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Abstract: The effects of climate change are particularly pronounced in cities, where urban
green infrastructure—such as trees, parks, and green spaces—plays a vital role in both
climate adaptation and mitigation. This study assesses the carbon sequestration potential
of urban forests in Budapest, the capital city of Hungary, which lies at the intersection of
the Great Hungarian Plain and the Buda Hills, and is traversed by the Danube River. The
city is characterized by a temperate climate with hot summers and cold winters, and a
diverse range of soil types, including shallow Leptosols and Cambisols in the limestone
and dolomite hills of Buda, well-developed Luvisols and Regosols in the valleys, Fluvisols
and Arenosols in the flood-affected areas of Pest, and Technosols found on both sides of the
city. The assessment utilizes data from the National Forestry Database and the Copernicus
Land Monitoring Service High Resolution Layer Tree Cover Density. The results show
that Budapest’s urban forests and trees contribute an estimated annual carbon offset of
−41,338 tCO2, approximately 1% of the city’s total emissions. The urban forests on the Buda
and Pest sides of the city exhibit notable differences in carbon sequestration and storage,
age class structure, tree species composition, and naturalness. On the Buda side, older semi-
natural forests dominated by native species primarily act as in situ carbon reservoirs, with
limited additional sequestration capacity due to their older age, slower growth, and longer
rotation periods. In contrast, the Pest-side forests, which are primarily extensively managed
introduced forests and tree plantations, contain a higher proportion of non-native species
such as black locust (Robinia pseudoacacia) and hybrid poplars (Populus × euramericana).
Despite harsher climatic conditions, Pest-side forests perform better in carbon sink capacity
compared to those on the Buda side, as they are younger, with lower carbon stocks but
higher sequestration rates. Our findings provide valuable insights for the development of
climate-resilient urban forestry and planning strategies, emphasizing the importance of
enhancing the long-term carbon sequestration potential of urban forests.

Keywords: CO2; urban ecosystems; Copernicus Land Monitoring; resilient cities; sustainable forestry

1. Introduction
According to the Sixth Assessment Report of the IPCC [1], the detrimental effects of

climate change have been particularly severe in urban areas. Climate change has adversely
affected human health, livelihood security, and essential urban infrastructure compo-
nents [1]. Cities have experienced more frequent extreme heat events, while severe weather
conditions have increasingly damaged urban infrastructure, disrupting transportation,
water supply, sanitation, and energy systems. These disruptions have resulted in economic
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losses, service interruptions, and negative consequences for overall well-being [1]. The
observed adverse impacts have been most pronounced among economically and socially
marginalized urban populations [1].

The rapid pace of global urbanization has led to more than half of the world’s pop-
ulation residing in urban areas [2]. The combined pressures of urbanization and global
warming have significantly strained ecosystems, contributing to issues such as urban heat
islands, air pollution, and water contamination, all of which pose substantial threats to
public health [3–5]. Urban areas, characterized by high population densities and intense hu-
man activity, also generate substantial CO2 emissions from fossil fuel combustion, making
urbanization a key driver of global warming [6,7].

In response, urban green infrastructure, including forests and greenery, has gained
prominence as an essential strategy for both climate change adaptation and mitigation [8].
Urban forests are recognized as a nature-based solution [9–11] and have garnered consid-
erable attention in climate change adaptation strategies due to their multiple ecosystem
functions, such as climate regulation, air purification, and carbon sequestration [12,13].
Many city governments have introduced policies encouraging tree planting, the preserva-
tion of urban green spaces, and the incorporation of green architecture, including green
roofs and facades [8].

Previous research has primarily concentrated on carbon storage within urban veg-
etation, whereas less attention has been directed toward its carbon sequestration poten-
tial [8,14–16]. Carbon storage provides a static representation of carbon levels at specific
points in time, while carbon sequestration describes the dynamic process and capacity of
vegetation to capture carbon from the atmosphere [17].

Estimating carbon sequestration in urban vegetation has mainly relied on model simu-
lations, carbon flux analysis, and sample site surveys [18]. However, plot surveys for carbon
sequestration are both costly and labor-intensive, often failing to provide comprehensive
coverage of urban forests across large spatial scales and extended time periods. Several
studies have employed the i-Tree and InVEST models to simulate carbon sequestration in
urban vegetation [19,20].

