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Objective: The issues of loss and fragmentation of forest habitats are significant challenges
diminishing the resilience of these ecosystems. The identification of ecological source regions is
crucial for enhancing landscape connectivity and building ecological networks. These regions
not only provide suitable habitats for species but are also essential in sustaining ecological
processes and functions. This study employed a combination of morphological spatial pattern
analysis (MSPA) and ecosystem service assessment to identify critical locations for sustaining
ecological connectivity and providing multiple ecosystem services within the ecological
networks. Ecological sources were, thus, identified, and their temporal trends were assessed for
the years 2002, 2013, and 2022.

Method: In order to meet the research objectives, INVEST software was used to model
ecosystem services, including carbon sequestration, flood retention, and habitat quality. The
results of these models were integrated using the fuzzy weighted overlay method. Subsequently,
the core areas that were determined by the MSPA method were integrated with the regions that
provided the most ecosystem services. Temporal changes in these areas were then analyzed by
examining 20 years of data. To provide a thorough method aimed at locating regions that have
not been impacted by human-induced degradation, a set of threat factors were also used in the
habitat quality mapping process, in which the use of the Nighttime Light Index and Impervious
Surface Index specifically played a pivotal role in identifying high-quality habitats.

Results: According to the derived results of the temporal change analysis, it was demonstrated
that ecological sources shrank by 29,053 hectares during the study period, and the counties of
Abbasabad, Chalous, and Nowshahr witnessed the highest declines. The analysis of land cover
changes in 2002, 2013, and 2022 revealed that built-up areas increased by 12,473 hectares and
agricultural land by 7,156 hectares, while forest area decreased by 32,723 hectares. Moreover,
the results of the morphological spatial pattern analysis indicated that the core class had the
largest share in the study area during the period of investigation. The results of this study also
illustrated that in 20 years, the habitat quality within the area had declined. The greatest
reduction in habitat quality occurred in the northern coastal areas of the study area, which were
influenced by human-made land cover and road networks, acting as serious threats to wildlife.
Conclusions: According to the results, assessing how multiple ecosystem services are distributed
spatially is crucial in effective conservation planning. These findings can play an important role
in planning and conserving key patches of the Hyrcanian forests and assist policymakers and
managers in the sustainable management of these areas.
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Introduction

In recent decades, habitat destruction caused by land cover changes has challenged forests' capacity to
sustain their historical functions through fragmentation. Habitat fragmentation causes reduced connectivity
and isolates the habitats into smaller and discrete patches surrounded by a matrix of human-altered land
cover. ldentifying ecological source areas is vital in improving landscape connectivity and building an
ecological network. One of the methods that has been increasingly adopted for this purpose in recent years is
the Morphological Spatial Pattern Analysis (MSPA). Since the MSPA method can only evaluate patches
from a structural and morphological perspective, one effective approach to enhance the process of
identifying ecological sources is to use the ecosystem services assessment. Hence, in this paper, a
combination of the MSPA method and ecosystem service assessment was applied to identify ecological
source areas in the Hyrcanian Forest region.

Method

The study area is located in northern Iran and in the western part of Mazandaran Province. Encompassing
eight counties covering an area of 7,283 square kilometers, this watershed is located between latitudes 36°32’
to 36°36' and longitudes 50°20' to 52°18'.

In order to classify land cover, satellite images of Landsat 8 in the year 2022 and Landsat 7 in the years 2002
and 2013 were used. The Support Vector Machine (SVM) approach was adopted to classify the satellite
images into six distinct categories, including water, built-up land, rangeland, agricultural land, forest, and
barren land. The study area's land cover map was first converted into a binary image using the parameters of
the Morphological Spatial Pattern Analysis (MSPA) approach. Other types of land cover were assigned as
the background in this conversion, whereas forest lands were defined as the foreground. This technique
separates the landscape into seven spatial pattern classes: core, islet, perforation, edge, bridge, loop, and
branch. This was done through applying four mathematical operations to the image: erosion, expansion,
opening, and closing (Vogt et al., 2007).

