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Abstract

This study provides the first comprehensive, field-inventory-based assessment of urban
ecosystem services within a Russian university campus, focusing on the woody vegetation
of the Lobachevsky State University of Nizhny Novgorod. Utilizing a detailed field tree in-
ventory combined with the i-Tree framework (including i-Tree Eco, i-Tree Canopy, UFORE,
and i-Tree Hydro models), we quantified the campus’s capacity for carbon storage and
sequestration, air pollutant removal, and stormwater runoff mitigation. The campus green
infrastructure, comprising 1887 trees across 32 species with a density of 145.5 stems per
hectare, demonstrated significant ecological value. Results show a carbon storage density
of 26.61 t C ha~! and an annual gross carbon sequestration of 11.43 tons. Furthermore, the
campus trees removed 1213.7 kg of air pollutants annually (a deposition rate of 9.35 g m~2),
with ozone, particulate matter, and sulfur dioxide showing the highest deposition. The
campus also retained 956.1 m? of stormwater annually. These findings, particularly the
high carbon sequestration rates, are attributed to the dominance of relatively young, fast-
growing tree species. This research establishes a critical baseline for understanding urban
ecosystem services in a previously under-researched geographical context. The detailed,
empirical data offers crucial insights for urban planners and policymakers in Nizhny
Novgorod and beyond, advocating for the strategic integration of ecosystem services as-
sessments into campus planning and broader urban green infrastructure development
across Russian cities. The study underscores the significant role of university campuses as
vital components of urban green infrastructure, contributing substantially to environmental
sustainability and human well-being.

Keywords: urban vegetation; i-Tree framework; carbon sequestration; air pollution;
stormwater mitigation; Nizhny Novgorod; Russia

1. Introduction

Urbanization worldwide presents significant challenges to local ecosystem services,
which are essential for creating habitable city environments and mitigating global climate
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change impacts [1]. While the definition of “urban” ecosystems can vary, they possess sub-
stantial biomass, influenced by land cover and use [2—4]. Unfortunately, urban pollution [5]
and global climate change [6,7] negatively affect the well-being of city inhabitants. Ecologi-
cal engineering is primarily employed to preserve and enhance natural systems to address
environmental issues. Urban forests, in particular, offer numerous critical ecosystem ser-
vices to city dwellers [8-10], including food provision [11,12], habitat support, oxygen
production [13,14], local climate regulation [12,13], carbon sequestration [15], mitigation of
the urban heat island effect [16-18], management of stormwater runoff [19,20], control of air
pollution [21,22], and water pollution remediation [23]. They also provide cultural services
such as recreational opportunities and environmental education [24,25]. Despite their
recognized importance, urban ecosystems have historically been understudied compared
to natural ecosystems, leading to significant gaps in understanding their full capacity to
provide ecosystem services and contribute to urban sustainability and resilience [26].

There is a clear need for research to improve our understanding and develop effective
tools for local resource planning and management, fostering sustainability. Ecological
engineering underscores the critical importance of integrating urban areas with natural
environments to benefit both human well-being and biodiversity [27]. This approach closely
aligns with the concept of Nature-Based Solutions (NBS), a key European Union framework
for sustainable urban development, which promotes the use of natural processes to address
environmental and societal challenges [28]. In doing so, it aligns with the global pursuit of
the Sustainable Development Goals (SDGs). Innovative approaches to sustainable urban
development, such as the implementation of NBS exemplified by the green infrastructure,
are essential to address the pressing issues of natural resource degradation and ecosystem
loss, thereby advancing the objectives of Agenda 2030 [29]. Effective municipal climate
preparedness and the protection of urban environmental quality necessitate a more precise
understanding of local ecosystem functions, such as carbon storage and dry deposition,
that underpin critical services. Enhancing estimates of these indicators will deepen our
comprehension of urban ecosystem functioning and illuminate the potential impacts of
green infrastructure policies on climate mitigation. This improved understanding will also
highlight the significant role that urban green spaces play in enhancing urban resilience
and quality of life by providing a diverse array of ecosystem services, thereby informing
more strategic urban planning and policy development [30,31].

