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Abstract
Key message A model for sustainable planning of urban tree stocks is proposed, incorporating growth, mortality, 
replacement rates and ecosystem service provision, providing a basis for planning of urban tree stocks.
Abstract Many recent studies have improved the knowledge about urban trees, their structures, functions, and ecosystem 
services. We introduce a concept and model for the sustainable management of urban trees, analogous to the concept of 
sustainable forestry developed by Carl von Carlowitz and others. The main drivers of the model are species-specific tree 
diameter growth functions and mortality rates. Based on the initial tree stock and options for the annual replanting, the shift 
of the distribution of the number of trees per age class can be predicted with progressing time. Structural characteristics such 
as biomass and leaf area are derived from tree dimensions that can be related to functions such as carbon sequestration or 
cooling. To demonstrate the potential of the dynamic model, we first show how different initial stocks of trees can be quan-
titatively assessed by sustainability indicators compared to a target stock. Second, we derive proxy variables for ecosystem 
services (e.g. biomass for carbon sequestration, leaf area for deposition and shading) from a given distribution of the number 
of trees per age class. Third, we show by scenario analyses how selected ecosystem services and functions may be improved 
by combining complementary tree species. We exercise one aspect (cooling) of one ecosystem service (temperature mitiga-
tion) as an example. The approach integrates mosaic pieces of knowledge about urban trees, their structures, functions, and 
resulting ecosystem services. The presented model makes this knowledge available for a sustainable management of urban 
tree stocks. We discuss the potential and relevance of the developed concept and model for ecologically and economically 
sustainable planning and management, in view of progressing urbanization and environmental changes.

Keywords “Normal forest” · “Target forest” · Normal and target stock of trees · Age class distribution · Growth and 
mortality · Crown allometry · Ecosystem service provision · Scenario analyses

Introduction

At present, more than 55% of the human population world-
wide lives in urban areas and its share will increase to 68% 
until 2050 (United Nations 2018). An increasing attention is 

paid to the monitoring (Lizée et al. 2011; Nowak et al. 2008), 
management and planning (Gómez-Baggethun and Barton 
2013; Ignatieva et al. 2011) and research (McDonnell et al. 
2013) of the urban environment and especially of the urban 
ecosystems (Pickett and Grove 2009). Consequently, better 
monitoring, inventory and registry of urban trees have been 
suggested by various recent studies (Liu et al. 2017; Tan-
huanpää et al. 2014). Urban trees were analysed regarding 
their growth (Gillner et al. 2014; Kjelgren and Clark 1992; 
Moser-Reischl et al. 2019; Pretzsch et al. 2017), suscepti-
bility to drought stress (Moser et al. 2018a, b; Rötzer et al. 
2017), and their manifold ecosystem services (Livesley et al. 
2016; Moser et al. 2015; Nowak and Crane 2002; Rahman 
et al. 2020a; Roy et al. 2012; Samson et al. 2019). Among 
others, their contribution to air pollution removal (Grote 
et al. 2016; Nowak et al. 2006; Pace et al. 2020), cooling 
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by transpiration and shading (Rahman et  al. 2020a, b), 
habitat and biodiversity maintenance (Alvey 2006; Angold 
et al. 2006; Muller et al. 2010) and human health (Kan and 
Chen 2004; Tzoulas et al. 2007) is of particular interest. The 
impact of global climate warming (McCarthy et al. 2010) 
may be exacerbated by the urban heat island effect (An et al. 
2020; Moser et al. 2018a, b) which both suggest farsighted 
future tree species selection for urban areas (Ferrini et al. 
2014; Khan et al. 2020; Roloff et al. 2009; Watkins et al. 
2020). In this context, Rötzer et al. (2019) integrated the 
knowledge about the tree growth and size-dependent eco-
system services provision into a process-based model at the 
tree level. A further important step of integration is the use 
of an improved knowledge base of urban trees for develop-
ing management tools for the whole urban tree stocks as 
suggested by Nowak et al. (2013). Due to the increased rel-
evance of ecosystem services (e.g. due to climate change) 
and due to the increasing threat to these functions (because 
tree health could decline e.g. due to drought), the care and 
management of urban trees is of particular importance. Con-
sequently, protection and perhaps the improvement of the 
broad set of functions and services of urban trees are priority 
tasks, especially under climate change.

This study introduces a concept and model for the sustain-
able management of urban trees, that is in many aspects anal-
ogous to the concept of sustainable forestry. In forestry, the 
concept of sustainability has been developed (von Carlowitz 
1713; Morgenstern 2007) and underpinned methodologi-
cally (Cotta 1820; Hundeshagen 1826, 1828; Speidel 1972) 
to maintain a continuous stock and supply of wood by balanc-
ing the new establishment and the removal of stands. Under 
ideal conditions, a forest management block would consist 
of stand areas which are uniformly distributed over the age 
classes. For example, a management block with a total area 
of 1000 hectare and five age classes (e.g., I = 1–20 years, 
II = 21–40 years … V = 80–100) would ideally consist of 
200 ha per 20-years-age class. Assuming that every year the 
area of the removed and newly established stands is kept the 
same, there will be a constant stock and sustainable supply of 
wood and other forest ecosystem services. This may result in 
a never-ending continuous revenue regarding both goods and 
services. The concept of sustainability can be ensured by the 
regulation of the stands’ age class distribution (von Gadow 
2005) or the trees’ diameter distribution (Bachofen 1999; 
Buongiorno and Michie 1980; Meyer 1952). The concept 
has been successfully transferred from forestry to sustain-
able management of vinicultures (Salo and Tahvonen 2002).

Here, we show how to exploit the potential of the newly 
accumulated knowledge about urban tree growth and how 
to integrate it into a dynamic management model for the 
sustainable management of urban tree stocks. We synthesise 
existing knowledge into a model for sustainable management 
of urban tree stocks, following the models for sustainable 

management of wood and other ecosystem services of for-
ests (Speidel 1972; Pretzsch et al. 2008). Traditionally, for-
est management models scale the individual stands to an 
entity of a management block unit to model the dynamics of 
stocks in dependence of growth, mortality and removal, In 
this way, the long-term consequences of different manage-
ment options can be assessed by a scenario analysis. As we 
adapt this concept to model urban tree stocks we start with 
an introduction of this concept and its formalization.

Assuming a uniform distribution of trees over the age classes 
as shown in Fig. 1a, no mortality of the trees until age 100 will 
appear along with a continuous refilling of the first age class by 
replanting the losses of the oldest age class. This constellation 
enables a sustainable provision with tree numbers, biomass, and 
associated ecosystem services. Such a regime is analogous to 
the "Normal Forest" by Hundeshagen (1826, 1828). He pro-
posed a uniform distribution of stand age classes across forested 
areas for keeping a sustainable forest growth and yield. In case 
of a rotation of 100 years this is achieved by an annually cut 
and replanting of 10 ha for a given forest area of 1000 ha. The 
assumed uniform distribution in Fig. 1a is purely theoretical. 
In reality, the mortality increases with increasing age. And the 
age class distribution for a sustainable number of trees in urban 
areas or of a stand area in forest management decreases progres-
sively as shown in Fig. 1b. In reality, the age class distribution 
that guarantees a sustainable provision with goods and services 
deviates from uniformity. It is rather a degressively decreasing 
distribution (Fig. 1b) called target age class distribution or "Tar-
get Forest" (Hanewinkel et al. 2011). To maintain the target age 
class distribution requires much higher replanting numbers to 
compensate for the mortality on the way from the young to the 
mature state. In Fig. 1b the black solid line represents the target 
distribution which is necessary to keep a steady state in case of 
a defined number of total trees per city or quarter. The current 
age class distribution may deviate from the target distribution. 
For instance, Fig. 1c and d, represent an overshoot of young 
trees and an overshoot of old trees, respectively. The deviation 
from the target distribution becomes obvious by comparing the 
current distribution (e.g., as a result of an inventory or city tree 
register evaluation) with the target distribution. Any deviations 
should be remedied, as on the long term they cause an under- or 
overprovision of services. They also cause peaks of replant-
ing measures and labour costs; with other words, they cause 
non-sustainability.

