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Abstract 

Urban green infrastructure is increasingly recognized as a critical buffer against ecological 
degradation, yet empirical evidence on the long-term stability of ecosystem services (ES) in rapidly 
urbanizing cities remains limited. Despite widespread assumptions that urbanization inevitably 
leads to irreversible ecological decline, few studies have quantitatively examined whether ES can 
persist, or even recover, over multi-decadal time horizons. This study investigates the long-term 
trajectories of eight urban ES in Seoul, South Korea, across nearly five decades (1978–2025) and eight 
congressional districts, providing one of the longest temporal assessments of urban ES in East Asia. 
Using i-Tree Canopy and high-resolution aerial imagery across four benchmark years (1978, 1989, 
2010, 2025), this study quantified standardized indicators for carbon sequestration (CSeq), avoided 
runoff (AVRO), and removal of six atmospheric pollutants (O₃, NO₂, SO₂, CO, PM₁₀, PM₂.₅). Paired-
sample t-tests and Cohen’s dz (effect size) were used to assess within-district temporal shifts and the 
magnitude of ecological change. Results reveal a pronounced period of early ecological stress during 
rapid industrialization (1978–1989), with negative standardized effect sizes across all services (dz 
between −0.65 and −0.72). However, these early losses were not sustained. Structural services such as 
CSeq and AVRO exhibited long-term functional stability, with effect sizes converging toward zero 
and the 1978–2025 change in CSeq showing no statistical difference (p = 0.784). Pollutant removal 
services followed an early-decline–followed-by-recovery trajectory, exemplified by CO removal 
shifting from a large early decline (dz= −0.72) to a modest positive effect in later decades dz = 0.31). 
These findings indicate that Seoul’s sustained urban greening and environmental policies were 
effective in preventing further deterioration and maintaining core ecological functions, even if they 
produced stabilization rather than significant long-term gains in ES delivery. 

Keywords: air quality regulation; ecosystem services; environmental governance; long-term 
urbanization; policy impacts; temporal analysis; urban green infrastructure 
 

1. Introduction 
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Urbanization is one of the most profound land-use changes of the modern era, reshaping 
ecosystems, fragmenting green spaces, and straining the capacity of cities to provide essential 
environmental functions (Arshad et al., 2020; Pakhira et al., 2024; Patel & Raval, 2024). As more than 
half of the world’s population now lives in urban areas (Skeldon, 2025), green infrastructure is under 
mounting pressure, and its long-term sustainability is increasingly uncertain (Cuce et al., 2025; Khan 
et al., 2025). These regulating ES are vital for climate resilience, public health, and the livability of 
cities. Understanding their spatiotemporal dynamics is therefore critical in the context of on-going 
urbanization.   

Among the most vital components of urban green infrastructure are trees, which underpin many 
of these regulating services. Numerous studies have shown that urban tree canopies contribute 
significantly to functions such as air purification, carbon storage, and runoff mitigation (Elze & 
Banzhaf, 2022; Mngadi et al., 2022; Tavares et al., 2019). However, urban growth frequently occurs at 
the expense of vegetated cover, leading to ecological degradation and the assumption that ecosystem 
service performance inevitably declines over time (Eigenbrod et al., 2011; Li et al., 2016; Wang et al., 
2019). In some cities, including Seoul, long-term greening policies and urban forestry initiatives have 
been introduced to counteract these pressures, but their long-term ecological outcomes remain 
uncertain (Park & Youn, 2013; Sim et al., 2023). But is it really possible that the delivery of ES by green 
infrastructure remains stable amidst ongoing urbanization? 

While a growing body of research has explored spatial variation in urban ES, much less is known 
about their long-term stability. Most studies assess ES performance at a single point in time, or over 
short intervals, often overlooking how cities evolve ecologically across decades (Assennato et al., 
2022; Peng et al., 2017; Song & Deng, 2015). This gap is especially evident in East Asian megacities 
like Seoul, Korea, where rapid industrialization and urban transformation since the late 20th century 
have dramatically altered land use patterns (Jeong et al., 2019; Joo, 2018; Lee et al., 2022). Yet the long-
term dynamics of urban ES in such contexts remain underexamined. Existing evaluation frameworks 
often rely on static proxies or expert judgment, limiting our understanding of actual biophysical 
changes and the resilience of urban nature over time. 

