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Abstract. Urban areas are complex and ever-changing systems, whose natural surroundings are
profoundly influenced by urbanization processes. In the face of such changes, there is an urgent
need to evaluate the state of nature within cities from the perspective of spatial planning and
nature conservation. We consider forest specialists, which are unable to colonize new forests
rapidly, as indicators of long-standing woodlands in the city area. The main aim of this study
was to determine the distribution patterns of forest specialists and to explore their correlation
with ancient forests. We hypothesize that it is not just the occurrence of ancient forests that
determines the distribution and richness of forest plants. We also explore the so-called ‘adjacent
grid permanent forests’; the area of forest-patches, and their location in relation to the city
center. Our first task was to examine the changes in the city's forest coverage and pinpoint the
location of ancient forests. The study employed historical maps and cartographic works. With
the aid of GIS tools, it was possible to depict changes in forest cover over the past 200 years.
The distribution of the studied indicator species, overlaid on changing forest cover, unveiled
a strong correlation with historical land use. Our findings highlight that both ancient forests and
adjacent permanent forests are vital for preserving forest species. Proximity to the city center
significantly impacts the occurrence of forest specialists, which are often absent even from areas
with ancient forests. However, they may be present despite no detection of ancient or grid
permanent forests in the outskirts. This could be due to the existence of small, long-standing
tree patches that had a much greater chance of being preserved far from the city center and were
not depicted on old maps. Although these micro-refuges may harbor individual forest species

adequately, larger ancient and permanent forest areas are needed to maintain the higher number



of forest specialists. Our results helped identify the areas most suitable for afforestation,

considering the preservation of forest continuity and the migration possibilities of forest plants.
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1. Introduction

The development of built-up areas continues to grow worldwide, albeit at varying rates,
together with its many ecological and evolutionary consequences (Uchida et al., 2021). This
dynamic expansion plays a crucial role in transforming land-use patterns, leading to habitat
degradation, fragmentation, and loss of biodiversity (Li et al., 2022). It is also closely linked to
the percentage of the population living in urban areas (United Nations, 2019; Simkin et al.,
2022). However, this growth comes at a cost, as urban areas absorb natural and valuable
ecosystems within their boundaries, thus depleting natural areas (Chen et al., 2020; Dudkiewicz
et al., 2021). The development of cities significantly affects crucial ecosystems such as forests
(Hoffmann et al., 2017). By providing a variety of ecosystem services, urban forests play an
extremely valuable role in ensuring a high quality of life in urban areas by supporting adaptation

to climate change and its mitigation (Rahim et al., 2024).

There is an urgent need to evaluate the state of forests within cities and to skillfully
shape urban areas to preserve and enhance biodiversity as the complexity of ecological systems.
It is therefore crucial to find appropriate indicators whose presence reflects historical changes
in the city's natural systems (Kohsaka, 2010). One such indicator is the number of plant species;
this richness can reflect the status of various elements of the forest environment (Kurowski
& Witostawski, 2009). However, to conduct an ecological evaluation of the forest patches
within the city area, it is necessary to identify specific bioindicators, such as forest specialists.
In the case of European plants, the concept of ‘ancient forest indicators’ has been developed
(Peterken, 1974).

As these ancient forest species were once part of these ecosystems, they can be used to
gain a comprehensive insight into them. On the one hand, their presence indicates the long-term
and continuous existence of the forest habitat (not necessarily an ancient and old tree-stand);
such data can often suggest the old-time origin of the forest and can provide valuable
information for nature conservation purposes (Dzwonko & Loster, 2001). Such ancient forest

indicators typically colonize new areas weakly and slowly, rarely achieving dispersal ability



beyond one meter per year (Bossuyt et al., 1999; Matlack, 1994). This limited dispersal ability
is considered a key factor determining their usefulness as bioindicators (Dyderski et al., 2017).
On the other hand, ancient forest species are also encountered and observed in secondary
forests; in these newer habitats, the effective development of the undergrowth is determined by
the maintenance of the continuity of adjacent patches of both ancient and new forests, and their
sufficient long-term existence (Orczewska, 2010). The proportion of ancient forest indicator
species found in a new forest is directly, and negatively, influenced by its distance to an ancient
forest (Brunet & Von Oheimb, 1998a; Dzwonko, 2001).

In this study, we analyzed the distribution patterns of ancient forest indicators in L.6dz
City, Central Poland. The urbanization history of this area over the last 200 years is unique on
a European scale and possibly even worldwide. Although £.6dz was granted city rights in 1423;
its development followed a different path to other medieval cities. The region had been
characterized for centuries by extensive forested areas; however, in the second half of the 19th
century, it underwent an unprecedented transformation due to urbanization and the development
of the textile industry. During this dynamic period, the population of the city grew from 767 in
1820 to 600,000 in 1914 (Koter, 1969). While the forest cover in the area reached almost 70%
in the 17th century, it dramatically declined in later years (Grzegorczyk, 2009). Hence, the
region is a good example of an area that was subject to considerable forest restriction in a short
time; this raises an intriguing question of whether the ancient forest specialists were able to

survive within the area of this industrial city.

