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A B S T R A C T

Urban forests are usually not intensively managed and may provide suitable environments for species threatened by production forestry. Thus, urban forests could
have the potential of enhancing biodiversity both within cities and at a larger landscape scale. In this study, we investigated stand structures of boreal urban forests to
assess them in terms of naturalness and biodiversity conservation potential. We sampled two types of urban spruce-dominated stands: random urban stands as
representatives of average urban forests, and valuable urban stands known to host high polypore richness and assumed to represent urban biodiversity hotspots.
Urban forests were compared to rural forests with different levels of naturalness. Living and dead trees and cut stumps were measured from all studied stands. Urban
forests had generally diverse living tree structures with abundant large-diameter trees. Random urban forests had more dead wood (median 10.1 m3 ha−1) than
production forests (2.7 m3 ha−1) but still considerably less than protected, former production forests (53.9 m3 ha−1) or semi-natural forests (115.6 m3 ha−1). On the
other hand, valuable urban forests had relatively high median volume of dead wood (88.2 m3 ha−1). We conclude that the combination of diverse stand composition
and the presence of old-growth characteristics in boreal urban forests form a strong baseline from which their biodiversity value can be further developed, e.g. by
leaving more fallen or cut trees to form dead wood. We propose that urban forests could become significant habitats for biodiversity conservation in the future.

1. Introduction

Direct and indirect effects of urbanization extend beyond the city
core, potentially affecting substantial areas of forested land (Loeb,
2011). For example, in Central European countries, about one fifth of
the total forested area is situated within 2 km from urban clusters
(Gulsrud et al., 2018). In highly forested Nordic countries, the relative
share of urban forest is only about 1%, but still, the area of forests
within 5 km from city edges in Sweden was estimated to be roughly as
much as the permanently protected productive forest area in the
country (Hedblom & Söderström, 2008; Statistics Sweden, 2019), ca.
1 M ha.

The characteristics of urban forests compared to production and
natural forests, and their potential in protecting biodiversity are poorly
understood. Forested areas within and around urban settlement are
subjected to stress factors such as fragmentation, edge effects and
trampling (e.g. Harper et al., 2005; Hamberg, Lehvävirta, Malmivaara-
Lämsä, Rita, & Kotze, 2008; Malmivaara-Lämsä, Hamberg & Haapamäki
et al., 2008), aerial pollution and high nitrogen deposition (e.g. Lovett
et al., 2000; Bettez & Groffman, 2013), and invasions by non-native
species including pests and pathogens (e.g. Poland & McCullough,
2006). These effects are generally considered harmful to indigenous
nature, and therefore urban forests are often perceived as degraded

habitats.
However, the management of urban forests tends to be less pro-

duction-oriented, less intensive, and smaller in scale than in rural
production forests. Management practices are guided by the needs and
preferences of the public, and typical management goals include the
maintenance of forest continuity, aesthetics, safety, accessibility and
resilience against environmental stressors (Konijnendijk, 2001;
Gundersen et al., 2005; Ordóñez & Duinker, 2013). People tend to
prefer urban forest stands with old trees, moderate tree species diversity
and canopy stratification, and managed undergrowth that permits good
visual penetration (Gundersen & Frivold, 2008; Edwards et al., 2012a,
2012b). Although lightly managed stands are usually preferred over
unmanaged stands, public attitudes towards strong management ac-
tions such as clearcuttings are negative. Ecologically important natural
forest structures such as dead and decaying trees can be divisive in
terms of public preferences. Negative attitudes towards dead wood have
been reported especially in the Nordic region (Gundersen & Frivold,
2008; Edwards et al., 2012b), but public acceptance of dead wood can
be increased by education and increased awareness of their ecological
benefits (Gundersen, Stange, Kaltenborn, & Vistad, 2017).

Preservation of biodiversity is increasingly recognized as a distinct
goal in the management guidelines for urban forests (Gundersen et al.,
2005; Saukkonen, Holstein, Siuruainen, Ylikotila, & Virtanen, 2013),
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and urban green areas can host significant biodiversity when compared
to surrounding areas where habitats are degraded by rural forms of
land-use (Alvey, 2006; Ives et al., 2016). If urban forests could be
managed to preserve habitat quality for threatened species, they could
have significant potential in contributing to biodiversity conservation
by complementing protected areas. Indications to support this view
have emerged, for instance, in the Helsinki metropolitan area, southern
Finland. Helsinki and the surrounding cities have become nationally
significant areas for the occurrence of two forest species under EU-level
protection (Habitats Directive 92/43/EEC): the Siberian flying squirrel
(Pteromys volans) (Lammi & Routasuo, 2018) and the green shield-moss
(Buxbaumia viridis) (Manninen, 2017). In addition, inventories of wood-
decaying polypore fungi in the city of Helsinki (e.g. Savola, 2012, 2015,
2016) have revealed species richness that is comparable to the pro-
tected area network surrounding the metropolitan area (Savola &
Kolehmainen, 2015).

In order to evaluate habitat quality of urban forests, quantitative
data about stand characteristics in urban forests is needed. Few such
studies exist (but see Lehvävirta & Rita, 2002; Pregitzer et al., 2019),
while the structure of urban forests as compared to similar forest types
in both commercially managed and naturally developed settings has not
been explored previously. Such data could be valuable to inform urban
forestry and land-use planning for promoting biodiversity conservation
in urban forests.

We studied stand characteristics, including the volume and com-
position of both living stand and dead wood, in urban Norway spruce
(Picea abies) dominated forests in southern Finland. Following the de-
finition of urban forest by Lehvävirta (2007), we only included sites
with spontaneous understory vegetation, and excluded built parks and
horticulturally managed areas. We sampled two categories of urban
forests: (1) a random sample of urban forest stands representative of the
general urban forest landscape, and (2) a selection of urban forest sites
with high polypore species richness representative of urban biodiversity
hotspots (see Materials and methods). Urban forests were compared to

rural forests of similar vegetation type and development class, including
three forest categories: (3) random production forests, (4) valuable
production forests with some former management, but which have been
recently protected because of their high nature values, and (5) semi-
natural forests with little or no recent history of forest management.
The purpose of the comparisons was to assess the position of urban
forests along the naturalness gradient.