The sustainable management of a stock of urban trees 
requires basic information similar to sustainable forest man-
agement: the initial stock, the growth, the mortality, and the 
replacement by planting. Analogous to the management of 
forest units, urban trees may be assigned to age classes. In this 
way, their development can be modelled by the transition of 
the trees from one to the next age class, by their drop out and 
the replanting on planting places, available after drop out of 
trees due to stress or senescence. In both forests and cities, the 
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available area for growing trees is an important constraint. In 
forests many trees drop out between planting or natural regen-
eration and old age due to inter-tree competition or harvest. 
Without competition and removal by harvest, trees in cities 
would ideally survive from being planted as individuals of 
several years until old age. However, stress or security reasons 
also reduce their survival rate, but not on the low level of for-
est trees. The composition of the forests management block is 
commonly characterized as the stand area in hectare per age 
class. The composition of urban tree stocks may be quantified 
as the number of individual trees per age class. The model 
concept for urban tree stocks may be similar to the "Normal 
Forest" and "Target Forest" models in forestry, it requires 
three main adaptations: the characterization of the stock, the 
planting of trees, and the quantification of survival rates. The 
characterization of the stock by stand area per age class should 
be replaced by the tree number per age class. The planting or 
natural regeneration of numerous trees in the forest should be 
replaced by the planting of individuals of several years. The 
survival rates need to be adapted as competition and removal 
play a minor role in urban tree stocks compared with forests.

This study aims at transferring the concept of the "Nor-
mal Forest" and of sustainability from forest stands to 
urban tree stocks. We operationalise this transfer by a sim-
ple generic model. We present a first model that still is far 
from completion. It does not yet distinguish between urban 
forests, parks and street trees, different planting patterns 
and spatial arrangements of trees (solitary growth, groups, 
rows, clusters), and it includes only a few selected ecosys-
tem services. It is also not yet parametrized species-specific 
and needs much further improvement. However, the model 
will show how to transfer the concept of sustainability of 
regulating and provisional services from forest to urban tree 
stocks. Therefore, the main objectives are to (i) derive esti-
mation functions for growth, mortality and replanting, and 
to integrate them into an age-class based model for simu-
lating the long-term development of urban-tree stocks, (ii) 
apply the model for assessing the state and sustainability 
potential of the tree number and ecosystem functions of a 
simulated stock of urban trees, and (iii) to demonstrate the 
model’s applicability for indication and management of 
long-term sustainability of the tree numbers. This is realized 

Fig. 1  Normal urban tree stock, target stock and deviations between 
current and target stock show for a stock of 1000 trees in an area of 
100 hectare, i. e., a mean density of urban trees of 10 trees per ha. a 
normal age class distribution distribution and b target age class dis-

tribution of 1000 tree per 100  ha. Comparison of current age class 
distributions (thin columns) with the target distribution (bold lines) 
for (c) an example with an overstock of young trees and lack of old 
trees and (d) a lack of young trees and a slight overstock of old trees
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by calculating a target state of the stock and the selected 
example ecosystem services and functions from a given ini-
tial tree class distribution.

The presented scenario simulations may contribute to 
analyse any non-sustainability and to plan and regulate an 
urban tree stock in a sustainable way. We discuss the provi-
sional nature of the model, the potential and the necessary 
steps required for its further development, and its feedback 
to data acquisition about urban tree stocks and their practical 
management.

Material and methods

Matrix model structure

The methodological basis is a three-dimensional matrix 
containing the development of tree numbers over time (first 
dimension), the total tree numbers per one-year age class 
(second dimension), and the respective tree numbers per 
species (third dimension). Thus, the tree number at a given 
point in time, i, for a given age, j, and a given species, k, is 
characterized by ni,j,k with i being the time steps of stock 
development (i, i = 1…1000 years of scenario run), j being 
the one-year age class (j, j = 1…100), and k the tree spe-
cies. The tree number presents the total tree numbers per 
city, quarter or any other defined area. For visualization or 
planning, the results can be summarized in age classes of 
10 years (0–11, 11–20, 91–100) or 20 years (0–20, 21–40, 
… 81–100).

Initial and target age class distribution

The initial number of trees per age class can be read in by 
the model and should be provided separately for each spe-
cies. For calculating the tree numbers and ecosystem ser-
vices per hectare (or per 100 ha) the model requires the area 
of the city, quarter or park related to the tree stock. As a 
basis for the initial age class distribution and related area, ad 
hoc inventory data, available tree registry data from urban 
administrations, or generated test data for scenario analyses 
may be used. Figure 1a–d, shows examples for various gen-
erated initial age class distributions. In contrast to the ideal-
ized uniform distribution (Fig. 1a) the target distribution 
(Fig. 1b) considers an increasing mortality of trees.

The target age-class distribution can be derived from the 
species-specific total number of trees of the stock and the 
species-specific maximum retention time under urban condi-
tions  agemax and the survival function

 that quantifies the tree survival dependent on the relative 
tree age.

The total number of trees results from the available or 
newly created planting places for trees and is finally a man-
agement decision; it strongly determines the provision with 
green infrastructures and their ecosystem services.

The species-specific survival function (Eq. 1) can be 
derived from tree registries, literature, or experience. The 
ratio age∕agemax is called agerel in the following and ranges 
between agerel = 1… 1.0.

Exponent �mort may be derived from plotting the rela-
tive number of dead trees over relative age and fitting the 
relationship

which turns out as double-logarithmic allometric relationship

 For the relation between mortality and survival applies 
surv = 1 − mort ; thus for the survival function results Eq. 1.

For deriving the target age class distribution according to 
this survival function, we first need the integral of the latter 
function from 0 to 1

As for 1 − 1∕(�mort + 1) applies surv = 1 − (age∕agemax)
�mort 

for a number of target trees ntarg the distribution is

Based on the integral of this function the target tree num-
bers for each age interval agerel(e.g., from t = 1…10, 11–20, 
…99–100) can be calculated as by

(1)surv = 1 −
(
age∕agemax

)
�mort

(2)mort =
(
age∕agemax

)
�mort

(3)ln (mort) = �mort × ln
(
agerel

)

(4)

1

∫
0

1 −
(
agerel

)
�mort dagerel

=

[

agerel −
age

�mort+1

rel

�mort + 1

]1

0

= 1 − 1∕
(
�mort + 1

)

(5)Φtarg =
(
1 −

(
agerel

)
�mort

)
∕(1 − 1∕

(
�mort + 1

)
× ntarg

(6)

k

∫
agerel=i…

1 −
(
agerel

)
�mort dagerel∕(1 − 1∕

(
�mort + 1

)
× ntarg

=

[

agerel −
age

�mort+1

rel

�mort + 1

]k

i

∕(1 − 1∕
(
�mort + 1

)
× ntarg

=

[[

k −
k�mort+1

�mort + 1

]

−

[

i −
i�mort+1

�mort + 1

]]

∕(1 − 1∕
(
�mort + 1

)
× ntarg.
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The target tree number in the first 10-years-class is

The target tree number in the second 10-years-class is

These calculations yield the absolute target age class dis-
tribution Φtarg for target tree number based on ntarg and 
the mortality parameter �mort as shown exemplarily by the 
decreasing black line in Fig. 1. Latter target 10-years-age 
class distribution may serve as a reference for quantifying 
the absolute deviation/distance between the real and target 
tree numbers.