To address this gap, this study applies the i-Tree Canopy model, a remote-sensing-based tool 
for estimating tree cover and associated ES, to analyze long-term ES dynamics across eight districts 
in Seoul. The model enables consistent, spatially explicit assessment of key services including carbon 
sequestration, avoided runoff, and air pollutant removal, using a combination of aerial imagery and 
randomized sampling. This approach offers a scalable and replicable method for evaluating long-
term temporal changes in green infrastructure in highly urbanized areas.  

Building on this framework, the study examines how multiple ES have shifted across four 
benchmark years spanning nearly five decades (1978, 1989, 2010, and 2025). The analysis addresses 
three core research questions: (1) How have key regulating ES varied over time based on both 
descriptive patterns and paired-sample statistical comparisons? (2) What is the magnitude and 
direction of these changes, as quantified through standardized effect sizes, and to what extent do 
services exhibit decline, stability, or recovery? and (3) How do ES co-vary in their temporal change, 
and what cross-service relationships emerge from long-term trajectories? By answering these 
questions, the study provides empirical evidence on the long-term resilience and variability of urban 
ES, offering insights relevant for green-infrastructure planning in rapidly urbanizing contexts. 

2. Methods 

2.1. Study Area 

The study was conducted in Seoul, South Korea, using eight congressional districts as the spatial 
units of analysis (Figure 1). These districts were selected to represent distinct phases of the cityʹs 
green space development. Each district corresponds to a specific phase of ecological transformation, 
ranging from post-war reforestation, greenbelt expansion and urban park development, integrated 
green space planning, to climate-adaptive urban forest infrastructure in the city.  
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Seoul is a high density megacity with persistent canopy cover albeit dominant share of 
impervious surfaces (Lee & Park, 2020). Remote sensing evidence from 1980 to 2018 indicates only a 
small decline in forest and tree cover across the Seoul Capital Area, falling from 52.7% to 50.9% during 
a period of major population growth (Lee et al., 2019). This stability reflects early zoning controls, the 
protection of mountainous terrain, and the integration of forest planning into the city’s development 
policies. In a city with limited forest cover and extensive built surfaces, policy decisions shape the 
structure and function of remaining green spaces (Park & Youn, 2013). The selected districts therefore 
provide a useful gradient for assessing how long-term land cover change influences ecosystem 
service performance under sustained urban pressure. 

 

Figure 1. The geographical location of Seoul, South Korea, along with its eight designated congressional 
districts. 

2.2. Data Acquisition 

This study utilized the i-Tree Canopy v.7.1 tool, accessed through the i-Tree website 
(https://canopy.itreetools.org), to estimate tree canopy cover and its associated ecosystem service 
benefits in Seoul City. The analysis of regulating ecosystem services (ES) using i-Tree Canopy 
included several important user-defined steps, such as delineating site boundaries, classifying land 
cover, and conducting visual interpretation, as detailed in Figure 2. 
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Figure 2. Methodological flow for quantifying regulating ES from urban tree canopy across eight administrative 
districts of Seoul City. 

2.2.1. Area of Interest and Landscape Typologies Delineation 

A geographic boundary file was uploaded to define the area of interest, enabling the software to 
integrate with Google Earth and display a plan view of the eight chosen congressional districts in 
Seoul City, Korea. Shapefiles representing the administrative boundaries of the city were obtained 
from open data portal (https://github.com/southkorea/southkorea-maps).  This served as the basis 
for delineating the area of interest. Land cover within these boundaries was categorized into eight 
classes, with a primary focus on two key types: tree over pervious, tree over impervious. Additional 
land cover types included grass/herbaceous cover, impervious road, impervious buildings, 
impervious other, soil/bare ground, and water, to ensure a comprehensive classification of surface 
conditions (Table S1). 