We hypothesized that urban forests would contain more mature,
large-diameter trees, and a wider variety of tree species and sizes than
production forests. We also expected that there would be a lower in-
tensity of tree cutting, and hence a larger amount and greater diversity
of dead wood in urban forests than in production forests, but still less so
than in semi-natural forests. Therefore, urban forests may represent
valuable habitat refugia for species that have become threatened due to
intensive forest use.

2. Materials and methods

2.1. Study area and site selection

Norway spruce is the natural climax tree species in mesic upland
forests of boreal Fennoscandia and the dominant tree species in most of
the urban and rural landscapes in southern Finland (Mäkisara, Katila,
Peräsaari, & Tomppo, 2016). We focused on spruce-dominated stands
and set the following criteria for site selection: 1) vegetation type of the
stand was herb-rich to mesic heathland forest, corresponding to the
Oxalis-Myrtillus type (OMT) or Myrtillus type (MT) (Cajander, 1926), 2)
dominating tree species was Norway spruce, and 3) the age of dom-
inating trees was at least 60 years. The study area covered the Tavastia-
Uusimaa region in southern Finland. Five different forest categories
were included in the study: (1) randomly selected urban forests, (2)
valuable urban forests, (3) randomly selected production forests, (4)
valuable production forests and (5) semi-natural forests (Fig. 1,
Table 1). Following the urban–rural spatial classification (nationwide

Fig. 1. Locations of study sites in the Tavastia-Uusimaa region, southern Finland.
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geographic dataset with 250 × 250 m grid cells) by the Finnish
Environment Institute (2018), urban forest sites were sampled within
the core urban zone. All other forest sites were situated at least 2.5 km
away from the nearest edge of the core urban zone. See Korhonen,
Siitonen, Kotze, Immonen, and Hamberg (2020) for exact site locations
and further site specific data.

We studied 31 random urban forest sites which were assumed to
represent average urban forest biodiversity. The sites were located in
the cities of Helsinki (60°10′N 24°56′E, population about 650 000, 16
sites) in the hemiboreal zone, and Lahti (60°59′N 25°39′E, population
about 120 000, 13 sites) and Järvenpää (60°28.5′N 25°05.5′E, popula-
tion about 43 000, 2 sites) in the southern boreal zone (Official
Statistics of Finland, 2019). The sites were chosen randomly from forest
stand data obtained from the cities.

In addition to the random urban forests, we selected a set of valu-
able urban forests (23 sites) from the Helsinki metropolitan area to gain
more specific information about urban forests with high biodiversity
value. The selection of sites was based on publicly available polypore
species inventory reports commissioned by the cities (Savola &
Wikholm, 2005; Kinnunen, 2006; Savola, 2012, 2015, 2016). These
reports were used to identify and locate suitable urban forest sites
where high polypore species diversity and at least some old-growth
indicator species (Kotiranta & Niemelä, 1996) had been observed. The
sites were reported to be rich in dead wood, but no quantitative data in
this regard were available before this study. Four of the selected valu-
able urban forest sites have been established as protected areas after
2011.

Twenty mature production forest stands were randomly selected
from the Finnish National Forest Inventory sample plots in southern
Finland (Finnish Forest Research Institute Metla, 2012). We assumed
that these sites represented production forests irrespective of the actual
intensity of management, which varies from stand to stand depending
on the activity and interests of forest owners.

A total of 15 valuable production forests were sampled. These sites
represented former production forests that were under permanent or
provisional protection within the Forest Biodiversity Program for
Southern Finland (METSO). The METSO program started in 2008, and
protected sites comprise former production forests where natural-like
characteristics have developed to varying degrees. Their value for
biodiversity conservation is evaluated based on ecological selection
criteria emphasizing the age, structural diversity and amount of dead
wood of the stand (Syrjänen et al., 2016). We presumed that these
stands, here referred to as valuable production forests, represent bio-
diversity hotspots within the production forest matrix.

Due to the long history of forest use in southern Finland, virgin
stands representative of truly natural forest were not available in the
study area. Instead, we selected 10 late-successional semi-natural
stands located within larger protected areas as the best available re-
presentatives of natural forest.

2.2. Sample plots

A sample plot of 20 m × 100 m (0.2 ha) was established in each
stand within the snow-free periods of 2012–2018. Each plot was di-
vided into five 20 m× 20 m (0.04 ha) cells. The sample plot was placed
approximately in the middle of the stand at a random direction. If a
straight 20 × 100 m plot could not be fitted into the stand, one or two
of the cells were placed parallel to the others so that the area and unity
of the sample plot was retained. At three sites including one random
urban, one valuable urban, and one production forest, a complete
0.2 ha plot could not be fitted in any configuration. Instead, a smaller
0.16 ha plot (four cells) was used.

2.3. Measurements of stand characteristics

Living trees with at least 5 cm diameter at breast height (DBH,
breast height at 1.3 m) were measured and identified to species. Trees
were inventoried cell by cell until at least 100 trees were recorded. The
number of cells needed to achieve at least 100 measured trees varied
from two to five depending on the density of living trees on the plot. To
increase the representativeness of the sample across the plot area, cells
were inventoried in the order first, third, fifth, second and fourth.

