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Keywords: Urban trees represent a key nature-based solution and an essential component of green infrastructure, providing
Urban forest multiple ecosystem services but increasingly subjected to environmental stressors. We present a dynamic,
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mechanistic, and individual-based model designed to simulate growth of urban trees and associated ecosystem
services supply under varying climate conditions. The model is modular, runs at daily temporal resolution and
incorporates key biological processes including photosynthesis, water limitation and biomass allocation. It
simulates single-tree growth and quantifies ecosystem services, e.g., carbon sequestration, air filtration, local
climate regulation, using species-specific parameters and climate forcing. The model was calibrated and tested in
a pilot application in Milan, simulating long-term growth of three common broadleaved species (Platanus x
acerifolia, Populus nigra and Robinia pseudoacacia) across different planting ages and climate scenarios. This
approach advances urban tree modelling by combining individual-based daily simulation of mechanistic pro-
cesses with operational calibration using standard inventory data. A multi-objective calibration was used to fit
stem diameter and crown width, and sensitivity analyses assessed parameter robustness and uncertainty prop-
agation. Results show realistic growth trajectories with clear species-age contrasts. Tree growth declines under
stronger climate forcing, and ecosystem service provision scales non-linearly with age, with mature trees
providing substantially greater benefits. Carbon sequestration and air filtration decrease under extreme sce-
narios, whereas local climate regulation exhibits a compensatory response: lower productivity is offset by higher
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evaporative demand, yielding stable or slightly increased evapotranspiration-based cooling. Thus, the model
provides a novel tool to support urban forestry planning, species selection, and long-term service assessment.

1. Introduction

Urban areas are increasingly exposed to environmental challenges
driven by climate change, including intensified heat waves, altered
precipitation patterns, and degraded air quality (Cheval et al., 2024;
Intergovernmental Panel on Climate Change, 2023). In this context,
urban greening has emerged as a critical action to locally mitigate some
of these impacts by regulating microclimate, enhancing air filtration,
and improving stormwater retention (Babi Almenar et al., 2021; Ernst
et al., 2022; Pugh et al., 2012). These positive outcomes are often
referred to as ecosystem services (ES). Among the different components
of urban greening, trees play a central role: due to their size, structure,
and longevity, they provide disproportionate levels of ES compared to
other vegetated features, and act as long-term regulators of urban
environmental quality (Pataki et al., 2021; Pearlmutter et al., 2017).
However, in order to quantify and plan for these services, especially
under uncertain future conditions, it is essential to model the dynamics
of tree growth, as it directly determines the capacity of trees to deliver
ES over time (Elliot et al., 2019; Rotzer et al., 2021). Accurate dynamic
modelling must explicitly consider both the spatial and temporal di-
mensions of tree-environment interactions to reliably simulate ES pro-
vision (Franklin et al., 2012; Moustakas et al., 2019).

Regarding the spatial dimension, working at a sufficiently detailed
resolution is essential when modelling urban trees. Often, urban trees
are planted as isolated individuals or organized in linear formations (e.
g., along streets or in small green patches) rather than in large contin-
uous stands. In these settings, using coarse spatial grids becomes prob-
lematic because they fail to capture the heterogeneity of urban land
cover, typically a fine-grained mosaic of impervious surfaces, vegetation
patches, and built structures (Boehnke et al., 2022). While grid-based
models offer advantages in terms of spatial exhaustiveness and
simplicity, they assume internal homogeneity within each grid cell,
which limits their accuracy when applied to spatially complex condi-
tions (Seidl et al., 2012). To overcome this, an individual-based
modelling approach may offer a more suitable alternative. It permits a
more accurate representation of spatial heterogeneity, species-specific
traits, localized disturbances, and site-specific management, making it
a particularly effective approach in dense and fragmented urban envi-
ronments (Lin et al., 2019).

Regarding the temporal dimension, it is important to work at the
proper time resolution since different ecological processes operate over
distinct time scales (Almeida and Sands, 2016). For example, photo-
synthesis and evapotranspiration vary on an hourly basis in response to
meteorological conditions, while biomass accumulation, leaf phenology,
or carbon storage change more gradually over longer time scales.
Selecting an appropriate time step for each process is therefore critical to
maintain model realism, ensure sensitivity to environmental variability
and thus ES provision (Duarte Rocha et al., 2022; Rau et al., 2020).
Assuming that trees are static over time can lead to significant inac-
curacies, especially when assessing their performance under non-
stationary environmental conditions, such as those caused by climate
change. In particular, static models risk underestimating or mis-
representing temporal variations in ecosystem service delivery, such as
carbon sequestration capacity or microclimate regulation over time. For
instance, coarse temporal resolution can obscure the effects of extreme
events, e.g., heatwaves and droughts, which often occur over short
timescales but have disproportionately large impacts on tree physiology
and service delivery (Cregg and Dix, 2001; Teskey et al., 2015). Simi-
larly, long-term trends such as urban warming, increasing aridity, or
altered seasonal dynamics cannot be captured without modelling
growth as a dynamic and time-dependent process (Eickenscheidt et al.,

2019; Esperon-Rodriguez et al., 2025). Therefore, to effectively support
the planning of urban greening under future climate scenarios, tree
models should be structured to operate at high temporal resolution, to
accurately simulate processes driven by radiation, temperature, and
water availability.

Several models have been developed in recent years to estimate ES
provided by urban trees and to simulate their growth under different
conditions. These include widely used tools such as i-Tree (https://
www.itreetools.org), which offers robust estimates of ES based on
empirical inventories, as well as more spatially explicit frameworks like
InVEST (https://naturalcapitalproject.stanford.edu/software/invest),
which incorporate land use data and simplified vegetation modules.
While these tools have greatly contributed to the operationalization of
urban ES assessments, they are typically static or rely on average allo-
metric relationships, which limit their responsiveness to dynamic factors
such as extreme weather events, long-term climatic shifts or changes in
management. Beyond these mainstream tools, a few process-based or
hybrid models are emerging that seek to incorporate more environ-
mental dynamism into the modelling of urban vegetation and their ES
supply. Among the more recent modelling efforts, CityTree (Rotzer et al.,
2019) represents an important step toward individual-based, process-
oriented simulations of urban trees. It integrates photosynthesis, water
balance, and stomatal regulation, allowing hourly resolution of tran-
spiration and growth processes. Despite the many advanced features, the
tree's annual growth dynamic is a priori fixed, and thus the model is less
responsive to climate change. A related model by Rotzer et al. (2021)
focuses on interspecific variability in water use and drought response
across different urban tree species, highlighting the role of physiological
traits in ES delivery under stress. UrbanTree (Tams et al., 2023) builds on
these foundations to simulate evapotranspiration and water stress dy-
namics in urban environments, considering the effects of shading and
local microclimate on tree function. While it provides high temporal
resolution, it does not include a dynamic growth component. In parallel,
the model proposed by Babi Almenar et al. (2023) adopts a system dy-
namics approach to simulate the long-term evolution of urban trees and
their ES supply, incorporating processes such as tree mortality, which is
influenced by species drought tolerance, site conditions, and vegetation
management. These models mark significant progress in urban tree
modelling, yet they remain limited in their capability to deal with future
climate scenarios. This highlights that there is still the need for inte-
grated, modular, and climate-sensitive models tailored specifically to
the complexity of urban forestry.

This paper presents a novel model, DynaTree, that adopts a mecha-
nistic, dynamic, and individual-based approach to simulate the growth
of urban trees and their provision of ES. The aim is addressed through
three specific objectives:

i. to develop the conceptual and mathematical scheme of the
model;

ii. to adapt the model to Milan, as a pilot case study, including
calibration for three tree species and sensitivity analysis of key
model parameters;

iii. to apply the model to assess the responses of the selected tree
species across different planting ages and climate scenarios.

DynaTree is termed mechanistic because it represents the causal
processes driving tree growth and ES supply, thereby avoiding exclusive
reliance on empirical or statistical correlations. This approach enables
the simulation of future conditions, such as those projected under
climate change scenarios, without extrapolating beyond the domain of
known data. The model is designed to offer a robust yet interpretable
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representation of key biophysical processes, to understand how tree
growth and ES supply respond to environmental changes over time. It is
also developed to be accessible, ensuring simple interpretation and use
by both expert modellers and practitioners in forestry, urban planning,
and related fields.

2. Methods
2.1. Model description

As visually sketched in Fig. 1, DynaTree is composed of a main core
(Tree Biophysical Processes), which is informed by the inputs, and
subsequently allows the calculation of ES in the dedicated module. This
scheme reflects the logic of the ES cascade frameworks and the SEEA-EA
accounting structure (United Nations et al., 2021). According to these
frameworks, in order to monitor and measure the provision of ES, it is
first necessary to model or gather data on the ecosystems' biophysical
structure, along with the underlying ecological processes and functions
producing the services. Only after these steps have been accomplished
can the supply of ES be estimated.

The model is informed by abiotic input data, specifically meteoro-
logical and pollution time-series. For the calibration processes and for
initializing the simulations, tree and soil data are also needed, such as
the tree diameter at breast height (DBH), crown diameter (CD), tree age
and species.

The Tree Biophysical Processes core describes the processes related
to the growth of a single plant, and it is composed of four modules:
photosynthesis, carbon allocation and biomass growth, hydrological
balance and tree morphology. This last module does not represent a
process-based module in itself; rather, it describes how the tree biomass
is distributed through time in each of the four model state variables:
Leaves L(t), Branches B(t), Stem S(t), and Roots R(t). This splitting into
multiple variables permits, for example, to model the biomass of leaves
as linked to, yet separated from, the ligneous part or the tree, and thus to
better describe the aboveground size of the tree, which is measured in
terms of biomass of branches and stem.
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DynaTree is complemented by an ES module, which takes as inputs,
together with the values of other parameters, also the values of the state
variables computed through time t by the equations of the Tree Bio-
physical Processes core. It comprehends different independently calcu-
lated ES, which can be added, activated and deactivated depending on
the specific objectives of the analysis and the availability of data.

The model was coded in R, making use of basic libraries, such as
tidyverse. The only package used for a specific function and purpose has
been mco for applying the model calibration, making use of NSGA-II
genetic algorithm.

2.1.1. Photosynthesis

The first module simulates tree photosynthesis, the primary driver of
biomass accumulation and energy input into the system. Rather than
describing photosynthesis at the biochemical level, DynaTree adopts a
simplified, yet well-established, empirically informed formulation that
relates productivity to canopy surface and environmental constraints
(Bahrami et al., 2022; Running et al., 2000; Zhang et al., 2015b),
through the equation:

NPP = ¢net*CA*r]env

where the net primary productivity NPP [kg./day] is estimated via the
product of the specific net photosynthetic rate ¢,,, [kgc/day/m?], the
crown area CA [m?], and a reduction factor #,,, [—] capturing envi-
ronmentally induced limitations on potential productivity of the tree.
Ideally, #,,, can depend on various environmental conditions (Pei et al.,
2022), but, to minimize complexity, we assume dependence on water
availability only, since it has been recognized to be the major limiting
factor for tree growth in urban settings (Clark and Kjelgren, 1990; Dale
and Frank, 2022). The quantitative methods used to describe 7,,,, as well
as to assess the crown area CA, are described respectively in Sections
2.1.4 and 2.1.3. As for ¢,,, we calculate it as proportional, through
various efficiency factors, to the incoming solar radiation Rad
[MJphotons/m?]. The specific units employed here, while not always
consistent with the standard one, were deliberately chosen here to

Tree Biophysical Processes

Photosynthesis

ES
Inputs
Climate: @ L o _ Carbon.
. Radiation 3 sequestration
o
: ';empg;a;c:re Allocation -g_ B
recipitation > and B ——— Air filtration
Growth = S
Pollution: py
U PM10 Ig R Local climate
regulation
Hydrological -< >
balance
A

Fig. 1. Schematic structure of the DynaTree model. Inputs (e.g., climate, pollution) feed into the Tree Biophysical Processes core, which simulates photosynthesis,
carbon allocation and organs' growth, hydrological balance, and tree morphology (by splitting the tree biomass into leaves, branches, stem, and roots). Outputs from
this inform models for ecosystem services (e.g., carbon sequestration, air filtration, local climate regulation), which can be activated as needed.



