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Abstract: Trees play a vital role in urban landscapes, yet long-term dynamics in tree pop-
ulations across different levels of urbanization remain poorly understood. We examined
whether current spatial patterns of native tree populations predict future changes by moni-
toring two native birch species (Betula pendula and B. pubescens) in six residential areas of St.
Petersburg, Russia. Birch density declined toward the city centre by 1.87 trees ha~! km~1.
From 2002 to 2022, birch populations in sparsely built-up areas (6—8 km from the centre)
declined by 0.15 trees ha~! year~! due to ageing and urban development, while popula-
tions in densely built-up areas near the centre increased by 0.02 trees ha~! year~! due to
limited tree cutting and greater planting efforts. These trends challenge the assumption
that spatial patterns reliably predict temporal changes, emphasizing the complex interplay
between ecological and societal factors in urban tree dynamics. We anticipate the continued
decline in birch populations in sparsely built-up areas of St. Petersburg over the next
10-20 years until residents recognize the value of their declining greenery and either pres-
sure the city government to intensify planting efforts or begin planting trees themselves.

Keywords: Betula pendula; Betula pubescens; long-term monitoring; natural regeneration;
planting; population decline; urban ecology

1. Introduction

Humankind currently faces a triple challenge with intertwining causes: climate warm-
ing, unsustainable land use, and biodiversity loss. These challenges are particularly acute
in cities, which occupy only 3% of the global land area [1,2] but accommodate over half of
the human population [3]. Urbanization is rapidly increasing, with the area designated as
‘Urban Pangea’ projected to triple in the coming decades [4]. Consequently, understanding
the temporal changes in urban ecosystems as human populations expand has become
imperative [5].

Urbanization profoundly impacts ecosystems through habitat loss, the deterioration of
habitat quality (e.g., due to fragmentation and pollution), and climate change [6,7]. Despite
these challenges, some species, including threatened ones, not only survive but thrive
in urban environments [8,9]. However, there remains a dearth of knowledge concerning
the management practices employed in urban areas, which influence the ability of native
species to persist or colonize these environments (but see [10,11]).

Trees play a vital role in urban landscapes, generally providing numerous benefits
and services to city dwellers [12,13], although disadvantages have also been reported,
particularly due to the presence of poisonous urban trees [14]. Current patterns of urban tree
distribution, survival, and growth [15-18] and interactions between urban environments
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and tree canopy cover [19-21] are well-documented. Several studies report short-term
(57 years) changes in urban tree canopy cover [21,22], but there still remains a significant
gap in our understanding of long-term (decades to centuries) changes in tree population
densities within urban habitats (but see [23,24]). Consequently, conclusions about the
historical impacts of urbanization on plant populations and predictions for their future
dynamics are generally drawn from comparisons between habitats with varying levels
of urbanization [25-27]. However, no study has yet justified the use of space-for-time
substitution for these purposes or compared the rates of spatial and temporal changes in
the population densities of urban trees.

The ultimate goal of our study was to explore whether temporal changes in the
population density of native trees in urban habitats can be accurately predicted based on
spatial differences between tree populations in areas with varying levels of urbanization.
To achieve this goal, we censused all individuals, including saplings, of two birch species
(Betula pendula Roth and B. pubescens Ehrh.), in six plots within residential areas of St.
Petersburg, Russia, in 2002, 2012, and 2022. The selection of birches for this study was
initially driven by the urgent need for data on the spatiotemporal distribution of host plants
of Eriocrania moths—whose larvae mine birch leaves—in the city of St. Petersburg as part
of a broader biogeographic study [28]. We combined the results of our ground surveys with
data on the extent of vegetated areas and tree cover in our plots, obtained through the visual
interpretation of Google Earth imagery. Based on previous studies, we made the following
predictions: the absolute population density of birches (i.e., number of individuals per
unit of total area) declined both (1) with decreasing distance from the city centre and
(2) from 2002 to 2022; (3) these declines are primarily driven by losses of unpaved areas
suitable for tree growth; and (4) direct human interventions, such as the erection of new
buildings, recreational development, and planting of greenery, play a greater role in shaping
birch population densities in urban habitats than natural processes, such as competition
and ageing.