In recent years, the extensive use of remote sensing technology and geographic infor-
mation systems has enabled the integration of remote sensing data with process modeling
(e.g., the boreal ecosystem productivity simulator BEPS model, CASA model, BIOME-
BGC model, and Ecosystem Demography model ED v3.0) for large-scale estimation of
carbon stock and sequestration across diverse ecosystems, such as forests, grasslands, and
croplands [21–23].

Additionally, the flux tower eddy covariance technique is commonly used to assess
carbon sequestration in ecosystems, but it requires sophisticated instrumentation. Previous
studies have utilized flux towers to compare carbon exchange between urban and rural
forest systems and the atmosphere [24]. While flux towers provide relatively precise insights
into carbon uptake by urban vegetation, their spatial coverage remains limited [25].

Budapest is the capital and the largest city of Hungary, with a population of approx-
imately 1.8 million [26]. It ranks as the eleventh-largest city in the European Union by
population within city limits and is the second-largest city along the Danube River [27,28].
The city covers an area of about 525 square kilometers [29]. Kovács et al. [30] estimated
the ecological footprint and biocapacity changes in the Budapest Metropolitan Region,
using a hybrid method that combined an input–output model and household consump-
tion data. Their findings revealed a significant ecological overshoot in Budapest and its
agglomeration, driven by population growth and rising per capita ecological footprint
values, which were not balanced by biocapacity. Göndöcs et al. [31] modeled surface urban
heat island intensities for Budapest using the Weather Research and Forecasting (WRF)
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model. Chen et al. [28] studied the photosynthetic activity and fine particulate matter (PM)
capture potential of three commonly planted trees (Acer platanoides, Fraxinus excelsior, and
Tilia tomentosa) in Budapest, revealing that Tilia tomentosa exhibited better photosynthesis
and adaptation to urban conditions. Their findings highlighted the significant role of urban
greenery in capturing fine PM, with an estimated 38.17 tons of fine PM retained in Bu-
dapest’s urban greenery. Szabó et al. [32] investigated dust deposition on urban tree leaves
in Budapest using a washing method, examining four species (Acer platanoides, Fraxinus
excelsior, Tilia tomentosa, and Prunus cerasifera ‘Woodii’) and confirming that leaf surface
structure influenced dust accumulation.

Despite extensive studies on urban sustainability and the contribution of vegetation to
pollution control in Budapest, the carbon sequestration potential of the city’s urban forests
and greenery has not yet been quantified. The aim of this study is to evaluate the carbon
sequestration and storage capacity of urban forests in Budapest. The research objectives
are: (1) to assess the carbon sequestration potential of urban forests in Budapest using data
from the National Forestry Database and the Copernicus Land Monitoring Service’s High
Resolution Layer Tree Cover Density [33,34]; and (2) to estimate the contribution of urban
forests to overall carbon emission reduction strategies in the city.

The study hypotheses are as follows: (1) urban forests in Budapest contribute signifi-
cantly to carbon sequestration and storage; (2) the carbon sequestration potential of urban
forests varies based on tree species, tree cover density, and climatic conditions; and (3) there
are substantial differences in carbon sequestration and storage between the Buda and Pest
sides of the city due to variations in land use, vegetation, and environmental factors.

2. Materials and Methods
2.1. Study Area

Budapest (Figure 1), the capital of Hungary, is located on both sides of the Danube
River. It covers an area of 525 square kilometers. The city experiences a temperate climate
with influences from oceanic and Mediterranean climates, leading to significant variabil-
ity [35]. The average annual temperature is 11.5 ◦C, with approximately 2010 h of sunshine
per year and an annual rainfall of about 586 mm, mostly concentrated in May, June, and
the autumn, though it varies significantly from year to year [28].

Pest and Buda, the two sides of Budapest separated by the Danube River, differ
significantly in both geography and climate (Figure 2). Buda, on the western side, is
characterized by its hilly terrain, including the Buda Hills, which rise to 500–527 m, and
are partly covered with semi-natural forests and nature conservation areas. In contrast,
Pest, on the eastern side, is mostly flat, forming part of the Great Hungarian Plain. These
geographical differences also influence the climatic conditions. Buda tends to be cooler
due to its higher elevation, forest cover, and natural ventilation, while Pest, being lower
and more built-up, experiences the urban heat island effect, making it significantly warmer,
particularly in summer. Buda also receives slightly more rainfall due to orographic effects,
meanwhile, Pest is drier and more exposed to winds from the Great Hungarian Plain,
making it less humid but more prone to summer heat waves [36].
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Figure 2. Climatic conditions of the Buda and Pest sides of Budapest, based on the National Forestry 
Database (NFD) climate classification and climate classifications from the SiteViewer 3.0 (2025) de-
cision support tool, under the RCP4.5 scenario for the 2011–2040 reference period. Climate catego-
ries are defined by indicator tree species. 