Ecosystem services stem from ecosystem functions, such as carbon uptake, occurring
within a specific spatiotemporal context [32]. A significant portion of the services provided
by urban ecosystems, particularly those relevant to climate change mitigation and resilience
planning, are associated with the quantity, growth rate, canopy cover, and volume of live
trees [33,34]. In recent years, researchers have dedicated efforts to developing methodolo-
gies for quantifying various ecosystem services. Broadly, there are two types of approaches
for quantifying ecosystem services. First, bottom-up approaches rely on field inventories,
providing detailed information on the characteristics of individual trees. This allows for the
development of detailed models of the biophysical processes that underpin the provision
of ecosystem services [35,36]. Second, top-down approaches utilize various remote sens-
ing data, including satellite data, active and passive aerial imagery, as well as terrestrial
scanning. Remote sensing enables the rapid acquisition of extensive data across large areas
without direct contact with the objects of study. Among the available methodologies, the
i-Tree suite of tools (https://www.itreetools.org/, accessed on 21 August 2025) represents
a collection of widely adopted, validated, and freely accessible models that combine both
top-down and bottom-up approaches. The i-Tree Canopy tool offers a comparatively swift
estimation of canopy cover, obviating the necessity for field-based plot surveys [37]. This
tool employs human photo-interpretation of land cover data derived from Google Earth
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aerial imagery to ascertain the percentage of tree canopy cover, defined as the projected
area of the canopy onto the ground surface. Studies have indicated that human photo-
interpretation yields more accurate tree canopy estimates than auto-classification methods
using multispectral data, which tend to underestimate urban tree cover [38]. The i-Tree Eco
tool, utilizing input data on tree structure, air pollution levels, weather patterns, building
characteristics, and economic valuations, quantifies tree-based ecosystem services including
the reduction in air pollutants, mitigation of stormwater runoff, savings in building energy
consumption, and the sequestration of carbon dioxide [37]. This manuscript integrates
field-based research data with data from the i-Tree Canopy tool to provide an estimate of
several regulating ecosystem services.

Numerous studies have quantified the ecosystem services provided by urban
forests [39], parks [40,41], gardens [13,41,42], and green infrastructure [43—45]. Despite this
extensive research, university campuses, as a specific form of urban green infrastructure,
have been comparatively overlooked. While urban parks, forests, and gardens share the
common goal of providing ecosystem services, a university campus uniquely synthesizes
three core functions: it serves simultaneously as a living laboratory for research and in-
novation, a demographic hub with a dense, transient, and educable population, and a
managed institutional entity with its own governance and long-term sustainability com-
mitments [46,47]. This triad creates a distinctive socio-ecological setting that is uniquely
conducive to practical experimentation with and the scaling of sustainable development
frameworks, including NBS. Specifically, the campus environment allows for the inte-
grated development, real-world testing, and rapid dissemination of green technologies
and adaptation measures—from innovative water management systems to biodiversity
monitoring networks—in a way that is systemically managed and pedagogically inte-
grated, which is rarely feasible in conventional public green spaces [48]. Prior research on
campus ecosystem services has predominantly concentrated on carbon stock assessment
and sequestration [49-53], with some studies also examining air pollution removal and
stormwater runoff retention [54-57].

The existing body of research on ecosystem services within Russian cities remains
limited. Current calculations predominantly rely on estimations of tree-occupied areas [58],
with a notable absence of field-based tree inventory studies in Russia that incorporate
species composition and tree condition.

This research presents a comprehensive assessment of ecosystem services on the
Lobachevsky University campus, the most prominent university in a major Russian city. By
treating the campus as representative of Nizhny Novgorod’s broader land use patterns, this
study sought to answer critical questions regarding the campus trees’ capacity for carbon
storage and sequestration, their impact on air quality and pollutant concentrations, and
their role in retaining rainwater. This detailed, field-inventory-based assessment represents
the first such endeavor in Russia, providing a crucial baseline for future urban ecological
planning and sustainable campus management.

2. Materials and Methods

The methodology employed for this assessment combined extensive field surveys with
established modeling techniques to accurately quantify the ecological benefits provided by
the campus’s urban forest. First, we provide a general overview of the campus structure,
including its climatic and topographic description, as well as its historical construction
background and the demography of its inhabitants. Furthermore, to obtain a quantitative
description of cover types, we utilized the i-Tree Canopy tool (Section 2.1). Second, we
conducted a comprehensive field inventory of all trees across the campus to gather stem-
specific data on tree size, health, and location, which provided the necessary information
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for subsequent ecosystem service modeling (Section 2.2). Finally, we leveraged the i-Tree
Eco model to calculate various ecosystem services, integrating the collected field data with
local meteorological and air quality information to assess benefits such as carbon storage
and sequestration, pollutant removal, and stormwater runoff retention (Section 2.3).

2.1. Study Area and Cover Type Inventory

Nizhny Novgorod, situated in the temperate zone, experiences a temperate conti-
nental climate characterized by prolonged cold winters and brief, warm summers. The
city’s average annual temperature stands at 5.3 °C, with precipitation levels ranging from
530 to 683 mm. Geographically positioned on the banks of the Volga and Oka rivers,
Nizhny Novgorod is demarcated into an Upland and a Lowland part. As the administra-
tive hub for both the Nizhny Novgorod Region and the Volga Federal District, the city
boasts a population exceeding 1.2 million residents, with its urban agglomeration reaching
approximately 1.7 million. Ranking as Russia’s sixth-largest city and the second most
populous along the Volga River and within its federal district, Nizhny Novgorod serves
as a pivotal economic, transportation, scientific, educational, and cultural center for both
Russia and the broader Volga-Vyatka economic region.