2.2.2. Visual Interpretation of Sample Points 

A total of 12,800 sample points were randomly distributed across the study area for each 
observation year, allocating 400 points per district for the years 1978, 1998, 2010, and 2025. Each point 
was manually classified based on the latest high-resolution aerial imagery (0.30-meter spatial 
resolution) sourced from Google Earth, and historical aerial imagery from V-World.   is a national 
spatial information platform provided by the Ministry of Land, Infrastructure, and Transport of 
South Korea. This sample size substantially exceeds the commonly recommended threshold of 500 
points for land cover validation in megacities, thereby enhancing the statistical robustness and spatial 
representativeness of the classification effort (Endreny et al., 2017). 

2.3. Ecosystem Service Quantification 

Using the i-Tree Canopy tool tree canopy cover and associated ES benefits with a specific focus 
on carbon sequestration, air pollution removal, and hydrological regulation were estimated. Within 
this framework, annual CSeq was estimated by applying tree growth rates and biomass equations 
relevant to urban tree species (Nowak et al., 2013). A correction factor of 0.80 was employed to adjust 
biomass outputs, addressing the tendency of generalized models to overestimate carbon storage in 
urban environments due to differences in tree morphology and growing conditions compared to 
natural forests (Nowak, 1994). 

Estimates of pollution removal were derived using deposition coefficients embedded in the i-
Tree Canopy system, referencing the pollutant capture rates established by the i-Tree Eco model 
(Hirabayashi et al., 2011; Nowak et al., 2006). These coefficients are applied to the proportion of tree 
canopy within the classified sample to generate annual estimates of pollutant removal for six EPA-
designated criteria pollutants: carbon monoxide (CO), nitrogen dioxide (NO₂), ozone (O₃), sulfur 
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dioxide (SO₂), PM₂.₅, and PM₁₀. While generalized, these estimates provide a standardized method 
for evaluating air quality benefits across extensive urban areas with limited ground-based data.  

Hydrological regulation, specifically in terms of avoided runoff, was quantified by comparing 
the stormwater interception capacity of the existing tree canopy with a hypothetical non-vegetated 
baseline. The i-Tree Canopy tool estimates avoided runoff based on canopy cover percentage, average 
annual rainfall, and assumptions regarding interception, transpiration, and soil infiltration rates 
(Hirabayashi, 2015). Although not as process-specific as physically based hydrological models, this 
approach facilitates consistent and scalable assessments of vegetation-driven runoff reduction. 

2.4. Statistical Analysis 

Temporal changes in ES delivery were evaluated using paired-sample t-tests across the four 
benchmark years (1978, 1989, 2010, and 2025). Standardized per-hectare estimates for eight ES 
indicators obtained using the i-Tree Canopy framework subjected to six pairwise temporal 
comparisons, with year as the repeated measure and congressional district as the paired 
observational unit. Differences between years were tested using paired t-statistics, and the magnitude 
of temporal change was quantified using Cohen’s dz, a standardized effect size appropriate for 
within-unit designs. Ninety-five percent confidence intervals were calculated for all mean 
differences. Holm-adjusted p-values were used to control for inflated Type I error arising from 
multiple comparisons within each indicator. All analyses were performed in a reproducible Python 
environment using pandas for data management and custom SciPy-compatible routines for statistical 
calculations (Bressert, 2012; Wang et al., 2022). Effect sizes, confidence intervals, and multiple-
comparison adjustments were computed programmatically. Statistical significance was assessed at 
the 0.05 level. 

3. Results 

3.1. Temporal Variation in Ecosystem Services 

Descriptive examination of CSeq estimates across the four benchmark years: 1978, 1989, 2010, 
and 2025, reveals a pattern that does not align with the conventional expectation of steady ecosystem 
service decline under rapid urbanization. While several services show modest reductions during the 
early period of rapid urban expansion and industrialization (1978–1989), subsequent decades are 
marked by either stabilization or partial recovery (Figure 3). For CSeq, initial declines are observable 
but attenuate by 2010, with near-complete stabilization achieved by 2025. AVRO follows a similar 
trajectory, with early decreases giving way to consistent levels in later years. In contrast, pollutant 
removal services exhibit more fluctuation, particularly for CO, NO₂, and particulate matter, where 
early degradation is followed by divergent recovery patterns depending on the pollutant.  