2. Materials and Methods
2.1. The City

St. Petersburg, known as Leningrad from 1924 to 1991 (coordinates of city centre:
59°56’ N, 30°19’ E), was established in 1703 A.D. on a previously uninhabited terrain
covered by mires and boreal swamp forests. It is the second largest city in Russia, with
a permanent population that increased from 4.69 million in 2002 to 5.36 million in 2022.
The city spans an area of 1439 km?, with its core (excluding suburbs) covering 650 km?
(https:/ /en.wikipedia.org/wiki/Saint_Petersburg; accessed on 13 May 2025).

St. Petersburg has a cool summer humid continental climate. The region experiences
a mean temperature of —6 °C in January and 18 °C in July, with annual precipitation
averaging 650 mm. The frost-free period averages 136 days, and the summer season
extends for about 3.2 months, from the end of May to the very beginning of September.

The woody flora of St. Petersburg includes over 400 species, among which about
90 species are native to the region. The most abundant trees are limes, birches, poplars, and
maples [29].

2.2. Target Species

White birches (B. pendula and B. pubescens) are deciduous broadleaved trees commonly
occurring in forests surrounding St. Petersburg. These species widely hybridize with
each other [30] and are rarely distinguished in environmental studies. Both B. pendula and
B. pubescens are fast-growing, early successional trees capable of reaching heights of 30 m
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and diameters of 80 cm, with lifespans of 90-100 years. They provide food and shelter to
numerous insect species [28,30].

Birches are typical elements of urban flora in Arctic and boreal regions of the Northern
Hemisphere. They constitute approximately 11% of urban tree populations in major Nordic
cities [15] and make up 10% to 25% of all urban trees in St. Petersburg [31,32]. Their native
origin and high tolerance to pollution [33] make birches crucial species for supporting biota
in urban areas.

2.3. Study Sites

Six city blocks (Figure 1, Tables 1 and S1) were selected in 2002 to encompass the
full range of variation in absolute birch population density, defined as the number of
individuals per unit of total area, including buildings and paved roads (absolute BPD
hereafter). Three of these blocks, situated 2-3 km from the city centre (referred to as
downtown) were densely built up in the first half of the 18th century, with most buildings
erected over 100 years ago. The remaining three blocks, located 6-8 km from the city centre
(referred to as uptown), were sparsely built up in the third quarter of the 20th century.
Buildings in our uptown plots were erected approximately 70 years later than those in
downtown plots (Table 1). None of our study sites contain elements of green infrastructure.

Figure 1. Location of study plots (squares) within city of St. Petersburg relative to its centre, Palace
Square (filled circle). For characteristics of individual plots, see Table 1; for coordinates of plot corners,
see Table S1. Insert: location of St. Petersburg (red square) in Europe.

At the onset of our study (in 2002), the uptown blocks were situated midway between
the city centre and its outskirt. Within a 5 km radius of the city centre, no fragments of
natural vegetation on primary soils persisted to that date [34]. Consequently, most (if not
all) mature birches currently growing in the downtown area were likely planted long ago,
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while many of the birches now present in uptown area likely established spontaneously
before intensive urban development began.

Table 1. Characteristics of the study plots.

City Area  Plot Distance 2, Year of Building Erection Area (ha)
km First P Current ¢ Total Vegetated 4
Uptown 1 8.1 1940 1970 30.36 13.74
Uptown 2 6.0 1930 1964 24.67 13.50
Downtown 3 24 1730 1907 22.88 2.96
Downtown 4 2.7 1730 1894 24.18 3.04
Downtown 5 2.0 1730 1882 26.07 0.77
Uptown 6 7.6 1930 1952 30.54 10.86

2 distance from the city centre (the Palace Square). ® data from https:/ /retromap.ru (accessed on 13 May 2025)
and from https:/ /dom.mingkh.ru/sankt-peterburg (accessed on 13 May 2025), rounded to the nearest 10 years.
¢ data averaged across the buildings located along the perimeter of a plot. ¢ the area covered by herbs, shrubs,
and trees (averaged from 2002, 2012 and 2022).

2.4. Ground Surveys

In May of 2002, M.VK. and V.Z. surveyed the entire area of each study plot and
marked the position of each birch individual, including juveniles over 50 cm tall. Small
birches (basal trunk diameter <10 cm) and larger birches were counted separately. In
September of 2012 and 2022, we attempted to locate all previously recorded birches. These
birches were categorized as alive, dead, or missing due to (i) new building construction,
(ii) recreational development (such as building playgrounds or athletic fields), or (iii) causes
likely associated with tree ageing. Newly emerged birches were classified as planted or
self-established based on the presence of stalks, size, and position within the landscape.