A significant portion of the city’s land area, approximately one-fifth, comprises parks,
forests, and natural slopes, predominantly characterized by mixed forest ecosystems. Gar-
dens, squares, boulevards, parks, and forests collectively constitute one-seventh of Nizhny
Novgorod’s total green spaces. Public transportation is crucial to the city’s functional-
ity; however, its efficiency is hampered by the dispersed population, substantial daily
commuter traffic, and high congestion on bridges spanning the Oka and Volga Rivers,
exacerbated by the absence of a comprehensive rapid transit network. Consequently, vehic-
ular emissions contribute significantly, accounting for 75% of atmospheric air pollution in
Nizhny Novgorod.

National Research Lobachevsky State University of Nizhny Novgorod was estab-
lished in 1916. The campus’s development began in the 1950s, with initial tree and shrub
plantings following the construction of the first buildings in the 1960s. The university
encompasses 19 faculties and educational institutes, along with 132 departments. Cur-
rently, it educates approximately 30,000 students from 97 countries, supported by over
1000 post-graduates and doctoral students, and a faculty comprising 1200 associate profes-
sors and 400 professors.

The university campus, a restricted-use area currently spanning 12.98 hectares, is
situated in the Upland part of the city. It comprises 17 buildings, including 6 academic
and research facilities, 4 student dormitories, 2 training centers, and 5 utility and adminis-
trative buildings, alongside mature trees and shrubs both native and exotic to the region
(Figures 1 and A1, Appendix A). Located in the historical part of the city, the campus over-
looks a major highway characterized by heavy traffic. However, the university’s academic
buildings are buffered from the highway by a wide strip of woody and shrubby vegetation.
Thus, the type and number of stories of buildings, the presence of a green zone, and the
proximity to transport arteries make the campus territory comparable to the historical de-
velopment of the upper part of Nizhny Novgorod. These ecological contributions support
the characterization of the university campus as a representative urban environment.

The i-Tree Canopy web-application (https://canopy.itreetools.org/, accessed on 21
August 2025) was utilized to ascertain the proportional distribution of various cover
types across the campus. Seven distinct cover types were identified: Grass/Herbaceous,
Impervious Buildings, Impervious Other, Impervious Road, Soil/Bare Ground, Tree/Shrub,
and Water. A total of 198 points were randomly allocated within the campus boundary. Each
point was categorized according to its cover type, determined through photo-interpretation
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of aerial imagery obtained from Google. Subsequently, the total area and percentage cover
for each cover type were computed, along with their respective standard errors.

RUSSIA
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Figure 1. Main campus of Lobachevsky University and location of the study area.

2.2. Tree and Shrub Inventory
The research methodology employed the i-Tree framework [37], necessitating a com-

prehensive field inventory of all trees and shrubs on campus with a diameter at breast
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height exceeding 1 inch. This detailed assessment was conducted in the summer of 2022 by
a team of four master’s students under the supervision of experienced researchers. For each
recorded stem, the following metrics were precisely measured: diameter at breast height,
total tree height, height to the base of the crown, crown width, percentage of crown missing,
degree of crown dieback, and crown light exposure (Table 1). The assessment of these main
parameters was carried out using specialized tools, including a Stayer ProLeader tape for
measuring dbh, and a Leica DISTOD810 laser rangefinder for determining tree height and
crown width. To enhance the accuracy of each tree’s geo-positioning, a Prince 130 geodetic
satellite receiver (CHCNAYV, Shanghai, China) was utilized, accessing a system of reference
base stations for corrections from the nearest station. Raw inventory data are provided in
the Supplementary Material.

Table 1. Parameters of i-Tree Eco model.

Parameter Tvpe Description Carbon Storage and Air Pollution Runoff
M P Sequestration Removal Retention
Species Categorical Species identity +1
Dlame.t er at breast Continuous  Tree stem diameter at breast height (1.37 m) +
height, cm
Total height, m Continuous  Height from the ground to the top of the tree + + +
Crownbase heigh,m  Continuous Height from the .ground to the base of the + +
live crown
. . The width of the crown in two directions:
Crown width, m Continuous + +
north-south and east-west
Crown light exposure Integer Number of sides of the tree receiving + +
& P & sunlight from above (maximum of 5)
. Percent of the crown volume that is not
Percent crown missing ~ Percentage . + + +
occupied by branches and leaves
Crown dieback Percentage Percent of the crown volume that is + + +

composed of dead branches

1 Plus marks whether the parameter is used to estimate particular ecosystem services.

2.3. Quantification of Urban Ecosystem Services
2.3.1. Carbon Storage and Sequestration

The calculation of carbon stock utilizes allometric equations for aboveground biomass,
which are derived from stem diameter measurements [59]. Aboveground biomass is
subsequently computed using these equations and converted to total biomass by applying
a root-to-shoot ratio of 0.26 [60]. To account for the lower biomass of isolated trees (with
light exposure 4-5) compared to those in dense forest canopies, their biomass is adjusted
by a factor of 0.8 [15]. Carbon stock is determined based on a 50% contribution to the total
wood biomass [61].