These descriptive trends are reinforced by inferential analysis. Paired-sample t-tests reveal that 
the early decline in CSeq between 1978 and 1989 (mean difference = −0.0467) does not reach statistical 
significance (p = 0.096), and the long-term difference from 1978 to 2025 is negligible (p = 0.784). AVRO 
yields similar results, with all paired comparisons across the study period producing non-significant 
differences after Holm correction, underscoring the system’s functional resilience. 

Among the pollutant removal services, CO shows the most marked short-term change. The 
1978–1989 comparison reveals a statistically borderline decline (mean = −0.0248, p = 0.049), paired 
with a relatively large effect size (dz = −0.72), suggesting a substantial reduction in CO removal 
capacity during the early industrial phase. However, subsequent contrasts: 1978–2010, 1978–2025, 
1989–2010, and 1989–2025, are uniformly non-significant, suggesting that this early decrease did not 
persist over time. Other pollutants (NO₂, O₃, PM₁₀, PM₂.₅, and SO₂) show mixed directional changes 
in the early decades, but none exhibit consistent or statistically significant differences across the full 
set of paired comparisons.  
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Figure 3. Estimated temporal variation of ecosystem services. Different lowercase superscripts represent 
significant differences across temporal scales based on paired sample t-test (p < 0.05). 

3.2. Magnitude and Direction of Change Across Decades (Effect Size Analysis) 

Effect size patterns reveal substantial variation in the magnitude and direction of temporal 
change across ES from 1978 to 2025. The largest shifts occurred during the 1978–1989 interval, during 
which several pollutant removal services registered notable negative standardized mean differences. 
CO removal exhibited the strongest early decline, with a large effect size (dz = −0.72), reflecting a 
pronounced reduction in removal capacity during this period even though corresponding p-values 
were marginal. Other atmospheric regulation functions, including NO₂ and SO₂ removal, showed 
small-to-moderate negative effect sizes in the same decade (typically −0.20 < dz < −0.40), indicating 
that pollutant removal services were more sensitive to early-period urban pressures than structural 
services. 

On the other hand, CSeq and avoided runoff exhibited only small changes across all temporal 
comparisons. For both indicators, standardized differences remained below |0.35| in all decade-to-
decade contrasts, including the full 1978–2025 interval, where effect sizes approached zero. These 
results indicate minimal long-term deviation from their historical baselines, with changes generally 
falling within the range of small-effect variability. 

A recurring pattern across multiple services is the attenuation of early-period declines over 
subsequent decades. CO removal, for example, transitions from a large negative effect size in 1978–
1989 (dz = −0.72) to a modest positive value in the 1989–2025 comparison (dz = 0.31), indicating a 
directional shift in long-term differences. Similar reductions in the magnitude of negative effect sizes 
were observed for other pollutant indicators between the early (1978–1989) and later (1989–2025) 
periods. Across all services, long-term effect sizes for the 1978–2025 contrast converge toward 
minimal or near-zero values, suggesting limited sustained directional change over the full study 
horizon. 

3.3. Long-Term Trajectory Classification of Ecosystem Services 

The long-term trajectories of ecosystem service delivery reveal three distinct patterns across the 
study period, reflecting how different services responded to Seoul’s rapid urbanization and 
subsequent greening initiatives (Figure 4; Table S2). The first pattern is a persistent decline, although 
this trend is not strongly evident in any of the analyzed ES. The clearest evidence of early decline 
appears in the 1978–1989 interval, where all eight ES showed negative mean differences, with effect 
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sizes consistently in the medium-to-large range (−0.65 ≤ dz ≤ −0.72). Pollutant removal services were 
most affected: CO removal decreased by −0.0248 (dz = −0.72), NO₂ by −0.3108 (dz = −0.70), SO₂ by 
−0.0615 (dz = −0.65), and O₃ by −0.4556 (dz = −0.67). Even particulate-matter removal showed declines, 
with PM₁₀ and PM₂.₅ decreasing by −0.2684 and −0.0322, respectively (both dz ≈ −0.66). CSeq (−0.0467, 
dz = −0.68) and avoided runoff (−6.31, dz = −0.69) were similarly affected, indicating that the early 
phase of industrialization imposed broad ecological stress across most service categories. However, 
despite the extent of early decline, no ecosystem service exhibited a persistent, long-term downward 
trajectory. Subsequent decades do not reinforce the negative directionality of the early period; 
instead, mean differences for most services between 1978 and 2010 or 1978 and 2025 approach zero, 
and associated effect sizes drop to small or negligible levels. This flattening of temporal change 
suggests that the initial losses were not sustained and that ecosystem service delivery stabilized as 
urban greening and environmental regulation expanded from the 1990s onward. 