The main aim of our study was to determine the distribution patterns of forest specialists
and explore their correlation with ancient forests. We hypothesize that the distribution and
number of forest specialists are influenced not only by the presence of ancient forests but also
by other factors. Additionally, we examine forest continuity within the basic research area of
1 kmz, including 'adjacent grid permanent forests', the area of forest patches, and their location
in relation to the city center. The initial task of the study was to analyze the changes in forest
cover that have occurred in the city over the last 200 years and to identify the distribution of

ancient forests.



2. Materials and Methods

2.1. Lodz city as a study area

L.6dz is the fourth largest city in Poland in terms of area (293.25 km?), and the fourth
most populous (655 279). It is located in central Poland, a short distance from the geographical
center of the country (Statistical Yearbook of L.6dz City, 2022). The climate is moderate with
a transitional character between the influence of continental and oceanic climates. The entire
area of Lodz lay within the range of the Middle Polish glaciations; thus, the landscape of the
city is characterized by post-glacial hills (Dmochowska-Dudek & Majecka, 2014). Currently,
the hydrological network of £.odz consists of 20 small rivers, with a total length of 115 km
(Jokiel & Maksymiuk, 2011). Its vascular plant flora encompasses approximately 1170 species,
which represents nearly 75% of all those found in Central Poland (Witostawski, 2006). The
area represents the potential habitats of deciduous forests; mostly subcontinental oak-hornbeam
forests Tilio-Carpinetum Tracz. 1962 and acidophilous oak forests Calamagrosito-Quercetum
(Hartm. 1934) Scam. et Pass. 1959. The river valleys are characterized by riparian forest
habitats with alder and ash Fraxino-Alnetum W. Mat. 1952 (Herezniak et al., 2011,
Matuszkiewicz, 2008). Despite the industrial character of the area, the northern part of the city
is home to Lagiewniki Forest, this being one of the largest urban forests in Europe (Kurowski,
2001), covering an area of approximately 1200 ha (Fig. 1). The potential natural vegetation of
Lagiewniki Forest, dominated in terms of area by the three aforementioned phytosociological

units, is representative of the entire area of the city.
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Figure 1. The study area — general land use within the current administrative boundaries of £.6dz
city. Land use units according to Corine Land Cover 2018 (https://land.copernicus.eu/) in
ATPOL grid 1 x 1 km

2.2. Changes in forest cover for the last 200 years

The changes in forest cover that have taken place in £odz were determined based on
maps and cartographic studies from the past 200 years. Although the remains of ancient forest
complexes are known to be present, no attempts have been made to perform a systematic
analysis of changes in forest cover based on GIS tools within the current administrative
boundaries of the city. As such, the present studies represent the first of their kind for £.6dz,
fitting into the trend of research on ancient forests and spatial analyses of their extent. The
starting point for these analyses was to obtain the appropriate maps, i.e. those which clearly and
accurately delineate the forests and greenery of the former £.6dz. The data for the 19th century
were derived from the Topographic Map of the Kingdom of Poland, created around 1830
(Topograficzna Karta Krolestwa Polskiego, 1830), and for the 20th century from a 1937 map
by the Military Geographic Institute (Wojskowy Instytut Geograficzny, 1937).



Finally, the base maps for the 21st century comprised two eco-physiographic studies,
approved within the currently valid Study of Conditions and Directions of Spatial Development
of the city of Lo6dz dated 2018; these were obtained from the website of the Municipal Urban
Planning Office in Lo6dz (Studium uwarunkowan i kierunkow zagospodarowania
przestrzennego miasta L.odzi, 2018). These maps served as the basis for further analysis. They
were appropriately merged, trimmed to the current city boundaries and calibrated to geographic
coordinates using GIS software (QGIS in ver. 3.28.15 and ArcMap in ver. 10.8) (Esri, 2020;
Flenniken et al., 2020). Forest distribution was digitized by creating polygon features on shape
files, resulting in accurate maps of forest cover within the city area for three periods: the
beginning of 19th, 20th, and 21th centuries.

2.3. Ancient forest and grid permanent forest

To identify the ancient forests in the studied region, a common part of the polygons
representing forest patches in the city was selected using the QGIS intersection function to
create a map of forests that have likely persisted continuously for the past 200 years, i.e. ancient
forests. The concept originates from Great Britain (Peterken, 1977; Rackham, 1980), where
remnants of primary forests and secondary forests formed before a specifically-established
boundary date were identified for the first time (Peterken & Game, 1984). For most European
countries, this data is assumed to be the mid-18th century (Wulf, 1997); however, for Poland,
it may be the turn of the 18th and 19th centuries, depending on the availability of cartographic
materials (Dzwonko & Loster, 2001).

The analysis was then refined according to the Polish ATPOL cartographic grid system
used for surveying vascular plant distribution (Verey, 2017; Zajac, 1978). The area of ancient
forest in each 1 x 1 km ATPOL grid square was calculated and to determine the distribution of

ancient forest indicators in city of Lodz.

