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Introduction
Over the past decades, urban development patterns and changes and transformations of urban land use have caused

climate change and increased greenhouse gases, especially in metropolitan areas. The continuation of this trend has
caused changes in the flow of ecosystem services, including carbon storage and sequestration. As urbanization
continues, its effects extend beyond metropolis areas to peri-urban regions and small cities, particularly in developing
countries, threatening global economic and social stability (McDonnell, 2015). This drastic spatial reorganization not
only directly alters the pathways of material cycling in regional ecosystems but also creates a profound impact on
essential ecosystem services, especially carbon storage and sequestration, through mechanisms such as landscape
fragmentation and biodiversity loss (Liu et al., 2024; Song et al., 2024). For example, the expansion of forest land can
increase carbon sequestration but also reduce water resource efficiency (Fang et al., 2022; Zhao et al., 2022). The
reduction of ecosystem services has significant consequences, including environmental degradation, the intensification
of urban heat islands (UHI), the increased impacts of climate change on reducing well-being and increasing flood risk,
and mitigating carbon storage and sequestration (Morando-Figueroa et al., 2023). In this regard, urban green
infrastructure plays a critical role in carbon storage and sequestration. Urban green infrastructure is defined as a
strategically planned network of natural and semi-natural areas, together with other environmental features, designed
and managed to provide a wide range of ecosystem services (European Commission, D.-G, 2016; European
Environment Agency, 2006) and includes green spaces and other physical elements in terrestrial (including coastal
areas) and marine environments. Green infrastructure can help solve the problems of flood management, thermal
challenges, water scarcity, carbon storage, energy consumption, groundwater recharge, erosion, well-being, ecological
connectivity, environmental education, aesthetics, food production, and green job opportunities (Jato-Espino et al.,
2023). Urban green infrastructure can significantly impact the urban carbon cycle and net carbon dioxide exchanges by
sequestering carbon through photosynthesis and storing it as above- and below-ground biomass (such as stems,
branches, or roots) and soil organic matter, acting as a sink for atmospheric carbon dioxide (Nowak et al, 2013;
Dusenge et al, 2019). The city of Tabriz, as one of the important metropolitan areas of Iran, faces challenges arising
from climate change and rapid urban development. The Tabriz metropolis, with its important industrial centers such as
the thermal power plant, the petrochemical complex and refinery, various factories, dozens of brick kilns, etc., is
considered one of the most polluted cities in Iran. On the other hand, more than 50 percent of industrial towns and 61
percent of the province's industries are located in the suburbs of the Tabriz metropolis and within a radius of 30
kilometers of this city, which are responsible for the major share of the city's industrial pollutants. The establishment of
traditional brick kilns, asphalt and sand-making plants at distances of 10 to 25 kilometers west and south of Tabriz city
are important factors in the transfer of air pollutants to the Tabriz metropolis (Ghorbani et al., 2012). Therefore, the
purpose of the present study is to evaluate the ecosystem service of carbon storage and sequestration of green

infrastructures in the Tabriz Metropolitan area.

Method

In this study, using data related to Landsat satellite images, land use/land cover, biophysical tables, GIS, and InVEST
software, the ecosystem services of carbon storage and sequestration of the green infrastructure of Tabriz were
evaluated. In this study, the carbon storage and sequestration model from the InVEST 3.12.0 software package was
used. This model estimates carbon storage and sequestration based on land use/land cover maps, biophysical tables, and
economic valuation (social cost of carbon). This model estimates the result by applying the following data:

- Carbon storage map in raster format

- Carbon sequestration map in raster format

- Economic valuation map (social cost of carbon) in raster format

- Estimates of the monetary value of the ecosystem service of carbon storage and sequestration using the economic
valuation method (social cost of carbon) in the form of a descriptive table.

Results

An examination of the trends in land use changes from 1984 to 2022 showed that barren and agricultural lands had a
decreasing trend in this 38-year period, while residential land use showed an increasing trend (about 16.54 percent)
from 1984 to 2002 and increased by about 0.50 percent from 2002 to 2022, and from 2022 to 2040, according to the
Markov chain prediction, land use/land cover would increase by about 35.4 percent. Green space also had a decreasing
trend (0.87 percent) from 1984 to 2002 and increased by about 0.97 percent from 2002 to 2022 and would increase by
1.94 percent from 2022 to 2040. Overall, a study of land use changes in the Tabriz metropolis over a 56-year period
showed that land uses related to green infrastructure, such as green spaces and pastures, with an increasing role in
carbon storage and sequestration, accounted for the least amount of all urban land uses in Tabriz. The maps related to the
carbon storage capacity for the Tabriz metropolis were classified into 4 classes from the lowest to the highest carbon
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storage in tons. The results showed that in 1984, the Tabriz metropolis had 20496.04 tons (78.36%) and 1473.57 tons
(5.63%) of carbon storage in the minimum and maximum classes, respectively. In total, in this yearthis metropolis was
able to store about 26155.15 tons of carbon. In 2002, Tabriz metropolis had 21983.06 tons (84.05%) and 1241.78 tons
(4.75%) of carbon storage in the minimum and maximum classes, respectively, which means the Tabriz metropolis was
able to store about 26154.62 tons of carbon. In 2022, this metropolis had carbon storage of 17,197.57 tons (65.76%) and
1,497.88 tons (5.73%) in the minimum and maximum classes; respectively. Overall, the Tabriz metropolis was able to
store about 26,151.03 tons of carbon this year. During all three mentioned periods, regions 5, 7, and 1 of Tabriz had the
highest amount of carbon storage, respectively. The analysis of carbon storage in Tabriz (1984) showed distinct land
use patterns for different storage levels. The lowest storage class (0-1.7 tons) consisted primarily of bare land (33.80%),
medium-density residential areas (33.9%), and high-density residential areas (10.6%). In contrast, the highest storage
class (3.5-6.9 tons) was dominated by green space (42.99%), followed by bare land (20.0%) and medium-density
residential areas (19.0%). In 2002, the lowest storage class (0-1.7 tons) was attributed to bare land (61.91%), low-
density residential areas (16.79%), and mediumr-density residential areas (11.61%). In the highest storage class (5.3-6.9
tons), green space was overwhelmingly dominant at 98.63%, with minimal contributions from low-density residential
(0.60%) and bare land (0.58%). Analysis of the 2022 land covers revealed that the lowest carbon storage class (6-1.7
tons) consisted mainly of bare land (52.1%) and low- to medium-density residential areas. Conversely, the highest
storage class (5.3-6.9 tons) was related to green space, which accounted for 99.32% of the area.