All dead standing or fallen trunks with DBH ≥ 10 cm and other
pieces of dead wood with basal diameter ≥10 cm and length ≥1.3 m
were measured in the sample plot. A dead tree was included in the plot
if the rooting point was inside the plot. Fallen trees originating from the
plot but extending outside were measured entirely, while fallen trees
projecting onto the plot from outside were not measured. For other
pieces of dead wood (fallen branches, cut bolts, logging-residue tops
etc.), the location of the basal end determined whether they belonged to
the plot. DBH or basal diameter and height (length) were measured for
snags (standing dead trees with missing top), pieces of logs, cut bolts,
and fallen or cut tops. Top diameter and height were measured for cut
stumps. For entire dead trees, only DBH was measured. Tree species and
decay class were recorded for all dead wood objects. A commonly used
decay classification from Renvall (1995) with five levels (1 to 5 from
least to most decayed) was applied.

2.4. Data preparation

Variables for comparing living tree structure among forest cate-
gories were calculated based on the sample of measured trees. Stand
volume (m3 ha−1), stem number per ha, and quadratic mean diameter
of stems at breast height (QM-DBH; cm) (Curtis & Marshall, 2000) were
included as the basic descriptive variables of stand density and domi-
nant tree size. Diversity of the living stand was assessed using the
number of tree species and a diversity index that combines the varia-
bility in tree species and sizes (calculation explained below). In addi-
tion, we examined the abundance of large trees, as they have special
importance as providers of stand structural diversity, and reservoirs for
recruitment of large-diameter dead wood (Nilsson et al., 2002). For the

Table 1
Characteristics of the study sites. Sites were classified to vegetation types either as MT (less fertile) or OMT (more fertile) according to their understory vegetation,
and to hemiboreal (more southern) and southern boreal (more northern) (Ahti, Hämet-Ahti., & Jalas, 1968) based on their location. Proportions of built and forested
area within a 100 m radius from the sample plot center were calculated with Corine Land Cover 2018 dataset provided by the Finnish Environment Institute (syke.fi/
opendata).

Forest category

Characteristics Random urban
(n = 31)

Valuable urban
(n = 23)

Random production
(n = 20)

Valuable production
(n = 15)

Semi-natural (n = 10)

OMT sites, frequency (%) 39 57 35 47 50
Hemiboreal sites, frequency (%) 52 78 55 13 10
Built area, median (%) (min–max) 42 (0–93) 0 (0–23) 0 (0–28) 0 (0–13) 0 (0–0)
Forested area, median (%) (min–max) 58 (7–100) 98 (47–100) 86 (44–100) 90 (59–100) 100 (98–100)
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dominant tree species, i.e. spruce, we included trees with
DBH ≥ 40 cm. For admixed canopy-forming tree species, i.e. Scots pine
(Pinus sylvestris), birches (Betula pendula and B. pubescens) and aspen
(Populus tremula), we included trees with DBH ≥ 30 cm. We measured
the structure of the understory in terms of the number of small-diameter
(5–9 cm in DBH) spruce and broadleaf trees (here referring to all an-
giosperm trees).

Variables for comparing dead wood structure included volumes (m3

ha−1) of dead spruce, birch, other broadleaf trees and pine, and the
diversity of dead wood (calculation explained below). Downed spruce
logs are usually the most common type of dead wood in spruce-domi-
nated stands. In addition, provide the preferred substrate for many
threatened dead-wood dependent species (Renvall, 1995; Tikkanen,
Martikainen, Hyvärinen, Junninen, & Kouki, 2006; Hottola,
Ovaskainen, & Hanski, 2009). Therefore, we investigated the number of
medium to large diameter (DBH ≥ 20 cm) downed spruce trunks, as
well as their future reservoirs represented by dead but still standing
spruce trees (DBH ≥ 20 cm). Furthermore, we examined the volume of
dead wood at mid to advanced stages of decay (decay classes 3–4, in-
cluding all tree species) as an indicator of dead wood continuity, en-
compassing dead wood approximately 20 to 60 years old (Rinne-
Garmston et al., 2019).

The total cross-sectional area (m2 ha−1) of cut stumps was used as
an indicator of the intensity of past logging (Siitonen, Hottola, &
Immonen, 2009). We omitted the oldest and most decayed stumps
(decay class 5) due to difficulty in determining the original diameter.

Volumes of the measured living and dead tree objects were calcu-
lated using the KPL program (Heinonen, 1994). Volume equations
based on tree species and DBH (Laasasenaho, 1982) were applied for
calculating the volume of entire trees. The volume of pieces of dead
trees was calculated based on the basal diameter and length of each
piece by means of taper curve functions (Laasasenaho, 1982). Cut
stumps were not included in the volumes of dead wood. Heights of
entire trees required for volume calculations were estimated from
previously collected sample tree data from the study region and similar
forest types (Picea abies, 1625 measured trees; Betula pubescens, 386;
Pinus sylvestris, 238; Betula pendula, 144; Populus tremula, 97; Alnus in-
cana, 77; Alnus glutinosa, 37; Sorbus aucuparia, 34; other broadleaf trees,
76).

Diversity of the living stand and the dead wood in each plot was
summarized by calculating indices that combine the variability in
species composition and tree size, as well as in quality and decay class
(Renvall, 1995) for dead wood observed in each plot. Indices were
calculated as the number of observed combinations in terms of tree
species, size categories, quality categories and decay classes. For the
calculation of a living stand diversity index, all tree species except
birches (Betula pendula and B. pubescens) were considered separately.
Variability in living tree size was measured as the number of size ca-
tegories, using DBH intervals 5–9 cm, 10–19 cm, 20–29 cm, …
and ≥ 50 cm. For the calculation of a dead wood diversity index,
broadleaf tree species other than birches (B. pendula and B. pubescens
combined), aspen (Populus tremula), grey alder (Alnus incana) and black
alder (A. glutinosa) were combined to a single category. Size categories
used for dead wood were 10–19 cm, 20–29 cm, … and ≥ 50 cm.
Quality categories of dead wood were (1) entire dead standing trees, (2)
snags (broken and cut, height ≥ 1.3 m) and (3) downed logs. Cut and
natural stumps (height< 1.3 m) were omitted from the calculation of
dead wood diversity index.