Carbon sequestration is quantified based on the annual diameter at breast height
(dbh) growth. Tree species are categorized into fast, medium, and slow-growing groups,
with corresponding base growth rates of 1.09, 0.84, and 0.58 cm per 153-day growing
season. Growth rate adjustments are applied considering factors such as the duration of
the growing season, light exposure (for light exposure 0-1 coefficient of 0.44 was applied,
for light exposure 2-3 coefficient of 0.56 was applied), crown dieback, and tree diameter. In
particular, growth is projected to slow when a tree reaches 80% of its species’ maximum size,
and at 125% of maximum size, growth is limited to 2% of its potential. Biomass increment
is determined as the difference in aboveground biomass between the initial state and after
growth. The conversion of biomass increment to carbon sequestration follows the same
methodology used for calculating carbon storage.
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2.3.2. Air Pollution Removal

The removal of air pollutants is calculated using the UFORE model [62,63]. This model
determines pollutant (carbon monoxide CO, nitrogen dioxide NO2, sulfur dioxide SO2,
ozone O3, particulate matter PM2.5 and PM10) deposition on leaves based on concen-
tration and prevailing weather conditions, estimating removal as a flux (g/m?) derived
from multiplying dry deposition velocity (m/s) by pollutant concentration (g/m3). The
deposition velocity is computed considering aerodynamic and quasi-laminar boundary
layer and canopy resistances, with the latter being a function of stomatal, mesophyll, and
cuticular resistances [64,65]. To calculate the total pollutant removal by trees, the pollutant
flux is multiplied by the total leaf area, and average pollution removal per square meter of
tree cover is also determined.

The leaf area for each tree was subsequently determined using a regression equation
that incorporated crown height, crown diameter, and a shading factor [66]. As the founda-
tional regression equation was established for trees with crown heights between 1 and 12 m,
crown diameters from 1 to 14 m, and height-to-width ratios of 0.5 to 2; specific adjustments
were implemented for trees falling outside these limits. The ultimate estimation of leaf area
accounted for the degree of missing crown and crown dieback.

In addition to total pollutant removal, changes in the concentration of pollutants in
the air were also calculated, taking into account the boundary layer height. The initial
concentrations of pollutants and hourly meteorological data were taken from the nearest
meteorological station.

2.3.3. Runoff Retention

The i-Tree Hydro model [67] is employed to quantify the volume of precipitation
intercepted by vegetation, which subsequently reduces stormwater runoff. The model first
simulates hourly precipitation interception processes, categorizing precipitation into in-
canopy and through-canopy. This interception occurs in three stages: the first stage involves
canopy storage and evaporation until the canopy storage capacity is filled; the second stage
occurs when storage is full, leading to canopy drip while evaporation continues; and the
third stage is a drying period after precipitation ceases, where only evaporation occurs from
stored water. Precipitation that reaches the ground, either as through-canopy precipitation
or canopy drip, is then subject to further interception by impervious and pervious ground
covers under the canopy. These ground covers also undergo a three-stage process involving
depression storage, evaporation, and either overland runoff (for impervious surfaces) or
infiltration (for pervious surfaces).

To quantify the effect of vegetation, the model considers a hypothetical scenario
where the same area of interest has no vegetation cover. In this alternative scenario, all
precipitation directly impacts the ground cover. Urban areas are assumed to consist of
25.5% impervious cover and 74.5% pervious cover [68]. The precipitation interception
process for these ground covers is calculated without the initial vegetation layer. The total
annual surface runoff volume is computed for both scenarios (with and without vegetation),
and the net runoff retention is then calculated, quantifying the reduction in surface runoff
attributable to vegetation.

3. Results
3.1. Campus Surface Cover

Trees and shrubs, along with impervious building structures, represent the predom-
inant land cover types on the campus. Lawns, roads, and bare soil occupy a smaller
proportion of the area, and there are no water bodies present on the campus (Table 2).
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Betula pendula 4
Acer negundo

Tilia cordata o

Acer platancides
Pyrus communis 4
Crataegus laevigata -
Populus nigra
Fraxinus excelsior
Picea pungens 4
Quercus robur 4
Thuja occidentalis
Malus domestica
Populus alba o
Aesculus hippocastanum H
Sorbus aucuparia -
Larix sibirica -
Amelanchier ovalis §
Prunus maackii-
Ulmus laevis
Juglans mandshurica 4
Prunus padus 4

Salix alba

Syringa josikaea
Populus tremula 4
Populus balsamifera 4
Pinus sylvestris 4
Viburnum lantana
Picea ables

Pinus brutia -

Syringa vulgaris 5
Robinia pseudoacacia
Viburnum opulus

Table 2. Surface cover types of Lobachevsky University campus.