The hills on the Buda side of the city are mostly composed of limestone and dolomite, 
where shallow Leptosols and Cambisols have developed at higher elevations, comple-
mented by well-developed Luvisols and deluvial Regosols towards the valleys. The soils 
of the Pest side consist mainly of Fluvisols developed from flood deposits and shallow 
Arenosols found in sandy areas. This general pattern is interspersed with Gleysols of 
meadows formed on clayey sediments of the plains, as well as younger Chernozem soils, 
some of which exhibit meadow or alluvial characteristics. However, the natural soil cover 
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Database (NFD) climate classification and climate classifications from the SiteViewer 3.0 (2025) deci-
sion support tool, under the RCP4.5 scenario for the 2011–2040 reference period. Climate categories
are defined by indicator tree species.

The hills on the Buda side of the city are mostly composed of limestone and dolomite,
where shallow Leptosols and Cambisols have developed at higher elevations, comple-
mented by well-developed Luvisols and deluvial Regosols towards the valleys. The soils
of the Pest side consist mainly of Fluvisols developed from flood deposits and shallow
Arenosols found in sandy areas. This general pattern is interspersed with Gleysols of
meadows formed on clayey sediments of the plains, as well as younger Chernozem soils,
some of which exhibit meadow or alluvial characteristics. However, the natural soil cover
in most parts of the area is under strong human influence. Landscaping and construction
activities driven by changes in settlement patterns and water management have also left
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their mark on the soils. In many places, we encounter piled-up or buried soil layers or soils
saturated with debris. These Technosols can be found throughout the city.

As Hungary’s most populous city and economic center, Budapest is heavily impacted
by human activities [28]. Tatai et al. [29] note that since 1992, the green space intensity
of Budapest has increased by 1%, primarily due to the spontaneous shrub growth and
afforestation of abandoned, unused areas, as well as the strengthening of existing vegetation.
However, this increase masks land-use changes that have led to a decline in green spaces. It
can be observed, however, that Budapest’s green space intensity has fluctuated around 50%
over the past 30 years, influenced not only by the increase or decrease in vegetation cover
but also by its qualitative improvement or deterioration [29]. A particularly significant
factor in these changes is the fluctuation in the vitality of non-irrigated grasslands, as well
as the methods and timing of their management.

Tatai et al. [29] state that in Budapest, each resident has access to an average of 33 m2

of forested land, including 25 m2 designated as recreational park forest, along with 6 m2

of public parks and gardens. Compared to international benchmarks, the city falls short
in green space provision. However, housing estate green areas help mitigate this deficit,
offering 2 m2 per resident in such developments. These spaces play a key role in serving
the approximately 29% of Budapest’s population who live in housing estates. Beyond the
limited availability of public parks and gardens, their distribution is also uneven. In some
central districts, the per capita public park space is less than 1 m2. Currently, Budapest’s
green space system does not fully meet its recreational and environmental conditioning
functions due to a lack of sufficient green areas, as well as the poor condition of some
existing ones [29].

Budapest’s forest coverage is around 11%, aligning with the average levels observed in
European cities [29]. The distribution of green spaces varies across different urban planning
zones. In the inner city and along the Danube, green areas appear in an island-like pattern.
At the boundary between the inner and suburban zones, they follow a strip–ring structure
influenced by the presence of large urban parks. The hilly zone is characterized by the
continuous forests of the Buda Hills and the green spaces of suburban neighborhoods.
Additionally, green corridors consisting of agricultural and forested land extend into the
suburban zone, linking the metropolitan region’s green areas with those of the capital [29].
Forest management in Budapest emphasizes ecological sustainability, striving to balance
conservation, recreation, and climate adaptation. Management practices primarily follow
non-clearcutting systems to maintain continuous forest cover, recreational functions, and
ecological stability.

