence in 
the basin.Figure 2: Workflow diagram.

Figure 3: Intermediate products Biomass (B), biomass stability (CVB), soil 
infiltration capacity (Fcis), Precipitations (Fprec), Slope (Fpend), urbanization 

waterproofed area (AIUrb).

Figure 4: Retention of excess precipitation by vegetation index (REP) for urban-
natural interface in Saldán basin area.
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Validation model

The spectral response of the band ratio proposed by the LSWI allowed 
discriminating values of water presence in the soil without the need for additional 
calculations. In order to discriminate between dry and wet periods within the year 
analyzed, monthly precipitation values for 3 points of the area were taken from the 
open data of the National Ministry of Agriculture, Livestock and Fisheries (2022) 
(Table 1). From the location and processing of available data, 3 groups of data or periods 
were formed. A dry period: from May to September and two wet periods: January-April 
and October-December, from these data the stacks of temporal derivatives of LSWI 
were made. 

Table 1: Monthly rainfall-Saldán basin. Three periods were differentiated within 
the year: January-April, May-September and October-December. Source: former 

Ministry of Agroindustry: open data. TRMM monthly rainfall.

Mean Precipitation (mm)

GPS  point (-64.508, -31.306) (-64.273, -31.449) (-64.316, -31.159)

January 128 134 134

February 128 129 129

March 131 130 130

April 68 65 65

May 20 22 22

June 6 9 9

July 16 23 23

August 6 7 7

September 30 32 32

October 71 70 70

November 107 108 108

December 126 129 129

The variation of soil moisture was analyzed and the results of the dry-wet period 
were compared (Figure 5). In the pairs of scenes of wet period 1, no stable presence 
of water in the soil was observed. Since this period is also the one with the highest 
annual rainfall (Table 1), the data are compared with the dry period where the pixels 
that show no variation between pairs of analyzed scenes are considerably fewer and 
are concentrated in the middle area of the basin, associated with the area of vegetation 
cover with the highest biomass values observed in the intermediate products. Wet 
period 2 was observed as intermediate between the first and the dry period, since it 
presents a greater number of pixels with good retention than the dry period, but fewer 
than the first one [29-35].

Ecosystem protection areas in urban catchments

The maximum values (1209 ha) of excess precipitation retention by vegetation 
cover (REP) were compared with the spatial location of those pixels with lower soil 
moisture loss from the temporal variation rate of LSWI (1875 ha). Of the total of 
both models calculated (Figure 6), a spatial coincidence of 900 ha was verified. This 
determines that there is a margin of error of 39% of pixel assignment of which may or 
may not be retention pixels. However, the inputs that fed each model are relevant in the 
construction of a synthetic function of ecosystem processes in the basin. Given that 
the validation model identified a greater number of soil moisture retention areas, it is 
expected that the variables associated with slope, biomass specificity and its variation, 
as well as soil characteristics and impervious area, establish incidence weights that 
respond to local data but help to better delimit a specific model [36-45].

Final Considerations

The REP index was studied, modified and proposed as an input to rethink the way 
in which the territory is planned and to point out that fundamental processes-such as 
those of water, forest or soil-can be critical if they are urbanized without assessing the 
impact, not only in terms of people’s lives - when floods occur-but also of the goods 
that are lost due to the occurrence of extraordinary events. It is also essential to make 
visible processes that are not taken into account in local and regional planning. The 
specialization of these results is based on a relationship of variables involved with 
water retention and although it is used as an indicator, the way in which these variables 
are related could be approached with a higher level of complexity, assigning different 
weights and thus establishing the implication of the different parameters in the final 
model. Although model assumptions could be validated, it is necessary to have field 
truth at the basin scale at the immediate time of the event studied. The validation stage 
established a type of accuracy of the model representation for the system studied, with 
the objective of justifying that the REP model, within its applicability domain, has a 
satisfactory range of accuracy consistent with the intended application. Although the 
validity is associated with the specific purpose of configuring a basis of analysis of 
ecosystem protection areas at the basin scale, the need for local work, where there is the 
possibility of post-event validation, is reinforced. The contribution of ecosystems, and 
especially of the uses and transformations to which they are subjected by the different 
processes of anthropization, and in this particular case on the hydrological cycle, 
shows systematic relations at different scales of the LUP and involves, in the same way, 
different political decision-makers. There is no point in a locality defining zones of 
maximum ecosystem protection and the neighboring city developing or waterproofing 
areas of the basin headwaters.
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Figure 5: Soil moisture loss in the catchment. Wet and dry period’s year 2017. 
Pixel values closer to 0 are inferred as those with less variation in soil moisture 

presence between pairs of calculated scenes.

Figure 6: Retention of excess rainfall by vegetation cover (left) REP model, (right) 
Mean LSWI derivative.
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