The analysis included a Grid permanent forests category, defined as forests that were
permanently maintained within the area of an 1 km ATPOL grid square throughout the entire
analyzed period, but did not necessarily remain in the same geographic place. By introducing
such a category, it was possible to analyze whether forest indicators depended on permanently-
available forests in the closest neighborhood. Briefly, the occurrence of forest was determined
in three examined periods in each square: if the existence of a forest patch was noted throughout

the entire studied period, it was assigned to the Grid permanent forests category. In addition,
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minimal forest area maintained during the whole period was calculated for each grid square.
This method indicated areas that may not necessarily demonstrate strict continuity in the same
place, as in the case of ancient forests, but only their neighboring existence, which may have

significant implications for the distribution of ancient forest indicators.

2.4. Forest specialist: ancient forest indicators

The indicator species of ancient forests are typically shade-tolerant perennial plants or
hemicryptophytes, with heavy seeds and limited dispersal abilities (Hermy et al., 1999). Five
ancient forest indicator plants were selected for this study: Anemone nemorosa L., Ficaria
verna Huds., Oxalis acetosella L., Viola reichenbachiana Jordan ex. Bor. and Maianthemum
bifolium (L.) F.W. Schmidt. Species like Anemone nemorosa and Ficaria verna, with short-
distance dispersal mechanisms, such as myrmecochory, exhibit lower abundance in recently-
established forest complexes than in adjacent ancient forests (Bossuyt et al., 1999; Brunet
& Von Oheimb, 1998b; Matlack, 1994). All chosen species are listed as indicator plants of
ancient deciduous forests in Poland (Dzwonko & Loster, 2001) but have also been mentioned
in lists for Germany (Wulf, 1997), Sweden (Brunet & Von Oheimb, 1998b) and Belgium
(Honnay et al., 1998) and have been included on the general list for Europe (Hermy et al., 1999).
They are representative for the deciduous forests which primarily occurred in the study area
and are plants easy to observe in the field.

The distribution of the examined species in the L.6dzZ area was analyzed using data from
the Atlas of Distribution of Vascular Plants in £odz (Witostawski, 2006). The original
cartograms were transformed into ESRI shapefiles. Species distribution was updated to the
ATPOL 1 km grid system and used to supplement the data from the current floristic exploration.
This allowed the distribution of the studied species to superimposed on the background of

changes in forest cover, thus highlighting factors that may influence their occurrence.

2.5. Data analysis

In in each 1 km?2 grid square, the ancient forest area and permanent forest area were
correlated with the corresponding indicator species richness (species number per grid square)
using the Pearson correlation index. Indicator species richness was also correlated with the area

of ancient forest, and with minimal area of permanent forests within each 1 km2 grid square.



The variability of the forest area in terms of indicator species richness is given as box plots with

a trend line for mean values.

The occurrence of ancient forests and permanent forests were also cross-validated with
the indicators. The spatial pattern of the grids with studied forest categories but without
indicators was identified, as well as grids with indicators but without studied forests. Therefore,
the distances of the grid squares identified in the cross validation from the city center were
determined; any differences in distance between cross-validated groups were tested using the
non-parametric Mann-Whitney U-test (viz. grids with forests and without species vs. grids with

species and without forests).

All statistical analyses and box-plot generation were performed using the STATISTICA
ver. 13.3 software package (StatSoft, 2011).

3. Results

3.1. Changes in the forest cover in the city and the ancient forest distribution

The analysis of forest cover based on historical cartographic data indicates that
significant changes have occurred in £.6dz over the past 200 years (Fig. 2). The first half of the
19th century was characterized by the presence of large forest complexes, which covered a total
area of 99.66 km? and constituted 33.9% of the city's area. They were found in various locations,
including the currently urbanized city center. Although the number of forest polygons was small

(27), they had a large mean area, i.e. 369.1 ha.

In the 20th century, the landscape underwent significant changes, with many of the
forested areas being cleared. During the period, the forest area decreased fourfold to 22.57 kmz,
which represented 7.7% of the current area of the city. Compared to the previous period, the
mean size of the forest patches dramatically decreased to 10.4 ha, but their number increased
to 216. Only one large forest complex, spanning 1200 ha, remained in the northern part of the

city: Lagiewniki Forest.

In the early 21st century, the forested area increased to 37.65 km?, constituting 12.8%
of the total area of the city; however, this area is significantly fragmentated, consisting of 874

objects, mean area of only 4.3 ha, dispersed throughout the city.
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Figure 2. Changes in forest cover (green) within the current boundaries of £.odz city over the

last 200 years

The areas indicated as forests in each of the examined periods can be considered as
having persisted for at least 200 years within the current boundaries of £L.6dz (Fig. 3). Their total
area is 12.6 kmz, constituting 4.3% of the area of the city. The remnants of these ancient forests
within the city, besides Lagiewniki Forest, also include tree-stands in parks currently located in

the city center.