2.2. Methods of the Analysis
2.2.1. Urban Forests Under Forest Management Planning

To estimate the carbon storage and sequestration of forested areas within Budapest
that are officially administered as forests, data from the National Forestry Database (NFD)
were utilized. The NFD serves as the official database of the Hungarian Forest Authority,
supporting forest management planning, which encompasses the entire forested area of
Hungary. Approximately 10% of the country’s forest land undergoes forest management
planning (FMP) each year [37,38]. Conducted by the Forest Authority, this planning
is based on field surveys that assess key stand attributes such as tree height, diameter,
basal area, age, and canopy closure. Using these sampled data, the NFD models the
annual increment between two consecutive surveys based on yield tables, while harvested
volumes are officially recorded for each forest stand annually. The standing volume
for each year is calculated by adding the modeled annual increment and subtracting
recorded harvested volumes from the growing stock of each stand. In Hungary, forest
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stands—also referred to as forest subcompartments—are units of relatively homogeneous
tree cover. The NFD provides digital maps and over 300 raw and derived datasets for
each subcompartment, including information on area, protection status, management
systems, site characteristics, soil sampling details, dendrometric parameters, tree species
composition, planned and completed harvests, regeneration activities, and afforestation
prescriptions [37]. Additionally, the database records the total gross above-ground biomass
volume, including non-merchantable components, for each tree species row (subunit of the
forest subcompartment).

For this study, digital maps from the NFD were analyzed for two statistical states, in
2010 and 2020. These years were selected due to the availability of data and to cover the
longest possible period. Sampling was conducted using a regular 100 × 100-m grid, result-
ing in 5624 sample points representing the entire forest area of Budapest. This sampling grid
facilitated tracking changes in forest stands, particularly in cases where subcompartments
were divided, merged, or underwent unidentifiable geometric modifications between the
two time points, preventing direct matching of subcompartments.

Using data from the NFD and the methodology outlined by the IPCC [39,40], we quan-
tified changes in carbon stock within living tree biomass for each sampling point between
2010 and 2020. We employed a ten-year period and its average stock change values to mini-
mize interannual fluctuations and achieve a more stable estimate. Net carbon stock change
was calculated separately for each tree species row and defined as the gross carbon sink
minus harvest and mortality, referred to as the net sink. In the NFD, annual harvest and
mortality are subtracted from gross annual increment, ensuring consistency with this defi-
nition. The net sink was derived following the approaches described by IPCC [39,40], and
also consistently with the Hungarian Greenhouse Gas Inventory (GHGI) [41]. Calculations
were performed as follows.

∆Ctsr = C2020 − C2010 (1)

Ctn =
9

∑
i=1

(
SVtn × CF × D × 1.25 × 44

12

)
(2)

where:
∆Ctsr: net sink (i.e., net carbon stock change) of a given tree species row (t CO2);
C2020: carbon stock of the tree species row in year 2020 (t CO2);
C2010: carbon stock of the tree species row in year 2010 (t CO2);
Ctn: carbon stock of all tree species rows per sampling point in year tn (t CO2);
SVtn: gross above-ground standing volume (including non-merchantable above-

ground components) of the tree species row in year tn (m3);
CF: tree species-specific carbon fraction value (tC/t dm);
D: tree species-specific density value (t dm/m3 standing volume);
1.25: above-ground plus below-ground biomass multiplier, based on the root-to-shoot

ratio of 0.25 (IPCC 2006);
44/12: the ratio of the molar mass of carbon dioxide to carbon.
After calculating the net sink for each tree species row, values were aggregated to

determine the total carbon stock change at each sampling point. Sampling points were
then categorized based on tree species, age class, and location (Pest or Buda), with carbon
stock changes summed for each group. The mean carbon stock change per hectare and
the cumulative carbon stock change were computed accordingly. Additionally, logging
intensity was analyzed based on the 2010–2020 period datasets from the NFD.

To compare carbon storage and net sink across different groups, a one-way ANOVA
was conducted using Statistica software (Version 14.0.1.25, Tulsa, OK, USA). Post hoc
tests (Fisher LSD, Bonferroni, Scheffé, Tukey HSD, Unequal N HSD, Newman–Keuls, and
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Duncan’s test) were performed to assess significant differences in group means at a 95%
confidence level.