D. Stucchi et al.

maintain a direct consistency with the foundational literature cited,
which is the most prominent in carbon allocation and light use efficiency
modelling. Using the Beer-Lambert law, under the assumptions that both
leaves and crown act as homogeneous media, as in Landsberg and
Waring (1997), we set:

¢net = ”net*¢gn)xx

(/Jgross = '7LAI*’1LUE*PAR

Nar = 1— e—kg*LAI

PAR = 1, *Rad

where 7,,, represents the net efficiency of primary production, whose

value is assumed equal to 0.45 [ — | (Landsberg and Waring, 1997), hgross

is the specific gross primary productivity [kg./day/m?]. PAR represents
the photosynthetic active radiation [MJpoons/m?], while 5., is the
canopy radiation extinction term (Forrester, 2014; Natr and Lawlor,
2005), an adimensional factor [ — | dependent on leaf area index LAI | — |
in an increasing yet saturating way. The light extinction coefficient
regulating saturation k; [ — | is an empirical parameter whose value is
usually set in the range 0.4-0.7 (Natr and Lawlor, 2005; Smith, 1993)
and calibrated in this study using data from Milan (see Section 2.2). 1 yg
is the light use efficiency [kg;/MJphowons|, and its value is set to 0.0036, as
derived from the value of 0.063 [molc/molyens] found in tree traits
database TryDB (Kattge et al., 2020) (Table S1, Supplementary mate-
rial). Lastly, 77,5 is the fraction of radiation usable by the tree, equal to
0.5 [ — ] (Landsberg and Waring, 1997).

2.1.2. Allocation and growth

The second module governs biomass allocation and loss, providing a
simplified representation of how NPP is dynamically distributed across
tree compartments. The structure of this module is based on a set of
differential equations describing biomass accumulation and depletion
over time in each relevant tree compartment i, elaborated from those
presented in Bevacqua et al. (2021):

% = NPP*¢; — I, *L(t)
% = NPP¥eg — I5*B(t)
% = NPP¥es —I5*S(t)
% = NPP*eg — Iz *R(t)

The dimensionless parameter ¢; represents the allocation of NPP to
the compartment i (as detailed below) while the parameter [; [1/day] is
the compartment-dependent decay rate regulating the biomass loss that
accounts for the reduction of biomass in the tree compartment i. The
energy entering through photosynthetic carbon uptake in the system via
NPP is dynamically allocated to each compartment (L, B, S and R) and
leaves the system proportional to the stock of biomass in the compart-
ment. The allocation coefficients ¢; are dimensionless and defined as
follows:

€L =a
eg=(1—a)*(1—epg)* (1 —esp)
€s = (1 —a)*(l — 636)*65_3

er = (1 —a)*ep

The parameter a regulates seasonal energy allocation to leaves. As no
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clear references exist, we adopted a simplified formulation to approxi-
mate the natural dynamics of broadleaved deciduous trees. A low
baseline (a = 0.01) is assumed for the most of the year, increasing in
spring (@ = 0.5) to mimic budburst and then declining, capturing the
essential phenological pattern. The timing is determined by a budburst
function based on temperature accumulation (Malyshev et al., 2024;
Murray et al., 1989; Prentice et al., 1992), further explained in Sup-
plementary material, Appendix A. The belowground allocation coef-
ficient epg can vary between 0.23 and 0.8 depending on tree stress level,
as reported by Landsberg and Waring (1997). For Milan, we estimated
an average value of 0.3 under typical annual conditions, which was
adopted as the fixed coefficient in the model. The parameter governing
the allocation split between stem and branches ez, cannot be directly
derived from equivalents available in the literature. However, reported
stem-to-branch biomass ratios typically range from 2.5 to 3.5 (He et al.,
2023; Martin et al., 1998). The parameter was thus not directly fixed but
empirically calibrated, constraining it between 0 and 1 (as it represents
the fraction of biomass allocated to each compartment), so that the
resulting model outputs respected stem-to-branch biomass ratios range
during the calibration phase.

The loss coefficient [ varies by compartment. For leaves, [; includes a
baseline of 0.1% per day (Meier et al., 2006), representing a minimal
continuous loss. For temperate deciduous species, [; is increased in
autumn to simulate leaf fall, reducing leaf biomass to near-zero (full
details in Supplementary material, Appendix A). For stem and branches,
no robust values of loss coefficient were found in the literature; thus, the
loss coefficients Is and Iz were calibrated (as visible in Section 2.2).
Instead, for roots, the turnover coefficient [z was set to five times the
value of [s, based on internal model consistency and intermediate vali-
dation tests. Although this represents a simplification, it is justified
because root biomass does not directly affect tree growth in the current
model.

2.1.3. Tree morphology

This module consists of equations that translate the internal biomass
dynamics into morphological attributes. These attributes are indeed
essential to link physiological processes with ES supply, as they mediate,
for example, light interception or pollutant filtering capacity. The
identified relationships are species-specific and are derived either from
geometric assumptions based on tree morphology or from allometric
functions.

The calculation of the crown projected area, abbreviated as CPA and
measured in [m?], is based on the relationship between branch biomass
(B) and crown extension. Following empirical studies on tree architec-
ture (Drew and Flewelling, 1977; Kuuluvainen, 1991), we use the clas-
sical power-law formulation with a 2/3 exponent:

CPA — k,*B%/3

where k; is a species-specific parameter calibrated so as to best fit
available data.

To obtain the crown area CA, we can multiply CPA by a form factor
(ff) that accounts for the species-specific crown shape:

CA = CPA*ff

Crown shapes used in this study were classified as expanded, round,
oval, pyramidal or fastigiate following an Italian urban tree catalog
(https://ambiente.regione.emilia-romagna.it/it/radiciperilfuturoer/a
Iberi-per-la-citta), assigning the following form factor values: 1 for
round and expanded crowns, 1.25 for oval and pyramidal shaped
crowns, and 1.5 for fastigiate crowns. CPA is typically assumed to be
circular, thus, the crown diameter CD is estimated as the diameter of a
circle with area equal to CPA.

Leaf area LA [m?] and leaf area index LAI [—] are respectively
calculated as:
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LA = L*SLA
LAI = LA/CPA

in which SLA refers to the specific leaf area, measured in m? /kgy, maers
sourced from TryDB database (Kattge et al., 2020) with the values
available in Table S2 (Supplementary material). SLA values are then
converted from dry matter to carbon-based units using a fixed ratio of 2
k4ry matter-/k8¢ (De Vries et al., 2006; Keith et al., 2009). LAI maximum
value is then set to 5 (Kimm and Ryu, 2015; Moser-Reischl et al., 2025),
to ensure reasonable values and prevent overestimation of light
interception.

Above-ground biomass (AGB) is considered to be equal to S+ B, to
account only for the woody compartments. Diameter at breast height
(DBH) is estimated from the following literature-derived allometric
equations (Annighofer et al., 2012; Fortier et al., 2017; McPhearson
et al., 2013):

AGB = aDBH"
DBH = a ¥ AGB®"

where parameters a and b are derived from literature and their values
are reported in Table S3 of Supplementary material. Even though the
overarching conceptual framework of the model aims to minimize the
reliance on empirical equations, allometric functions are employed here
as a bridge to translate biomass into measurable structural dimensions of
the tree.

2.1.4. Hydrological balance

This module quantifies the water availability in the soil so as to set
one of the most important abiotic conditions that determine whether the
tree is growing under optimal conditions or experiencing heavy stress
due to water scarcity.

The soil water dynamic is here described through a simplified hy-
drological balance equation:
% = Prec(t) — Int(t) — Run(t) — ETa(t) + Irr(t)
where W(t) is the water level at time t [mm]|, Prec is the precipitation
[mm/day] directly derived from data, Int is the interception [mm/day|,
Run is the runoff [mm/day], ETa is the actual evapotranspiration
[mm/day] and Irr is the irrigation [mm/day]. Irr can be manually changed
to represent the management option adopted for the tree. Int is calcu-
lated as a fixed percentage p; of Prec, and in the same way, Run is a fixed
percentage py of the precipitation remaining after interception. For
simplicity, both p; and p, are set to 10%, providing a consistent
approximation of water availability for the tree. Although these fixed
values underestimate some reported in literature (Cai et al., 2024; Xiao
and McPherson, 2011; Zabret and Sraj, 2019), they provide a consistent
and simple approximation of water availability for the tree. When the
water level W exceeds the total available water TAW, its level is set back
to TAW (further explained in Supplementary material, Appendix A). In
general, this approach was taken to maintain model simplicity, as the
goal is not to simulate detailed soil hydrology but to approximate the
water available for the tree.

ETa is calculated as described in the Crop Evapotranspiration
Guidelines of FAO (Allen et al., 1998) as:

ETa = ETp*Kc*Ks(W)

in which ETp is the potential evapotranspiration [mm/day], Kc is the crop
coefficient [—] and Ks is the water stress coefficient [—] that is
dependent on the water in soil W. More precisely, ETp is calculated
according to the Hargreaves-Samani method (Hargreaves and Samani,
1985); Kc is dynamically described in the same way as 77, as described
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also in Chapter 9 of FAO Guidelines (Allen et al., 1998).
Ks is instead the reduction of the evapotranspiration dependent on
water scarcity (Allen et al., 1998) and is calculated as:

1, W > RAW

Ks =
w

- <

TAW — RAW’ W< RAW
in which TAW is in [mm], and RAW readily available water [mm], which
is the portion of TAW in which the water is free to move and so to be
uptake by the plant (Supplementary material, Appendix A). The stress
coefficient Ks is then directly used to compute the environmental
modifier of photosynthesis #,,,. This means that the photosynthetic rate
decreases linearly from optimal (7,,, = Ks = 1) to null (#,,, = Ks = 0) as
water availability drops below critical thresholds.

2.1.5. Ecosystem services

The ES module, which can in principle account for various other
services, is composed here of the following three ES: Carbon Seques-
tration, Air Filtration, and Local Climate Regulation. These were
selected due to their primary relevance in enhancing urban livability
and in contrasting and mitigating climate change (Babi Almenar et al.,
2021; Castellar et al., 2021; Li et al., 2025). Each ES sub-module is
directly fed by variables computed through time to account for bio-
physical processes of the tree, with outputs aggregated over time
whenever needed.

Carbon Sequestration is estimated as a direct function of NPP,
expressed in kg./day. The total carbon sequestered from the atmosphere
is obtained by simply integrating NPP over the simulation period of
interest.