Figure 3. Ancient forests within the current boundaries of £.6dz city (i.e. areas with continuous

forest cover since the first half of the 19th century)



3.2. Relation between ancient forest indicators, ancient forest and grid permanent

forests

Out of a total of 348 squares (1 x 1 km) designated in the L.6dz area, indicator species
were found in 151 (43.4%) of them. A number of squares including all studied indicator species
were noted in the northern, northwestern, and southwestern parts of the city. Additionally, some
indicator plants were also observed in the city center where densely built-up and urbanized
areas dominate. Although the occurrence of indicators is significantly associated with both
studied forest categories (Fig. 4), a higher correlation index was noted for grid permanent
forests (r = 0.610) than for ancient forests (r = 0.528) (Fig. 4). It was also noted that in terms of
their areas in the same location, ancient forests were strongly correlated with the grid permanent
forests (r = 0.932; p < 0.05).
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Figure 4. Relationships between the presence of ancient forest indicators (number of species
per 1km?) and the distributions of ancient forests and grid permanent forests with the current
boundaries of L.6dz city. n — numbers of grids of a given category. The values given above the
arrows represent the Pearson correlation indexes and the statistical significance of the

relationships between the two.
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The area of the forest patches also appears to influence the number of ancient forest
indicators (Fig. 5). While a large forest area is not usually needed for the occurrence of single
species, the required area increases exponentially with higher numbers of indicators. This
observed pattern holds for the ancient forests (Fig. 5A) and the minimum area of grid permanent
forests within a particular grid square (Fig. 5B). It is worth noting, however, that in both
categories, high variations in species number were noted with regard to the various ranges of

forest area.
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Figure 5. Relationship between indicator species richness and the area of the ancient forests (A)

and minimal area of grid permanent forests (B) per 1 km grid square in L.6dz city.
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Figure 6. Cross-validation of ancient forests and grid permanent forests against ancient forest

indicators. The distributions of the forests without indicators, and the indicators without forests

are given in the maps, and the variation in their distance from the city center is given in boxplots.

The p-value given in the boxplots indicates the statistical significance of the distance from the

city center according to the Mann-Whitney U-test.

The presence of indicator plants did not necessarily coincide with ancient forest (Fig. 6).

Indeed, 80 squares harbored indicators but no ancient forests, while another 62 with indicators

did not include grid permanent forests. In both cases, a similar spatial pattern was observed:

forests without indicators were located in the city center, while indicators without forests were

found significantly further from the city center, i.e. on the outskirts (Fig. 6).
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Figure 7. The occurrence of ancient forest indicators explained by grid permanent forest but not

by ancient forests (A) and indicators not explained by either forest category (B)

In 18 squares, indicators were accompanied by grid permanent forest, but without any of
ancient forest (Fig. 7A). In contrast, 62 squares harbored ancient forest indicators but not any
of either ancient or permanent forest. In both cases, these grid squares with the indicators tend
to be dispersed throughout the city outskirts (Fig. 7).

4. Discussion

Our analysis of forest cover within the current administrative borders of £.6dz city over
the last 200 years indicates that the continuity of forest conditions was seriously disrupted in
the first half of the 20th century. However, this forest cover appears to have increased over the
last decades. The trend has been noted in other locations in Central Europe, but mostly in rural
areas (Bomanowska & Kiedrzynski, 2011; Ossowska & Janiszewska, 2016). As such, the
indication of a similar trend in the area of the city can be surprising; however, similar results
have also been noted in previous case study from the L6dz city (Kiedrzynski et al., 2014). Our
findings are also in accordance with those obtained for Warsaw, which was the only one of nine
studied European cities to demonstrate an increase in forest cover in the hinterlands (broad
periphery) at the beginning of the 21st century (Hoffman et al., 2017). Moreover, recent years
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have seen a noticeable current trend towards the development of green areas in cities, which
has been achieved through systematic planting of new greenery, including forests, and
increasing the area of existing plots (Niewiadomski, 2013). In the case of Lodz city,
spontaneous afforestation has occurred in locations closer to the city center during recent

decades and increasing forest cover is visible throughout the entire area.

This observed trend suggests an opportunity to recover forest biota that have lost their
positions in past centuries. However, to confirm this, it is first necessary to understand the
patterns of occurrence of the key components of forest biodiversity, these being plant indicators
of ancient forests. The present study examined whether such occurrence depends on the
presence of ancient forests, which currently cover only 4.3% of the area of £.odz city. It is worth
noting that the term ancient refers to the continuity of the forest environment, rather than age
or naturalness of tree-stands, as it could have been modified over the years (Dzwonko & Loster,
2001; Peterken, 1993).

As the indicator species of ancient forests are characterized by limited mobility, their
distribution in the landscape is strongly influenced by the land use history (Peterken & Game,
1984). Our results show that the studied ancient forest indicators are strongly linked to the
history of the forests identified in the study area, resulting from the distribution of ancient
forests. However, a better explanation for their presence or absence should also include other

factors.

To more thoroughly understand this distribution, our analysis included the category of
grid permanent forests, defined as the continuous presence of forest within the area of a studied
grid square (1 km squares); this definition does not necessarily require the continuity of forest
in the same geographic spot, as required by that of ancient forests. Our findings show that
ancient forest indicators are more closely associated with the area of the grid permanent forests,
i.e. the minimal area of forests which have persisted throughout the entire studied period, than
with the presence of ancient forests. These findings suggest that the existence of forest
specialists should depend inter alia on the long-term occurrence of closely-situated forest
patches. While forest plants may disperse for up to one kilometer over a decade, a distance less
than 500 m or even 200 m could be more effective (Brunet, 2007; Honnay et al., 2002). Indeed,
a strong correlation (r = 0.93) was found between the areas of ancient and grid permanent forests
in the same location, indicating that patches of ancient forest were almost always present in the
locations from where forest species could migrate, or in the local area acting as a source of
forest species dispersal.
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Our findings indicate that the relationship between ancient forests, grid permanent
forests, and the occurrence of forest specialists depends on their distance from the city center.
It is more likely to find forest patches without indicator species in the city center than on the
outskirts, even if there is evidence of their ancient, pre-industrial origin at that location. This is
probably due to the management practices used in parks which include remnants of ancient
forests. Special attention should be paid when raking litter and planting ornamental plants under
tree stands in the city center, which restricts the occurrence of true forest plants (Fornal-Pieniak
et al., 2021; Szwed et al., 2009). Some other environmental conditions in the city center, such
as lower humidity caused by groundwater reduction and the urban heat island effect, could also

be unsuitable for forest plants (Livesley et al. 2016)