To meet the research objectives, three ecosystem services were selected for evaluation: carbon storage and
sequestration, flood risk reduction, and habitat quality. These services were modeled using the InVEST
(Integrated Valuation of Ecosystem Services and Tradeoffs). Through this process, three raster maps
representing carbon storage, flood prevention, and habitat quality were generated. A fuzzy weighted overlay
was then applied in ArcGIS 10.8 software to produce a map showing the spatial distribution of ecosystem
services in the study area. The Breaking Point approach was then used to categorize this map into three
levels: high importance, medium importance, and low importance. Finally, the highest priority category
(high importance) was extracted from the core class, which was identified in the MSPA step and selected as
ecological sources.

Results

Analysis of land cover in the years 2002, 2013, and 2022 revealed that forests accounted for the largest area
of the region in each year, followed by rangelands. An analysis of these changes indicated that over the 20-
year period, built-up and agricultural areas increased by 124.73 and 71.56 square kilometers, respectively,
while forest areas in the region declined significantly by 327.23 square kilometers.

The spatial morphological pattern class map of the study area, which was derived from MSPA analyses for
the years 2002, 2013, and 2022, showed that the core class made up approximately 94% of the foreground
area and represented the largest area among all classes. It was also demonstrated that only a relatively small
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portion of the landscape was covered by bridges serving as structural corridors. Additionally, the area of the
branch class, which disrupts corridor connectivity, has increased from 64 hectares in 2002 to 266 hectares in
2022. Isolated forest patches, referred to as islands, have experienced a notable expansion of 175 hectares in
recent years. The rise in branch and island classes, coupled with the decline in core area, signified the
fragmentation of the forest landscape within the watershed throughout the analyzed timeframe. Finally, the
core areas in all three years were extracted to identify ecological sources.

The ecosystem services assessment results indicated a diminishing trend within the 20-year period for the
studied ecosystem services, specifically carbon sequestration, runoff retention, and habitat quality. Carbon
storage in the watershed experienced a 17% reduction in 2022 relative to 2002. A 29 percent decline in
runoff retention was observed over the past two decades. During this period, the average habitat quality
underwent a downward trend, whereas the average rate of habitat degradation increased dramatically. The
spatial distribution of all three ecosystem services in the study area was nearly identical. The central part of
the watershed, dominated by forest cover, illustrated high capacity for carbon sequestration, runoff retention,
and habitat quality. Throughout the last two decades, the number of ecological sources decreased by 1,220
patches, and their total area dropped by 29,053 hectares. According to the percentage of changes in the area
of ecological sources in the counties of the study area over the mentioned period of time, Abbasabad
underwent a decrease of 21.6%, Chalous 20.2%, Nowshahr 17.1%, Kelardasht 10.7%, Tonekabon 6.4%,
Ramsar 5.5%, and Noor 3.8%.

Conclusions

Findings of the study depict that the ecological sources experienced a 67% reduction in number and a 9%
decline in total area during 20 years. The primary drivers of these changes are the expansion of agricultural
and built-up areas, along with the reduction in forest cover. The growing structural fragmentation of the
forest landscape, evidenced by the shrinking forest area and the increase in isolated forest patches, poses a
serious threat to the region's biodiversity and ecological functions. The counties of Abbasabad, Chalous, and
Nowshahr witnessed the most significant changes, with declines of 21%, 20%, and 17%, respectively, in the
area of ecological sources. This trend highlights the urgent need for conservation planning and sustainable
management of these sources in the mentioned counties. These measures could include increasing
monitoring of land use changes, imposing strict restrictions on forest destruction, implementing vegetation
restoration projects, and educating local communities about the value of protecting ecological sources. In
order to compare the outcomes of different services, future studies are recommended to model ecological
sources using a wider range of ecosystem services. The findings of this study could be crucial in the planning
and conservation of key patches in the Hyrcanian forests and assist policymakers and managers in the
sustainable management of these areas.
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2. Runoff retention
3. Flood volume
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