2.5. Models for stand characteristics

We tested differences between the random urban forests and other
forest categories by using generalized linear models (GLMs) in R v.3.5.1
(R Core Team, 2018). In the models, forest category was used as an
explanatory variable (factor with five levels: [1] random urban, [2]
valuable urban, [3] random production, [4] valuable production, and

[5] semi-natural). For analyzing differences in dead spruce trunks be-
tween forest categories, random urban and random production forests
had to be excluded due to insufficient data points (only few observa-
tions with standing dead spruce trees and downed spruce logs), and
therefore, valuable urban forests were used as the baseline instead.

We considered vegetation type (site fertility) and latitude as po-
tential confounding factors that affect living stand structure, because
forest productivity is expected to increase with fertility and decrease
towards the north (Solantie, 2005). Vegetation type, indicating site
fertility, was included as a factor with two levels: [1] MT and [2] OMT.
Latitude was included as a continuous variable scaled between 0 and
10.3 where one unit represents 10 km of latitudinal difference. In-
ventory area of living trees (0.08, 0.12, 0.16 or 0.2 ha, based on the
number of inventoried plot cells) was furthermore included as a cov-
ariate for modelling the number of tree species and the living stand
diversity index. This was done to account for the effect of inventory
area on the probability of encountering tree species with scattered
distribution patterns. With regard to dead wood composition, the ef-
fects of environmental variability (site fertility and latitude) were
considered negligible and were not included in the dead wood models.

Total volume of the living stand, QM-DBH, diversity of the living
stand and the diversity of dead wood, and the cross-sectional area of cut
stumps were modelled with simple linear models. To meet the as-
sumption of normally distributed residuals, the cross-sectional area of
cut stumps was square root transformed. The number of species was
modelled by GLM following a Poisson distribution with a log-link
function. The number of stems was modelled by GLM following a ne-
gative binomial distribution with a log-link function using the MASS
v7.3–50 library (Venables & Ripley, 2002). Counts and volumes in-
cluding abundant zeros (number of large- and small-diameter trees,
numbers of downed and dead standing spruce trunks, volumes of dead
wood) were modelled by GLM following a Tweedie distribution (Dunn
& Smyth, 2005, 2008) with a log-link function. Variance power para-
meters for a Tweedie distribution were estimated using the tweedie v.2.3
library (Dunn, 2017). Presence-absence data (large aspens and dead
pines) were modelled by GLM following a binomial distribution and a
probit-link function. Residual plots (residuals vs. fitted values) were
inspected after each model to check for potential outliers, linearity
between the (transformed) expectation and predictors, and for homo-
geneity of residuals across predicted values. We also checked for ap-
proximate normality of residuals (Q-Q plots) to verify the fit of the
response distribution for non-binomial models.

As the urban forests in Lahti were spatially segregated from other
study sites, we tested differences between the random urban forests of
Lahti and those of Helsinki and Järvenpää to investigate possible re-
gional effects. Tests were conducted with the same modelling approach
as described above, with region as a bivariate factor variable, and ve-
getation type as a covariate in models of living stand characteristics.

3. Results

3.1. Living stand

Both random and valuable urban forests had generally lower vo-
lumes of spruce (Picea abies) and larger volumes of birch (Betula pendula
and B. pubescens) compared to other forest categories (Appendix A).
Birch was the most common and abundant admixed tree species in
random and valuable urban forests. Other common tree species occur-
ring in at least half of the random and valuable urban sample plots were
rowan (Sorbus aucuparia), pine (Pinus sylvestris), aspen (Populus tremula)
and goat willow (Salix caprea).

Random urban forests contained more large spruces than random
production forests and valuable production forests. Large birches were
also more abundant in random urban forests than in random production
forests. The prevalence of large-diameter trees in random urban forests
was also shown in higher QM-DBH values and, less markedly, in a
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larger volume of the living stand (Table 2, Fig. 2) when compared to
random production forests and valuable production forests. Stand di-
versity was also higher in random urban forests than in random pro-
duction forests and in valuable production forests. In general, these
differences were less pronounced (and less significant) in relation to
valuable production forests. Small-diameter broadleaf trees were more
abundant and large aspens were more common in random urban than
in random production forests, whereas valuable production forests did
not differ significantly from random urban forests in these respects.
However, valuable production forests had significantly more small-
diameter spruces than random urban forests.

The number of stems, total volume and QM-DBH did not differ
between random urban and semi-natural forests. Diversity of living
stand, in terms of tree species number and the number of small-dia-
meter broadleaf trees, was higher in urban forests whereas small-dia-
meter spruce was more abundant in semi-natural forests.

Valuable urban forests differed from random urban forests only in
terms of the number of small-diameter spruces, which was larger in
valuable urban forests (Table 2, Fig. 2). This was also reflected in
slightly larger total stem density in valuable urban forests (Fig. 2).

Vegetation type had a negligible effect on living stand structure
with indicative significance for small spruces (−0.36 ± 0.21,
p = 0.095). Latitude had significant negative effects on stand volume
(−8.44 ± 2.69, p= 0.002), diversity of living stands (−0.34 ± 0.12,
p = 0.007), and number of large birches (−0.18 ± 0.04, p < 0.001).
The effects of inventory area on tree species number and diversity of
living stand were non-significant (p > 0.05). Significant differences
between random urban forests of Lahti and those of Helsinki and
Järvenpää were identified only in the number of large birches
(p = 0.002) which was lower in Lahti.