The richness of forest plants is strongly dependent on the history and continuity of forest
habitats (Dzwonko & Loster, 1988; Stefanska-Krzaczek et al., 2016). Our data show that the
spatial distribution pattern of ancient forest indicators is strictly connected with those of the
ancient and grid permanent forest in the study area. Our results also indicate that the number of
forest species are related to the size of forest patches. Species richness increases exponentially
with the mean forest area, indicating that to support multiple species, historically old forest
patches need to be large. The statement is in accordance with the species-area relationship
formulated in the ‘theory of island biogeography’; however, opposite results have been noted
by some authors in different landscapes (e.g. Liira et al., 2014). In our case, the species-area
relationship works well only for the average scores. Moreover, the data were obtained from
a specific urban and suburban landscape and included very small ancient forests where forest
specialists could be absent.

The grid squares in which forest specialists were only associated with the presence of
grid permanent forests tended to be located further from the city center; this was also true for
the grid squares where the occurrence of forest plants could not be explained by either ancient
or grid permanent forests. This could be due to the prevalent land management practices in the
suburbs, which are similar to those used in rural landscapes. Small forest patches or only groups
of trees had the ability to persist there for centuries, especially along the river valleys. These
long-lasting small refuges could be sufficient for the preservation of individual forest species;
indeed, other authors have noted that even small patches of forest can function as significant
refuges for forest flora (Dyderski et al., 2017; Hermy et al., 1999; Kolb & Diekmann, 2005).
Unfortunately, such small tree clumps are not visible on the historical maps used in the present
study, and this is one reason why we indicated forest plants in squares without indicating ancient
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or permanent forests. This could also explain why the locations where the occurrence of forest
specialists was not associated with ancient or grid permanent forests tended to harbor fewer

species.

It is recommended that spatial planning should aim to enhance connectivity and merge
small forest patches within a city. With this in mind, a positive aspect of the current structure
of forest cover in Lodz city is that most patches of secondary forests are only separated by
relatively short distances. This factor can facilitate the migration of forest species, most

importantly, migration to the new forests can happen in patches located close to ancient forests.

Orczewska (2010) indicates that the effective development of forest understory in new
forests is fostered by ensuring a sufficiently long continuation of the existence of adjacent
patches of ancient and new forests. It should be noted that most available studies focus on the
colonization of new forest areas by species of previously agriculturally-used areas (Brunet,
2007; Flinn & Vellend, 2005; Orczewska, 2009). However, the city represents a specific
ecosystem where urbanization processes and dynamic changes in land use can significantly
influence the potential movement of species from ancient forests to new locations (Dyderski
etal.,, 2017). In Lo6dz, a number of factors may play significant roles in enhancing forest
connectivity: the existence of old parks, which may represent remnants of ancient forests, the
creation of new parks since World War 11, the implementation of blue-green infrastructure
systems, and remnants of natural habitats in the valleys of small rivers (Zalewski & Wagner,
2005; Ratajczyk et al., 2010; Kiedrzynski et al., 2014).

5. Conclusions

While the continuity of forest cover in L.6dz has suffered significant disruption in the
past, recent decades have seen a steady increase, including the urbanized city center. The
distribution of indicator species of ancient forests is strongly associated with land use history,
with their presence being significantly influenced by past forest conditions. However, our
research also indicates that the distribution of forest specialists is also closely associated with
the minimally-maintained area of any forests within a particular 1 km? grid square. Our findings
confirm that such distribution is influenced by both the ancient forests themselves and any
preserved adjacent permanent forests. In practical terms, these kind of permanently occurring
forests patches should be considered as conservation targets and biodiversity hotspots.
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A significant role in the occurrence of ancient forest plants also depends on the distance
from the city center and land use practices. Patches of ancient or permanent forest closer to the
city center are more likely to lack forest specialists than those in the outskirts. Conversely,
among the grid squares with forest species, those in the outskirts were more likely to lack any
ancient or permanent forests. These results could be attributed to the fact that in the outskirts,
there are greater numbers of small patches and groups of trees, especially along the river valleys,
that have existed for centuries but are not shown on old maps. Such lasting mini-refuges may
be sufficient for the preservation of individual forest species; therefore, they should be carefully

managed and enlarged as much as practical possibilities allow.

Our research also shows that in general, exponentially larger areas of ancient and permanent
forests are needed to maintain greater numbers of species. Considering the history of £.6dz, its
unique ecosystem, as well as the low average area of forest patches and their fragmentation,
there is a need to implement new actions in the spatial planning system, with the aim of
establishing and increasing forest connectivity within the city.