For Air Filtration, the model only considers dry deposition of PM,
which can be calculated according to the resistance analogy method for
PMio (Manes et al., 2016; Nowak, 1994). The formula used here is
derived from the formulation of Babi Almenar et al. (2023):

PMio fierea = 0.5* VA*LA*PM10*1,,,¥10~°

where PMj fiered is the flux of PM;o deposited on leaves in kgpy,, /s, Vd is
the deposition velocity [m/s], PMi, is the concentration of particulate
[#8pp,,/m3] and 1, is a boolean factor to skip wet deposition during
rainy days (e.g., those when precipitation is above 1 mm). As for Vd is
parameterized here as in Yang et al. (2005):

Vd = max(0.0014,0.0064LAI/6)

Local Climate Regulation is defined as proportional to the actual
evapotranspiration of trees, through factors that convert the amount of
evapotranspirated water into kilowatt-hours (kWh) of energy-
equivalent cooling (Babi Almenar et al., 2023; Moss et al., 2019).
Following the amending EU Regulation on environmental economic
accounts (European Union, 2024), to account for days in which local
climate regulation is relevant, the maximum temperature must be above
25 degrees. To convert evapotranspiration values into energy savings,
defined in kWh, the following formula is used:

Local Climate Regulation = A*ET,*CPA*0.2778*(1.5/35)
2 =2501—(2.361*10 **Tpeqn)

where 1 represents the latent heat of evaporation [MJ/kg], which varies
with the mean daily temperature (Tpean). The factor 0.2778 is the con-
version factor from megajoules to kilowatt-hours, while the ratio 1.5/35
reflects the coefficient of performance of the reference air conditioning
system, indicating that 1.5 kWh of electricity is required to provide 35
kWh of cooling. This air conditioning performance reference is consis-
tent with the one used in Moss et al. (2019), and should be progressively
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aligned with the efficiency of man-made cooling systems.
2.2. Calibration and sensitivity analysis

The parameters subject to calibration were those lacking reliable
literature values or considered to be largely empirical:

e ki: the correlation factor between B and CPA;

e ky: the light extinction coefficient;

e Ig: the stem biomass loss;

e [3: the branch biomass loss;

e ¢gp: the mass allocation coefficient between branches and stem.

The calibration process was performed using the data obtained from
the Open Data portal of the Municipality of Milan (Comune di Milano,
2023) (further explained in Supplementary material, Appendix B),
precisely on DBH and CD values.

To smooth out gaps in the annual age distribution of trees, we
grouped tree data for both DBH and CD into 5-year age classes, starting
from 3-year-old trees [3-7, 8-12, ...]. For each class, the third quartile
(Q3) was taken as a representative value. Although the median would
better represent the average tree in the urban setting, the third quartile
was selected to characterize an above-average, healthy growth rate for
model calibration, acknowledging that real-world growth conditions
may result in reduced performance. Calibration of the unknown pa-
rameters was then conducted using the genetic algorithm NSGA-II (Deb
et al., 2002), to simultaneously minimize two objective functions,
namely the mean square error between the model predictions and the
third quartiles for both DBH and CD. In order to assess whether the
properly calibrated model had an acceptable predictive capability, we
halved the original dataset into two subsets: a calibration subset (with
50% of the data) and a validation subset (with the remaining 50%). This
splitting of the dataset into equivalent portions was implemented as a
standard procedure to ensure both sufficient data for robust parameter
estimation and a large, independent sample size for reliable model
validation.

Since the calibration is multi-objective, its outcome will not be a
vector of optimal parameter values. Instead, it yields a set of solution
vectors constituting the so-called Pareto frontier in the two-dimensional
objective space. To evaluate model robustness, we considered all Pareto-
optimal solutions during the calibration analysis, which allowed us to
assess the range of plausible parameter combinations. For the pilot
application across the three climate scenarios, however, we selected a
single solution for each species corresponding to the utopia point (i.e., the
point on the Pareto frontier closest to the origin) representing the best
compromise between the two calibration objectives. This solution was
then used in all subsequent simulations.

To evaluate the sensitivity of DynaTree to parameter variation, we
performed a one-at-a-time (OAT) sensitivity analysis (Saltelli, 2008) on
the five calibrated parameters: k1, ks, ls, [ and eg g. All parameters were
individually perturbed by +20% around their calibrated values
(Haghnegahdar and Razavi, 2017). During the sensitivity analysis, all
the other parameters were held constant at their resulting optimal
values. The ultimate goal of these perturbations was to assess how
variations and/or possible uncertainties in each parameter may influ-
ence the model's predictions of tree growth, specifically on DBH and CD.

For each parameter perturbation, the resulting tree growth trajec-
tories were plotted and compared against the baseline simulation, so as
to visually compare which parameter variations most strongly influence
model outcomes and whether the system behaves robustly under plau-
sible uncertainty.

2.3. Case study and climate change scenarios

The city of Milan was selected as a case study. From the tree data of
Milan dataset (Supplementary material, Appendix B), we selected three
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of the most common tree species in the city for a pilot application of the
model: Platanus x acerifolia, Populus nigra and Robinia pseudoacacia.
These species were also chosen for their differences in growth rate and in
their biogeographic status, i.e., whether their presence is considered
native or alien. Populus nigra is autochthonous in Milan, Platanus x
acerifolia is a man-made hybrid naturalized in the city, and Robinia
pseudoacacia is an invasive species.

To assess DynaTree's performance for the next 25 years (i.e.,
2025-2049) under different climatic conditions, we selected three
climate scenarios that represent contrasting future trajectories: a his-
torical baseline (i.e., the BAU scenario), the very stringent pathway to
mitigate emissions (RCP 2.6 mitigation scenario), and the worst-case
pathway (RCP 8.5 high-emission scenario). These scenarios were cho-
sen to explore a wide range of possible future climates, from low-impact
to extreme warming conditions, and to test the model's sensitivity and
suitability for projecting urban tree growth and ES supply beyond his-
torical baselines. The BAU scenario serves both as a reference and as a
calibration baseline, while RCP 2.6 and RCP 8.5 provide distinct,
somewhat opposite alternatives for evaluating the potential impacts of
climate change on urban tree performance over time under two very
different development hypotheses. The meteorological data were
sourced from the CORDEX regional climate model ensemble
(Copernicus Climate Change Service, 2019). For the specification, see
Supplementary material, Appendix C.

As for air pollution, PM;( concentration data were retrieved from an
ARPA Lombardia monitoring station in Milan (ARPA Lombardia, 2024),
which provided 10 years of daily measurements (2011—-2020). Based on
these records, we generated a synthetic daily time series with equivalent
statistical properties, extended to match the full simulation period
required by the model (Supplementary material, Appendix C). For future
scenarios, PM1o concentrations were held constant at this baseline level.
This assumption is made because future pollution levels are strongly
governed by socioeconomic and policy pathways, the projection of
which falls outside the biophysical focus of this study. Holding con-
centrations constant isolates the effects of climate change on tree growth
and ecosystem service provision. Furthermore, reliable, high-resolution
future projections of PM1o for urban-scale applications are not readily
available.

Using the calibrated parameter sets, we simulated the growth of each
species starting from initial ages of 5, 10, and 20 years for the 25-year
period under all three climate scenarios. These simulations allow us to
explore how tree growth and ecosystem service provision evolve over
time under different environmental conditions, reflecting both species-
specific traits and the effects of climate forcing. By including multiple
starting ages, the model captures differences in growth trajectories and
ES delivery across life stages, providing insights for urban forest plan-
ning, maintenance strategies, and long-term management of ecosystem
services in Milan.

3. Results
3.1. Calibration and sensitivity analysis

The calibration procedure identified a two-dimensional set of Pareto-
optimal solutions that minimize the combined error in predicting DBH
and CD of the tree database for Milan. This multi-objective approach was
necessary because optimizing the fit for one metric often leads to a
degraded fit for the other, reflecting the trade-offs in resource allocation.
Fig. 2 shows the resulting optimal trade-offs (top row) for Platanus x
acerifolia, Populus nigra and Robinia pseudoacacia, along with the simu-
lated growth trajectories of DBH (second row) and CD (third row)
associated with the selected parameter set. Each point of the Pareto
frontier corresponds to a unique combination of parameters, revealing
how the improvement of one objective results in compromising perfor-
mance in the other.

The Pareto frontiers in the top row of Fig. 2 show DBH and CD errors,
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Fig. 2. Calibration of DynaTree model on tree data of the Municipality of Milan, with reference to the three species (a. Platanus x acerifolia, b. Populus nigra, c. Robinia
pseudoacacia). Top row: Pareto frontiers showing the trade-off between DBH and crown diameter error for each species; error values refer to average squared de-
viations in standardized units; the blue dot indicates the selected optimal solution to perform simulations in the other panels. Middle and bottom rows: Simulated
DBH and CD growth curves (blue lines) for the reference parameter set, contrasted to the empirical values in the dataset grouped by age class (black dots, median +
IQR). Shaded areas represent the range of model trajectories within the Pareto set parameter variation.

expressed as average squared deviations in standardized units, i.e., er-
rors are normalized by the variance of observed values. They highlight
distinct calibration patterns across species: Platanus x acerifolia and
Populus nigra display broadly similar frontier shapes, with comparable
ranges of DBH and CD errors, and a utopia point with similar values of
0.1. In contrast, Robinia pseudoacacia shows a much more compact
frontier, with errors of nearly an order of magnitude lower and far less
dispersed, particularly for the DBH error. This suggests both a better
overall model fit and a reduced variability in the data used for calibra-
tion. The tighter clustering of points could be attributed to a more ho-
mogeneous growth behavior of Robinia individuals.

In terms of fit, the second and third rows in Fig. 2 reveal that for
Platanus there is a general good agreement between the model and the
empirical data. For DBH, there is a slight tendency to overestimate
values in later life stages of the plant, while for CD, the fit is a bit less
precise, partly because of the high variability and irregular distribution
of the empirical data, which may reflect limitations in measurement or
inconsistencies in data quality. Populus displays a very good fit for DBH

throughout the tree lifespan, with model predictions closely tracking
observed values. For CD data, the model captures the general trend with
the sole tendency to underestimate crown size for older individuals. This
may reflect higher uncertainty in the observed values, likely due to the
visual estimation method used by different trained operators in early age
classes, which is inherently more subjective than DBH measurements.
Robinia stands out for the overall quality of fit. Both DBH and CD are well
captured by DynaTree, resulting in the lowest Normalized Root Mean
Squared Error (RMSE,,m) of the three species. This strong agreement
reinforces the idea that Robinia's growth pattern is more consistent
across individuals and better aligned with the model's structural
assumptions.

Overall, the calibration results confirm that DynaTree is capable of
reproducing realistic growth trajectories across species, even in the
presence of noisy data. The goodness of fit varies between species, both
because of species-specific characteristics and data quality, but our re-
sults provide a solid foundation for applying the model under present
conditions and future climate scenarios.
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Table 1 reports the values of the calibrated parameters correspond-
ing to the utopia points. The parameter k;, which regulates the rela-
tionship between branch biomass and crown projected area, shows a
relatively wide range of variability across the selected species, reflecting
interspecific differences in crown expansion. This is further illustrated in
Fig. S1 (Supplementary material). In contrast, the parameter kz, which
defines the relationship between leaf biomass and light interception,
displays small variations across species, especially between Populus and
Robinia. The parameter regulating the loss of biomass (and so the
turnover) of branches Iy is consistently about one order of magnitude
higher than the loss rate of stem I for all species, aligning with the idea
of faster biomass turnover in peripheral compartments (Zhang et al.,
2015a). Lastly, the allocation parameter esp, which determines the
partitioning of biomass between stem and branch compartments, shows
a very narrow range of variation, suggesting a relatively stable alloca-
tion strategy across the three species studied.

The results of the sensitivity analysis, in which the five calibrated
parameters were varied within a £20% range around their calibrated
value, confirm the overall robustness of the model across species and
parameters. The species-specific impacts of parameter variation in the
predicted trajectories of DBH and CD are illustrated in Fig. 3.