3.2. Dead wood

The total volume of dead wood excluding cut stumps ranged be-
tween 0 and 54.9 m3 ha−1 (median = 10.1 m3 ha−1) in random urban
forests. Only one random urban site (in Järvenpää) had no measurable
dead wood, and 16% of the sites had 20 m3 ha−1 or more. Compared to
other forests categories, the median volume of dead wood in random
urban forests was higher than in random production forests (2.7 m3

ha−1) but clearly lower than in valuable urban forests (88.3 m3 ha−1),
valuable production forests (53.9 m3 ha−1) and semi-natural forests
(115.6 m3 ha−1) (Appendix B).

Spruce was generally the most dominant dead wood type, but its
proportion in random urban forests was low compared to other forest
categories (Table 3, Fig. 3, Appendix B). No dead spruce (with diameter
of at least 10 cm) was found in 13% of the random urban sample plots
and 10% of the random production forest sample plots, whereas all sites
in other forests categories had at least some present.

Early decay classes (1–2) formed the largest fraction of the dead
wood in all forest categories. Proportions of decay class 1–2 wood were
highest in random urban forests and random production forests and
lowest in valuable urban forests and semi-natural forests (Appendix B).
The remaining portion of dead wood was mainly in decay classes 3–4.
Wood in decay class 5 was scarce with median proportions below 1% in
all except the semi-natural forests (1.5%).

Random urban forests had significantly less cut stumps and higher
diversity of dead wood than random production forests while the op-
posite was true in relation to all other forest categories (Table 3, Fig. 3).
The volume of dead spruce was significantly higher in random urban
forests than in random production forests. However, this difference was
smaller than differences in volumes of dead spruce between random
urban forests and a) valuable urban forests, b) valuable production
forests, and c) semi-natural forests, which had median volumes of dead
spruce more than an order of magnitude higher than random urban
forests (Appendix B). Decay class 3–4 dead wood was similarly much
more abundant in valuable urban forests, valuable production forestsTa
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and semi-natural forests than in random urban forests (Table 3, Fig. 3,
Appendix B).

Differences in the volumes of dead broadleaf wood were less pro-
nounced, but random urban forests had significantly higher volumes
than random production forests. Compared to random urban forests,
valuable urban and semi-natural forests tended to have higher volumes
of dead birch (Table 3, Fig. 3), but overall the differences were small.
Dead pine was relatively scarse in all forest categories, and no sig-
nificant differences were found between the forest categories.

Standing and downed spruce trunks≥20 cm in DBH were present in
less than 40% of random urban and random production forest sample
plots, and in 80–100% of sample plots in the other forest categories.
Number of standing dead spruce trunks in valuable urban forests did
not differ from those in valuable production forests, nor semi-natural
forests, but downed trunks were less abundant in valuable urban forests
than in semi-natural forests (Table 3, Fig. 4).

4. Discussion

Our results confirm the hypotheses that urban spruce-dominated
stands in southern Finland have diverse stand composition and contain
valuable structural elements, such as old and overmature trees. As ex-
pected, these elements were more abundant in urban forests than in
managed production forests. Differences were similar but smaller when
urban forests were compared to protected, former production forests.
Compared to protected semi-natural stands, urban forests were equally
rich in large-diameter trees but had greater stand diversity with more
abundant broadleaf admixture particularly in the undergrowth. While
the volume of dead wood in a typical urban stand was higher than in
average production forests, it was still distinctly lower than in rural
protected forests. Nevertheless, a sample of valuable urban forests

revealed that high concentrations of dead wood already exist in urban
areas sporadically. Furthermore, diverse tree species composition and
the prevalence of large living trees in urban stands provide good pre-
requisites for the rapid development of diverse dead wood substrates,
including large-diameter downed wood. In order to make use of this
potential for increasing the biodiversity value of urban forests in the
future, more permissive retention of dead trees is required.

4.1. Living stand

High stand diversity in urban forests was mainly attributed to
greater abundance and species richness of broadleaf trees and the
presence of large trees, which increased the range of tree size variation.
The prevalence of large trees in urban forests is indicative of relatively
long stand level continuity, which is consistent with the public’s ap-
preciation of old trees and stands (Gundersen & Frivold, 2008, Edwards
et al. 2012a) as well as their aversion to strong, stand-replacing man-
agement actions (Edwards et al., 2012b). Long continuity of urban
stands may also be important for biodiversity, as the reduction of old-
growth forests and decreasing number of large trees are among the
primary threats to forest species in Finland and Sweden (Berg et al.,
1994; ArtDatabanken, 2015; Hyvärinen, Juslén, Kemppainen,
Uddström, & Liukko, 2019). In production forest landscapes, the de-
velopment of old-growth structures is effectively prevented by even-
aged silviculture. In southern Finland, spruce stands are usually clear-
cut when the average tree diameter reaches 26–32 cm (Äijälä,
Koistinen, Sved, Vanhatalo, & Väisänen, 2019), which implies rotation
times typically below 80 years (Hyytiäinen, Tahvonen, & Valsta, 2010).
According to rough estimation based on tree size, the dominant canopy
trees in urban forests were generally older than this, but tree stands had
usually been managed to some extent by selective logging. Valuable

Fig. 2. Living stand characteristics in the random urban, valuable urban, random production, valuable production and semi-natural forests. Values represent pre-
dictions with standard errors from the GLMs for MT vegetation type and midpoint of the latitudinal range. Significant (p < 0.05) differences between random urban
forests and other forest categories are indicated with asterisks. Differences between MT and OMT vegetation types were not significant (p ≥ 0.095). Large spruces
have a DBH ≥ 40 cm, large pines and birches a DBH ≥ 30 cm. Small trees have a DBH 5–9 cm. See Table 2 for model coefficients and further variable explanations.
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urban forests were distinguished from random urban forests by a lower
number of cut stumps, indicating less management and more natural-
like stand structure at these sites.