The second trajectory focuses on long-term stability, which is characterized by the structural ES 
of CSeq and avoided runoff. Although these indicators showed moderate early declines (e.g., CSeq 
dz = −0.68; AVRO dz = −0.69 in 1978–1989), their subsequent comparisons reveal very small mean 
differences, with long-term (1978–2025) effect sizes approaching zero. This indicates that structural 
ecosystem functions tied to the persistence of tree canopy were largely maintained across decades, 
despite the city’s intense land-use change.  

The third and most ecologically and policy significant trajectory is the early decline followed by 
recovery. This pattern was observed in several pollutant removal services. CO removal, for example, 
transitions from the strongest early decline (dz = −0.72) to a small positive effect by 1989–2025 (dz = 
0.31), indicating partial rebound. Similar attenuation of early declines is observed for NO₂, SO₂, and 
O₃, where negative early effects diminish substantially or reverse in later decades. These recovery 
trajectories align closely with Seoul’s major policy shifts, including aggressive tree-planting 
programs, emission reductions, and air-quality controls introduced from the mid-1990s onward.  
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Figure 4. Mean pollution mitigation services difference showing early decline and gradual recovery (1978–
2025). 

 
Figure 5. Early decline and long-term stabilization of mean CSeq and AVRO difference across year comparison 
from 1978 to 2025. 

3.4. Cross-Ecosystem Service Correlation in Temporal Change 

ES exhibited uniformly strong and statistically significant cross-service correlations across all 
temporal intervals analyzed (all p < 0.001). For the 1978–1989 interval, correlation coefficients among 
all ES ranged from 0.9718 to 0.9991. CSeq changes were strongly correlated with changes in pollutant-
removal services, including NO₂ (r = 0.9924), SO₂ (r = 0.9969), and O₃ (r = 0.9976). Similarly, avoided 
runoff exhibited strong correlations with CO (r = 0.9943), PM₁₀ (r = 0.9867), and PM₂.₅ (r = 0.9919). All 
pairwise correlations exceeded 0.97, indicating near-uniform directionality of change across services 
during this early period. For the 1978–2010 interval, correlations remained consistently high, ranging 
from 0.9553 to 0.9994. CSeq changes were highly correlated with avoided runoff (r = 0.9960) and O₃ 
removal (r = 0.9970). Pollutant-removal services continued to show strong associations with one 
another, such as NO₂–PM₁₀ (r = 0.9994) and CO–PM₂.₅ (r = 0.9854). All services displayed correlation 
coefficients greater than 0.95, indicating persistent co-movement across the three-decade span. 
Between 1978–2025, the magnitude of cross-service correlations remained exceptionally high, with 
coefficients ranging from 0.9785 to 0.9968. CSeq again showed strong correlations with pollutant 
removal indicators, including NO₂ (r = 0.9957) and O₃ (r = 0.9967). Avoided runoff demonstrated 
strong relationships with SO₂ (r = 0.9953) and PM₂.₅ (r = 0.9904). All correlations exceeded 0.98, 
indicating highly consistent long-term co-variation across ES. 

4. Discussions  

4.1. Temporal Trajectories of Seoul’s Urban Ecosystem Services (1978–2025) 

Contrary to the widespread assumption that rapid urbanization causes a continuous decline in 
urban ecological functions, the long-term trajectory of ES in Seoul reveals a more nuanced pattern. 
While global literature typically links urban expansion to the degradation of regulating services such 
as carbon sequestration, runoff mitigation, and pollutant removal (Aboelata & Sodoudi, 2019; de la 
Barrera & Henríquez, 2017; Indhanu et al., 2025; Wellmann et al., 2020), the present analysis shows 
that these services in Seoul have largely stabilized over time. 