Despite the variation in parameter values, trees continue to grow
following biologically plausible trajectories, and no parameter variation
produces unrealistic behaviors or model breakdowns. Nonetheless, the
impact of individual parameters differs substantially by species and by
target variable. Among the tested parameters, k= and es 5 seem to exert
the strongest influence on model outputs, particularly for Robinia and
Populus, with changes that peak at a 70% difference. In contrast, ks in-
duces more moderate, but still significant deviations, especially for
crown projections (with differences that peak at around 30% of the
projected values).

Biomass loss parameters behave differently. The effect of perturba-
tions to I appear consistently low across species, with almost negligible
deviations. While this analysis suggests that Is could be fixed a priori to
restrict the set of parameters to be calibrated, we opted to retain it as a
calibrated parameter due to its high interspecific variability. Iz has a
larger influence on projections, but remains consistent with the original
projections, with deviations that do not exceed 15% (the parameter
perturbation propagates less than linearly to results).

3.2. Model functioning and growth under climate scenarios

To understand DynaTree's responses to future climates, we first
examine its behavior under baseline conditions. Fig. 4 illustrates the
dynamic allocation of biomass, a core aspect of DynaTree's internal
functioning. Each species shows a progressive accumulation of struc-
tural biomass in stems and branches, while leaf biomass exhibits a
distinct seasonal pattern. The model successfully captures this cyclical
behavior, which aligns with the known phenology of temperate species.

Once the dynamics of biomass allocation among tree compartments
have been clarified under current climate conditions, it is useful to
explore future scenarios, possibly assessing the impact of climate
(baseline historical conditions, RCP 2.6 and RCP 8.5). Fig. 5 shows the
total biomass accumulated in all compartments, expressed in carbon
units (kgC), over the 2025-2050 period for the three species and starting

Table 1

Calibrated parameter values for our model corresponding to the utopia point for
each species. The parameters include morphological coefficients (k1, k2), turn-
over rates (s, lp), and the allocation coefficient (es) governing biomass parti-
tioning between stem and branches.

Tree species 13 k2 Is Iy esB

Platanus x acerifolia 1.712 0.452 1.04E-05 1.01E-4 0.632
Populus nigra 1.528 0.342 1.94E-05 1.61E—-4 0.609
Robinia pseudoacacia 2.138 0.356 3.80E-05 3.50E—4 0.557
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ages. This allows us to compare how different climate forcings (color-
coded in Fig. 5) affect trees of different ages (linestyle coded), thereby
shaping tree growth trajectories under various environmental condi-
tions, in particular temperature and precipitation.

Across all species and scenarios, clear patterns emerge. Biomass
accumulation decreases with increasing climate forcing: for all species,
the RCP8.5 scenario leads to noticeably reduced growth compared to the
historical scenario, while RCP2.6 shows intermediate values. Despite
this general trend, in terms of species-specific impacts of climate change
on urban trees, according to our model applied to the case of Milan,
Populus appears slightly more resilient to climate forcing, with smaller
differences among scenarios than the other two species. Intriguingly, the
species-specific response to RCP2.6 seems to be different depending on
age: for younger trees, the growth pattern under RCP2.6 is nearly
identical to that occurring under unchanged climate, but as tree age
increases, RCP2.6 curves tend to be more similar to the RCP8.5, espe-
cially in the case of Platanus. This suggests that the effects of moderate
climate change may become more pronounced over longer lifespans or
for larger individuals.

Our analysis shows that DynaTree can help to discuss interspecific
and age-dependent responses to climate, indicating that species traits
and initial conditions both modulate growth under future scenarios.

3.3. Ecosystem services scenarios

The performance of the three species for carbon sequestration
(Fig. 6), air filtration (Fig. 7), and local climate regulation (Fig. 8) across
climate change and management scenarios (age of planted trees) is
summarized in the following lines.

In terms of carbon sequestration, as shown in Fig. 6a, trees planted at
the age of 20 can deliver a disproportionately higher carbon uptake over
the simulation period compared to younger trees, moving from values
between 185 and 245 kgC up to 920 kgC. This emphasizes the nonlinear
accumulation of carbon with tree maturity, a pattern consistent with
findings in the literature (e.g., Kohl et al., 2017; Zhu and Xia, 2020).
Fig. 6a also shows a clear reduction in carbon sequestration under
increasing climate forcing, particularly under the high-emission sce-
nario RCP8.5 (reduction up to —14%), and such effect becomes more
evident in more mature trees. Fig. 6b complements this result by
showing the daily carbon net uptake from the atmosphere (which is in
fact NPP) during a year (here is 2044) for a Populus tree aged 10 at the
start of the simulation. While all scenarios follow a similar seasonal
pattern, the RCP8.5 curve consistently lies below the others during the
peak photosynthetic period, indicating reduced productivity under more
stressful climatic conditions.

Regarding air filtration, Fig. 7a clearly shows that Robinia pseudoa-
cacia consistently outperforms the other species in terms of PMjg
filtered, likely due to a higher LAI that enhances pollutant capture. As it
occurs with carbon sequestration, a reduction in PM; filtered is
observed under more intense climate scenarios, particularly visible in
mature trees. Fig. 7b depicts daily PM; filtration during 2044 for a 10-
year-old Robinia tree. Even in this case, as was the case for carbon
assimilation, it is possible to appreciate a reduction of PM;( deposition
as the climate forcing increases. This ES closely follows the pattern of
PM; concentration (dashed black line), with filtration peaking during
periods of lower pollution. This occurs because of the evidence, captured
by the model, that dry deposition of PM is proportional to leaf area and
pollutant concentration and highlights that filtration occurs when
photosynthesis is more active, in spring and summer, which is when
pollution is also lower in Milan.

In terms of local climate regulation, Fig. 8a shows the cumulative
values for the different trees and scenarios for the period 2025-2050.
Unlike the other two ES, local climate regulation does not decline under
stronger climate scenarios; values are stable or even slightly increased
under RCP2.6 and RCP8.5 compared to historical scenarios. To deepen
our understanding of this unexpected result, we investigated in depth
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the values of this ES and its driver over specific periods. In Fig. 8b we
examine the service offered by a 10-year-old Platanus tree in the year
2041, a future year when local climate regulation appears from our
model to be very similar across scenarios (183 kWh for historical, 196
kWh for RCP 2.6 and 184 kWh for RCP 8.5). As expected, the graph does
not highlight any significant difference among the scenarios. More
interestingly, boxplots in Fig. 8c (years 2045-2049) reveal the trade-offs
that cause homogeneity across scenarios: while NPP slightly decreases
under more intense climate scenarios, lowering tree biomass, tempera-
ture increases, enhancing water loss by leaves. Since evapotranspiration,
and hence cooling, is driven by both temperature and NPP, the effect of
declining tree vitality is offset by higher evaporative demand, resulting
in overall similar local climate regulation among scenarios. This finding,
while mechanistically supported by the trade-offs shown in Fig. 8c, is
nonetheless specific to the formulation of our Local Climate Regulation
module.

10

4. Discussion
4.1. Conceptual and mathematical structure of the model

Unlike many existing tools, which rely on static inventories, empir-
ical averages, or cell-based approximations, DynaTree explicitly repre-
sents causal processes operating at the tree level and over time. This
allows for a more realistic simulation of how individual trees will
respond to accelerated changes in environmental drivers, such as tem-
perature and water availability, as expected under future climate
scenarios.

One of the main conceptual strengths lies in the choice of modelling
trees as individual units rather than as aggregated vegetation patches.
This is particularly relevant in urban environments, where tree distri-
bution is highly fragmented and heterogeneous (Hamberg et al., 2008).
By working at the individual scale, the model captures this variability
and can accommodate detailed input data from urban tree inventories,
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in Fig. 5.

which are typically recorded at the single-tree level (Keller and Konij-
nendijk, 2012). This structure also makes it possible to reflect tree-
specific management practices and behavior of species-specific func-
tional traits, improving both interpretability and practical relevance.

Given the lack of extensive urban tree-related time-series (Ossola
et al., 2021), full statistical approaches, such as machine learning, are
not suitable for urban tree modelling applications. Instead of relying
only on allometric correlations, DynaTree has a mechanistic formula-
tion, explicitly simulating biological processes, such as photosynthesis,
biomass allocation, and evapotranspiration. Each component of the
model is designed to reflect a cause-effect relationship based on
ecological understanding, and the modular architecture enables users to
activate or deactivate sub-models (e.g., for carbon sequestration, air
filtration, or local climate regulation) depending on the analysis objec-
tive. Nevertheless, the allometric equations needed to estimate DBH
from aboveground biomass, although based on literature sources, may
introduce errors, particularly during the early years of growth (Blujdea
et al., 2012).

The dynamic structure of DynaTree further distinguishes it from
static frameworks. By simulating processes over time, it becomes
possible to explore how trees grow and respond to evolving environ-
mental conditions, including future climate scenarios. The temporal
granularity is set at a daily resolution, which balances ecological realism

11
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torical, RCP 2.6 and RCP 8.5, respectively in blue, pink and red), with PMio
concentration shown in dashed black line (unit of measures on the right axis).

with computational feasibility.

Moving to the limitations, the first concerns a simplified modelling of
biomass loss and allocation. The loss considers both natural processes (e.
g., leaf fall) and human-derived interventions (e.g., branch thinning),
reflecting the fact that DynaTree is calibrated using data from managed
urban trees. However, biomass loss is applied using fixed coefficients,
which simplifies implementation but does not capture the variability
arising from environmental conditions or differences in management
practices. This simplification relates to the model's conceptual founda-
tion. DynaTree, focused on modelling individual trees over long periods,
follows a primarily source-driven paradigm. Growth is a function of
carbon fixation (source), dependent on light and water, with subsequent
allocation governed by allometric rules. While this approach effectively
captures long-term growth trends, we acknowledge that actual plant
growth emerges from a dynamic interplay between source and sink ac-
tivities (Guillemot et al., 2015; Hayat et al., 2017). Key processes where
sink regulation is paramount are not fully captured. For instance,
DynaTree does not dynamically simulate how drastic changes in sink
strength (e.g., early-season defoliation, pruning, or stress-induced real-
location) temporarily alter carbon storage and remobilization. Budburst,
currently modelled using a uniform growing degree-days threshold,
could also be treated as a more dynamic, sink-driven activation event
influenced by chilling requirements. Furthermore, DynaTree does not
include explicit responses to acute abiotic or biotic disturbances (me-
chanical damage, pests). Future, more sink-aware model iterations could
incorporate explicit feedback on photosynthesis and allocation to
enhance realism in simulating responses to acute disturbances and
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specific management actions.

A second limitation is related to the absence of tree mortality, which
means that trees are assumed to persist throughout the simulation,
which may be suitable for short-term assessments or well-managed
areas, but limits the model's realism under long-term or extreme
climate scenarios. For example, simulate age-based mortality within a
system dynamics framework, while Escobedo et al. (2011) integrate
species- and condition-dependent death probabilities into urban forest
assessments. Introducing mortality would enhance the model's capacity
to reflect species-specific vulnerabilities and to avoid overestimating
long-term ecosystem service provision. It would also capture important
management implications, such as the need for replanting, handling of
dead biomass, and increased costs, all of which could influence planting
and policy recommendations under future climate conditions.
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The last limitation concerns the soil water balance, which is
currently modelled using simplified routines for rainfall interception
and infiltration. While this allows for efficient simulation across multi-
ple years and individuals, it reduces the model's capacity to capture fine-
scale water dynamics that are especially relevant in urban settings,
where soil sealing and canopy structure strongly affect water avail-
ability. More detailed representations, like those implemented in the
URbanTRee model (Tams et al., 2023), account for radiation attenua-
tion, surface types, and soil water retention in greater depth. Integrating
a similar approach into this model, particularly in terms of dynamic
infiltration and soil water stress responses, could substantially improve
the accuracy of physiological outputs and ecosystem service estimates
under variable climatic and urban conditions. Future development of the
model aims to address this by refining the temporal resolution of key
hydrologic processes. For instance, shifting infiltration and evapo-
transpiration routines from a daily to an hourly time step would improve
the simulation of short-term hydroclimatic extremes, such as intense
precipitation events and drought periods, while maintaining a tractable
structure for practical application. Furthermore, while soil water
availability is modelled as the primary hydrological constraint, aligning
with empirical evidence from urban tree studies (Rahman et al., 2013;
Rotzer et al., 2020), future developments of the model could also
incorporate atmospheric demand via vapour pressure deficit. Inte-
grating vapour pressure deficit alongside soil moisture would provide a
more complete representation of plant water stress, particularly during
acute heat events (Sanginés De Carcer et al., 2018), and represents a
valuable direction for refining drought response simulations.