Old and large broadleaf trees, in particular, have a special im-
portance for conservation as they provide habitats for many threatened
specialist species including, e.g. gastropods, insects and epiphytic li-
chens (Berg et al., 1994; Hyvärinen et al., 2019). In urban spruce
stands, large broadleaf admixture trees were primarily birches and, to a
lesser extent, aspens. Both were more common in urban stands than in
production forests, although the abundance of birch differed sig-
nificantly between the investigated regions. A lower abundance of birch
in the city of Lahti may reflect regional differences in the history of
urbanization and forest management.

In urban spruce stands, the understory was enriched with broadleaf
trees, especially rowan, as has been found in previous studies
(Lehvävirta & Rita, 2002; Malmivaara-Lämsä, Hamberg & Haapamäki
et al., 2008; Hamberg, Malmivaara-Lämsä, Lehvävirta, & Kotze, 2009;
Lehvävirta, Vilisics, Hamberg, Malmivaara-Lämsä, & Kotze, 2014).
Factors associated with this abundance of broadleaf trees in urban
forests include e.g. increased light penetration and windborne nutrient
deposition due to fragmentation and thinning of tree stands, and the
exclusion of large herbivores from urban areas.

Dense thickets of broadleaf trees can be considered problematic in
terms of aesthetics or recreational value, and therefore, they are ac-
tively suppressed in urban forests (Tyrväinen, Silvennoinen, &
Kolehmainen, 2003; Gundersen & Frivold, 2008; Gundersen, Clarke,
Dramstad, & Fjellstad, 2016). This is perhaps the reason why we found
small broadleaf trees to be most abundant in valuable urban forests,
which had been allowed to develop with less maintenance than random
urban forests. Analogous post-management development may also ex-
plain the abundance of small broadleaf trees in valuable production
forests, although birch was more often the dominant species in these
sites.

In connection with increased amounts of broadleaf tree saplings, an
under-representation of spruce saplings in urban spruce stands has also
been noted in previous studies (Lehvävirta & Rita, 2002; Hauru, Niemi,
& Lehvävirta, 2012). A reduction in spruce regeneration has been as-
sociated with e.g. wear and tear due to trampling and changes in the
microclimate due to edge effects (Lehvävirta & Rita, 2002), but results
have been only indicative or contradictory (Malmivaara-Lämsä,
Hamberg, Löfström, Vanha-Majamaa, & Niemelä, 2008; Hauru et al.,
2012; Lehvävirta et al., 2014). In contrast to broadleaf tree species,
which are quick to recover from disturbances by vegetative regenera-
tion from roots and stumps (Zerbe, 2001; Hamberg, Malmivaara-Lämsä,
Löfström, & Hantula, 2014), spruce regenerates only from seeds and is
therefore more effectively suppressed by forest management. Accord-
ingly, our results show greater abundance of small spruce in un-
managed rural forests (valuable production and semi-natural) as well as
in valuable urban forests than in random urban forests. As discussed
above, clearance of spruce undergrowth in urban forests may often lead
to replacement with fast growing broadleaf thickets, which are more
difficult to control.

4.2. Dead wood

The median amount of dead wood in random urban forests (10.1 m3

ha−1) was almost four times as high as in the random production forests
included in this study (2.7 m3 ha−1), and about twice as high as the
estimated average volume of dead wood (4.4 m3 ha−1) in forests of
southern Finland (Natural Resources Institute Finland, 2019). Even so,
the median volume was less than 10% of that in semi-natural forests
(115.6 m3 ha−1), and< 20% of that in valuable production forests
(53.9 m3 ha−1).

Our sampling of valuable urban forests confirmed that urban poly-
pore hotspots in the Helsinki metropolitan area represent stands with
exceptionally high volumes (88.3 m3 ha−1) and diversity of dead wood.Ta
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In terms of dead wood volumes, valuable urban forests were generally
between valuable production and semi-natural forests. Based on the
amount of wood in advanced stages of decay, valuable urban forests
appeared to have a longer history of dead wood accumulation than
valuable production forests. Large reserves of fresh dead wood, re-
presented by standing dead spruce trees, indicate that continuity of
coarse dead wood is secured in the near future too.

Large-diameter conifer logs are of special importance for dead-wood
dependent biodiversity in boreal forests, as they are the most abundant
dead wood substrate in old-growth spruce forests (Siitonen,
Martikainen, Punttila, & Rauh, 2000), and the most important substrate
type for red-listed polypore species (Renvall, 1995; Tikkanen et al.,
2006; Hottola et al., 2009). Our findings suggest that in urban areas
these substrates seem to be largely restricted to valuable urban forests,
being scarce in the majority of the forest landscape; large-diameter
spruce logs were not present in over 60% of random urban plots.

Large differences in dead wood structure that we observed between
random and valuable urban forests reflect the variability of manage-
ment regimes applied across the urban forested landscape.
Corresponding differentiation between conventionally managed urban
forests (12.1 m3 ha−1 of dead wood) and minimally managed biodi-
versity forests (60.5 m3 ha−1 of dead wood) has also been found in the
city of Lahti (Kolu, 2019). Such heterogeneity is likely characteristic to
most urban landscapes and potentially enforced by explicit manage-
ment categorization of urban forested areas (see e.g. Rydberg & Falck,
2000; Nuotio, 2007): some sites are managed for recreation and some
for biodiversity.

4.3. Implications for biodiversity conservation and urban forest
management

The high degree of fragmentation in urban forested landscapes
stresses the need of making use of all remaining forest area to improve
ecological quality and carrying capacity of the urban environment. It
has been speculated that the character of old urban spruce stands may
change significantly in the future as the old canopy forming spruce trees

Fig. 3. Dead wood (DW) characteristics in the random urban, valuable urban, random production, valuable production and semi-natural forests. Values represent
predictions with standard errors from the GLMs. Note that the modelled measure for cut stumps was the square root of cross-sectional area of stumps. Significant
(p < 0.05) differences between random urban forests and other forest categories are indicated with asterisks. See Table 3 for model coefficients.