Although the 1978–1989 interval reflects a period of significant ecological stress (with 
measurable declines across most ES indicators), this initial downturn did not set a long-term trend. 
Instead, both descriptive and inferential results suggest a trajectory of temporal resilience. Core 
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services like CSeq and AVRO, which are structurally tied to tree cover, showed early reductions but 
stabilized by 2010 and remained consistent through 2025. Across all decades, statistical comparisons 
yielded non-significant differences and small effect sizes, reinforcing the notion that Seoul’s tree-
based services maintained continuity despite ongoing urban growth. This finding is consistent with 
previous research showing that urban forest cover in Seoul, despite initial losses due to urban 
expansion, recovered through greening policies, resulting in stable or improved ecological 
functionality (Choi & Kim, 2022; Hwang et al., 2022). 

Pollutant removal services demonstrated greater initial sensitivity to urbanization pressures, 
particularly CO removal, which exhibited a large effect size decline (dz = −0.72) between 1978 and 
1989. This decline highlights the environmental costs of early industrialization, characterized by a 
surge in emissions that outpaced regulatory control. This pattern is similar to those observed in 
comparative urban pollution studies in Korea and other rapidly urbanizing cities in Asia (Akhtar et 
al., 2024; Saxena, 2025; Zhuang et al., 2025). Yet this downturn proved temporary. From 1989 onward, 
effect sizes for CO and other pollutants shifted toward zero or mild positive values (dz = 0.31), and 
long-term comparisons showed no statistically significant differences. 

The overall pattern suggests that while atmospheric services are initially more reactive to 
environmental stressors, they too reached functional stability over the long term. This aligns with 
broader urban resilience research, which highlights that atmospheric regulation functions, though 
vulnerable during early urban-industrial phases, can be restored with investments in vegetation 
cover and emission control (C.-F. Chen et al., 2025).  

4.2. A Critical Period of Ecological Stress (1978–1989) 

The decade spanning 1978 to 1989 marks Seoul’s most intense period of ecological disruption, 
with all eight ES indicators registering negative changes. This period coincides with Seoul’s peak 
industrial expansion, characterized by a sharp rise in impervious surface, fossil fuel use, and vehicle 
emissions; factors long associated with ecosystem degradation in East Asian urban context (Bai & 
Imura, 2000; Larkin et al., 2016; Oh et al., 2021). Effect sizes for most indicators fell within the medium-
to-large range (−0.65 to −0.72), signaling substantial short-term reductions in both structural and 
atmospheric services. 

Atmospheric regulation was particularly affected. CO removal exhibited the sharpest decline 
(dz = −0.72), underscoring the immediate sensitivity of air purification functions to emission surges. 
Similar trajectories have been observed in some cities where early industrialization led to acute air 
quality declines prior to regulatory interventions (Crippa et al., 2016; Mosley, 2014). Other pollutants 
followed a similar trajectory, with consistently negative but non-significant changes, suggesting a 
broader weakening of biogenic filtering capacity under high pollutant loads (Singkran, 2023). 

On the other hand, services that rely on physical tree structures, like CSeq and AVRO, 
experienced a more modest decline. This is due to their structural stability, which results in a slower 
response to environmental changes. This pattern mirrors findings in Seoul and other Asian cities, 
where tree-related services showed resilience or slower degradation due to the longevity and 
structural buffering of mature vegetation (Chen et al., 2025). This divergence highlights a key 
ecological distinction: atmospheric services react quickly to environmental stress (Escobedo et al., 
2011; Jim & Chen, 2008; Paoletti et al., 2010), while structural services exhibit a delayed, buffered 
response (Amer et al., 2023; Czaja et al., 2020). 

4.3. Contextualizing ES Stabilization Alongside Shifts in Urban Greening Strategies 

The long-term stabilization of ES in Seoul appears to reflect not only ecological resilience but 
also a gradual maturation of urban environmental policy. While the early stages of Seoul’s rapid 
industrialization saw measurable declines in ES performance, this degradation did not persist. Over 
subsequent decades, many services began to stabilize, suggesting the emergence of systemic 
resilience in the city’s green infrastructure. Although this study does not conduct a formal policy 
impact analysis, the temporal alignment between service stabilization and key shifts in 
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environmental governance points to a meaningful connection. In particular, the evolution of urban 
forestry and green space policy in South Korea, as outlined by Park and Youn (2013), offers a useful 
lens through which to interpret these ecological patterns.   