Despite these limitations, one of the strengths is that DynaTree re-
mains as simple as possible without sacrificing essential realism, which
makes it highly suitable for applied purposes. Its individual-based and
modular design allows for application to other cities, provided that basic
tree and climate data are available. Urban tree inventories are increas-
ingly accessible across cities through open-data portals and remote
sensing platforms (Ossola et al., 2020). This means that DynaTree can be
transferred to new contexts with minimal structural adjustments, pri-
marily by recalibrating key parameters using local datasets. The
modularity will also permit to incorporate tree mortality and additional
ES in future developments. For example, water flow regulation in terms
of avoided run-off could be estimated by coupling canopy interception
with soil infiltration dynamics, while the contribution of tree shading to
local climate regulation could be derived from crown geometry and
solar angle simulations. These additions would further enhance the
model's relevance for informing urban forest strategies, providing a
more comprehensive ES assessment.

4.2. Calibration and sensitivity analysis in context of existing literature

Calibration and sensitivity analysis demonstrate that DynaTree can
reproduce realistic growth trajectories and respond consistently across
species. Using a multi-objective approach (NSGA-II) to calibrate both
DBH and CD ensures that structural dynamics are balanced and aligned
with empirical observations. Targeting the third quartile of observed
values by age class helps focus the calibration on well-performing in-
dividuals, which is particularly appropriate in urban environments
where stress and management practices often introduce noise into
datasets. Despite the lack of individual-level time-series data, the model
effectively reconstructs plausible average growth curves by aggregating
cross-sectional data across age classes. While this method assumes a
representative age distribution, it performs well given the available in-
formation and allows meaningful calibration even in the absence of
long-term monitoring.

The current calibration approach represents a pragmatic compro-
mise given the current state of urban forestry data. The ideal verification
for an individual-based model like DynaTree would involve longitudi-
nal, individual-level growth time series (e.g., repeated inter- and intra-
annual DBH measurements or dendrometer data). Such data would be
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especially critical for testing model performance during climatic ex-
tremes, such as droughts, which are episodic and whose effects are
mediated by species traits and urban management actions, e.g., irriga-
tion. However, such high-resolution datasets are exceptionally rare in
municipal inventories, which are typically cross-sectional and aggre-
gated. Our verification and calibration against widely available in-
ventory data aligns with the model's practical purpose: to be applicable
by municipal technicians using the very data they typically possess. This
choice ensures the model's utility and reproducibility across diverse
urban contexts. We also acknowledge that future validation with finer
temporal data would further strengthen confidence in its mechanistic
processes, but this will require additional efforts to collect and share
longitudinal growth data, and to confirm their practical added value in
terms of increasing accuracy in the simulations.

The sensitivity analysis confirms that DynaTree is stable under
plausible parameter variation. Most parameters produce limited de-
viations in DBH and CD when perturbed within +20%, indicating good
structural robustness. Some parameters, such as the light extinction
coefficient k2 and the allocation coefficient to stem es g, show a stronger
influence on outputs, especially in species like Populus nigra and Robinia
pseudoacacia. Comparison with literature ranges highlights some inter-
esting points. For kz, our calibrated values are a little lower than the
typical range of 0.4-0.7 reported in forest and crop studies (Lacasa et al.,
2021; Zhang et al., 2014). This difference may reflect the fact that urban
trees are often isolated, so that for a given LAI, more light penetrates the
canopy compared to denser stands. For stem turnover, our calibrated
values correspond to annual rates of 0.38-1.39%, which are slightly
lower but in the same order of magnitude as those reported in mature
forests (around 1.8-1.9% yr’l; Lewis et al., 2004; Vilanova et al., 2018).
Similarly, branch turnover rates obtained here (3.7-12.8%) align
reasonably well with experimental findings of highly variable branch
turnover around 14% =+ 19% (Lim et al., 2024). These parallels suggest
that while the calibrated values are somewhat lower than those
observed in unmanaged natural stands, they remain consistent in terms
of magnitude, likely reflecting the fact that the model simulates ideal,
well-managed urban trees rather than forest individuals.

Overall, the calibration and sensitivity analysis confirm that the
model behaves coherently, responds predictably to input variation, and
offers sufficient precision for exploring growth dynamics and ES supply
in a realistic and controlled manner, while also producing parameter
values broadly consistent with ranges documented in the literature.

4.3. Pilot application

The pilot application of the model in Milan serves both as a
demonstration of its operational potential and as a test of its ability to
reproduce plausible growth and service trajectories under contrasting
climatic and planting scenarios. Overall, the results confirm that
DynaTree produces realistic, species-specific dynamics that are consis-
tent with ecological expectations and observed urban tree behavior.

Species responses captured the expected variation in growth per-
formance and ES supply, with the model reproducing interspecific dif-
ferences under identical environmental forcing. This variability is
critical for guiding species selection in urban planning, but it is also
important to assess whether the magnitude of ecosystem services esti-
mated is consistent with previous studies. For carbon sequestration, our
simulations yielded average annual rates ranging from 8 kg C per tree for
young individuals (5 years at planting) to 36 kg C per tree for older
starting ages (20 years). These values are well aligned with the range of
6-36 kg C per tree per year reported for urban trees in Bolzano (Russo
et al., 2014). For PMo filtration, our estimates range from 2 g per tree
per year for younger trees to 24 g per tree per year for mature in-
dividuals, corresponding to 0.4-0.8 g m~2 depending on species. These
figures are consistent with those reported by Manes et al. (2016), who
found values between 0.14 and 1.29 g m~2 for deciduous species in
Italian cities. Finally, the estimates for local climate regulation through
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evapotranspiration range between 40 and 200 kWh per tree per year,
depending on age and species. These are comparable with the values of
39-168 kWh per tree per year reported by McPherson et al. (1994) for
trees under different exposure conditions in Chicago. Together, these
comparisons suggest that the model produces realistic and ecologically
plausible estimates of urban tree ecosystem services.

In terms of climate sensitivity, DynaTree simulated consistent trends
across three CORDEX-based climate scenarios for Milan. However, the
magnitude of variation between scenarios remained limited. This
restrained divergence likely stems from both the inherent scaling limi-
tations of the input climate data, and the length of the projection.
CORDEX models, though they operate at regional scale, do not incor-
porate urban-specific processes, such as the urban heat island effect. As a
result, the forcing data underestimate both present-day urban temper-
atures and the expected intensity of future warming. This limitation on
the input data constrains the potential divergence between the climate
scenarios, affecting both absolute growth outcomes and the apparent
impact of climate change on trees and services. More accurate urban
projections would require the use of high-resolution meteorological
data, ideally from urban monitoring stations or dedicated downscaling
approaches that account for the complexity of the built environment.
Moreover, since the current simulation spans only 25 years, the diver-
gence between climate scenarios remains limited; longer-term pro-
jections extending to the end of the century would likely amplify these
differences substantially. In this respect, this pilot application serves as a
conservative estimate of what future scenarios might entail in Milan and
emphasizes the need for better integration between urban climate and
tree modelling. Future model developments and applications will pri-
oritize assessing the feasibility of analyzing how this input underesti-
mation propagates to the ES outputs.

Nonetheless, the application demonstrates DynaTree's ability to
reveal important trade-offs and nonlinear responses. For example, ser-
vices like local climate regulation, which are driven by crown expansion
and evapotranspiration, tend to remain stable or increase slightly under
warming scenarios, even when growth rates decline. Conversely, ser-
vices dependent on biomass production, such as carbon sequestration,
show a stronger sensitivity to climatic constraints. These dynamics
reflect the complex and service-specific responses of urban trees to
environmental stress and highlight the risks of focusing on single metrics
when evaluating nature-based solutions. Ultimately, while this study
focuses on mid-century projections, future applications exploring the
post-2050 period, when climate scenario pathways strongly diverge,
would help clarify long-term impacts on urban forests, especially if
coupled with scenarios that also account for other socio-environmental
drivers.

5. Conclusion

This work offers a novel contribution to urban ecological modelling
by combining a mechanistic, individual-based, and dynamic approach to
simulate tree growth and associated ES provision. By integrating bio-
logical processes, climate forcing, and structural dynamics, DynaTree
provides a versatile framework capable of simulating long-term growth
trajectories across different species and age classes. The model offers a
practical balance between ecological realism and data availability,
allowing simulations under various climate scenarios with limited input
requirements. It performs consistently across species and outputs
interpretable indicators of biomass accumulation and services such as
carbon sequestration, air filtration, and local climate regulation. A key
strength is its capacity to represent trees at different life stages, from
saplings to centenary trees, making it applicable to planning, mainte-
nance, and conservation alike. DynaTree structure is also aligned with
the logic of the ES cascade and ecosystem accounting frameworks,
ensuring that ecosystem services are calculated from simulated bio-
physical functioning rather than directly from land-cover proxies, which
improves transparency and ecological consistency.
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While the model currently simulates individual trees in isolation,
future developments will aim to extend it to multiple individuals,
incorporating interactions such as shading, sheltering, and belowground
competition. This extension is particularly relevant for informing urban
planting and management, particularly under dense tree configurations.
Additional improvements will target the inclusion of further ES classes
(e.g., water flow regulation, shading-based local climate regulation,
habitat maintenance), mortality, a higher temporal resolution for key
hydrologic processes to better capture hydroclimatic extremes (e.g.,
hourly infiltration and evapotranspiration), and the use of high-
resolution urban climate data.

Overall, DynaTree provides a flexible and ecologically meaningful
basis for assessing urban forestry strategies under changing climatic
conditions. It supports decision-making at multiple scales, from site-
level species selection and planting strategies to strategic analyses of
species performance under long-term climate projections, aiding resil-
ience planning and adaptive management. Its modularity and trans-
parency make it a valuable tool for researchers, urban planners, and
practitioners, with potential applicability to other cities where basic tree
inventories and climate data are available. Combined with its concep-
tual structure, calibration approach, and pilot application, the model is a
valuable tool for researchers, urban planners, and related practitioners
working at the interface between urban ecology, climate adaptation, and
ES assessment.

CRediT authorship contribution statement

Davide Stucchi: Writing — original draft, Visualization, Validation,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Javier Babi Almenar: Writing — original draft, Supervision,
Methodology, Conceptualization. Renato Casagrandi: Writing — orig-
inal draft, Supervision, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the National Biodiversity Future Centre
(NBFC) project, funded by the European Union's NextGenerationEU,
National Recovery and Resilience Plan (NRRP), CN0O0000033, Conces-
sion Decree No. 1034 of 17 June 2022 adopted by the Italian Ministry of
University and Research, CUP, H43C22000530001. Renato Casagrandi
also acknowledges funding support from "GOCCIA — Green opportunities
to clean-up contaminants through an interspecies alliance” funded by
the European Urban Initiative EUI02-130, CUP B41123000570001.