Replanting routine

The replanting options are as follows: A first option is to 
annually plant a fixed number nrenew of trees of a given age 

(7)

0.1

∫
agerel=0…

1 −
(
agerel

)
�mort dagerel∕

(
1 − 1∕�mort+1

)
) × ntarg

=

[[

0.1 −
0.1�mort+1

�mort + 1

]

−

[

0 −
0�mort+1

�mort + 1

]]

∕
(
1 − 1∕�mort+1

)
× ntarg.

(8)

0.2

∫
agerel=0.1

1 −
(
agerel

)
�mort dagerel∕

(
1 − 1∕�mort+1

)
) × ntarg

=

[[

0.2 −
0.2�mort+1

�mort + 1

]

−

[

0.1 −
0.1�mort+1

�mort + 1

]]

∕
(
1 − 1∕�mort+1

)
× ntargetc.

and to provide them in a vector that is read in by the model. 
A second option is to exactly replant the failed and removed 
trees, estimated by the mortality and survival function, 
respectively. A third option is to plant exactly the number 
of trees that is required for achieving and keeping the tar-
get age-class distribution. For this purpose, the number of 
required trees can be estimated by the total target tree num-
ber and the required entries, e.g. the number of entries by 
planting into the first 10-year age class. The respective tree 
number nrenew,targ can be estimated based on Eq. 7.

Basic relationships and auxiliary link functions

Based on the initial age class distribution Φinital and the 
vector nrenew with the number of annually replanted trees, 
the model shifts the tree numbers forward by one-age class 
every year. Based on a species-specific diameter growth 
function (Table 1), and depending on tree age d = a1 × age , 
the stem diameter can be updated after each annual time 
step. The assumed proportional relationship between tree 
age and stem diameter is just a first general assumption and 
may be easily replaced by more sophisticated or updated 
relationships, e.g., by Bruce and Schumacher (1950, p 380), 
Zeide (1993), or Pretzsch (2020).

The survival function surv = 1 − (age∕agemax)
�mort intro-

duced in the previous section provides the number of sur-
viving trees and can be used for quantifying the number of 
dropout trees as shown in Sect. "Initial and target age class 
distribution". The dropout trees can be replaced in the next 
age step by replanting young trees at their growing places.

For the remaining trees, a set of auxiliary link functions 
(Table 1) estimates various functional and structural tree 
attributes, such as tree height, crown area, crown volume, 

Table 1  Basic functions for tree 
growth, structure and services 
applied in the following model

For the model examples, we applied general relationships. Figure 2 displays the functions and parameters 
applied in this model. For specific application, species-specific model functions may be used from the lit-
erature

Relationship Model function Default parameters used 
for the model prototype

Tree diameter (cm) d = a1 × age a1 = 0.5

Tree height (m) h = b1 × db2 b1 = 2.2,b2 = 0.66

Height to crown base (m) hcb = c1 × dc2 c1 = 0.74,c2 = 0.66

Crown projection area  (m2) cpa = d1 × dd2 d1 = 0.54,d2 = 1.33

Crown volume  (m3) cv = cpa × (h − hcb) × form form = 0.5

Mortality rate ( .∕.) mort = (age∕agemax)
�mort �mort = 4

Survival rate ( .∕.) surv = 1 − (age∕agemax)
�mort �mort = 4

Above ground biomass (kg) ms = e1 × de2 e1 = 0.12,e2 = 2.37

Root biomass (kg) mr = f1 × df2 f1 = 0.04, f2 = 2.28

Leaf area  (m2) la = g1 × dg2 g1 = 0.18,g2 = 1.88

Cooling effect (kWh  yr−1) c = h1 × age + h2 × age2 h1 = 139.52,h2 = 6.31
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leaf area or cooling effect based on the current tree diam-
eter or age of the trees in each age class. Table 1 represents 
default values as a first approach of a set of link functions, 
which are certainly extendable. In Fig. 2 the default relation-
ships (curves in the middle) as well as curves on higher and 
lower levels used in some scenarios later on are visualized. 
Many more ecosystem services may be estimated depending 
on the tree size or age.

The relationships between stem diameter,  d1.3, at the 
stem height of 1.3 and tree age are derived from Moser 
et al. (2015), Moser-Reischl et al. (2019), and Pretzsch et al. 
(2017). As stem diameter develops rather linearly over age 
(Assmann and Franz 1965; Pretzsch 2001, p. 111), we apply 
linear functions to keep it simple.

Tree height, height to crown base, crown projection 
area and crown volume are estimated by allometric func-
tions depending on stem diameter as shown in Table 1. The 
respective general functions are derived from studies of 
trees in forests, urban areas, and parks (Pretzsch et al. 2015, 
2019).

The decreasing survival of trees with increasing age 
is modelled by Eq. 1 with �mort ranging between 3 and 5 
for short to long-living tree species, respectively, follow-
ing Nowak et al. (2004), Moser et al. (2018a, b) and Rötzer 
et al., (2019). For estimating biomass production, we apply 
the general species-overarching functions for above and 
below-ground biomass by Forrester et al. (2017, Fig. 5 and 

Supplementary Material). The combination of the functions 
for above and below-ground biomass allows the estimation 
of the total biomass. To estimate tree volume, the total bio-
mass is multiplied by 2.0; for estimating carbon content the 
biomass was multiplied by 0.5 (Knigge and Schulz 1966). 
For the present model prototype, we use the abovementioned 
species-overarching biomass functions and mean expansion 
factors for the calculation of tree volume and carbon content. 
Further developed model versions may use species-specific 
biomass functions by Forrester et al. (2017) and conver-
sion factors introduced among others by Pretzsch (2009, p. 
66–71).

We further apply the general function of estimating one-
sided leaf area by Forrester et al. (2017), which is related e.g. 
to the filtering of fine particulates, air moistening, shading, 
and insulation. In all cases, we use simple general functions 
to show the magnitude of size dependency of the functions 
and services of trees. Further developed model versions may 
estimate species-specific leaf areas depending on tree size, 
competitive status, and environmental conditions (Moser-
Reischl et al. 2021).