To this end, the present findings, the first to be obtained for £.6dz, may be of value for
indicating areas that would most benefit from afforestation and thus restore the continuity of
forestry in the city. Further continuous monitoring of forest plants will also be needed to provide
important information on environmental quality and the process of forest regeneration in the

city.

6. References

Bomanowska, A., & Kiedrzynski, M., 2011, Changing land use in recent decades and its impact on
plant cover in agricultural and forest landscapes in Poland. Folia Biologica et Oecologica, 7,
5-26. https://doi.org/10.2478/v10107-009-0014-1

Bossuyt, B., Hermy, M., & Deckers, J., 1999, Migration of herbaceous plant species across
ancient-recent forest ecotones in central Belgium. Journal of Ecology, 87(4), 629-638.
https://doi.org/10.1046/J.1365-2745.1999.00379.X

Brunet, J., 2007, Plant colonization in heterogeneous landscapes: An 80-year perspective on
restoration of broadleaved forest vegetation. Journal of Applied Ecology, 44(3), 563-572.
https://doi.org/10.1111/J.1365-2664.2007.01297.X

17



Brunet, J., & Von Oheimb, G., 1998a, Colonization of secondary woodlands by Anemone
nemorosa. Nordic Journal of Botany, 18(3), 369-377. https://doi.org/10.1111/J.1756-
1051.1998.TB01892.X

Brunet, J., & Von Oheimb, G., 1998b, Migration of vascular plants to secondary woodlands in
southern Sweden. Journal of Ecology, 86(3), 429-438. https://doi.org/10.1046/J.1365-
2745.1998.00269.X

Chen, G., Li, X., Liu, X., Chen, Y., Liang, X., Leng, J., Xu, X., Liao, W., Qiu, Y., Wu, Q., &
Huang, K., 2020, Global projections of future urban land expansion under shared
socioeconomic pathways. Nature Communications, 11(1). https://doi.org/10.1038/s41467-
020-14386-x

Dmochowska-Dudek, K., & Majecka, A., 2014, Dysproporcje w rozwoju systemu przyrodniczego
Lodzi. In A. Suliborski & M. Wojcik (Eds.), Dysproporcje spoteczne i gospodarcze w
przestrzeni L.odzi. Czynniki, mechanizmy, skutki (pp. 107-126). Wydawnictwo Uniwersytetu
Lodzkiego. https://doi.org/10.18778/7969-240-8.06

Dudkiewicz, M., Kopacki, M., Iwanek, M., & Hortynska, P., 2021, Problemy zachowania
biordéznorodnosci na przyktadzie wybranych miast Polski. Agronomy Science, 76(1), 67-84.
https://doi.org/10.24326/as.2021.1.5

Dyderski, M. K., Tyborski, J., & Jagodzinski, A. M., 2017, The utility of ancient forest indicator
species in urban environments: A case study from Poznan, Poland. Urban Forestry & Urban

Greening, 27, 76-83. https://doi.org/10.1016/J.UFUG.2017.06.016

Dzwonko, Z., 2001, Migration of vascular plant species to a recent wood adjoining ancient
woodland. Acta Societatis Botanicorum Poloniae, 70(1), 71-77.
https://doi.org/10.5586/asbp.2001.010

Dzwonko, Z., & Loster, S., 1988, Species richness of small woodlands on the western Carpathian
foothills.

Dzwonko, Z., & Loster, S., 2001, Ancient woodland plant species indicators and their importance
for nature conservation and vegetation mapping. Prace Geograficzne, 178, 119-132.

https://www.researchgate.net/publication/284061155

Esri Inc., 2020, ArcGIS DesktopTM 9.2. New York Street, Redlands, USA.

18



Flenniken, J. M., Stuglik, S., & Basil, V. I. ., 2020, Quantum GIS (QGIS): An Introduction to a
Free Alternative to More Costly GIS Platforms. FOR359/FR428, 2/2020. EDIS, 2020(2): 7.

Flinn, K. M., & Vellend, M., 2005, Recovery of Forest Plant Communities in Post-Agricultural

Landscapes. In Ecology and the Environment (Vol. 3, Issue 5).

Fornal-Pieniak, B., Ollik, M., & Schwerk, A., 2021, Do adjacent forests affect the regeneration of

oak-hornbeam and ancient forest plant species in manor parks in Poland?. Forests, 12(5), 538.

Grzegorczyk, A., 2009, Ilustrowana Encyklopedia Historii Lodzi. In Piotrkowska 104 (Vol. 1).
Urzad Miasta Lodzi. £6dz.

Herezniak, J., Kurowski, J. K., Olaczek, R., & Witostawski, P., 2011, Sheet XI: Natural heritage:
The Flora. In S. Liszewski (Ed.), The £odZ Atlas. The L.6dz City Council, Geodesy, Cadastre

and Inventory Department.