Substitution effects associated with harvested timber were estimated following the
methodology presented in the European Forest Institute report [42]. It was assumed that
all harvested wood was used as firewood. Due to the lack of country-specific substitution
factors for Hungary, an energy substitution factor of 0.67 kg C/kg C was applied, based on
values reported by Myllyviita et al. [43], Knauf et al. [44,45], Härtl et al. [46], and Schweinle
et al. [47].

2.2.2. Urban Trees Outside Forest Management Planning

To estimate the carbon sequestration and storage of all other trees within Budapest
that are not subject to forest management planning (FMP), data from the Copernicus Land
Monitoring Service’s High Resolution Layer Tree Cover Density [33,34] (hereinafter referred
to as TCD2012 and TCD2018) was utilized.

First, we evaluated how areas under FMP were represented in TCD2012 and TCD2018.
We identified areas with forest cover in both years according to the NFD and verified
whether TCD2012 and TCD2018 also indicated tree cover in these locations. Since TCD2012
only detected tree cover in 88.5% of the stocked forest areas, we applied a correction factor
of 1.13 to adjust the tree-covered area data from TCD2012. In all subsequent steps, we used
this corrected dataset.

To obtain carbon stock data by tree cover density classes, we used data from forest
subcompartments within Budapest, grouped in 10% tree cover density increments. Carbon
stock was calculated separately for the Buda and Pest sides for each density class. Thereafter,
we identified all tree-covered areas outside FMP in TCD2012 and TCD2018 for both Buda
and Pest separately. These areas were then summed by tree cover density class, and carbon
stock was calculated for each class, for Buda and Pest separately, as follows.

∆CTCD_class =
CTCD_class_2018 − CTCD_class_2012

6
(3)

Ct =
10

∑
i=1

(ATCD_class_t × CTCD_class) (4)

CTCD_class_t = ATCD_class_t × CTCD_class (5)

where:
∆CTCD_class: net annual sink (i.e., net annual carbon stock change) of a given tree cover

density class between years 2012-2018 (t CO2);
CTCD_class_2018: carbon stock of a tree cover density class in year 2018 (tC);
CTCD_class_2012: carbon stock of a tree cover density class in year 2012 (tC);
Ct: carbon stock of all trees not under FMP in year t (ie., 2012 or 2018) for all tree cover

density classes (1 to 10) (tC);
ATCD_class_t: area of a tree cover density class in year t (ha);
CTCD_class_t: carbon stock of a tree cover density class in year t (tC/ha).

2.2.3. Validation of the Results

To validate our results, we used the global forest above-ground carbon stocks and
fluxes dataset from GEDI and ICESat-2 by Ma et al. [23]. This dataset provides global
gridded estimates of forest above-ground carbon stocks and potential fluxes at a 0.01-degree
resolution. It was generated by initializing the global Ecosystem Demography model
(ED v3.0) with remote sensing observations of tree canopy height collected by GEDI and
ICESat-2, two NASA spaceborne lidar missions. Lidar samples were used to create gridded
canopy height histograms, which were then linked to Ecosystem Demography model
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simulations of canopy height and carbon dynamics during ecosystem succession. This
process helped constrain the representation of contemporary forest conditions and their
associated carbon stocks and fluxes. The model inputs included meteorological data, carbon
dioxide levels, and soil properties. The dataset is available in cloud-optimized GeoTIFF
format and provides information on forest above-ground carbon stock and annual flux for
the reference period 2018–2021. To validate our calculations, we summed the stock and
flux data for the Budapest area and compared them with our results.

The methodological steps followed in this study are presented in Figure 3.
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3. Results
Our findings show that 5336 hectares of urban forests were under FMP in 2020 in

Budapest. Figure 4 illustrates the distribution of carbon stock across different age classes,
which varies significantly between the Buda and Pest sides of the city. In Buda, the
71–80-year age class has an exceptionally high carbon stock due to a skewed age class
structure and the large forested area in this category. Older age classes (60–200+ years)
are overrepresented in Buda. In contrast, in Pest, the oldest forests fall within the
81–90-year age class, while the highest carbon stock is observed in the 41–50-year age class.