2.5. Remote Sensing

We accessed satellite imagery from Google Earth Pro 7.3.6.9796 on 22 February 2024.
Using the historical imagery tool in Google Earth Pro, which allows the viewing images of
a region at different times to observe changes over time. E.V.-C. visually interpreted images
dated 17 July 2001 (plots 1-5), 5 August 2004 (plot 6), 6 September 2011 (plots 1-5), 20 June
2012 (plot 6), and 9 June 2022 (all plots) to identify areas covered by vegetation (trees and
herbaceous plants separately) within our study plots (specified in Table S1). Google Earth
maps the earth by the superimposition of images obtained from satellite imagery and aerial
photography, covering most land with at least 15 m of resolution. But insets of very-high-
resolution satellite images (finer than 5 m) are available for many cities [35]. All identified
polygons (with a minimum size of 16 m? in the first and second surveys and 6 m? in the
third survey) were imported into Quantum GIS 3.3.4 software (www.qgis.org; accessed on
13 May 2025), following the conversion of the internal coordinate system of Google Earth
(WGS84) into a projected CRS (epsg 3857). Percentages of each habitat class were calculated
by overlapping plot areas with the digitalized polygons. High-resolution imagery (<5 m)
was used solely to clarify details when needed. Standardized classification criteria were
consistently applied across all dates to accurately distinguish between different vegetation
types, such as trees and herbaceous plants.

2.6. Data Analysis

The two measures of BPD, absolute and relative, were computed by dividing the
total number of birches (small and large trees combined) by the total and vegetated (i.e.,
covered by trees or herbaceous plants) plot area, respectively. Differences in BPD and other
variables between uptown and downtown plots and among study years were examined
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using repeated measures ANOVA (SAS GLM procedure (Version 9.2) [36]). Pearson linear
correlation coefficients were used to quantify associations between different variables,
whereas the rates of spatial and temporal changes were estimated from regression analyses
(SAS CORR and REG procedures, respectively). The survival rates of planted and self-
established birches were compared using the chi-square test (SAS FREQ procedure).

3. Results
3.1. Outcomes of Ground Surveys

We recorded a total of 1367 unique birch individuals across censuses: 1190 in 2002,
1036 in 2012, and 952 in 2022 (Table S2); many trees were recounted in multiple years.
From 2002 to 2022, the total number of birches in the three uptown plots declined from
1096 to 829, while in the three downtown plots, it increased from 94 to 123 (Figure 2). The
majority of birches were found in inner courtyards, with only 5% classified as street trees.
The proportion of small birches (basal trunk diameter <10 cm) in our plots ranged from 0%
to 52% and varied significantly across the censuses (Table 2), shifting from an average of
(mean + S.E.) 7.3 £ 2.9% in 2002 to 20.9 & 8.1% in 2012 and then to 11.2 £ 4.6% in 2022
(Table S2). This proportion did not differ between downtown and uptown plots (Table 2)
and did not correlate with the distance from the city centre (r = -0.45, n = 6 blocks, p = 0.37).
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Figure 2. Changes in the number of birches in study plots during the observation period. Open
circles: downtown plots; filled circles: uptown plots. Data from 1986 and 2000 are from [28]. For
characteristics of individual plots, see Table 1.

Throughout the study period, we observed 177 juvenile birches emerging in our plots,
and classified 45 of these as planted (Table S2). In downtown plots, self-established birches
were only observed in pavement cracks and on the roofs of low buildings, whereas in
uptown plots, they were primarily observed on uncut lawns. Of the 113 birches that self-
established between 2002 and 2012, only 26 survived until 2022, with survivors concentrated
in the two uptown blocks furthest from the city centre. The survival of planted birches was
significantly higher (22 out of 24 individuals; difference from survival of self-established
birches: x? = 15.3, d.f. = 1, p < 0.0001).
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Table 2. Sources of variation in birch population characteristics (repeated measures ANOVA: SAS
GLM procedure, type 3 sum of squares).