To support transparency and reproducibility, the code for the
DynaTree model is available from the corresponding author upon
reasonable request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2026.181466.

Data availability
Data will be made available on request.

References

Allen, R.G., Pereira, L.S., Smith, M., 1998. Crop Evapotranspiration — Guidelines for
Computing Crop Water Requirements (FAO Irrigation and Drainage Paper No. 56).

14

Science of the Total Environment 1017 (2026) 181466

Almeida, A.C., Sands, P.J., 2016. Improving the ability of 3-PG to model the water
balance of forest plantations in contrasting environments. Ecohydrology 9, 610-630.
https://doi.org/10.1002/eco.1661.

Annighofer, P., Molder, 1., Zerbe, S., Kawaletz, H., Terwei, A., Ammer, C., 2012. Biomass
functions for the two alien tree species Prunus serotina Ehrh. and Robinia
pseudoacacia L. in floodplain forests of Northern Italy. Eur. J. For. Res. 131,
1619-1635. https://doi.org/10.1007/510342-012-0629-2.

ARPA Lombardia, 2024. PM10 concentration data from Milano Pasca Citta Studi station.
Accessed on 23/07/2023. https://www.arpalombardia.it/temi-ambientali/aria
/form-richiesta-dati-stazioni-fisse/.

Babi Almenar, J., Elliot, T., Rugani, B., Philippe, B., Navarrete Gutierrez, T.,
Sonnemann, G., Geneletti, D., 2021. Nexus between nature-based solutions,
ecosystem services and urban challenges. Land Use Policy 100, 104898. https://doi.
org/10.1016/j.1andusepol.2020.104898.

Babi Almenar, J., Petucco, C., Sonnemann, G., Geneletti, D., Elliot, T., Rugani, B., 2023.
Modelling the net environmental and economic impacts of urban nature-based
solutions by combining ecosystem services, system dynamics and life cycle thinking:
an application to urban forests. Ecosyst. Serv. 60, 101506. https://doi.org/10.1016/
j-ecoser.2022.101506.

Bahrami, B., Hildebrandt, A., Thober, S., Rebmann, C., Fischer, R., Samaniego, L.,
Rakovec, O., Kumar, R., 2022. Developing a parsimonious canopy model (PCM v1.0)
to predict forest gross primary productivity and leaf area index of deciduous broad-
leaved forest. Geosci. Model Dev. 15, 6957-6984. https://doi.org/10.5194/gmd-15-
6957-2022.

Bevacqua, D., Melia, P., Cividini, M., Mattioli, F., Lescourret, F., Génard, M.,
Casagrandi, R., 2021. A parsimonious mechanistic model of reproductive and
vegetative growth in fruit trees predicts consequences of fruit thinning and branch
pruning. Tree Physiol. 41, 1794-1807. https://doi.org/10.1093/treephys/tpab050.

Blujdea, V.N.B,, Pilli, R., Dutca, I., Ciuvat, L., Abrudan, 1.V., 2012. Allometric biomass
equations for young broadleaved trees in plantations in Romania. For. Ecol. Manage.
264, 172-184. https://doi.org/10.1016/j.foreco.2011.09.042.

Boehnke, D., Krehl, A., Mormann, K., Volk, R., Liitzkendorf, T., Naber, E., Becker, R.,
Norra, S., 2022. Mapping urban green and its ecosystem services at microscale—a
methodological approach for climate adaptation and biodiversity. Sustainability 14,
9029. https://doi.org/10.3390/5u14159029.

Cai, Q., Lin, J., Chen, C., 2024. Evaluate the potential of permeable pavement for urban
runoff reduction. https://doi.org/10.21203/rs.3.rs-3958369/v1.

Castellar, J.A.C., Popartan, L.A., Pueyo-Ros, J., Atanasova, N., Langergraber, G.,
Saumel, 1., Corominas, L., Comas, J., Acuna, V., 2021. Nature-based solutions in the
urban context: terminology, classification and scoring for urban challenges and
ecosystem services. Sci. Total Environ. 779, 146237. https://doi.org/10.1016/j.
scitotenv.2021.146237.

Cheval, S., Amihaesei, V.-A., Chitu, Z., Dumitrescu, A., Falcescu, V., Irasoc, A., Micu, D.
M., Mihulet, E., Ontel, I, Paraschiv, M.-G., Tudose, N.C., 2024. A systematic review
of urban heat island and heat waves research (1991-2022). Clim. Risk Manag. 44,
100603. https://doi.org/10.1016/j.crm.2024.100603.

Clark, J., Kjelgren, R., 1990. Water as a limiting factor in the development of urban trees.
AUF 16, 203-208. https://doi.org/10.48044/jauf.1990.047.

Comune di Milano, 2023. Territorio: localizzazione degli alberi - Unita Open Data.
Accessed on 15/07/2024. https://dati.comune.milano.it/dataset/ds2484 infogeo al
beri_localizzazione.

Copernicus Climate Change Service, 2019. CORDEX Regional Climate Model Data on
Single Levels. https://doi.org/10.24381/CDS.BC91EDC3.

Cregg, B., Dix, M., 2001. Tree moisure stress and insect damage in urban areas in relation
to heat Island effects. Arboric. Urban For. 27, 8-17. https://doi.org/10.48044/
jauf.2001.002.

Dale, A.G., Frank, S.D., 2022. Water availability determines tree growth and
physiological response to biotic and abiotic stress in a temperate North American
urban forest. Forests 13, 1012. https://doi.org/10.3390/f13071012.

De Vries, W., Reinds, G.J., Gundersen, P., Sterba, H., 2006. The impact of nitrogen
deposition on carbon sequestration in European forests and forest soils. Glob. Chang.
Biol. 12, 1151-1173. https://doi.org/10.1111/j.1365-2486.2006.01151.x.

Deb, K., Pratap, A., Agarwal, S., Meyarivan, T., 2002. A fast and elitist multiobjective
genetic algorithm: NSGA-II. IEEE Trans. Evol. Comput. 6, 182-197. https://doi.org/
10.1109/4235.996017.

Drew, T.J., Flewelling, J.W., 1977. Some recent Japanese theories of yield-density
relationships and their application to Monterey pine plantations. For. Sci. 23,
517-534. https://doi.org/10.1093/forestscience/23.4.517.

Duarte Rocha, A., Vulova, S., van der Tol, C., Forster, M., Kleinschmit, B., 2022.
Modelling hourly evapotranspiration in urban environments with SCOPE using open
remote sensing and meteorological data. Hydrol. Earth Syst. Sci. 26, 1111-1129.
https://doi.org/10.5194/hess-26-1111-2022.

Eickenscheidt, N., Augustin, N.H., Wellbrock, N., 2019. Spatio-temporal modelling of
forest monitoring data: modelling German tree defoliation data collected between
1989 and 2015 for trend estimation and survey grid examination using GAMMs.
iForest - Biogeosc. For. 12, 338. https://doi.org/10.3832/ifor2932-012.

Elliot, T., Babi Almenar, J., Niza, S., Proenca, V., Rugani, B., 2019. Pathways to
modelling ecosystem services within an urban metabolism framework. Sustainability
11, 2766. https://doi.org/10.3390/su11102766.

Ernst, M., Le Mentec, S., Louvrier, M., Loubet, B., Personne, E., Stella, P., 2022. Impact of
urban greening on microclimate and air quality in the urban canopy layer:
identification of knowledge gaps and challenges. Front. Environ. Sci. 10. https://doi.
org/10.3389/fenvs.2022.924742.

Escobedo, F.J., Kroeger, T., Wagner, J.E., 2011. Urban forests and pollution mitigation:
analyzing ecosystem services and disservices. Environ. Pollut. 159, 2078-2087.
https://doi.org/10.1016/j.envpol.2011.01.010.


https://doi.org/10.1016/j.scitotenv.2026.181466
https://doi.org/10.1016/j.scitotenv.2026.181466
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0005
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0005
https://doi.org/10.1002/eco.1661
https://doi.org/10.1007/s10342-012-0629-2
https://www.arpalombardia.it/temi-ambientali/aria/form-richiesta-dati-stazioni-fisse/
https://www.arpalombardia.it/temi-ambientali/aria/form-richiesta-dati-stazioni-fisse/
https://doi.org/10.1016/j.landusepol.2020.104898
https://doi.org/10.1016/j.landusepol.2020.104898
https://doi.org/10.1016/j.ecoser.2022.101506
https://doi.org/10.1016/j.ecoser.2022.101506
https://doi.org/10.5194/gmd-15-6957-2022
https://doi.org/10.5194/gmd-15-6957-2022
https://doi.org/10.1093/treephys/tpab050
https://doi.org/10.1016/j.foreco.2011.09.042
https://doi.org/10.3390/su14159029
https://doi.org/10.21203/rs.3.rs-3958369/v1
https://doi.org/10.1016/j.scitotenv.2021.146237
https://doi.org/10.1016/j.scitotenv.2021.146237
https://doi.org/10.1016/j.crm.2024.100603
https://doi.org/10.48044/jauf.1990.047
https://dati.comune.milano.it/dataset/ds2484_infogeo_alberi_localizzazione
https://dati.comune.milano.it/dataset/ds2484_infogeo_alberi_localizzazione
https://doi.org/10.24381/CDS.BC91EDC3
https://doi.org/10.48044/jauf.2001.002
https://doi.org/10.48044/jauf.2001.002
https://doi.org/10.3390/f13071012
https://doi.org/10.1111/j.1365-2486.2006.01151.x
https://doi.org/10.1109/4235.996017
https://doi.org/10.1109/4235.996017
https://doi.org/10.1093/forestscience/23.4.517
https://doi.org/10.5194/hess-26-1111-2022
https://doi.org/10.3832/ifor2932-012
https://doi.org/10.3390/su11102766
https://doi.org/10.3389/fenvs.2022.924742
https://doi.org/10.3389/fenvs.2022.924742
https://doi.org/10.1016/j.envpol.2011.01.010

D. Stucchi et al.

Esperon-Rodriguez, M., Brookhouse, M., Power, S.A., Avi, D., Baer, T., Rymer, P.D.,
Tjoelker, M.G., 2025. Urban tree growth and drought responses show evidence of
climate resilience. Glob. Chang. Biol. 31, €70281. https://doi.org/10.1111/
gcb.70281.

European Union, 2024. Regulation (EU) 2024/3024 of the European Parliament and of
the Council of 27 November 2024 amending Regulation (EU) No 691/2011 as
Regards Introducing New Environmental Economic Account Modules.

Forrester, D.I., 2014. A stand-level light interception model for horizontally and
vertically heterogeneous canopies. Ecol. Model. 276, 14-22. https://doi.org/
10.1016/j.ecolmodel.2013.12.021.

Fortier, J., Truax, B., Gagnon, D., Lambert, F., 2017. Allometric equations for estimating
compartment biomass and stem volume in mature hybrid poplars: general or site-
specific? Forests 8, 309. https://doi.org/10.3390/f8090309.

Franklin, O., Johansson, J., Dewar, R.C., Dieckmann, U., McMurtrie, R.E.,

Brénnstrom, A., Dybzinski, R., 2012. Modeling carbon allocation in trees: a search
for principles. Tree Physiol. 32, 648-666. https://doi.org/10.1093/treephys/tpr138.

Guillemot, J., Martin-StPaul, N.K., Dufréne, E., Francois, C., Soudani, K., Ourcival, J.M.,
Delpierre, N., 2015. The dynamic of the annual carbon allocation to wood in
European tree species is consistent with a combined source-sink limitation of
growth: implications for modelling. Biogeosciences 12, 2773-2790. https://doi.org/
10.5194/bg-12-2773-2015.