Figure 5 illustrates the net carbon sequestration of urban forests under FMP, catego-
rized by tree species groups. On the Buda side, sessile oak (Quercus petraea) and Turkey
oak (Quercus cerris) exhibit the highest net carbon uptake, while pedunculate oak (Quercus
robur), linden (Tilia spp.), and black pine (Pinus nigra) act as net carbon sources during
the examined period. On the Pest side, pedunculate oak represents the highest carbon
sink, with Turkey oak, willows (Salix spp.), and black locust (Robinia pseudoacacia) also
contributing to carbon sequestration. In contrast, Scots pine (Pinus sylvestris) acts as a source
of emissions in the 2010–2020 period.

Figure 6 presents the 2020 carbon stock of urban forests under FMP, categorized by
tree species groups. On the Buda side, sessile oak, Turkey oak, and ash (Fraxinus spp.)
forests exhibit the highest carbon stock and cover the largest area. In contrast, on the Pest
side, black locust and pedunculate oak forests have the highest carbon stock.
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Figure 9 illustrates urban forest areas under FMP (brown) and other urban tree cover
based on TCD2018 (green). In 2018, the total area of urban tree cover outside FMP was
6932 hectares. Figure 10 presents carbon stock values by tree cover density classes, derived
from areas under FMP within Budapest. These values were then used to estimate the
carbon stock of areas with tree cover not under FMP.
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Figure 11 presents the estimated carbon stocks by tree cover density groups for Buda
and Pest separately, while Figure 12 illustrates the estimated annual changes in carbon
stocks by tree cover density groups. In Pest, the analysis indicates a net carbon sink,
whereas in Buda, trees outside FMP are estimated to have been a source of emissions
during the 2012–2018 period.
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Our estimate suggests that the total net carbon sequestration and avoided emissions
from urban forests and trees in Budapest amounted to −41,338 tCO2 annually during the
examined period. According to our estimate, the net carbon sink and avoided emissions
through energy substitution are higher on the Pest side, driven by a higher in situ carbon
sink in urban forests, greater harvested timber carbon content, and consequently higher
estimated energy substitution effects (Figure 13, Table 1). On the Buda side, carbon sinks are
moderate, with trees not under the FMP acting as a source of emissions. In contrast, carbon
stocks are significantly higher on the Buda side, reaching 132 tC/ha, while the Pest-side
mean stock is estimated at 104.9 tC/ha (Figure 13, Table 1). The ANOVA analysis revealed
that the location of urban forests (Buda vs. Pest) had a significant effect on carbon sink and
stock. Post hoc tests indicated that the mean values for Buda and Pest were significantly
different at a 95% confidence level.
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Figure 13. Overview of carbon dynamics and stock in urban forests across Budapest. Left: Average
annual carbon sink, harvested timber (HWP) carbon stock, and substitution effects for Buda, Pest,
and the entire Budapest area. Right: In situ carbon stock of urban forests and trees in Buda, Pest, and
the entire Budapest area.
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Table 1. In situ carbon sink and stock data, along with annual carbon sequestration values, energy
substitution effects, and carbon content of harvested timber.

Buda Pest Budapest

In situ carbon sink of urban trees not under FMP (tCO2/ha/year) 2.8 −3.3 −0.5

In situ carbon sink of urban forests under FMP (tCO2/ha/year) −1.3 −2.2 −1.8

Average carbon stock of harvested timber (tCO2/ha/year) −1.3 −2.0 −1.6

Average energy substitution effect (tCO2/ha/year) −0.9 −1.4 −1.1

In situ carbon stock of urban trees not under FMP (tC/ha) 61.6 49.4 55.0

In situ carbon stock of urban forests under FMP (tC/ha) 70.6 55.4 63.5

We validated our estimates using the global forest above-ground carbon stocks and
fluxes dataset from GEDI and ICESat-2, as reported by Ma et al. [23]. For above-ground
carbon fluxes, our estimates are 114% of those reported by Ma et al. [23]. In contrast, our
above-ground carbon stock estimates are lower, at only 65% of the estimates from Ma
et al. [23]. However, in both cases, the order of magnitude remains consistent (Figure 14).
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4. Discussion
Urban forests are often referred to as the “lungs of cities”, highlighting the impor-