Accordingly, the first phase began in the early 1990s, when democratization and decentralization 
opened space for local green initiatives. Following the establishment of Parks and Open Space 
Divisions in metropolitan cities (1991–1993) and global environmental commitments such as the 1992 
UNCED summit, Seoul shifted its focus from mountain afforestation to urban-scale greening (Choi 
& Kim, 2022). Projects like the redevelopment of Boramae Park and neighborhood park expansions 
under the Urban Parks Act marked this transition (Park et al., 2013). A second phase emerged in the 
mid-2000s, characterized by a policy turn toward climate resilience and low-carbon growth (Guahk, 
2025; Mason, 2024). Initiatives such as the Han River Renaissance Plan (2007), the 2030 Seoul Green 
Space Master Plan (2015), and the implementation of the Framework Act on Low Carbon Green 
Growth (2010) reflect a systemic embrace of nature-based solutions to combat urban environmental 
stress. These efforts were supported by national frameworks like the Fourth and Fifth National Forest 
Plans, and the Basic Plan for Urban Forestry disclosed in 2007. 

While these efforts likely contributed to the stabilization of ES, the inferential results suggest 
that their ecological impact was more preventive than transformative. Across nearly all indicators, 
long-term comparisons remained statistically non-significant, with effect sizes converging toward 
zero. This indicates that Seoul’s environmental policies helped halt further degradation but did not 
yet yield substantial gains in service delivery. This outcome aligns with long-standing public demand 
for expanding urban forests and recreational spaces in South Korea, which has remained a high policy 
priority from 1997 to 2023 (Sim et al., 2023).  

4.4. Scope Limitations and Directions for Future Research 

This study provides a long-term ecological perspective on Seoul’s green infrastructure and ES, 
however several limitations must be acknowledged. The analysis was based on the i-Tree Canopy 
framework, which, while recognized for its accessibility and consistency, relies heavily on manual 
classification of visual data. In this case, 12,800 sample points were interpreted over four observation 
years using high-resolution aerial imagery from Google Earth and historical datasets from V-World. 
Although the large sample size aimed to improve statistical reliability, the visual interpretation 
process is subjective, and classification consistency may vary based on imagery quality and seasonal 
differences. Another limitation is the scope of the study. While results indicate a strong temporal 
alignment between ES level stabilization and major greening and environmental policy reforms in 
Seoul (especially since the early 1990s), the research did not perform a formal policy impact analysis. 
Consequently, causal relationships between specific governance interventions and ecological 
outcomes are inferential rather than definitive. Addressing this gap requires a deeper understanding 
of what enables transformative ecological outcomes in urban contexts, including the integration of 
policy design, spatial planning, and biophysical thresholds that may enhance ecosystem service 
returns. Future research should focus on the conditions under which urban greening strategies can 
deliver significant, measurable gains in ES provision, moving from stabilization to ecological 
transformation. 

5. Conclusions 

The long-term assessment of Seoul’s urban ES (1978–2025) reveals a trajectory that complicates 
the conventional expectation of linear ecological decline under rapid urbanization. Although the 
early industrialization period (1978–1989) constituted a phase of pronounced ecological stress, with 
medium-to-large negative effect sizes across all eight indicators, the subsequent decades did not 
amplify these losses. Instead, structural services such as CSeq and avoided runoff displayed notable 
persistence, with long-term paired comparisons indicating non-significant differences by 2025 and 
effect sizes converging toward zero. Regulatory services followed a similar pattern of early decline 
followed by partial recovery, consistent with the timeline of major greening and air-quality initiatives 
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introduced since the 1990s. Importantly, the statistical evidence suggests that these policies were 
effective in preventing further deterioration rather than generating substantial measurable gains: 
ecosystem service delivery remained functionally stable, but strong positive enhancements did not 
yet materialize. These findings illustrate how sustained urban greening and environmental 
governance can maintain core ecological functions amid intensive land-use change, even when long-
term ecological improvements unfold gradually. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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