For the cooling effect through transpiration of trees depend-
ing on their age, we use a function based on Rötzer et al. (2019, 
2020a; see equation in the last row of Table 1). The equation is 
based on studies of tree species in German cities and calcula-
tions using the growth model CityTree (Rötzer et al. 2019). In 
contrast to most other urban tree growth models, the CityTree 

Fig. 2  Auxiliary relationship for the derivation of tree structure and 
functions from tree (see Table  1). For the model calculations, we 
used generic dependencies on age for the following variables (a) stem 
diameter d 1.3 at a tree height of 1.3  m, (b) rel. number of surviv-

ing trees, (c) total tree biomass, (d) crown volume, (e) one-sided leaf 
area, (e), and (f) cooling effect. The respective broken lines in the 
middle are based on the parameters given in Table 1 and represent the 
default relationships
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model simulates growth and ecosystem services in a process-
oriented manner, i.e. depending on the environmental condi-
tions (Rötzer et al. 2020b). Ecosystem services such as tran-
spiration are calculated for individual trees depending on age 
and tree species on the basis of average monthly climate condi-
tions for urban regions. The CityTree model simulates cooling 
by transpiration from the species-specific transpiration sum. 
This is calculated according to the Penman equation within 
the water balance module of the CityTree model. Then the 
transpiration sum is multiplied with the temperature-dependent 
energy that is needed for the transition of water from the liquid 
to the gaseous phase (Rötzer et al. 2019). Within this study, 
we use the simulated cooling mean values of lime trees (Tilia 
cordata Mill.) of six German cities and derive a function that 
we use for the estimation of a tree’s cooling effect (kWh per 
year). In this way, the cooling effect is estimated in dependence 
on the respective ages of the trees as reflected by the equation 
in the last row of Table 1.

In further developed urban tree growth models functions 
for pollution deposition as developed by Nowak (1994) or for 
pollution uptake as provided by Emberson et al. (2000) may 
be included.

Indicators of sustainable tree stock and ecosystem 
functions

In this section, we introduce the six indicators Itotal , Idev
,Istab , Innew , Indfh , and Inold characterizing the sustainabil-
ity and normality of the tree number distribution of a stock of 
urban trees. They may be used for assessment and planning of 
sustainability by scenario analysis (see Sect. “Indication and 
prediction of age class distributions”).

The absolute tree number Itotal per defined area (city, quar-
ter, park) is essential for characterizing the urban greening. 
Itotal is the total number of trees summarized over all age 
classes for given points in time t

Indicator Idevt quantifies the deviation between the target 
number of trees and the current observed tree numbers per age 
classes in relation to the total number or trees. For the deriva-
tion of Idevt we need the target steady-state age class distribu-
tion Φtarg developed in Sect. “Indication and prediction of age 
class distributions”. Based on the observed tree numbers per 
age class, ni, and the target tree numbers ntarg,i per age class I 
at time point t, Idevt quantifies the deviation between both in 
relation to the total number of observed trees

(9)Itotalt =

agemax∑

i=1

ni,t.

(10)Idevt =

agemax∑

i=1

||
|
ntarg,i − ni

||
|
∕

agemax∑

i=1

ni.

Large values of Idevt mean high deviations from the 
expected age class distribution; Idevt =0 indicates a perfect 
match of the observed and the expected distribution of the 
number of trees per age class.

The stability Istabt of the tree number in a city or unit area 
and related ecosystem service provision over a period t = 1 
…k can be quantified based on the records of the annual tree 
numbers Itotalt,t=1…k as follows

Istab is the inverse of the coefficient of variation of the 
annual tree number in the period of the next k years. Here 
we used a period of k = 100 years for quantifying the sta-
bility of the tree number in a city. In Eq. 11 the abbrevia-
tion std represents the standard deviation and mean repre-
sents the mean value. Both are calculated for the total tree 
number Itotal in the periods t = 1 … k. High values of Istab 
indicate high stability of tree numbers; Istabt = 1 indicates 
a constant number of trees in period t = 1 … k.

We further introduce Innewt that indicates the number 
of the trees in the first 10 age classes (age = 1…10) in rela-
tion to the expected number of trees in these age classes 
under steady-state conditions. The observed stock of tree 
numbers is calculated as nobs,age<agemax×0.1 =

∑agemax×0.1

i=1
ni . The 

target number of trees younger than agemax×0.1 is according 
to Sect. “Initial and target age class distribution”.

ntarg,age<agemax×0.1 =
0.1

∫
0

1 −
(
agerel

)
𝛼mort dagerel∕(1 − 1∕𝛼mort+1) × ntarg. 

The indicator results as

For integration of ∫ u

agerel=l
1 − (agerel)

�mort dagerel with 
lower and upper limit l and u, respectively, see Sect. “Ini-
tial and target age class distribution”.

Indfht indicates the ratio between the observed stock of 
tree in the first half of the age class distribution, i. e. num-
ber of trees younger than  agemax/2, in relation to the 
respective target tree numbers younger than  agemax/2. 
Indfht > 1 indicates an overstock of young trees (e.g., 
Fig. 1c), Indfht = 1 means a perfect match of observed and 
target tree numbers (e.g., Fig. 1b) and Indfht < 1 indicates 
a deficit of trees younger than  agemax/2 (e.g., Fig. 1d). For 
this purpose, the observed stock of tree numbers is calcu-
lated as nobs,age<agemax∕2 =

∑agemax∕2

i=1
ni . The target number of 

trees younger than agemax∕2 is according to Sect. “Initial 
a n d  t a r g e t  a g e  c l a s s  d i s t r i b u t i o n ” : 
ntarg,age<agemax∕2 =

0.5

∫
0

1 −
(
agerel

)
𝛼mort dagerel∕(1 − 1∕𝛼mort+1) × ntarg. The 

Indicator results as

(11)Istab = 1 −
(
std

(
Itotalt=1…k

)
∕mean

(
Itotalt=1…k

))
.

(12)Innewt = nobs,age<agemax×0.1∕ntarg,age<agemax×0.1 .

(13)Indfht = nobs,age<agemax∕2∕ntarg,age<agemax∕2 .
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For integration of ∫ u

agerel=l
1 − (agerel)

�mort dagerel with 
lower and upper limit l and u, respectively, see Sect. “Ini-
tial and target age class distribution”.

Old trees are of high relevance for many ecosystem 
functions. Thus the indicator Inoldt quantifies the balance 
between the observed and the target number of trees older 
than agemax×0.9.

The observed stock of tree numbers is calculated as 
nobs,age<agemax×0.9 = n10 . The target number of trees older than 
agemax×0.9 is according to Sect. “Initial and target age class 
distribution”:

ntarg,age<agemax×0.9 =
1

∫
0.9

1 −
(
agerel

)
𝛼mort dagerel∕

(
1 − 1∕𝛼mort+1

)
× ntarg . 

The Indicator Inoldt results as

For integration of ∫ u

agerel=l
1 − (agerel)

�mort dagerel with 
lower and upper limit l and u, respectively, see Sect. “Initial 
and target age class distribution”.

Results

Indication and prediction of age class distributions

We start the model with three different age-class distribu-
tions (see upper column of Fig. 3, t = 0), which denotes a 
deficit of 20% of trees compared with the target tree num-
ber and specific deviations from the target age-class dis-
tribution (solid black line in Fig. 3). The model runs show 
the different long-term convergence to a target steady-state 
(Fig. 3 from above to below). As the annual replacement 
rate, we assume the replanting of the first age class with the 
tree numbers according to the long-term steady-state. The 
respective tree numbers nrenew,targ can be estimated based on 
Eq. 7. In this way, the stock of urban trees is filled up con-
tinuously until the overall target tree number is achieved. On 
the long term, this approach leads to a balanced age-class 
distribution.