Haghnegahdar, A., Razavi, S., 2017. Insights into sensitivity analysis of earth and
environmental systems models: on the impact of parameter perturbation scale.
Environ. Model. Software 95, 115-131. https://doi.org/10.1016/j.
envsoft.2017.03.031.

Hamberg, L., Lehvavirta, S., Minna, M.-L., Rita, H., Kotze, D.J., 2008. The effects of
habitat edges and trampling on understorey vegetation in urban forests in Helsinki,
Finland. Appl. Veg. Sci. 11, 83-98. https://doi.org/10.1111/j.1654-109X.2008.
tb00207.x.

Hargreaves, G.H., Samani, Z.A., 1985. Reference crop evapotranspiration from
temperature. Appl. Eng. Agric. 1, 96-99. https://doi.org/10.13031/2013.26773.

Hayat, A., Hacket-Pain, A.J., Pretzsch, H., Rademacher, T.T., Friend, A.D., 2017.
Modeling tree growth taking into account carbon source and sink limitations. Front.
Plant Sci. 8. https://doi.org/10.3389/fpls.2017.00182.

He, L., Zhang, X., Wang, X., Ullah, H., Liu, Y., Duan, J., 2023. Tree crown affects biomass
allocation and its response to site conditions and the density of Platycladus orientalis
Linnaeus plantation. Forests 14, 2433. https://doi.org/10.3390/f14122433.

Cities, settlements and key infrastructure. In: Intergovernmental Panel on Climate
Change (Ed.), 2023. Climate Change 2022 — Impacts, Adaptation and Vulnerability:
Working Group II Contribution to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, pp. 907-1040. https://doi.org/10.1017/9781009325844.008.

Kattge, J., Bonisch, G., Diaz, S., Lavorel, S., Prentice, I.C., Leadley, P., Tautenhahn, S.,
Werner, G.D.A., Wirth, C., 2020. TRY plant trait database — enhanced coverage and
open access. Glob. Chang. Biol. 26, 119-188. https://doi.org/10.1111/gcb.14904.

Keith, H., Mackey, B.G., Lindenmayer, D.B., 2009. Re-evaluation of forest biomass
carbon stocks and lessons from the world’s most carbon-dense forests. Proc. Natl.
Acad. Sci. U. S. A. 106, 11635-11640. https://doi.org/10.1073/pnas.0901970106.

Keller, J.K.-K., Konijnendijk, C.C., 2012. Short communication: a comparative analysis of
municipal urban tree inventories of selected major cities in North America and
Europe. Arboricult. Urban For. 38, 24-30. https://doi.org/10.48044/jauf.2012.005.

Kimm, H., Ryu, Y., 2015. Seasonal variations in photosynthetic parameters and leaf area
index in an urban park. Urban For. Urban Green. 14, 1059-1067. https://doi.org/
10.1016/j.ufug.2015.10.003.

Kohl, M., Neupane, P.R., Lotfiomran, N., 2017. The impact of tree age on biomass growth
and carbon accumulation capacity: a retrospective analysis using tree ring data of
three tropical tree species grown in natural forests of Suriname. PloS One 12,
e0181187. https://doi.org/10.1371/journal.pone.0181187.

Kuuluvainen, T., 1991. Relationships between crown projected area and components of
above-ground biomass in Norway spruce trees in even-aged stands: empirical results
and their interpretation. For. Ecol. Manage. 40, 243-260. https://doi.org/10.1016/
0378-1127(91)90043-U.

Lacasa, J., Hefley, T.J., Otegui, M.E., Ciampitti, .A., 2021. A practical guide to
estimating the light extinction coefficient with nonlinear models—a case study on
maize. Plant Methods 17, 60. https://doi.org/10.1186/s13007-021-00753-2.

Landsberg, J.J., Waring, R.H., 1997. A generalised model of forest productivity using
simplified concepts of radiation-use efficiency, carbon balance and partitioning. For.
Ecol. Manage. 95, 209-228. https://doi.org/10.1016/50378-1127(97)00026-1.

Lewis, S.L., Phillips, O.L., Sheil, D., Vinceti, B., Baker, T.R., Brown, S., Graham, A.W.,
Higuchi, N., Hilbert, D.W., Laurance, W.F., Lejoly, J., Malhi, Y., Monteagudo, A.,
Nitinez Vargas, P., Sonké, B., Nur Supardi, M.N., Terborgh, J.W., Vasquez
Martinez, R., 2004. Tropical forest tree mortality, recruitment and turnover rates:
calculation, interpretation and comparison when census intervals vary. J. Ecol. 92,
929-944. https://doi.org/10.1111/j.0022-0477.2004.00923.x.

Li, M., Remme, R.P., Van Bodegom, P.M., Van Oudenhoven, A.P.E., 2025. Solution to
what? Global assessment of nature-based solutions, urban challenges, and outcomes.
Landsc. Urban Plan. 256, 105294. https://doi.org/10.1016/j.
landurbplan.2025.105294.

Lim, H., Medvigy, D., Mékela, A., Kim, D., Albaugh, T.J., Knier, A., Blasko, R., C.
Campoe, O., Deshar, R., Franklin, O., Henriksson, N., Littke, K., Lutter, R., Maier, C.
A., Palmroth, S., Rosenvald, K., Slesak, R.A., Tullus, A., Oren, R., 2024. Overlooked
branch turnover creates a widespread bias in forest carbon accounting. Proc. Natl.
Acad. Sci. U. S. A. 121, e2401035121. https://doi.org/10.1073/pnas.2401035121.

Lin, J., Kroll, C.N., Nowak, D.J., Greenfield, E.J., 2019. A review of urban forest
modeling: implications for management and future research. Urban For. Urban
Green. 43, 126366. https://doi.org/10.1016/j.ufug.2019.126366.

15

Science of the Total Environment 1017 (2026) 181466

Malyshev, A.V., Beil, 1., Zohner, C.M., Garrigues, R., Campioli, M., 2024. The clockwork
of spring: bud dormancy timing as a driver of spring leaf-out in temperate deciduous
trees. Agric. For. Meteorol. 349, 109957. https://doi.org/10.1016/j.
agrformet.2024.109957.

Manes, F., Marando, F., Capotorti, G., Blasi, C., Salvatori, E., Fusaro, L., Ciancarella, L.,
Mircea, M., Marchetti, M., Chirici, G., Munafo, M., 2016. Regulating ecosystem
services of forests in ten Italian metropolitan cities: air quality improvement by PM
10 and O 3 removal. Ecol. Indic. 67, 425-440. https://doi.org/10.1016/j.
ecolind.2016.03.009.

Martin, J.G., Kloeppel, B.D., Schaefer, T.L., Kimbler, D.L., 1998. Aboveground biomass
and nitrogen allocation of ten deciduous southern Appalachian tree species, 28.
McPhearson, T., Kremer, P., Hamstead, Z.A., 2013. Mapping ecosystem services in new
York City: applying a social-ecological approach in urban vacant land. Ecosyst. Serv.

5, 11-26. https://doi.org/10.1016/j.ecoser.2013.06.005.

McPherson, E.G., Nowak, D.J., Rowntree, R.A., 1994. Chicago’s Urban Forest Ecosystem:
Results of the Chicago Urban Forest Climate Project (No. NE-186). USDA Forest
Service, Northeastern Forest Experiment Station, Radnor, PA.

Meier, C.E., Stanturf, J.A., Gardiner, E.S., 2006. Litterfall in the hardwood forest of a
minor alluvial-floodplain. For. Ecol. Manage. 234, 60-77. https://doi.org/10.1016/
j.foreco.2006.06.026.

Moser-Reischl, A., Franceschi, E., Rahman, M.A., Rodrigues-Leite, J., Pretzsch, H.,
Pauleit, S., Rotzer, T., 2025. Spatial and temporal dynamics of the leaf area index
(LAI) of selected tree species in urban environments. Urban For. Urban Green. 107,
128795. https://doi.org/10.1016/j.ufug.2025.128795.

Moss, J.L., Doick, K.J., Smith, S., Shahrestani, M., 2019. Influence of evaporative cooling
by urban forests on cooling demand in cities. In: Urban Forestry & Urban Greening,
Green Infrastructures: Nature Based Solutions for Sustainable and Resilient Cities,
37, pp. 65-73. https://doi.org/10.1016/j.ufug.2018.07.023.

Moustakas, A., Daliakopoulos, I.N., Benton, T.G., 2019. Data-driven competitive
facilitative tree interactions and their implications on nature-based solutions. Sci.
Total Environ. 651, 2269-2280. https://doi.org/10.1016/j.scitotenv.2018.09.349.

Murray, M.B., Cannell, M.G.R., Smith, R.I., 1989. Date of budburst of fifteen tree species
in Britain following climatic warming. J. Appl. Ecol. 26, 693. https://doi.org/
10.2307/2404093.

Natr, L., Lawlor, D., 2005. Photosynthetic plant productivity. In: Handbook of
Photosynthesis. Taylor & Francis, Bocan Raton Florida, pp. 501-522.

Nowak, D.J., 1994. Air pollution removal by Chicago’s urban forest. In: Chicago’s Urban
Forest Ecosystem: Results of the Chicago Urban Forest Climate Project 1994,
pp. 63-81.

Ossola, A., Hoeppner, M.J., Burley, H.M., Gallagher, R.V., Beaumont, L.J., Leishman, M.
R., 2020. The Global Urban Tree Inventory: a database of the diverse tree flora that
inhabits the world’s cities. Glob. Ecol. Biogeogr. 29, 1907-1914. https://doi.org/
10.1111/geb.13169.

Ossola, A., Cadenasso, M.L., Meineke, E.K., 2021. Valuing the role of time in urban
ecology. Front. Ecol. Evol. 9. https://doi.org/10.3389/fevo.2021.620620.

Pataki, D.E., Alberti, M., Cadenasso, M.L., Felson, A.J., McDonnell, M.J., Pincetl, S.,
Pouyat, R.V., Setald, H., Whitlow, T.H., 2021. The benefits and limits of urban tree
planting for environmental and human health. Front. Ecol. Evol. 9. https://doi.org/
10.3389/fev0.2021.603757.

Pearlmutter, D., Calfapietra, C., Samson, R., O’Brien, L., Krajter Ostoi¢, S., Sanesi, G.,
Alonso Del Amo, R., 2017. The Urban Forest: Cultivating Green Infrastructure for
People and the Environment, Future City. Springer International Publishing, Cham.
https://doi.org/10.1007/978-3-319-50280-9.

Pei, Y., Dong, J., Zhang, Y., Yuan, W., Doughty, R., Yang, J., Zhou, D., Zhang, L., Xiao, X.,
2022. Evolution of light use efficiency models: improvement, uncertainties, and
implications. Agric. For. Meteorol. 317, 108905. https://doi.org/10.1016/j.
agrformet.2022.108905.

Prentice, I.C., Cramer, W., Harrison, S.P., Leemans, R., Monserud, R.A., Solomon, A.M.,
1992. Special paper: a global biome model based on plant physiology and
dominance, soil properties and climate. J. Biogeogr. 19, 117-134. https://doi.org/
10.2307/2845499.

Pugh, T.A.M., MacKenzie, A.R., Whyatt, J.D., Hewitt, C.N., 2012. Effectiveness of green
infrastructure for improvement of air quality in urban street canyons. Environ. Sci.
Technol. 46, 7692-7699. https://doi.org/10.1021/es300826w.

Rahman, M.A., Stringer, P., Ennos, A.R., 2013. Effect of pit design and soil composition
on performance of Pyrus calleryana street trees in the establishment period. AUF 39.
https://doi.org/10.48044/jauf.2013.033.