Cover Class Points % Cover = SE Area (ha) = SE
Grass/Herbaceous 13 6.57 +£1.76 0.85 £+ 0.23
Impervious Buildings 69 34.85 + 3.39 452 +0.44
Impervious Other 7 3.54 +1.34 0.46 = 0.17
Impervious Road 11 5.56 4= 1.63 072+0.21
Soil/Bare Ground 8 4.04 +£1.43 0.52 +£0.19
Tree/Shrub 90 45.45 + 3.54 5.90 + 0.46
Water 0 0.00 = 0.00 0.00 £ 0.00

Total 198 100 12.98

3.2. Vegetation Structure

The campus garden contains a total of 1887 trees (97% deciduous and 3% coniferous
trees), representing 32 different species, with an overall tree density of 145.5 stems per
hectare. The most common species is Crataegus laevigata, with 274 stems, followed by Acer
negundo and Betula pendula (Figure 2). The ten most common species collectively account
for 85.9% of the total number of trees. These species, while dominant, exhibit varying
distributions and structural characteristics across the campus landscape.

Abundance, stems dbh, cm

Height, m Crown width, m

=1

-
-
l

2‘0 4‘0 6‘0 1 b 2‘0 é 1 I0

1 [IJO 260

Figure 2. Abundance, average stem diameter at the breath height (dbh), average tree height and
average crown width for tree species of Lobachevsky University main campus. Tree species are
arranged according to total biomass.

The maximal heights were recorded for Quercus robur, Populus alba, and Populus
nigra. In contrast, Crataegus laevigata, Viburnum opulus, and Syringa joskaea, species often
classified as shrubs, exhibited minimal heights. A similar pattern was observed for both
dbh and average crown width. The maximal dbh values were recorded for Populus alba,
Populus nigra, and Quercus robur, while the minimal values were measured for Viburnum
opulus and Syringa joskaea. The maximal average crown widths were characteristic of
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3004

2004

1004

Juglans mandshurica, Quercus robur, and Populus alba, with Viburnum opulus and Robinia
pseudoacacia, which predominantly form shrubs on the campus, showing the minimal
average crown widths.

Overall, the campus garden is dominated by relatively small, shrub-like individuals. A
significant proportion of stems, 64.5%, have a dbh less than 25 cm, and 44.25% have a crown
width less than 5 m (Figure 3). Both dbh and average crown width exhibit a right-skewed
distribution, whereas the height distribution is much more symmetric, with a modal height
of 10 m and a median height of 12.3 m.

dbh, cm

Height, m Crown width, m

60 90 0 10 20 30 0 10 20

Figure 3. Distribution of stem diameter at the breath height (dbh), tree height and crown width of
trees surveyed in the Lobachevsky University main campus.

3.3. Quantification of Urban Ecosystem Services
3.3.1. Carbon Storage and Sequestration

The trees and shrubs in the campus garden store 345.37 t C, which translates to an
overall carbon storage density of 26.61 t C ha~! across the campus, and a carbon density
per canopy cover of 58.54 t C ha~!. The largest quantities of carbon are found within the
biomass of Betula pendula, Acer negundo, and Tilia cordata (Figure 4). Collectively, these three
species account for 175.89 t C, representing 50.9% of the total stored carbon.

The gross carbon sequestration by trees on campus is approximately 11.43 tons of carbon
per year (0.088 kg m~2). Betula pendula, Acer negundo, and Tilia cordata exhibit the highest se-
questration potential on campus, mirroring the species with the largest stored carbon quantities.
The average size of trees belonging to these species is much smaller than the size at which
growth typically slows down. This is the primary reason for the high carbon sequestration
potential observed in the campus trees. However, this growth pattern suggests that while
current sequestration rates are high, the long-term potential may be limited as the trees mature.
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Carbon storage, kg

Betula pendula
Acer negundo

Tilia cordata

Acer platanoides
Pyrus communis
Crataegus laevigata q
Populus nigra 4
Fraxinus excelsior -
Picea pungens
Quercus robur -
Thuja occidentalis 4
Malus domestica
Populus alba 4
Aesculus hippocastanum
Sorbus aucuparia 4
Larix sibirica -
Amelanchier ovalis 4
Prunus maackii 4
Ulmus laevis
Juglans mandshurica
Prunus padus 4

Salix alba

Syringa josikaea
Populus tremula 4
Populus balsamifera 4
Pinus sylvestris -
Viburnum lantana 4
Picea abies 4

Pinus brutia 4
Syringa vulgaris 4
Robinia pseudoacacia 4
Viburnum opulus 4

Pollution removal, kg/year

Carbon sequestration, kg/year

Runoff retention, m®
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Figure 4. Carbon storage and sequestration, overall air pollution removal and runoff retention for

tree species of Lobachevsky University main campus. Tree species are arranged according to total

carbon storage.

3.3.2. Air Pollution Removal

The total mass of pollutants deposited on leaf surfaces annually is 1213.7 kg, corre-

sponding to an overall deposition rate of 9.35 g m~2. Ozone exhibits the highest deposition

when considering both its mass and the absolute change in concentration (Figure 5). How-

ever, when evaluating the relative improvement in pollutant concentrations, particulate

matter and sulfur dioxide are deposited best. Carbon monoxide and nitrogen dioxide

demonstrate the least deposition and concentration changes.