Fig. 4. Coarse spruce dead wood (entire trunks with DBH ≥ 20 cm) in valuable
urban, valuable production and semi-natural forests. Values represent predic-
tions with standard errors from the GLMs. Significant (p < 0.05) differences
between valuable urban forests and other forest categories are indicated with
asterisks. See Table 3 for model coefficients.
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die and are replaced increasingly by broadleaf trees (e.g. Hauru et al.,
2012; Lehvävirta et al., 2014). Further studies will be needed to
properly assess the validity of this scenario, but as the forest damages
from wind throws, pest insects (Ips typographus) and fungal pathogens
(Heterobasidion parviporum) are predicted to increase with climate
change (Kellomäki, Peltola, Nuutinen, Korhonen, & Strandman, 2007),
there will likely be pressure to replace old spruce stands with more
mixed stand structures. This shift could potentially increase species
diversity in urban spruce stands, but implications for conservation can
vary.

For instance, increasing the number of large aspens could be ben-
eficial for many threatened species (Kuusinen, 1996; Kouki, Arnold, &
Martikainen, 2004; Tikkanen et al., 2006). While the continuity of old
aspen trees is being widely threatened by intensive browsing by moose
(Alces alces) populations in rural forests (Angelstam, Wikberg, Danilov,
Faber, & Nygren, 2000; Kouki et al., 2004), large browsing animals are
largely excluded from urban areas. In the future, urban forests could
develop into valuable areas with regard to the continuity of aspen trees.
Although urban conditions may prove unsuitable for some aspen-as-
sociated species, such as strict old-growth specialists or pollution-sen-
sitive species (Hedenås & Ericson, 2004), many species specialized in
utilizing dead aspen have been found to survive in exposed retention
trees in clear-cut openings (Martikainen, Penttilä, Kotiranta, &
Miettinen, 2000; Martikainen, 2001; Junninen, Penttilä, & Martikainen,
2007). These species (e.g. polypores Funalia trogii and Perenniporia te-
nuis, and many threatened beetle (Coleoptera) species) may well be able
to tolerate urban stressors as well.

While many species will benefit from enrichment of the broadleaf
component in urban forested landscapes (Äijälä et al. 2019), attention
should also be paid to maintining areas with conditions more like those
of natural old-growth spruce forests, e.g. continuity of old and senes-
cent spruce trees and multilayered conifer dominated canopies. Con-
tinuous shade, wind shelter and stable moisture under evergreen ca-
nopies may be vital for old-growth specialists including species of
epiphytic lichens (Gauslaa & Solhaug, 1996; Hedenås & Ericson, 2004)
and litter-dwelling fungi (von Bonsdorff et al., 2014, 2019), even when
they use broadleaf trees as their primary substrates or mycorrhizal
partners.

Fragmentation and ensuing edge effects may limit the conservation
potential of dead-wood dependent biodiversity as well. In Finnish
woodland key habitats, which are often comparable in size with urban
forest fragments (< 1 ha), small habitat patch size has been found to
affect polypore species diversity negatively, and the effect was sig-
nificant even when habitat quality (volume of dead wood) was taken
into account (Ylisirniö, Mönkkönen, Hallikainen, Ranta-Maunus, &
Kouki, 2016). This may be partly due to a drier microclimate resulting
from edge effects (Malmivaara-Lämsä, Hamberg & Haapamäki et al.,
2008), which has also been associated with lower incidence of some
old-growth indicator polypores (Snäll & Jonsson, 2001; Siitonen,
Lehtinen, & Siitonen, 2005).

Edge effects can be mitigated to some extent by controlling the tree
structure in forest stands, especially near the edges (Matlack, 1993). For
instance, Hamberg, Lehvävirta, and Kotze (2009) suggest that forest
edges should be dense (225–250 m3 ha−1 of trees) with at least 80%
conifers, in order to maintain natural understory vegetation in frag-
mented urban spruce forests. Closed forest edges that block visibility to
the urban matrix, have also been found to improve the sense of re-
storativeness that people perceive in urban forests (Hauru, Lehvävirta,
Korpela, & Kotze, 2012).

In terms of dead wood volumes, several studies (reviewed in Müller
& Bütler, 2010) have suggested threshold values of 20–30 m3 ha−1 of
coarse woody debris for maintaining diverse saproxylic communities in
boreal coniferous forest landscapes. For natural forest specialist fungi,
the threshold is probably higher (Siitonen, 2001; Nordén et al., 2018).
As only 16% of random urban forests had at least 20 m3 ha−1 of dead
wood, it is evident that the retention of dead wood should be

significantly increased in large parts of the urban forest landscape.
Adequate concentrations of dead wood for maintaining red-listed
polypore species seem to be found mainly in valuable urban forests. The
spatial extent and distributions of these dead-wood rich stands in the
urban landscape remains unknown, but their scarcity in our random
sample of urban forests suggests that they are a minority. Small and
isolated habitat fragments have a limited capacity to maintain temporal
continuity of resources for saproxylic organisms due to locally fluctu-
ating inputs and continuous depletion of dead wood (Aakala, 2011).
Therefore, special attention should be paid to restoring habitat quality
in larger forested areas remaining within and around urban areas, and
to connect isolated dead-wood hotspots to each other (Jonsson, Kruys,
& Ranius, 2005; Siitonen et al., 2005, Hottola et al., 2009).

Overall, the abundance of old and overmature trees in the urban
spruce stands provide good prerequisites for natural recruitment of
large-diameter dead wood, especially spruce. Public safety may also
necessitate artificial felling of trees in urban areas, but not the removal
of tree trunks once they are on the ground. The potential for using
downed logs, e.g. for guiding recreational use and restricting off-path
passage (see e.g. Lehvävirta, Rita, & Koivula, 2004; Hauru, Koskinen,
Kotze, & Lehvävirta, 2014) is already recognized in practical manage-
ment guidelines for urban forests, for instance, in the city of Helsinki
(Saukkonen et al., 2013), but could be more extensively utilized.