The first scenario already starts with a relatively balanced 
age-class distribution. In the second scenario we simulate an 
overstock of young trees (middle column in Fig. 3) while in 
the third scenario, we simulate an understock (right column). 
Such imbalanced age-class distribution may be caused by 

(14)Inoldt = nobs,age<agemax×0.9∕ntarg,age<agemax×0.9 .

temporarily too high or low annual replanting rates in the 
past. The scenarios show that it takes several decades to 
remedy the deviations for a target distribution, especially in 
case of temporarily imbalanced replanting in the past. The 
target distribution (black line) results from the total number 
of trees and planting places, the species-specific survival 
probabilities and the development of the trees through the 
age classes.

Figure 4 applies the set of six indicators Itotal, Idev, 
Istab, Innew, Indfh, and Inold for the scenarios 1–3 shown 
in Fig. 3. By continuous annual replanting of the target 
state tree number ntarg in the first age class, all three sce-
narios arrive in a steady state, after a whole rotation cycle 
of 100 years. However, the speed of approach to the steady 
state and the temporal deviations between initial and present 
state differ considerably.

Itotal reflects the development of the current total tree 
number. In Fig. 4a it is compared with the target total tree 
number (horizontal line, ntarg = 1000 per 100  ha−1 in this 
model example).

Idev (Fig. 4b) indicates the absolute deviation between the 
current tree number and the target tree number distribution.

Istab (Fig. 4c) quantifies the stability of the real tree num-
ber distribution over time; Istab is 1- coefficient of variation 
of the tree number in the last 1000 years. Istab = 1 indicates 
a steady state tree number distribution.

Innew (Fig. 4e) quantifies the number of trees in the first 
10-years age class (age 1–10) in relation to the target number 
of tree in this age class under target steady-state conditions.

Indfh (Fig.  4d) indicates the stock of younger trees, 
 agemax/2 in relation to the respective target tree numbers in 
the first half of the age class distribution. Indfh > 1 indicates 
an overstock of young trees.

Inold (Fig. 4f) indicates any over- or understock of older 
trees in age class 91–100 years analogously to Innew.

Scenario 1 (Fig. 4, continuous line) starts with a rather 
balanced tree number distribution over the age classes but 
with a 20% deficit of tree number compared with the target 
tree number. Itotal of this scenario continuously approaches 
the target tree number. The absolute deviation of tree number 
over all age classes, Idev, is the lowest and the stability of 
the age class distribution is high. It starts just 20% lower 
than the target value. However, apart from that, it is rather 
balanced regarding the representation of trees of different 
ages. Innew, Indfh and Indold show that the slight overstock 
of young and the understock of old trees is remedied quite 
quickly by annual planting. In the beginning, the constant 
annual planting rate causes a development above the target 
tree number, later a convergence to the steady state (hori-
zontal 1.0-line) is obvious.

In the case of scenario 2 (Fig. 4, broken line) Itotal starts 
with the same 20% deficit of total tree numbers. In this case, 
the age-class distribution is less balanced and the absolute 

Fig. 3  Long-term development of urban tree stocks starting with 
three different initial age class distributions (a–c) scenario 1: under-
stocking by about 20% in all age classes, scenario 2: understock of 
old trees, scenario 3: understock of young trees. For each of the three 
scenarios the real (columns) and target (black line) age class distribu-
tions are displayed for time (t = 0, 25, 50, 75, and 100). Tree num-
bers below and above the target distribution indicate deviations from 
a sustainable target stock

◂
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Fig. 4  Assessment of the age class distributions of scenarios 1–3 (see 
Fig. 3) by a set of sustainability indicators (a–f) derived in Sect. Indi-
cators of sustainable tree stock and ecosystem functions and com-
mented in the text. The thin horizontal line represents the target age 

class distribution (see Fig.  3). The three lines indicate the develop-
ment of the stock of trees from years t = 1….100 assuming different 
initial age class distributions and a continuous replanting according to 
the target stock
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deviation from the target Idev is higher from the beginning 
onwards. It takes much longer to compensate for the over-
stock of young trees at the beginning. Innew, Indfh and Inold 
show that the overstock of young and understock of old trees 
at the beginning cannot be remedied quickly but causes a 
long-term imbalance that lasts for a whole rotation. The con-
stant replanting rate even increases the age class imbalance, 
since the replanted add up to the per se overstock of the 
young trees at the beginning of the scenario. The imbalance 
between current and target tree numbers cannot be remedied 
before the end of the rotation.

Scenario 3 (Fig. 4, dotted line) starts with a deficit of 
young trees at the beginning. Here it takes the longest time 
to achieve a balanced age class target distribution. Innew, 
Indfh and Inold oscillate around the target line for several 
decades. The approach of Itotal, Idev and Istab to the target 
line is the slowest of all three scenarios, as the imbalance 
was the highest at the beginning and compensating the tree 
number deficits at the lower age classes takes the longest 
time.

From age class distribution of tree numbers 
to the provision of ecosystem services

In this section, we analyse the target age class distribution 
of tree numbers (Fig. 3, m–o) for various functions and 
services of the tree stock per age class and in total. The 
progressive decrease of tree numbers with age because of 

mortality and the linear increase of stem diameter with age 
result in characteristic age class distributions of biomass, 
crown characteristics and cooling effects as shown in Fig. 5 
and Table 2. Table 2 summarizes for all age classes of the 
given urban tree stock the absolute characteristics and their 
relative distribution.

For the tree biomass stock, the 10-years age classes 61–70 
to 81–90 are most relevant as they still represent a consid-
erable number of trees and the trees are already large in 
size. For other three-dimensional characteristics such as 
crown volume, the age class distribution is similar to the 
distribution of the biomass, also, with a peak in the tree 
ages between 61 and 90. For the 2D characteristics such as 
crown projection area or leaf area, the peak of the distribu-
tion is located slightly left of this, here the contribution of 
trees of ages of 50–80 are most relevant. This is due to the 
fact that the tree measures such as cpa and la are still lower 
than in advanced age, whereas the tree numbers in these 
age classes are yet higher. So the tree number counterbal-
ances the size effect and results in higher total crown sizes 
and leaf areas per hectare. The absolute and relative distri-
bution of structural and functional characteristics over the 
age classes (Table 2) indicates the high importance of old 
and big trees. The first five 10-years age classes (age 1–50) 
accumulate 64% of the trees, compared to only 36% in the 
second half of the age class distribution. However, traced to 
the biomass (20:80) the contribution of young and old trees 
is the opposite.

Fig. 5  Target age class distribution of an urban tree stock in terms of 
(a) tree numbers and the resulting age class distributions of (b) the 
total tree biomass, (c) crown projection area, (d) crown volume, (e) 

leaf area, and (f) cooling effect per year and hectare (see Table 2 for 
absolute values of the performances per hectare)
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For the cooling effect, the 60–90 years old trees are also 
most relevant, while the smaller trees play hardly any role; 
except presenting the potential and investment for the future 
cooling effects. Traced to the cooling (28:72) the relation-
ships between the contribution of young and old trees are 
opposite to the tree number. For the ecosystem service provi-
sions, protection of old trees thus plays a key role: they con-
tribute significantly to carbon balance by their high biomass, 
to habitat by their large crowns and to cooling by their high 
shading and transpiration via their crown projection area and 
leaf area, respectively. The absolute values in Table 2 result 
from the model calculations and may be useful for predict-
ing the long-term consequences of different management 
options of urban greening.