Characteristics of Birch

Study Area (Uptown

Populations vs. Downtown) Study Year Study Area x Study Year
Statistics p Statistics p Statistics p
Proportion of area covered _ _ _
by vegetation F14=317 0.0049 Frs=171 0.0013 Fy3=2.83 0.12
Proportion of area covered by trees  Fj4 =18.2 0.0130 Frs=17.8 0.0011 Fyg =281 0.12
Proportion of small birches F14=198 0.23 Fpg=5.58 0.0304 Fy8=3.17 0.10
Absolute birch population density ~ Fq4 =19.2 0.0119 Fyg=2.66 0.13 Fyg=4.25 0.0554
Relative birch population density ~ Fq 4 = 6.07 0.07 Fr5=3.98 0.06 Frg =245 0.15
Absolute density of planted birches Fj4 =226 0.21 F14=023 0.66 F14=175 0.26
Absolute density of self-established Fra=096 0.38 Fra=126 033 F.=0.18 0.70

birches

Throughout the study period, a total of 415 birches disappeared from our plots,
including 89 juveniles that emerged from 2002 to 2012. In 2012, we observed 12 dead
standing large birches, which had disappeared by 2022. However, another 12 large birches
were classified as freshly dead or dying in 2022. In total, 19 large birches were felled
from our uptown plots due to the construction of six buildings, while the development
of recreational infrastructure, primarily the construction of seven playgrounds, resulted
in the removal of an additional 53 large birches. Thus, contrary to prediction (4), urban
development directly accounted for only 17% of birches lost from our study plots.

3.2. Outcomes of Remote Sensing

The proportion of vegetated area (covered by trees and herbaceous plants) in our
plots (Table S3) ranged from 2.1% to 63.2%, with uptown plots exhibiting five times more
vegetated area than downtown plots (Figure 3a; Table 2). From 2002 to 2022, this proportion
decreased significantly (Table 2), with downtown plots experiencing nearly double the
decrease compared to uptown plots (Figure 3a; Table 2). During all study years, the
proportion of vegetated area in our plots increased, with an increase in distance from the
city centre (r = 0.85 t0 0.89, n = 6, p = 0.02 to 0.03).
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Figure 3. The proportion of plot area covered by vegetation (a) and tree canopies (b) during the
observation years. Open circles: downtown plots; filled circles: uptown plots. For statistical analyses,
see Table 2.

Trees in our plots covered 2.1% to 45.9% of the total area, with uptown plots exhibiting
four times greater tree cover than downtown plots (Figure 3b; Table 2). From 2002 to
2022, this proportion decreased significantly (Figure 3b), with a similar rate seen in both
uptown and downtown plots (Table 2). The negative correlation between the proportion of



Earth 2025, 6, 41

7 of 12

area covered by trees and distance from the city centre increased during our study (2002:
r=-072,n=6,p=011;2012: r= —0.82, n = 6, p = 0.05; 2022: r = —0.91, n = 6, p = 0.01).

3.3. Patterns in Birch Population Density

The absolute BPD (i.e., per unit of total area) in our plots ranged from 0.38 to
17.06 trees ha—!, with an average of 6.55 trees ha~!. In uptown plots, the absolute BPD was
seven times greater than in downtown plots (Figure 4a; Table 2), confirming prediction (1).
The rate of spatial change in BPD, estimated through the regression analysis of BPD values
averaged across the study period, was 1.87 = 0.52 trees ha~! km~! (R? = 0.76, p = 0.02).
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Figure 4. Birch population density: all trees per total plot area (a), all trees per vegetated plot
area (b), planted trees per total plot area (c), self-established trees per total plot area (d). Open circles:
downtown plots; filled circles: uptown plots. For statistical analyses, see Table 2.

From 2002 to 2022, the absolute BPD decreased by 23% in the uptown plots and in-
creased by 31% in the downtown plots. This difference in temporal trends between uptown
and downtown plots approached statistical significance (Table 2). Thus, prediction (2)
was confirmed for uptown plots, where the rate of temporal change in absolute BPD was
—0.15 4 0.02 trees ha~! year~!, but not for downtown plots.

Meanwhile, the relative BPD in the uptown plots (i.e., per unit of vegetated area)
ranged from 10.14 to 35.29 trees ha~!, averaging 21.03 trees ha~! (Figure 4b). The relative
BPD in uptown plots was only twice as great as in downtown plots, with this difference
being marginally significant (Table 2).

During the study period, the relative BPD decreased by 10% in uptown plots and
increased by 50% in downtown plots, but this difference in temporal trends between
uptown and downtown plots did not reach statistical significance (Table 2). Thus, in line
with prediction (3), changes in absolute BPD were driven by changes in the area of habitats
suitable for tree growth.