As the urban forested landscape is highly fragmented, sheltered
locations that are distant from paths and out of sight are scarce.
Therefore, increasing the quantity of dead wood in urban forests means
that the public will inevitably encounter dead wood more often.
Maintenance of the recreational and restorative value of urban forests
for wide audiences necessitates that the public can adapt to these visual
and structural changes. Studies have already shown that the public is
increasingly willing to accept logs as natural features in urban forests
(Hauru et al., 2014), possibly due to increasing awareness of the eco-
logical significance of dead wood (Gundersen & Frivold, 2011;
Gundersen et al., 2017). Improving the public’s acceptance of increased
dead wood quantities may thus require effective communication of
their ecological benefits. People’s reactions to the addition of dead
wood in urban forests – and their interactions with dead-wood rich
environments – should be further investigated as previous studies have
focused only on visual perceptions using either pictures (Tyrväinen
et al., 2003; Gundersen & Frivold, 2011; Gundersen et al., 2017) or
static observation points on site (Hauru et al., 2014).

Although nature conservation is already being taken into con-
sideration in city-level land-use planning, the potential of urban forest
areas in complementing protected area networks on a larger spatial
scale has been less discussed. A shift to renewable resources in energy
and commodity production will increase industrial demand for biomass
(Staffas, Gustavsson, & McCormick, 2013) and probably lead to in-
tensification of forest use in northern Europe (Kraxner & Nordström,
2015; Rytter et al., 2016). This development will challenge the ad-
vancements of forest biodiversity conservation in European boreal
zone, where productive forest land is already in efficient use. In this
context, urban forests could represent areas where biodiversity con-
servation could be implemented as a part of urban multi-use forestry
with relatively low conflicts of interests. Our results suggest that urban
forest stand structures have aspects that can promote biodiversity, but
further research is needed to assess the role of urban stress factors such
as fragmentation and wear as potentially limiting factors to biodiversity
in urban forests.
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Appendix A. Species composition of the living stand

Frequency (Fr., percentage) and median volume (m3 ha−1) of the most abundant tree species (according to measured volumes) are presented.
Minimum and maximum values are shown in parentheses.

Tree species

Sprucea Birch Pine Aspen Rowan Goat willow

Forest category m3 ha−1 Fr. m3 ha−1 Fr. m3 ha−1 Fr. m3 ha−1 Fr. m3 ha−1 Fr. m3 ha−1

Random urban 288.1 (139.0–542.4) 100 52.1 (0.2–184.9) 87 44.0 (0–105.2) 71 5.4 (0–120.6) 87 4.9 (0–27.4) 52 0.1 (0–13.9)
Valuable urban 272.1 (147.8–393.1) 100 46.0 (11.0–129.7) 78 36.9 (0–142.1) 65 4.7 (0–150.6) 100 6.3 (0.1–30.6) 30 0.0 (0–13.4)
Random production 335.0 (158.0–440.0) 90 16.0 (0–86.2) 65 8.1 (0–105.2) 20 0.0 (0–61.1) 20 0.0 (0–5.2) 20 0.0 (0–1.7)
Valuable production 292.5 (141.3–397.1) 100 19.5 (0.1–200.4) 73 28.6 (0–105.7) 53 0.7 (0–43.3) 80 1.9 (0–19.6) 53 1.3 (0–9.5)
Semi-natural 341.9 (274.3–413.4) 100 17.6 (2.1–92.0) 60 6.7 (0–154.5) 50 5.5 (0–21.7) 40 0.0 (0–1.0) 20 0.0 (0–4.3)

Appendix B. Volume and composition of dead wood

Frequency (Fr., percentage) and median volume (m3 ha−1) of total dead wood (A), and dead wood partitioned by tree species (B) and decay class
(C) in different forest categories are presented. Minimum and maximum values are shown in parentheses.

A Total dead wood

Forest category Fr. m3 ha−1

Random urban 97 10.1 (0–54.9)
Valuable urban 100 88.3 (25.3–179.2)
Random production 95 2.7 (0–24.3)
Valuable production 100 53.9 (17.4–174.4)
Semi-natural 100 115.6 (59.4–226.8)

B Species composition of dead wood

Forest category Spruce Birch Other broadleaf

Fr. m3 ha−1 Fr. m3 ha−1 Fr. m3 ha−1

Random urban 87 4.1 (0–38.9) 58 0.4 (0–49.6) 74 1.1 (0–7.6)
Valuable urban 100 73.4 (24.4–142.1) 78 2.1 (0–48.8) 61 1.0 (0–18.2)
Random production 90 1.1 (0–21.1) 40 0.0 (0–5.0) 30 0.0 (0–1.2)
Valuable production 100 42.8 (7.4–174.4) 73 0.6 (0–16.3) 73 0.7 (0–12.7)
Semi-natural 100 109.3 (36.0–211.6) 90 4.1 (0–45.6) 70 0.4 (0–7.5)

C Decay class composition of dead wood

Forest category Decay classes 1–2 Decay classes 3–4

Fr. m3 ha−1 Fr. m3 ha−1

Random urban 94 9.4 (0–39.6) 71 0.7 (0–18.6)
Valuable urban 100 49.8 (21.4–126.7) 96 14.5 (0–104.7)
Random production 85 1.8 (0–13.6) 75 0.1 (0–10.2)
Valuable production 100 41.7 (11.9–143.9) 100 6.8 (1.9–30.5)
Semi-natural 100 75.6 (40.4–160.6) 100 21.9 (5.8–119.3)
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