In another scenario analysis, we exemplarily explore how 
a combination of tree species may modify the ecosystem 
services and functions despite a limited number of plant-
ing places with sufficient growing space. Here we assume 
a potential number of 10 trees per hectare on the long term 
on an average (limited planting places and growing space 
in urban areas).

For tree species 1, we assume a 50% higher diameter 
growth rate ( a1 = 0.75 ) but a lower survival.

rate ( αmort = 3 ); for species 2, we assumed the same set-
ting as for scenario 1–3 ( a1 = 0.50, �mort = 5) . Species 1 
may represent faster growing species such as horse chestnut 
or poplar species, whereas species 2 may be oak or lime tree. 
However, in this development state the model is still generic 
to introduce the model idea and concept; species-specific 
growth trajectories will be integrated into further developed 
versions. We start the simulation with the same initial tree 
number per hectare and the same annual replanting rate as in 
scenario 1–3. However, in the following scenario we assume 
an equal share of 50:50 of both tree species in both the initial 
distribution and replanting rate.

Figure 6 shows the steady state after 100 years of the 
simulation run. Due to the higher mortality of species 1, this 
species decreases quicker in tree number (Fig. 6a). How-
ever, its faster growth results in a much higher provision of 
total biomass, cpa, cv, and la (Fig. 6b–e). Noteworthy is the 
20% faster approach to the higher level, as this scenario is 
based on a higher growth rate but a lower survival rate of 
species 1 (see previous paragraph). Certainly, the younger 
stands are always underrepresented in their contribution due 
to the small size of the trees. But this scenario shows the 
potential of species combinations for arriving at a higher, 
more balanced stock, and also for arriving it faster than 
within a single-species stock. Because of the fast growth 
and biomass accumulation of species 1 also the cooling 
effect increases slightly compared to mono-specific scenario 
shown in Fig. 5.

Management of sustainable urban tree stocks

In this section, we apply the model for getting some insights 
into the long-term effects of different management options. 
We fix a target stock of 10 trees per hectare which is for the 
sake of simplicity, a mono-specific stock (Fig. 4) and start 
with the same initial age class distributions as in scenarios 
1–3 (Fig. 3a–c).

First, we analyse two different replanting options: annual 
replanting on all growing places where trees were dropped 
out by mortality versus annual replanting of a constant num-
ber of target trees according to the aimed steady-state con-
ditions. Due to the often very limited planting places and 
growing space in urban areas, planting sites that become 
available again after the removal of dead trees are usually 
immediately used for new plantings. Supposing that the ini-
tial tree stock is not at the target stage, e.g., there are less 
trees as planned, an overstock of young trees or old trees and 

Table 2  Age class distribution of various tree characteristics of a target stock of 10 trees per hectare according to Fig. 3, m–o

Age class (yr) d1.3 (cm) Tree 
mumber 
 (ha-1)

Tree 
mumber 
(rel)

Biomass 
(kg  ha-1)

Biomass (rel) cpa  (m2  ha-1) cv  (m2  ha-1) la  (m2  ha-1) Cooling 
(kWh  ha-1 
 yr-1)

Cooling (rel)

1–10 2.5 1.3 0.13 3 0 3 5 2 1346 0.01
11–20 7.5 1.3 0.13 28 0.01 11 33 12 4952 0.02
21–30 12.5 1.3 0.13 86 0.03 21 86 29 10105 0.05
31–40 17.5 1.3 0.13 181 0.06 32 162 52 16493 0.08
41–50 22.5 1.2 0.12 306 0.1 42 251 78 23503 0.12
51–60 27.5 1.1 0.11 447 0.15 51 342 104 30126 0.15
61–70 32.5 1.0 0.10 572 0.19 55 413 123 34848 0.17
71–80 37.5 0.8 0.08 634 0.21 53 436 128 35556 0.18
81–90 42.5 0.5 0.05 562 0.18 41 370 107 29433 0.15
91–100 47.5 0.2 0.02 259 0.08 17 165 47 12858 0.06
Total 10 1 3079 1 326 2263 681 199220 1
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empty places are used for replanting immediately. There-
fore, it will take a very long time to reach the target stock 
(Fig. 7a). In years with many dropouts due to overstocked 
age classes there will be much replanting, and in years with 
low drop out it will be vice versa. By this replanting mode, 
any deviation from the target distribution will be maintained 
over decades and centuries. Figure 7a shows for three dif-
ferent initial age class distributions, how the immediate and 
complete replacement causes a long-term oscillation of the 
biomass per hectare. This will need a long time (> 200 years) 
to reach a steady state. On the long term, the oscillation gets 
damped by the age-related increase of tree mortality.

Figure 7b shows the results of the second scenario. By 
replanting a defined constant number of trees according to 
the target distribution results much earlier in a steady-state 
of biomass provision. A replanting of the target tree number 
in age class 1 results in a steady state after 100 years in all 
cases of initial age class distributions. However, this requires 
the calculation of the target replanting rate and that some 
planting space may remain unplanted at least temporally. 
The same differences between annual replanting on all grow-
ing places versus annual replanting of a constant number of 
target trees would apply analogously for the other ecosystem 
services.

Second, we analyse the effect of mono-specific (a–c) ver-
sus mixed-species (d–f) set-up on selected ecosystem ser-
vices (Fig. 8). As starting values, we choose again the three 
different tree age class distributions as shown in Fig. 1, b–d. 
The target distribution is the steady state represented by the 
line in the same Figure. We assume an annual replanting 
rate according to the target tree number in the first age class.

In the scenarios 10–12 we assume a mono-specific 
(Fig. 8, a–c) set up with a species of medium growth veloc-
ity and mortality rate (default values in Table 2). In the sce-
narios 13–14 we simulate a 50:50 of the same species com-
bination as shown in Fig. 6. For tree species 1, we assume 
a 50% higher diameter growth rate ( a1 = 0.75 ) and a lower 
survival ( �mort = 5 ). For species 2 we assume the default 
setting as shown in Table 2 ( a1 = 0.50, �mort = 4).

Figure 8 shows that tree species combination can consid-
erably increase the ecosystem service provision although the 
tree numbers are the same. The new steady state is achieved 
in the shortest span of time in case of a rather balanced 
initial age class distribution (scenarios 10 and 13). Initial 
deviations from the target distribution need long to be rem-
edied and balanced by replanting. All considered output 
values arrive at a much higher level in case of the species 
combination (Fig. 8d–f), compared to the mono-specific set 
up (Fig. 8a–c).

Fig. 6  By combining fast and slow-growing tree species (species 
1 and 2, respectively) ecosystem services and functions may be 
increased even when given the same target number of 10 trees per 
hectare as in scenarios 1–3 (compare Figs. 3 and 4). (a) tree numbers 

of species 1 and 2 and the corresponding age class distributions of (b) 
the total tree biomass, (c) crown projection area, (d) crown volume, 
(e) leaf area, and (f) cooling effect per year for the target age class 
distribution shown in Fig. 5a
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Discussion

Adaptation of the "Normal Forest" concept 
for sustainability management of urban tree stocks

The idea and the goal of sustainability, as developed in for-
estry is to manage a forest in a way that it guarantees a sup-
ply of goods and services continuously in a given environ-
ment without depletion of resources here or elsewhere (von 
Carlowitz 1713). To manage forests in such a balanced way, 
forest science developed the "Normal Forest" and "Target 
Forest" model for balancing the age classes. Yield tables 
were established for balancing the growth and removal 
stand, while silvicultural guidelines were developed for the 
establishment, density reduction, final harvest and natural 
regeneration, to practically regulate the stands according to 
an overall sustainability concept.