Overall, data analysis showed that in the carbon storage capacity of theTabriz metropolis during the three time periods
of 1984, 2002, and 2022, green spaces, bare lands, and low residential density areas played the largest role, respectively.
During all three mentioned time periods, negative sequestration in the Tabriz metropolitan area was more than positive
sequestration. In the period 1984-2002, the Tabriz metropolitan area had 24378.53 tons (93.21%) of negative
sequestration and 1776.41 tons (6.79%) of positive sequestration. In the period 2002-2022, 17197.57 tons (65.76%) of
negative sequestration and 1497.88 tons (5.73%) of positive sequestration were calculated, and in the period 2022-2040,
20449.55 tons (78.20%) of negative sequestration and 5700.97 tons (21.80%) of positive sequestration were estimated.
In other words, the Tabriz metropolis was not able to effectively sequester most of the carbon it had stored, and in this
respect, it was in a bad state during all three time periods. During all three mentioned time periods, the maximum class
of green space and bare lands played the greatest role in carbon sequestration. The results showed that because the
green infrastructure of the Tabriz metropolis comprised a small percentage of the total land use of the Tabriz metropolis
during the years 1984, 2002, 2022, and the projection for 2040, it was not able to have a positive and effective carbon
sequestration for this metropolitan area. During the study period, the green infrastructure accounted for 5.88, 4.76, 5.73,
and 7.67 percent of the total land use of Tabriz. During the period of 1984-2002, this metropolis was able to sequester
approximately 26154.62 tons of carbon, equivalent to 261.55 million dollars, of which approximately 24378.53 tons
(93.21%) were negative sequestration and 1776.41 tons (6.79%) were positive sequestration, which is approximately
243.79 million dollars for the economic value of negative sequestration and approximately 17.76 million dollars for the
economic value of positive sequestration. During the period 2002-2022, the Tabriz Metropolis was able to sequester
about 26151.03 tons of carbon equivalent to 261.51 million, of which about 19622.99 tons (75.04%) were negative
sequestration and 6528.18 tons (24.96%) were positive sequestration, which was about 196.23 million dollars for the
economic value of negative sequestration and about 65.28 million dollars for the economic value of positive
sequestration. During the period 2022-2040, the Tabriz Metropolis was able to sequester about 26150.49 tons of carbon,
equivalent to 261.51 million dollars, of which about 20449.55 tons (78.20%) were negative sequestration and 5700.97
tons (21.80%) were positive sequestration, so the economic value was about 204.50 million dollars for negative
sequestration and about 57.01 million dollars for positive sequestration, which is a significant amount in itself, and if
this amount of ecosystem service value were not available, the Tabriz Metropolis would have to bear the costs and
consequences of carbon emissions in the atmosphere.

Conclusions

The results showed that land use/land cover played a critical role in the carbon storage and sequestration of the Tabriz
metropolis, so that due to the insignificant amount of green infrastructure, this metropolis was unable to perform
effective and desirable sequestration, and its negative sequestration was greater than the positive sequestration. The
Tabriz metropolitan area was able to store about 26155.15, 26154.62 and 26151.03 tons of carbon per hectare during
1984, 2002 and 2022, respectively. This indicates that the capacity of the Tabriz metropolis to store carbon has
gradually decreased. Also, the Tabriz metropolitan area was able to sequester 26154.62, 26151.03, and 26150.49 tons of
carbon during the period of 1984-2002, 2002-2022, and 2022-2040, respectively. The Tabriz metropolis was able to
sequester most of the carbon it has stored in all three mentioned time periods, but its negative sequestration was much
more than the positive and effective sequestration. In other words, the situation of the Tabriz metropolitan area has
worsened in terms of carbon sequestration in all three mentioned periods. Tabriz's constrained carbon sequestration
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capacity stemmed from factors such as population growth, economic development (with a significant emphasis on
industry), and patterns of urban expansion.

Overall, it can be concluded that carbon sequestration, especially positive carbon sequestration, in the Tabriz
metropolitan area was unbalanced and heterogeneous in all three mentioned time periods. Most parts of Tabriz had
negative sequestration, and only limited parts of the northwestern parts and parts of the southeastern and western parts
of Tabriz have had positive sequestration, especially in the time periods of 1984-2002 and 2022-2040.
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