On average, the absolute BPD of planted birches was three times greater in downtown
plots than in uptown plots (Figure 4c), while the absolute BPD of self-established birches
showed the opposite pattern (Figure 4d). However, these differences did not reach statistical
significance (Table 2).
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4. Discussion
4.1. Spatial Changes in Birch Population Density

Data on changes in plant population density along urbanization gradients are sur-
prisingly scarce. In Minneapolis (MN, USA), tree canopy cover remained constant with
the distance from the urban core from 1937 to 1970 but exhibited a dome-shaped pattern
from 1991 to 2009, with increases in canopy cover observed at moderate urbanization levels
15-25 km from the urban core [23]. Across eight cities in Poland, the percentage of tree
cover (a proxy of tree abundance across all species) decreased fourfold from urban parks to
the city centre [37]. Similarly, in residential areas of Beijing (China), tree density decreased
approximately twofold between plots located 15 and 2 km from the city centre ([27]; W.
Zhou, pers. comm.), a trend consistent with our finding of a sevenfold decrease in absolute
BPD between plots located 8 and 2 km from the centre of St. Petersburg.

In contrast, the relative BPD did not statistically differ between our uptown and
downtown plots. Thus, the observed difference in absolute BPD between downtown
and uptown areas of St. Petersburg primarily results from the fivefold difference in the
proportion of urban areas suitable for plant growth. The latter difference is intrinsically
linked to variation in urban development practices between the time periods when these
parts of the city were built.

4.2. Temporal Changes in Birch Population Density

Despite many cities having plans for biodiversity conservation and the enhancement
of ecosystem services [38], urban tree cover globally is experiencing a slow but significant
decline, falling at a rate of 0.15% year—! [39]. The number of birches in the monitored
plots in St. Petersburg has decreased much faster, at a rate of 1% year~! from 2002 to
2022, despite both natural regeneration and planting. This decline extends beyond birches
and affects all urban trees. For instance, in the Vasileostrovskij district of St. Petersburg,
municipal agencies cut down 1514 trees from 1997 to 2002 but planted only 995 [40]. This
downward trend is corroborated by the analysis of Google Earth imagery, which shows an
overall decline in both the total vegetation cover and tree cover within our plots from 2002
to 2022, with a fall at a rate of approximately 1% year~!. This sevenfold faster decline of
tree populations in St. Petersburg relative to the global average is alarming and calls for
improved green area management.

Our most striking findings are the reversal in the direction of the observed temporal
changes in the numbers of birches in some of our plots from an increase to decrease
over time (Figure 2) and the significant difference in temporal changes in the absolute
BPD between downtown and uptown plots (Figure 4a). Effects of urbanization on plant
and animal population densities, whether negative or positive, are generally considered
monotonic [41,42]. To our knowledge, no existing urban ecology concepts predicted the
observed non-monotonic patterns based on habitat changes along urbanization gradients.
Similarly, the opposite directions of temporal changes in absolute BPD cannot be inferred
from the spatial distribution of BPD within the city of St. Petersburg. We therefore suggest
that this pattern emerged due to differences in management practices or residents’ attitudes
towards urban greenery between downtown and uptown areas.

The densely built-up downtown imposes more stress on plants compared to the
sparsely built-up uptown, primarily due to pollution and overheating in the downtown
core [43,44]. Nevertheless, we did not observe the expected difference in the rate of birch
disappearance between downtown and uptown sites. By 2022, both areas had lost a similar
proportion (ca. 35%) of the birches recorded in 2002 (Table S2). This similarity arose because
a significant number of birches were removed from the uptown plots for reasons unrelated
to their health, such as the construction of new buildings and children’s playgrounds. In
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contrast, similar activities did not result in the disappearance of even a single birch from
the downtown plots.

From 2017 to 2021, the government of St. Petersburg planted 0.08 to 0.22 trees ha~! year !
in the administrative districts that included our plots (www.gov.spb.ru; accessed 10 Febru-
ary 2025). These planting rates are comparable to those observed for birch planting.
However, the governmental data encompass all tree species, with birches constituting 5%
to 25% of the total number of planted trees in different years [28]. We therefore conclude
that the majority of birches in our plots were likely planted by local residents rather than
by municipal authorities. This inference is supported by the observed manner of birch
planting. First, nearly all birches were planted in inner courtyards away from the streets,
while governmental agencies usually plant trees along streets or in parks and public gar-
dens. Second, birches were predominantly planted solitarily or in small groups, whereas
governmental agencies typically plant trees in large groups. Third, at the time of planting,
the observed birches were 0.5 to 1.5 m tall, indicating that they were transplanted from
rural areas rather than bought from nurseries, which usually sell birches that are 3—4 m tall
(e.g., www.gardensprofi.ru; accessed 13 May 2025).