Dry deposition, kg/year
600 4
4004
N - -
04 _ | m——
T
CO NOZ PM10 PM2 5 SO,
Concentration change, mg/m3
0.0104
o - -
0.000 4 — —
CO N02 PM10 PM2 ) SO,
Airquality improvement, %
7.54
5.0
0.04
N02

PM10 PM2.5 S0,

Figure 5. Air pollutants’ dry deposition, concentration change and air quality improvement by trees

in the Lobachevsky University main campus.
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The contribution of particular tree species to dry deposition is directly proportional to
their leaf surface area. Dry deposition is dominated by three tree species with the largest
biomass: Betula pendula, Acer negundo, and Tilia cordata (Figure 4).

3.3.3. Runoff Retention

The campus experienced a total runoff retention volume of 956.1 m? annually. Through-
out the leaf-on period, trees and shrubs collectively retained approximately 2.3% of the
total precipitation. The dominant tree species on campus, including Betula pendula, Acer pla-
tanoides, and Tilia cordata, contributed most significantly to this runoff retention (Figure 4),
accounting for 50.5% of the total.

4. Discussion

This study presents a detailed assessment of urban ecosystem services on a university
campus, based on a direct field inventory. Unlike previous methods that used general esti-
mates or remote sensing, our research uses precise data collected from individual trees. This
approach greatly improves the accuracy of our estimates for carbon storage and sequestra-
tion, air pollutant removal, and stormwater runoff retention. By providing these empirical
insights from a typical Russian urban green space, our work creates a solid foundation
for future urban ecological planning and sustainable campus management in the region,
offering a deeper and more reliable understanding of their environmental contributions.

The tree density observed at the main campus of Lobachevsky University was
145.5 stems per hectare, which is comparable to the Ege University Rectorship Garden
(167 stems per hectare [54]) and significantly higher than that of campuses at larger in-
stitutions such as Amity University, Noida (83.2 stems per hectare [52]), the University
of Georgia’s Main Campus (73 stems per hectare [51]), the University of New Zealand
(68 stems per hectare [50]), and the University of Leeds (36.3 stems per hectare [57]). This
variation in tree density among university campuses highlights the diverse approaches to
green infrastructure integration within urban academic environments, reflecting differences
in planning, available space, and ecological priorities.

Estimates of key ecosystem services were derived from tree inventory data, allowing
for comparisons with other university campuses. However, the gross volume of these
services is highly dependent on canopy cover, which is influenced by the overall cam-
pus structure. Therefore, our comparisons focus on ecosystem service densities, as the
Lobachevsky University campus is considered representative of the Upland part of Nizhny
Novgorod. This approach enables a more accurate assessment of the per-unit-area eco-
logical benefits provided by urban green infrastructure, offering valuable insights for
urban planning and environmental management within similar geographical and climatic
contexts [69].

The carbon stock density on the main campus of Lobachevsky University was
26.61t C ha~!. This is comparable to carbon stock estimates reported for the Main Campus
of the University of Georgia (36.7 t C ha—!) [51], KIWI University (24.4 t C ha~!) [50],
and the University of Leeds (13.5tC ha1) [57]. However, it is lower than the estimates
recorded for Bangalore University (54.8 t C ha~!) [49] and the Ege University Rectorship
Garden, which has a carbon stock of 89.4 t C ha™! [54].

Comparative analyses of carbon storage and sequestration rates across urban environ-
ments worldwide reveal significant variability. For instance, studies in London reported
rates of 15 t C ha—! [70], while domestic gardens in Leicester, UK, showed 31.6 t C ha=1[2].
Similarly, Atlanta recorded 35.7 t ha—!, Boston 20.3 tha~!, and Chicago 14.2 t ha=1 [71].
The relatively high carbon stock observed in the university campus vegetation can be
attributed to the high density of its trees and shrubs. Specifically, the canopy carbon density
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at Lobachevsky University campus is 58.54 t C ha~!, an estimate comparable to the total
carbon stored by urban trees across 28 cities in six U.S. states (76.9 t ha=!) [39] and the
average carbon storage in Leipzig, Germany, which stands at 68.2 t C ha~! of tree cover [72].

The annual gross carbon sequestration on the Lobachevsky University main campus
amounts to 0.088 kg m 2, which is comparable to the Ege University Rectorship Garden [54]
and the University of Georgia [51], and significantly higher than that of Chungnam National
University [56]. This rate is also consistent with sequestration levels from temperate
urban areas, including London at 0.05 kg m~2 [70], Chicago at 0.149 kg m~2, Boston at
0.168 kg m~2, New York at 0.124 kg m~2, and Philadelphia at 0.151 kg m—2 [39].