Rau, A.-L., Burkhardt, V., Dorninger, C., Hjort, C., Ibe, K., KeBler, L., Kristensen, J.A.,
McRobert, A., Sidemo-Holm, W., Zimmermann, H., Abson, D.J., von Wehrden, H.,
Ekroos, J., 2020. Temporal patterns in ecosystem services research: a review and
three recommendations. Ambio 49, 1377-1393. https://doi.org/10.1007/513280-
019-01292-w.

Rotzer, T., Rahman, M.A., Moser-Reischl, A., Pauleit, S., Pretzsch, H., 2019. Process
based simulation of tree growth and ecosystem services of urban trees under present
and future climate conditions. Sci. Total Environ. 676, 651-664. https://doi.org/
10.1016/j.scitotenv.2019.04.235.

Rotzer, T., Moser-Reischl, A., Rahman, M.A., Grote, R., Pauleit, S., Pretzsch, H., 2021.
Modelling urban tree growth and ecosystem services: review and perspectives. In:
Cénovas, F.M., Liittge, U., Risuefo, M.-C., Pretzsch, Hans (Eds.), Progress in Botany,
82. Springer International Publishing, Cham, pp. 405-464. https://doi.org/10.1007/
124_2020_46.

Running, S.W., Thornton, P.E., Nemani, R., Glassy, J.M., 2000. Global terrestrial gross
and net primary productivity from the earth observing system. In: Sala, O.E.,
Jackson, R.B., Mooney, H.A., Howarth, R.W. (Eds.), Methods in Ecosystem Science.
Springer New York, New York, NY, pp. 44-57. https://doi.org/10.1007/978-1-4612-
1224-9 4.


https://doi.org/10.1111/gcb.70281
https://doi.org/10.1111/gcb.70281
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0140
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0140
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0140
https://doi.org/10.1016/j.ecolmodel.2013.12.021
https://doi.org/10.1016/j.ecolmodel.2013.12.021
https://doi.org/10.3390/f8090309
https://doi.org/10.1093/treephys/tpr138
https://doi.org/10.5194/bg-12-2773-2015
https://doi.org/10.5194/bg-12-2773-2015
https://doi.org/10.1016/j.envsoft.2017.03.031
https://doi.org/10.1016/j.envsoft.2017.03.031
https://doi.org/10.1111/j.1654-109X.2008.tb00207.x
https://doi.org/10.1111/j.1654-109X.2008.tb00207.x
https://doi.org/10.13031/2013.26773
https://doi.org/10.3389/fpls.2017.00182
https://doi.org/10.3390/f14122433
https://doi.org/10.1017/9781009325844.008
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1073/pnas.0901970106
https://doi.org/10.48044/jauf.2012.005
https://doi.org/10.1016/j.ufug.2015.10.003
https://doi.org/10.1016/j.ufug.2015.10.003
https://doi.org/10.1371/journal.pone.0181187
https://doi.org/10.1016/0378-1127(91)90043-U
https://doi.org/10.1016/0378-1127(91)90043-U
https://doi.org/10.1186/s13007-021-00753-2
https://doi.org/10.1016/S0378-1127(97)00026-1
https://doi.org/10.1111/j.0022-0477.2004.00923.x
https://doi.org/10.1016/j.landurbplan.2025.105294
https://doi.org/10.1016/j.landurbplan.2025.105294
https://doi.org/10.1073/pnas.2401035121
https://doi.org/10.1016/j.ufug.2019.126366
https://doi.org/10.1016/j.agrformet.2024.109957
https://doi.org/10.1016/j.agrformet.2024.109957
https://doi.org/10.1016/j.ecolind.2016.03.009
https://doi.org/10.1016/j.ecolind.2016.03.009
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0265
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0265
https://doi.org/10.1016/j.ecoser.2013.06.005
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0275
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0275
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0275
https://doi.org/10.1016/j.foreco.2006.06.026
https://doi.org/10.1016/j.foreco.2006.06.026
https://doi.org/10.1016/j.ufug.2025.128795
https://doi.org/10.1016/j.ufug.2018.07.023
https://doi.org/10.1016/j.scitotenv.2018.09.349
https://doi.org/10.2307/2404093
https://doi.org/10.2307/2404093
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0305
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0305
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0310
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0310
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0310
https://doi.org/10.1111/geb.13169
https://doi.org/10.1111/geb.13169
https://doi.org/10.3389/fevo.2021.620620
https://doi.org/10.3389/fevo.2021.603757
https://doi.org/10.3389/fevo.2021.603757
https://doi.org/10.1007/978-3-319-50280-9
https://doi.org/10.1016/j.agrformet.2022.108905
https://doi.org/10.1016/j.agrformet.2022.108905
https://doi.org/10.2307/2845499
https://doi.org/10.2307/2845499
https://doi.org/10.1021/es300826w
https://doi.org/10.48044/jauf.2013.033
https://doi.org/10.1007/s13280-019-01292-w
https://doi.org/10.1007/s13280-019-01292-w
https://doi.org/10.1016/j.scitotenv.2019.04.235
https://doi.org/10.1016/j.scitotenv.2019.04.235
https://doi.org/10.1007/124_2020_46
https://doi.org/10.1007/124_2020_46
https://doi.org/10.1007/978-1-4612-1224-9_4
https://doi.org/10.1007/978-1-4612-1224-9_4

D. Stucchi et al.

Russo, A., Escobedo, F.J., Timilsina, N., Schmitt, A.O., Varela, S., Zerbe, S., 2014.
Assessing urban tree carbon storage and sequestration in Bolzano, Italy. Int. J.
Biodivers. Sci. Ecosyst. Serv. Manag. 10, 54-70. https://doi.org/10.1080/
21513732.2013.873822.

Saltelli, A. (Ed.), 2008. Sensitivity Analysis, Paperback. Wiley Paperback Series. Wiley,
Chichester Weinheim.

Sanginés De Carcer, P., Vitasse, Y., Peniuelas, J., Jassey, V.E.J., Buttler, A.,
Signarbieux, C., 2018. Vapor-pressure deficit and extreme climatic variables limit
tree growth. Glob. Chang. Biol. 24, 1108-1122. https://doi.org/10.1111/gcb.13973.

Seidl, R., Rammer, W., Scheller, R.M., Spies, T.A., 2012. An individual-based process
model to simulate landscape-scale forest ecosystem dynamics. Ecol. Model. 231,
87-100. https://doi.org/10.1016/j.ecolmodel.2012.02.015.

Smith, N.J., 1993. Estimating leaf area index and light extinction coefficients in stands of
Douglas-fir (Pseudotsugamenziesii). Can. J. For. Res. 23, 317-321. https://doi.org/
10.1139/x93-043.

Tams, L., Paton, E.N., Kluge, B., 2023. Impact of shading on evapotranspiration and
water stress of urban trees. Ecohydrology 16, €2556. https://doi.org/10.1002/
€c0.2556.

Teskey, R., Wertin, T., Bauweraerts, 1., Ameye, M., Mcguire, M.A., Steppe, K., 2015.
Responses of tree species to heat waves and extreme heat events. Plant Cell Environ.
38, 1699-1712. https://doi.org/10.1111/pce.12417.

United Nations, European Union, Food and Agriculture Organization of the United
Nations, International Monetary Fund, Organisation for Economic Co-operation and
Development, The International Bank for Reconstruction and Development/The
World Bank, 2021. System of Environmental-Economic Accounting—Ecosystem
Accounting (SEEA EA).

16

Science of the Total Environment 1017 (2026) 181466

Vilanova, E., Ramirez-Angulo, H., Torres-Lezama, A., Aymard, G., Gamez, L., Duran, C.,
Hernandez, L., Herrera, R., Van Der Heijden, G., Phillips, O.L., Ettl, G.J., 2018.
Environmental drivers of forest structure and stem turnover across Venezuelan
tropical forests. PloS One 13, e0198489. https://doi.org/10.1371/journal.
pone.0198489.

Xiao, Q., McPherson, E.G., 2011. Rainfall interception of three trees in Oakland,
California. Urban Ecosyst. 14, 755-769. https://doi.org/10.1007/s11252-011-0192-
5.

Yang, J., McBride, J., Zhou, J., Sun, Z., 2005. The urban forest in Beijing and its role in
air pollution reduction. Urban For. Urban Green. 3, 65-78. https://doi.org/10.1016/
j.ufug.2004.09.001.

Zabret, K., Sraj, M., 2019. Rainfall interception by urban trees and their impact on
potential surface runoff. CLEAN - Soil Air Water 47, 1800327. https://doi.org/
10.1002/clen.201800327.

Zhang, H., Wang, K., Xu, X., Song, T., Xu, Y., Zeng, F., 2015a. Biogeographical patterns of
biomass allocation in leaves, stems and roots in China’s forests. Sci. Rep. 5, 15997.
https://doi.org/10.1038/srep15997.

Zhang, L., Hu, Z., Fan, J., Zhou, D., Tang, F., 2014. A meta-analysis of the canopy light
extinction coefficient in terrestrial ecosystems. Front. Earth Sci. 8, 599-609. https://
doi.org/10.1007/s11707-014-0446-7.

Zhang, L., Zhou, D., Fan, J., Hu, Z., 2015b. Comparison of four light use efficiency
models for estimating terrestrial gross primary production. Ecol. Model. 300, 30-39.
https://doi.org/10.1016/j.ecolmodel.2015.01.001.

Zhu, C., Xia, J., 2020. Nonlinear increase of vegetation carbon storage in aging forests
and its implications for earth system models. J. Adv. Model. Earth Syst. 12,
€2020MS002304. https://doi.org/10.1029/2020MS002304.


https://doi.org/10.1080/21513732.2013.873822
https://doi.org/10.1080/21513732.2013.873822
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0380
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0380
https://doi.org/10.1111/gcb.13973
https://doi.org/10.1016/j.ecolmodel.2012.02.015
https://doi.org/10.1139/x93-043
https://doi.org/10.1139/x93-043
https://doi.org/10.1002/eco.2556
https://doi.org/10.1002/eco.2556
https://doi.org/10.1111/pce.12417
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0410
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0410
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0410
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0410
http://refhub.elsevier.com/S0048-9697(26)00126-9/rf0410
https://doi.org/10.1371/journal.pone.0198489
https://doi.org/10.1371/journal.pone.0198489
https://doi.org/10.1007/s11252-011-0192-5
https://doi.org/10.1007/s11252-011-0192-5
https://doi.org/10.1016/j.ufug.2004.09.001
https://doi.org/10.1016/j.ufug.2004.09.001
https://doi.org/10.1002/clen.201800327
https://doi.org/10.1002/clen.201800327
https://doi.org/10.1038/srep15997
https://doi.org/10.1007/s11707-014-0446-7
https://doi.org/10.1007/s11707-014-0446-7
https://doi.org/10.1016/j.ecolmodel.2015.01.001
https://doi.org/10.1029/2020MS002304

	An individual, mechanistic and dynamical model to simulate urban tree growth and ecosystem services supply under future sce ...
	1 Introduction
	2 Methods
	2.1 Model description
	2.1.1 Photosynthesis
	2.1.2 Allocation and growth
	2.1.3 Tree morphology
	2.1.4 Hydrological balance
	2.1.5 Ecosystem services

	2.2 Calibration and sensitivity analysis
	2.3 Case study and climate change scenarios

	3 Results
	3.1 Calibration and sensitivity analysis
	3.2 Model functioning and growth under climate scenarios
	3.3 Ecosystem services scenarios

	4 Discussion
	4.1 Conceptual and mathematical structure of the model
	4.2 Calibration and sensitivity analysis in context of existing literature
	4.3 Pilot application

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