tance of their carbon sequestration and air purification capacities [16]. However, studies
conducted in mid-latitude cities commonly indicate that the net carbon uptake by urban
greenery is relatively small compared to anthropogenic emissions [48–50]. Crawford and
Christen [50] conducted a comprehensive spatial analysis using a high-resolution land
cover database and empirical models and found that vegetation and soil offset only 1.7% of
the total CO2 flux in a residential neighborhood of Vancouver, Canada. Similarly, Velasco
et al. [8] reported that the biogenic contribution to total CO2 flux was only −1.4% in Mexico
City and 4.4% in Singapore. More recently, Guo et al. [16] found that the urban forest
in the main city of Changchun offset approximately 2.11% of carbon emissions in 2000,
decreasing to 0.88% by 2019. Our findings align with these results, as we estimate that
urban forests and trees in Budapest offset a total of −41,338 tCO2 annually through net
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carbon sequestration and avoided emissions via substitution effects. This accounts for
approximately 1% of Budapest’s total emissions, which amounted to 6,109,183 tCO2 in 2015
as reported by Tatai et al. [51]. While the contribution of urban forests to total citywide
carbon sequestration is relatively small, consistent with findings from other cities, their role
in climate mitigation and adaptation remains significant and should not be undervalued.
Enhancing this capacity through informed species selection and adaptive management can
improve resilience in the face of increasing climatic stress.

Our results are also consistent with the Hungarian GHGI [42], which reports an av-
erage annual carbon sink of −2.1 tCO2/ha for forest land remaining forest land across
Hungary. According to our findings, the average in situ carbon sink of Budapest’s ur-
ban forests under FMP is −1.8 tCO2/ha/year, while Pest-side forests achieve a sink of
−2.2 tCO2/ha/year, which is very close to the national average. The validation results
indicate that while our above-ground carbon flux estimates are higher—amounting to 114%
of those reported by Ma et al. [23]—our above-ground carbon stock estimates are lower,
representing only 65% of their values. Despite these differences, both estimates remain
within the same order of magnitude, suggesting that the overall trends are consistent
with those reported by Ma et al. [23] (Figure 14). The observed discrepancies in carbon
flux and stock estimates between our study and Ma et al. [23] may arise from several
methodological differences. Ma et al. [23] relied on remote sensing data from the GEDI and
ICESat-2 missions, using lidar-based observations of canopy height in combination with
ecosystem modeling to estimate carbon stocks and fluxes. Although this approach provides
high-resolution, globally consistent data, it lacks country-specific calibration. In contrast,
our estimates are based on ground measurements and country-specific yield tables tailored
to Hungarian forest conditions, potentially offering more accurate results. Furthermore,
Ma et al. [23] incorporated complex model simulations that account for meteorological
variability, atmospheric CO2 concentrations, and soil properties, which may contribute to
their higher carbon stock values. Differences in the treatment of forest dynamics—such as
natural disturbances, mortality rates, and succession—could also explain the divergence
in results. Nevertheless, the general agreement in the order of magnitude across studies
reinforces the robustness of both approaches and highlights their complementary value in
understanding the carbon dynamics of Budapest’s urban forests.

The urban forests on the Buda and Pest sides exhibit significant differences in age class
structure, tree species composition, and naturalness. On the Buda side, older semi-natural
forests dominated by native species prevail. These forests primarily function as in situ
carbon reservoirs, and their additional carbon sequestration capacity is limited due to
their older age, slower growth of trees, and longer rotation periods. Additionally, the high
carbon stock associated with ash trees poses a considerable risk of carbon emissions due to
the potential impacts of ash dieback [52].

In contrast, the forests on the Pest side are predominantly cultural forests (i.e., exten-
sively managed introduced forests) and tree plantations, with a lower degree of naturalness.
Non-native species, such as black locust and hybrid poplars (Populus × euramericana), are
overrepresented. These forests are younger, resulting in lower carbon stocks but higher in
situ carbon sequestration rates, while also being subject to more intensive logging. Pest-side
forests exhibit a higher carbon sink performance despite the considerably harsher climatic
conditions compared to Buda, as on the Pest side, only forest–steppe and steppe climate
zones are present (Figure 2). The climate classification of the National Forestry Database
(NFD) differs somewhat from the categories indicated by the SiteViewer 3.0 [53] decision
support tool under the RCP4.5 scenario for the 2011–2040 reference period. This discrep-
ancy arises because microclimatic conditions in the Buda Hills may, in some cases, be more
favorable than what is suggested by mesoclimatic models. Conversely, the NFD climate
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categories may sometimes reflect past conditions without fully accounting for the rapid
progression of climate change, which significantly impacts many forest species in Hungary
due to the proximity of the xeric limit. SiteViewer is a key tool for climate-smart forestry in
Hungary, supporting the adaptation of management strategies to both present and future
climatic conditions. To maximize the mitigation and adaptation potential of forests, it
is essential to integrate data on suitable species recommended by this decision support
application into management decisions while also considering subcompartment-level site
conditions and microclimatic observations gathered in the field.