Elevated rates of carbon sequestration per hectare and enhanced carbon storage
are attributed to increased tree density and a greater prevalence of mature, larger trees.
The capacity of trees to store and sequester carbon is influenced by factors beyond mere
stem count, including their physical characteristics such as biomass, with larger trees
typically storing more carbon. Furthermore, trees in suboptimal condition exhibit reduced
sequestration rates. The substantial carbon sequestration observed on the Lobachevsky
University main campus is primarily due to the dominance of relatively young, fast-
growing tree species that have not yet reached the stage where their growth rate significantly
decelerates. This indicates a critical window for maximizing carbon benefits through
proactive management, as ongoing growth contributes substantially to carbon accumulation
rather than reaching a steady state [51].

The campus trees contribute to air purification by removing 9.35 ¢ m~2 of pollutants
annually. This gross dry deposition value aligns well with typical amounts for the USA
and Europe. For example, the median pollution removal for US cities is 10.8 g/m?/yr [63],
for London it is 10.04 g/m?/yr [70], and for Barcelona it is 9.3 g/m?/yr. However, the air
pollution removal on the Lobachevsky University main campus is significantly higher than
in Canadian cities, where the average value is 3.72 g/m?/yr [73]. While ozone showed the
greatest concentration change, particulate matter experienced the most significant air qual-
ity improvement percentage, whereas carbon monoxide showing the least improvement.
This pattern aligns with findings from similar studies in European and North American
cities [45,63,73], which also reported maximal removal for O3, SO, and PM10, and minimal
removal for CO.

Campus vegetation offers not only regulating ecosystem services but also a range of
other benefits. Specifically, the green infrastructure of campuses positively influences the
psycho-emotional state of students, facilitating the restoration of concentration, reducing
stress levels, and improving overall well-being in the context of daily life [74]. The effec-
tiveness of campus green areas in reducing symptoms of depression among students has
been demonstrated through comparisons of different types of campus spaces [75,76]. The
presence of ample greenery, water, and aesthetically pleasing visual elements contributes
to an improvement in students’ emotional state and a reduction in stress levels, which is
essential for effective adaptation to modern urban environments [77].

The university campus also provides supporting ecosystem services, integrating aca-
demic buildings, scientific laboratories, and dormitories into natural environment. The
natural component of the Lobachevsky University main campus is characterized by signifi-
cant biological diversity, including 32 species of trees and shrubs, approximately 120 species
of herbaceous plants, 25 bird species, 5 rodent species, and about 150 arthropod species.
This rich biodiversity ensures the stability of ecosystems and the overall environment. The
campus also serves as a valuable educational resource, with zoological and botanical excur-
sions conducted for students to study systematics, taxonomy, ontogenesis, and the impact
of negative urban environmental factors. These hands-on field research experiences are
particularly significant for providing crucial training in legal environmental investigations.
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Furthermore, the natural component of the campus offers cultural ecosystem services,
providing opportunities for recreation, enjoying nature, and maintaining physical and
mental health, as exposure to greenery has been shown to improve mood, reduce stress,
and support cognitive functions.

The initial comprehensive assessment of ecosystem services within the Russian Feder-
ation was conducted between 2012 and 2020, utilizing the TEEB-Russia project’s framework
which relied on publicly available statistical and cartographic data [78,79]. Regression-
correlation analysis was employed to discern relationships between ecosystem asset indi-
cators and service provision at the regional level, a method deemed appropriate for such
assessments. In 2021, an evaluation of ecosystem services in the 16 largest Russian cities
was undertaken [58,80], employing a vegetation cover inventory derived from Landsat
satellite imagery to generate normalized relative vegetation index rasters. This inventory,
however, simplified green infrastructure into three categories: tree vegetation, non-tree veg-
etation, and agricultural land, consequently yielding approximate estimates of vegetation
cover lacking species-specific and structural detail. The calculation of ecosystem services
was subsequently based on this generalized vegetation cover and averaged values from US
and Canadian cities with comparable populations and vegetation zones. This dependence
on broad generalizations from international contexts underscores a significant limitation
in the precision of early Russian urban ecosystem service assessments, emphasizing the
critical need for locally derived, detailed field inventories.

This current study addresses this gap by presenting the first detailed, field-based
assessment of ecosystem services provided by urban trees within a Russian university
campus, offering a more robust and granular understanding of their contributions. This
meticulous approach allows for a precise quantification of various ecosystem services
directly from empirical data gathered within the specific urban context of the Lobachevsky
University campus, thereby enhancing the reliability and applicability of the findings for
urban planning and environmental management in Russia [81]. This pioneering research
thereby establishes a foundational methodology for future, more widespread assessments
across Russian urban green spaces, moving beyond generalized estimations to empirically
grounded data.

Further efforts are needed to obtain a comprehensive inventory of vegetation across
large Russian cities to fully estimate ecosystem services encompassing all land use types.
However, even our current estimates, limited to the university campus, represent the first
direct assessment of ecosystem services provided by trees in Russian cities, grounded in
detailed field investigations. This work serves as a critical baseline, demonstrating the
feasibility and value of high-resolution, empirical data for understanding urban forest
contributions within a historically under-researched geographic context.