Applied to urban trees, sustainable management should 
guarantee a continuous stock of trees for the provision of 

ecosystem services such as carbon storage, cooling, shad-
ing, and filtering of fine particulates. Whereas in forests a 
sustainable wood supply may be achieved by stand areas 
distributed over the age classes according to the "Normal 
Forest" or "Target Forest", a sustainable supply of ecosystem 
services in cities may be achieved by a steady state of tree 
numbers per age class. This requires that the drop out of 
trees should be continuously compensated by replacement. 
A normal urban tree stock model may be used for planning 
planting provisions, scenario analyses to provide the tech-
nical know-how to maintain a given stock in a steady state 
or to systematically build up a higher stock of urban trees. 
Speidel (1972) proposed indicators of sustainable wood 
growth and yield which can be used for the "Normal For-
est" model by Hundeshagen (1826, 1828) or "Target For-
est" by Hanewinkel et al. (2011). Analogously, indicators 
may be used for assessing, establishment and management 
of sustainability of ecosystem services of urban tree stocks. 
The mentioned differences between the systems dynamics 

Fig. 7  Development of total 
biomass per hectare assuming 
different options of initial age 
class distributions and different 
replanting modes. (a) scenarios 
1–3 initial age class distribu-
tions as shown in Fig. 1, b–d 
and annual replanting on all 
growing places where trees 
were dropped out by mortality 
and (b) scenarios 4–6 initial age 
class distributions as shown in 
Fig. 1, b-d and annual replant-
ing of a constant number of 
target trees according to the 
aimed steady-state conditions 
shown in Fig. 1b
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and expected ecosystem services of stocks of urban trees and 
forest were considered when transferring the sustainability 
concepts and model approaches from forest stands to stocks 
of urban trees.

The potential of the model for indication 
and management of sustainability

The introduced indicators are calculated annually for the 
current state and the future. The reference for the indication 
is a target stock of urban trees and a target age class distribu-
tion derived by the survival probability of the tree species. 
The indicators reflect both deviation of the current urban 
tree stock from the target stock and the future development, 
assuming different planning options. Thus, the model and 
the indicators support the assessment and management of 
the sustainability of a stock of urban trees, analogous to the 
concepts of the "Normal Forest" and "Target Forest" and the 
respective indicators for maintaining sustainability.

The comparison between the provision of tree numbers of 
different ages and ecosystem services underlines how much 
tree age and especially tree size matters. Despite the increas-
ing dropout and the lowering tree numbers with progressing 
age, old trees are most relevant for all considered structures, 
functions, and related ecosystem services (McPherson et al. 
2013; Rötzer 2021; Rötzer et al. 2020a). Many studies have 

demonstrated that large old trees can provide up to 10 times 
more ecosystem services in comparison to young trees. 
This applies e.g. for carbon storage (Rötzer 2021; Rötzer 
et al. 2020a) and also for shading and pollution removal that 
both strongly depend on leaf area and crown size (Hofman 
et al. 2016; Rahman et al. 2019; Simon et al. 2018). Tree 
crown size does not linearly increase with tree age (such as 
assumed for diameter) (Pretzsch et al. 2015; Rötzer et al. 
2020b) and thus the relationship between age and some ser-
vices may probably be characterized by saturation.

Certainly, hardly any urban planner will be interested 
explicitly in biomass provision. However, the development 
of biomass is worth mentioning as it is closely linked to 
the provision of many ecosystem services. For a sustain-
able provision of ecosystem services such as habitat provi-
sion, cooling, shading, air moistening, or filtering of fine 
particulates in an urban environment, the leaf area, crown 
size and biomass of the stock of trees are very impor-
tant characteristics. The sparse tree density in urban areas 
means that their contribution to carbon sequestration and 
storage is less relevant compared to forests. However, 
the environment policy of many cities aims at a constant 
or even neutral carbon balance, to which the tree stock, 
and especially the tall trees may contribute (Chen 2015; 
Nowak 2002; Russo et al. 2015). A permanent stock of 
trees and crown space is relevant for keeping a constant 

Fig. 8  Development of (a and d) total biomass, (b and e) leaf area, 
and (c and f) cooling effect per hectare assuming different options of 
initial age class distributions and mono- (upper row) versus mixed-
species set up (lower row). (a–c) scenarios 10–12 initial age class 
distributions as shown in Fig. 1, b–d, annual replanting of a constant 
number of target trees according to the aimed steady-state conditions, 

and replanting by a species with medium growth velocity and mortal-
ity rate. (d–f) scenarios 13–15 initial age class distributions as shown 
in Fig. 1, b–d, annual replanting of a constant number of target trees 
according to the aimed steady-state conditions, and replanting by a 
50:50 combination of species 1 with high growth velocity and mortal-
ity rate and species 2 with medium growth velocity and growth rate
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provision of habitats and biodiversity in urban areas, espe-
cially a sufficient and constant number of tall and old trees 
(Stagoll et al. 2012). As inevitably, old trees will need 
to be removed one day, strategies for regeneration of the 
stock of urban trees are sought that will allow to main-
tain or even increase the level of provision of ecosystem 
services.

Our results indicate that securing a generation overlap 
may be better than a replanting after dropout of old trees. By 
a generation overlap, the long time span for replacement of 
tall trees may be shortened by a next generation of tall ones, 
similarly as it is in close-to-nature forestry in contrast to the 
age class system. To pursue such a targeted tree planting 
strategy requires information on the age class distribution of 
the stock of trees which may not be available for urban areas 
and especially for trees planted in public spaces (McPherson 
et al. 2017, Strunk et al. 2016; Tanhuanpää et al. 2014).

Certainly, an increase in the tree number would be desir-
able; however, due to other infrastructures, planting places 
and growing space of trees are often strongly limited or even 
continuously reduced in urban areas (Jim 2004; Moser-Reis-
chl et al. (2021); Sjöman et al. 2012). The scenarios show 
how a given space may be used more efficiently in terms 
of ecosystem services and functions by species selection 
and species combination. Even with a given restricted target 
tree distribution, the ecosystem services can be increased 
by selection and combination of fast and slow-growing tree 
species (scenarios 13–15). These findings are of particu-
lar relevance for urban forest management. Urban areas 
are often very rich in tree species, but usually only have a 
limited number of genera and species. (Pauleit et al. 2002, 
Sæbø et al. 2005, Raupp et al. 2006, Sjöman et al. 2012). 
Innovative planning options may be included in the model in 
order to explore their long-term consequences before imple-
mentation. The model may also contribute to reveal trade-
offs between benefits of the tree stock for human health and 
welfare as well as disservices such as allergies, danger of 
accidents with cars or hazards by stem breakage (Bodnaruk 
et al. 2017). Of special interest are the trade-offs between 
beneficial and detrimental effects of given tree stock of given 
species, ages, or sizes.