Urban tree cover is declining in many cities worldwide [54], with climate change rec-
ognized as one of the most significant threats in the medium- and long-term [55,56]. Rising
temperatures can substantially reduce photosynthetic rates and increase tree mortality, lead-
ing to lower carbon sequestration and greater carbon losses [57]. Lloyd et al. [58] assess the
risks climate change poses to urban tree carbon storage due to increased heat and drought.
Analyzing tree inventory data from 22 European cities, they estimate species-specific ther-
mal and hydraulic safety gaps and margins for 2050 and 2070. Their findings highlight the
proportion of existing urban forest carbon stocks at risk from thermal and drought stress,
identifying regions and cities where urban tree stocks are particularly vulnerable. Cities in
southern and central Europe—including Budapest, Bologna, Bordeaux, Cáceres, Geneva,
Girona, Madrid, Turin, Vienna, and Zagreb—are projected to face significant threats, with
at least 75% of the carbon stored in trees at risk by 2070. The authors stress the importance
of adapting urban planting strategies to include more resilient species and developing
mitigation plans to alleviate heat and water stress on trees.

Given these challenges, actively managing urban forests in Budapest is crucial for
both climate mitigation and adaptation, ensuring their future carbon sink capacity and
resilience. If climatically suitable species are not currently available, assisted migration of
species better adapted to future conditions may be necessary [59]. Since market availability
significantly influences the selection of tree species by stakeholders, it is essential to ensure
that climate-resilient species are accessible for planting [60]. However, assisted migration
must be carefully managed to prevent the spread of invasive pests and diseases, such as
the oak processionary moth [58].

The limitation of our study is the lack of data on soil carbon stock and balance for
urban forest areas in Budapest. Soil carbon plays a crucial role in the overall carbon
dynamics of urban forests, influencing both carbon sequestration potential and long-term
carbon storage [61]. Without this information, our assessment provides only a partial view
of the total carbon balance in urban green spaces. Future research should address this gap
to develop a more comprehensive understanding of urban forest carbon dynamics and
support more effective climate adaptation and mitigation strategies.

5. Conclusions
This study assessed the carbon sequestration and storage potential of Budapest’s

urban forests using data from the National Forestry Database and the Copernicus Land
Monitoring Service High Resolution Layer Tree Cover Density [33,34]. The results highlight
the significant role of Budapest’s urban forests and trees in carbon sequestration and
storage, with an estimated annual offset of −41,338 tCO2, representing roughly 1% of the
city’s total emissions.

These findings highlight the need for targeted management strategies to maximize
the carbon sink capacity of urban forests while accounting for the marked differences
between the Buda and Pest sides in terms of tree species composition, forest age class
structure, and climatic conditions. In view of the escalating challenges posed by climate
change, it is essential to integrate climate-smart forestry approaches into urban forest
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management. This includes the selection of resilient, drought-tolerant native species such
as Hungarian oak (Quercus frainetto), Turkey oak (Quercus cerris), downy oak (Quercus
pubescens), Italian oak (Quercus virgiliana), small-leaved lime (Tilia cordata), silver lime (Tilia
tomentosa), whitebeam (Sorbus aria), manna ash (Fraxinus ornus), and common pear (Pyrus
communis). These species not only tolerate harsher conditions but also possess strong carbon
sequestration potential. To increase urban tree cover, targeted afforestation and greening
initiatives are recommended, particularly in areas of Pest where forest cover is sparse and
fragmentation is high. Priority should be given to peri-urban zones, former industrial sites,
and underutilized public lands.

Tools like the SiteViewer 3.0 decision support system should be used to guide species
selection and management decisions based on current and projected climatic conditions.
Active and adaptive management will be critical to ensure that urban forests in Budapest
continue to serve as effective carbon sinks while supporting biodiversity and providing
essential ecosystem services in a changing climate.
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