Hermy, M., Honnay, O., Firbank, L., Grashof-Bokdam, C., & Lawesson, J. E., 1999, An ecological
comparison between ancient and other forest plant species of Europe, and the implications for
forest conservation. Biological Conservation, 91(1), 9-22. https://doi.org/10.1016/S0006-
3207(99)00045-2

Hoffmann, M., Lesko, L., & Mund, J.-P., 2017, Urban and Peri-Urban Forest Areas in European
Cities — A Comparative Remote-Sensing Study. GI_Forum, 1, 15-26.
https://doi.org/10.1553/giscience2017 01 s15

Honnay, O., Bossuyt, B., Verheyen, K., Butaye, J., Jacquemyn, H., & Hermy, M., 2002, Ecological
perspectives for the restoration of plant communities in European temperate forests. In

Biodiversity and Conservation (Vol. 11).

Honnay, O., Degroote, B., & Hermy, M., 1998, Ancient forest plant species in Western Belgium:
A species list and possible ecological mechanisms. In Belgian Journal of Botany (Vol. 130,
Issue 2). https://www.jstor.org/stable/20794415?seq=1&cid=pdf-

Jokiel, P., Maksymiuk Z., 2011, Sheet IX: Hydrology. In S. Liszewski (Ed.), The 1L.6dz Atlas. The
L6dz City Council, Geodesy, Cadastre and Inventory Department.

Kiedrzynski, M., Kiedrzynska, E., Witostawski, P., Urbaniak, M., & Kurowski, J. K., 2014,
Historical land use, actual vegetation, and the hemeroby levels in ecological evaluation of an
urban river valley in perspective of its rehabilitation plan. Polish Journal of Environmental
Studies, 23(1), 109-117.

19



Kohsaka, R., 2010, Developing biodiversity indicators for cities: Applying the DPSIR model to
Nagoya and integrating social and ecological aspects. Ecological Research, 25(5), 925-936.
https://doi.org/10.1007/s11284-010-0746-7

Kolb, A., & Diekmann, M., 2005, Effects of life-history traits on responses of plant species to
forest fragmentation. Conservation Biology, 19(3), 929-938. https://doi.org/10.1111/j.1523-
1739.2005.00065.x

Koter, M., 1969, Geneza uktadu przestrzennego Lodzi przemystowej. Panstwowe Wydawnictwo

Naukowe. Warszawa.

Kurowski, J. K., 2001, Szata ro$linna Lasu Lagiewnickiego w Lodzi. Wydzial Ochrony
Srodowiska UML, Katedra Geobotaniki i Ekologii Roslin UL. £.6dz.

Kurowski, J. K., & Witostawski, P., 2009, Zielone skarby t.odzi - relikty naturalnej przyrody

miasta. Studio Koloru.

Li, G, Fang, C., Li, Y., Wang, Z., Sun, S., He, S., Qi, W., Bao, C., Ma, H., Fan, Y., Feng, Y., &
Liu, X., 2022, Global impacts of future urban expansion on terrestrial vertebrate diversity.
Nature Communications, 13(1). https://doi.org/10.1038/s41467-022-29324-2

Liira, J., Jurjendal, I., & Paal, J., 2014, Do forest plants conform to the theory of island
biogeography: The case study of bog islands. Biodiversity and Conservation, 23(4), 1019-
1039. https://doi.org/10.1007/s10531-014-0650-5

Livesley, S. J., McPherson, E. G., & Calfapietra, C., 2016, The urban forest and ecosystem
services: impacts on urban water, heat, and pollution cycles at the tree, street, and city scale.

Journal of environmental quality, 45(1), 119-124.

Matlack, G. R., 1994, Plant Species Migration in a Mixed-History Forest Landscape in Eastern
North America (Vol. 75, Issue 5).

Matuszkiewicz J.M., 2008, Potential natural vegetation of Poland. (Potencjalna roslinno$¢ naturalna
Polski). IGiPZ PAN, Warszawa. Retrieved from — https://www.igipz.pan.pl/Roslinnosc-
potencjalna-zgik.html

Military Geographic Institute (Wojskowy Instytut Geograficzny)., 1937, (P41 S29; P42 S29; P41
S8) 1:100000. Retrieved from — http://igrek.amzp.pl/mapindex.php?cat=WIG100

20



Niewiadomski, A., 2013, Struktura i znaczenie terenow zieleni w £.odzi na tle duzych o$rodkow
miejskich w Polsce. Acta Universitatis Lodziensis. Folia Geographica Physica, 12, 33-47.
https://doi.org/10.18778/1427-9711.12.03

Orczewska, A., 2009, The impact of former agriculture on habitat conditions and distribution
patterns of ancient woodland plant species in recent black alder (Alnus glutinosa (L.) Gaertn.)
woods in south-western Poland. Forest Ecology and Management, 258(5), 794-803.
https://doi.org/10.1016/J.FOREC0.2009.05.021

Orczewska, A., 2010, Odtwarzanie si¢ roslinno$ci runa we wtdrnych lasach olszowych powstatych

na gruntach porolnych w potudniowo-zachodniej Polsce. Acta Bot. Siles, 5, 5-26.

Ossowska, L., & Janiszewska, D. A., 2016, Zr6znicowanie funkcji lasoéw w krajach Unii
Europejskiej (The Diversification of Forestry Function in European Union Countries).
Zeszyty Naukowe Szkoty Glownej Gospodarstwa Wiejskiego w Warszawie. Problemy
Rolnictwa Swiatowego., 16(3), 292-300.