We observed three times more planted birches (per unit of total area) in the downtown
plots than in the uptown plots (Table S2). This disparity may suggest that, due to the scarcity
of greenery in downtown areas, urban trees are valued by downtown residents more than
by people living in greener uptown areas. Consequently, downtown residents may be more
proactive in increasing the number of trees in their neighbourhoods. Thus, the temporal
changes in urban birch populations may reflect an interplay between natural processes
(mortality, regeneration) and societal factors. In St. Petersburg, where government-led
tree planting efforts are insufficient to maintain existing green spaces [40], these societal
processes may play a particularly significant role. Therefore, we propose that the reversal of
the temporal trend in BPD within the historical city centre is likely driven by societal rather
than natural processes. Hence, we support the suggestion [16] that future research on urban
tree regeneration and survival should consider both natural and human components.

4.3. Limitations of Space-for-Time Substitution in Urban Ecology

Our discovery of opposite temporal trends in the absolute BPD in uptown and down-
town plots of St. Petersburg clearly highlights the substantial limitations of using space-
for-time substitution to predict temporal changes in the population density of various
organisms in large cities. These limitations arise from the superposition of natural and
societal processes, the outcomes of which are challenging to predict.

We propose that the impact of societal processes on urban biota varies among taxa,
being most pronounced for those groups of organisms that garner the greatest public
attention and that can benefit from simple and cost-effective measures. We suggest that
these processes are particularly impactful for trees, birds, and pollinating insects such as
bees, moths, and butterflies. However, the current level of knowledge does not enable us to
predict the conditions under which societal processes become influential enough to distort
ecological patterns driven by natural processes in urban areas.

4.4. Future of the Birch Population in St. Petersburg

A previous study concluded that the birch population in uptown residential areas of
St. Petersburg increased from 1986 to 2000 due to intensive planting [30]. Surprisingly, this
increase reversed to a decrease in the early 2000s. This change likely reflects the ageing
of the birch population due to insufficient regeneration, a process previously shown to
result in birch decline near a large industrial polluter [45]. This suggestion is supported by
the extremely low proportion of small birches in urban areas (10%) relative to old-grown
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taiga forests (89-97%: [46]). Combined with the low survival rate of self-established birches,
this finding underscores the need to intensify planting efforts to maintain BPD in the
uptown area.

If the rate of birch population decline in the uptown area remains consistent with our
observations from 2002 to 2022, then the absolute BPD in uptown St. Petersburg will reach
the level currently observed in the downtown core in about 75 years. However, this projec-
tion seems unrealistic, as current urban planning practices [47] suggest that impervious
cover in uptown areas will never increase to the level currently seen in downtown St. Pe-
tersburg. A more plausible scenario is that in 10-20 years, uptown residents will recognize
the value of their declining greenery and either pressure the city government to intensify
tree planting or begin planting trees themselves. The spontaneous planting of trees by
urban dwellers will likely lead to an increase in the proportion of birches among urban
trees, because birch seedlings, unlike ornamental tree seedlings, can be easily transplanted
from surrounding rural areas. The outcome will be a city more hospitable to native animals,
mainly insects, associated with birch trees.

5. Conclusions

The key methodological contribution of this study is the comparison of ground survey
data from 2002, 2012 and 2022, which enables us to track birch population dynamics at the
level of individual trees and identify potential drivers of these dynamics. Although the
data were collected in a single city, our conclusions are not confined to this specific location.
The urbanization patterns, societal drivers, and ecological responses we observed in St.
Petersburg reflect broader dynamics that are common across many urban environments
worldwide. Our findings stress the importance of long-term studies, challenge the predic-
tive power of space-for-time substitution in urban ecosystems and emphasize that future
urban ecology research should account for both natural and societal processes. Further
similarly designed studies are needed to identify the conditions under which societal pro-
cesses become influential enough to alter ecological patterns shaped by natural processes
in urban areas.
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