Despite the clear advantages of the methodology employed in our study, particularly
concerning the high level of detail in the initial data and the reliability of the resulting
ecosystem service assessments, several limitations persist. The primary limitation lies in
the considerable investment of time, labor, and expertise required for conducting a valid
inventory. The meticulous collection of field data by trained arborists or volunteers can be
financially prohibitive for municipalities operating with constrained budgets. Furthermore,
extending this inventory-based approach to an entire city inevitably presents plot-based
extrapolation challenges; an insufficiently dense or poorly distributed sampling network
risks overlooking significant local variations within the urban forest. Another constraint
stems from the i-Tree Eco toolkit’s exclusive focus on regulating ecosystem services. Con-
sequently, alternative approaches are necessary for evaluating cultural, environmental,
and supporting ecosystem services, all of which are crucial for sustainable urban develop-
ment. Additionally, the precision of ecosystem service estimations within i-Tree Eco can
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be compromised by prolonged climatic variations, disturbances, and inaccuracies in mea-
suring tree size and species-specific traits, such as dbh, tree height and canopy cover [82].
Moreover, while i-Tree Eco is a robust analytical instrument, its original design for US
case studies mandates meticulous adaptation of climate regions and species databases for
accurate application in non-US contexts, such as Russia.

Nevertheless, the detailed and reliable insights generated by this approach are pre-
cisely what is needed to address critical gaps in urban green infrastructure management,
especially within the Russian context. Recent sector legislation has designated Russian
municipalities as the primary custodians of urban greenery. Yet, these municipalities often
grapple with insufficient funding, limited staff, and the unique challenges of managing
historic, densely built-up urban centers, where planning and executing effective green
interventions is exceptionally difficult. Consequently, local administrators urgently require
practical, transparent decision-making tools to evaluate and compare design alternatives
for their green infrastructure.

This study addresses this need by applying an established methodology to quantify
the ecosystem services provided by urban trees on the Lobachevsky University campus in
Nizhny Novgorod. The choice of a university campus as a case study is strategic; it serves
as a controlled, manageable model that mirrors the complexities of the wider city while
functioning as a demonstrative site for innovation. While this research does not develop a
new evaluation tool, its primary contribution lies in translating quantitative results into
actionable intelligence for planners and policymakers. The findings are designed to actively
help in making practical choices by:

e Informing strategies for tree maintenance and renewal, by identifying high-performing
zones and specimens that are critical to preserving ecosystem service benefits.

e  Guiding future species selection to maximize specific ecosystem services (e.g., carbon
sequestration, air purification, shading) based on comparative data.

e  Supporting the integration of green infrastructure into broader urban development
plans by providing a replicable framework and tangible evidence of the economic and
well-being returns on investment.

By delivering clear and transparent estimates, this work provides a replicable frame-
work for more competent urban forestry management. Ultimately, this study aims to bolster
the awareness among decision-makers that investing in and effectively managing urban
forests yields tangible well-being and economic benefits, on par with investments in other
productive sectors [83].

5. Conclusions

This study provides a quantitative assessment of ecosystem services within the Na-
tional Research Lobachevsky State University of Nizhny Novgorod Campus. By calculat-
ing and mapping these services through a detailed field-inventory-based approach, our
research offers a robust framework for informed urban green space management, demon-
strating the campus’s significant contributions to carbon storage and sequestration, air
purification, and runoff retention. This work underscores the critical role of university
campuses as vital green infrastructure nodes, highlighting their capacity for long-term
carbon sequestration and the importance of fostering a deeper understanding of urban
green areas’ multifaceted roles in densely built-up environments. Quantifying ecosystem
services, as demonstrated here, is a critical step for unlocking their full potential and
guiding sustainable management decisions at both university and municipal levels.
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The findings of this study directly contribute to the global effort of achieving the
UN'’s Sustainable Development Goals, extending beyond the local context. Specifically, this
research provides a practical pathway towards:

e SDG 11 (Sustainable Cities and Communities): Through documented ecosystem
services like air purification and runoff retention, fundamental for enhancing urban
resilience and making cities more inclusive, safe, and sustainable.

e  SDG 13 (Climate Action): Via the significant role of the campus’s urban forest in carbon
storage and sequestration, representing a tangible NBS for climate change mitigation.

e  SDG 3 (Good Health and Well-being): By improving air quality and providing aesthetic
and recreational spaces, the campus’s green infrastructure directly contributes to
ensuring healthy lives and promoting well-being.

Thus, the methodological approach and evidence presented in this study offer a
replicable model for aligning local urban greening strategies with the overarching targets
of the UN Agenda 2030. An integrated, systematic approach is required to ensure the
optimal provision of these services, amplifying the environmental, aesthetic, recreational,
and economic benefits for urban residents [30,84].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1and14102073 /51, Inventory: tree-level vegetation inventory of the
Lobachevsky State University of Nizhny Novgorod Campus.
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Appendix A

Figure Al. Overview of the National Research Lobachevsky State University of Nizhny Novgorod
Campus. This set of photographs illustrates the spatial context and the diverse character of the urban
green infrastructure within the campus.
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