Peterken, G. F., 1974, A method for assessing woodland flora for conservation using indicator
species. Biological Conservation, 6(4), 239-245. https://doi.org/https://doi.org/10.1016/0006-
3207(74)90001-9

Peterken, G. F., 1977, Habitat conservation priorities in British and European woodlands.
Biological Conservation, 11(3), 223-236. https://doi.org/10.1016/0006-3207(77)90006-4

Peterken, G. F., 1993, Woodland Conservation and Management. Springer Dordrecht.

Peterken, G. F., & Game, M., 1984, Historical Factors Affecting the Number and Distribution of
Vascular Plant Species in the Woodlands of Central Lincolnshire. Source: Journal of Ecology,
72(1), 155-182.

Rackham, O., 1980, Ancient woodland: its history, vegetation and uses in England. London:
Edward Arnold.

Rahim, N. H., Razak, S. A., Chang, X., Chng Saun, F., Khan, M. N., Hamzah, S. N., Rohman, F.,
Ali, B., Kaplan, A., Igbal, M., Ramazan Bozhuyuk, M., & Ercisli, S., 2024, Ecosystem
Services by Urban Forest (UF) towards Climate Change Adaptation: A Review. Polish
Journal of Environmental Studies. https://doi.org/10.15244/pjoes/177147

Ratajczyk, N., Wolanska-Kaminska, A., & Kope¢, D., 2010, Problemy realizacji systemu
przyrodniczego miasta na przyktadzie Lodzi. In M. Burchard-Dziubinska & A. Rzenca (Eds.),

21



Zrownowazony rozwoj na poziomie lokalnym i regionalnym: Wyzwania dla miast i obszarow
wiejskich. (pp. 78-97). Wydawnictwo Uniwersytetu L.odzkiego.
https://doi.org/10.13140/2.1.1689.0562

Simkin, R. D., Seto, K. C., Mcdonald, R. I., & Jetz, W., 2022, Biodiversity impacts and
conservation implications of urban land expansion projected to 2050. Proceedings of the
National Academy of Sciences, 119(12). https://doi.org/10.1073/pnas.2117297119/-
/DCSupplemental

Statistical Yearbook of £.6dz city., 2022, Statistical Office in £.6dz, £.6dz.

StatSoft 1., 2011, STATISTICA, Online Statistics Handbook [WWW Document]. URL
https://www.statsoft.pl/textbook/stathome.html

Stefanska-Krzaczek, E., Kacki, Z., & Szyputa, B., 2016, Coexistence of ancient forest species as
an indicator of high species richness. Forest Ecology and Management, 365, 12-21.
https://doi.org/10.1016/J.FORECO.2016.01.012

Study of Conditions and Directions of Spatial Development of the city of Lodz (Studium
uwarunkowan i kierunkow zagospodarowania przestrzennego miasta L.odzi)., 2018, (Mapa 9 -

Lasy & Mapa 10 - Tereny zieleni). Retrieved from — https://mpu.lodz.pl/

Szwed W., Sikorski P., Rodziewicz A., Sikorska D., Wierzba M., 2009, "Ancient forest" plant
species as ecological indicators of woodland condition in parks and their implications for park
restoration. Rocznik Polskiego Towarzystwa Dendrologicznego, (57).

Topographic Map of the Kingdom of Poland (Topograficzna Karta Krdlestwa Polskiego)., 1830,
(kol. 1. sek. IV.; kol. 1ll. sek. 1V.; kol. 1l. sek. V.; kol. III. sek. V.). Retrieved from —
https://bg.uwb.edu.pl/TKKP/?id=Nawigator

Uchida, K., Blakey, R. V., Burger, J. R., Cooper, D. S., Niesner, C. A., & Blumstein, D. T., 2021,
Urban Biodiversity and the Importance of Scale. In Trends in Ecology and Evolution (Vol.
36, Issue 2, pp. 123-131). Elsevier Ltd. https://doi.org/10.1016/j.tree.2020.10.011

United Nations., 2019, World Urbanization Prospects: The 2018 Revision. Department of
Economic and Social Affairs, Population Division.

Verey, M., 2017, Teoretyczna analiza 1 praktyczne konsekwencje przyjecia modelowej siatki
ATPOL jako odwzorowania stozkowego definiujacego konwersje wspotrzednych ptaskich na

elipsoide WGS 84. Fragmenta Floristica et Geobotanica Polonica, 24(2), 469-488.

22



Witostawski, P., 2006, Atlas of Distribution of Vascular Plants in £.6dz. Wydawnictwo
Uniwersytetu £.odzkiego. £.6dz.

Wulf, M., 1997, Plant species as indicators of ancient woodland in northwestern Germany. Journal
of Vegetation Science, 8(5), 635-642. https://doi.org/10.2307/3237367

Zajac, A., 1978, Atlas of Distribution of Vascular Plants in Poland (ATPOL). Taxon, 27(5), 481-
484. https://doi.org/10.2307/1219899

Zalewski, M., & Wagner, 1., 2005, Ecohydrology - the use of water and ecosystem processes for
healthy urban environments. International Journal of Ecohydrology and Hydrobiology, 5(4),
263-268.

23