Insights from the presented model applications

The target age class distribution of trees is an essential basis 
for all subsequent planning steps. It results from the num-
ber of available planting places for urban trees and the spe-
cies-specific tree mortality. So far, mortality rates are often 
unknown, unconsidered, and neglected. A review of US lit-
erature revealed mortality rates ranging between 0 and 30% 
from repeated surveys of uneven-aged stands of trees (Hil-
bert et al. 2019), while a meta-analysis established annual 
survival rates for street trees of above 90% with a half-life of 

street tree populations of 13–20 years (Roman and Scatena 
2011). It is a typical effect of the establishment of model 
approaches that they point to so far unknown, undocumented 
or neglected information. If both, the target distribution and 
the underlying mortality/survival function are available or 
estimated they enable the calculation of the necessary annual 
number of replanting (see nrenew in Sect. “Replanting rou-
tine”) for the achievement and the maintenance of the target 
distribution.

The scenario analyses show the strong contribution of old 
trees for all ecosystem service provisions. Further, also the 
relevance of a continuous replanting for the maintenance of a 
given stock is demonstrated as well as the relevance to avoid 
a too strong oscillation by imbalanced age class distribution 
and stop-and-go replanting. Stop-and-go replanting would 
generate blocks of even-aged trees that will need replacing 
after the same number of years which would result in blocks 
losing all trees and their services simultaneously. This may 
be avoided by, e.g., a continuous replanting or by combining 
complementary tree species with different growth velocities 
(Xiao and McPherson, 2016).

The assumed steady-state target distribution of 10 trees 
 ha−1 illustrated in Fig. 5a means an accumulation of trees in 
the low age classes and low numbers in the advanced age. 
However, crown projection area and leaf area increase about 
quadratically with tree diameter and crown volume, and bio-
mass increase about cubically with tree diameter. Regard-
ing crown volume and biomass, the age-related decrease in 
tree numbers is overcompensated by the age-related increase 
of tree size. The total biomass stock amounts to about 3 t 
 ha−1 with an accumulation of about 80% in the trees over 
50 years (Table 2). Table 2 shows a similar accumulation 
in the advanced age classes for the cpa, cv, la and cool-
ing provision, e.g., 72% of the cooling effect per hectare is 
provided by the trees over 50 years of age while their tree 
number is only 36%. This underlines again the importance of 
big and old trees for the sustainability of ecosystem service 
provisions.

Deficiencies and further development of the model

For this first model version, we use tree age as an independ-
ent variable for modelling tree size growth. One reason for 
this was that for many urban areas the year of tree plant-
ing and thus the tree ages are known. Another reason was 
that we considered mainly open growing trees. In contrast 
to densely growing and competing forest trees, open-grown 
urban trees show rather strong size-age correlations as their 
size growth is less slowed down by competing neighbours 
(Caicoya and Pretzsch 2020; Pretzsch et al. 2015). The mor-
tality of urban trees is mainly driven by stress, damages, 
or aging (Berger et al. 2004; Hilbert et al. 2019), whereas 
in forest stands it is mainly determined by inter-individual 
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competition (Zhang et al. 2015). Although often solitarily 
growing, the growth of urban trees may be slowed down 
by resource limitation caused by obstructing buildings, soil 
sealing, or damages (e.g. Sieghardt et al. 2005). As soon as 
future studies provide the necessary data the present models 
for tree growth and mortality may be complemented by vari-
ables representing site conditions, competition, and biotic 
and abiotic disturbances.

Whereas in forestry the focus is on wood supply, urban 
trees are expected to provide a broad set of ecosystem ser-
vices mainly depending on species and size (Jim and Chen 
2009; Rahman et al. 2015; Rötzer et al. 2019; Samson et al. 
2017). Thus, further impacts on ecosystem services and dis-
services of trees which are based on the spatial distribution 
of the trees within a site (e.g. single tree plantings vs. clus-
tered ones) and/or environmental conditions such as drought 
periods or heat waves are not yet included in the current 
model version. This should be possible in a future spatially 
explicit version of the model, which can also take changed 
environmental conditions into account. Thus, the next steps 
for further improvement of the model will be the multi-spe-
cies parametrization (e.g. for tree size, biomass, leaf area), 
the improvement of the included processes (e.g. mortality) 
and the modelling of tree growth depending on the local 
environmental conditions (e.g. stocking density, competi-
tion, facilitation, sealing). This study exercises one aspect 
(cooling) of one ecosystem service (temperature mitigation) 
as an example. In the next steps, we will include additional 
ecosystem services (e.g. habitat provision, air purification) 
and their related aspects.

Adding further species into the model would give further 
insights about the role of tree species diversity to create an 
urban forest that can steadily provide ecosystem services 
while being resilient to adverse effects of climate change as 
well as pests and diseases. The further development of this 
model will aim at a user-friendly open-source model version 
that will be flexible to include further aspects of the urban 
tree structure, functions, ecosystem services, and manage-
ment such as tree architecture, tree stability, risk potential, 
planting and maintenance costs.

Feedback from the model to data acquisition, 
management and research

The model approach and indicators and their further devel-
opment may trigger the organization of available inventory 
data as discussed by Brack (2006). But further steps will 
also require additional inventories to establish an overview 
of the urban tree stock, the development of a target age class 
distribution, and the planning of future annual tree planting 
numbers and costs. The latter may contribute to achieve and 
maintain a sustainable tree stock.

The introduction of planning tools can have strong feed-
backs on data acquisition, evaluation and may trigger the 
transition to quantitative guidelines and knowledge-based 
planning. So far, scattered and non-organized tree registers 
and inventory data from urban tree stock may be compiled 
and made accessible for model application. The data organiza-
tion enables the parameterization of species- and site-specific 
driver and link functions. The potential to use and exchange 
data may support a standardization as it was triggered in for-
estry by model establishment (Pretzsch et al. 2002, 2008).

For the sake of simplicity, we assume rather basic driver 
functions for diameter growth, survival and also very gen-
eral and simple link functions for the estimation of ecosys-
tem services based on dendrometric attributes of the trees 
within the considered age classes. All those functions can be 
improved and adapted to local settings by utilizing data from 
urban tree research projects. We apply 1-year-old plants for 
reestablishment. The model allows also to start with older 
plants or to add big pot trees temporarily to the age class 
distribution and corresponding estimations of the ecosystem 
services of a species.

Model application may promote the systematic analysis 
of a present stock of trees, the development of target stocks, 
their control and the adjustment of the present state to a 
target stock and steady state. Management guidelines may 
become quantitative and less plant-on-occasion motivated. 
Models may contribute to a better use of existing data on the 
stock, the growth, mortality, replacement rates of trees and 
the knowledge about their ecosystem services. Model build-
ing causes integration and revelation of knowledge gaps for 
understanding and systematic sustainability planning of the 
stock of urban trees. Such an overall planning e.g. at the city 
level may assure a sustainable provision with services but 
also a basis for planning the provision of planting material, 
manpower, and the related costs.

Conclusions

The sustainable management of urban trees is of high impor-
tance but there are no proper practical tools or theoretical con-
cepts available yet. Here we propose a great step forward to do 
this by converting a (theoretical and practical) tool from forest 
management to the urban setting. So far, the new establish-
ment of trees, species selection, replacement of drop out trees, 
or removal of old trees followed practical circumstances, had 
been hardly planned, quantified and often even not well docu-
mented. The main achievement of this study is the transfer and 
adaption of the concept of age class balancing and sustain-
ability planning from forests to urban tree stocks. We develop 
the prototype of a simple yet flexible and expandable model 
for sustainability planning of urban-tree ecosystem service 
provision. In addition, based on the analysis and discussion, 
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the model can be further developed to cover a multitude of 
services that depend on tree dimension or leaf area.
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