
Article

Green Infrastructure—Countering Ecosystem Fragmentation:
Case Study of a Municipality in the Carpathian Foothills

Blazy Rafał * , Hrehorowicz-Gaber Hanna and Hrehorowicz-Nowak Alicja

����������
�������

Citation: Rafał, B.; Hanna, H.-G.;

Alicja, H.-N. Green Infrastructure

—Countering Ecosystem

Fragmentation: Case Study of a

Municipality in the Carpathian

Foothills. Forests 2021, 12, 78.

https://doi.org/10.3390/f12010078

Received: 14 December 2020

Accepted: 8 January 2021

Published: 12 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Spatial Planning, Urban and Rural Design, Faculty of Architecture, Cracow University of
Technology, 31-155 Kraków, Poland; hanna.hrehorowicz-gaber@pk.edu.pl (H.-G.H.); h.alicja@o2.pl (H.-N.A.)
* Correspondence: rblazy@pk.edu.pl; Tel.: +48-12-628-20-50

Abstract: This paper discusses green infrastructure, which can be considered a useful tool in the
process of ensuring the sustainable development of rural structures in the polish Carpathian region.
It allows for achieving a better quality of the environment of human life and healthy wildlife linkages.
The element that supports defining information about the existing state of green infrastructure and
its resources is the green infrastructure fragmentation coefficient based on edge effect calculations,
which is the relation between the edge of the patch (circumference) to its surface area. With the use of
model analysis of green infrastructure, it is possible to implement the provisions of the Carpathian
Convention and coordinate planning documents that facilitate the sustainable development of spatial
structures. Our study on the state of green infrastructure in rural areas of the Polish Carpathian
Mountains is a source of knowledge about the quality of this area, its natural environment and
fragmentation. Determining the territory’s green infrastructure fragmentation coefficient provides an
opportunity for higher-precision studies and the detection of threats and integration of GI fragments
and addressing proper solutions in conflict areas.

Keywords: fragmentation; green infrastructure; ecosystem; edge effect; spatial planning

1. Introduction

The necessity for a broad outlook on the development and protection of the assets
of the Carpathians has been recognized relatively recently. The European Union strategy
on green infrastructure has become a basis for taking appropriate action. The European
Commission adopted a new strategy on 6 May 2013, which is intended to encourage the
improvement of green infrastructure quality and its broader inclusion in spatial planning
in the entire region of the European Union [1]. This has happened due to anthropogenic
pressure and the associated construction of technical infrastructure, combined with ur-
banization, and has led to a degradation of valuable ecosystems and their division, which
negatively impacts habitats and resident species and limits spatial and functional coher-
ence of the landscape. Defining priorities so as to restore and support the use of green
infrastructure is particularly significant in areas with distinctive environmental conditions
and is highlighted in the literature [2,3].

In southern Poland, there are numerous cities and municipalities whose size and
amount of green infrastructure areas appear to be large. They can be divided into several
categories based on the size of the municipality’s territory and its population. Large munic-
ipalities, with a high share of green areas, include the municipalities of the Subcarpathian
and Lesser Poland voivodeships. In Lesser Poland, areas with the highest share of green
areas are those of the Tatrzański, Suski, Nowosądecki and Gorlicki districts. Municipalities
with a clearly lower amount of green and open areas when compared to the rest of the
region include Kłaj, Trzciana and Łapanów.

In this paper, we present a case study of a Polish municipality located in the Carpathian
Mountains region—Łapanów. After studying its spatial structure in terms of open and
developed areas, we analyzed its greenery structure and shape (fragmentation). Among

Forests 2021, 12, 78. https://doi.org/10.3390/f12010078 https://www.mdpi.com/journal/forests

https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-0466-8855
https://orcid.org/0000-0002-1567-6172
https://orcid.org/0000-0002-4664-9740
https://doi.org/10.3390/f12010078
https://doi.org/10.3390/f12010078
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/f12010078
https://www.mdpi.com/journal/forests
https://www.mdpi.com/1999-4907/12/1/78?type=check_update&version=1


Forests 2021, 12, 78 2 of 16

the methods of determining the condition of a greenery structure’s condition are pattern
indicators, which is based on applying spatial filters to land cover maps—the indicators
are calculated based on the frequency of the presence of types of land cover and tendencies
of a given type of land cover in terms of spatial autocorrelation [4]. However, this method
may prove ineffective when used on a smaller scale due to the complexity and detailed
nature of the process and exceedingly detailed results, whose practical application in
a smaller administrative unit such as a municipality could pose a problem. It would
require professional software and a staff trained to conduct such tests and then analyze
them. In this respect, the fragmentation coefficient calculation method seems to be a more
universal tool that can be introduced without large financial outlays. For this reason,
we performed the analysis of green infrastructure fragmentation on the territory of the
municipality of Łapanów by calculating indicators for the edge effect [5]. Our study was
based on the hypothesis that continuity of structure shall have a positive impact on the
presence of selected species [6]. Our study assumes that the amount of green infrastructure
does not fully correlate with the possibility of its application in the presence of its lack of
continuity, which can be ensured by gradual densification of existing greenery fragments
with new patches.

2. Materials and Methods

To study actual ecosystem continuity and coherence, we initially selected the above
three municipalities for analysis (Figure 1). The municipalities have a rural character and
do not have cities or towns within their limits. They have established agricultural traditions
and their space has a well-preserved rural character without heavy industry. All of the
three municipalities are within the range of the recreational zone utilized by residents of
the Krakow agglomeration. This location results in significant anthropic pressure being
exerted on open spaces and can constitute a potential threat to the GI network. All three
municipalities are also located near major migration trails in the form of ecological corridors
for this region (Figure 1).
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rural landscape based on small farms, which is distinct for southern Poland and contrib-
utes to its mosaic-like character and high degree of biodiversity. 
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is not a new term, as it has been in use since the 1990s and was first used in the United 
States [9]. On the other hand, the concept, which states that ecosystems should also be 
treated as infrastructure, has existed since the 1980s [10]. 

Attention to green infrastructure has already been visible around 150 years ago in the 
linking of green spaces and parks to the benefit of their users and linking wildlife areas to 
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Frederick Law Olmsted, who noted that a single and well-designed park shall not provide 
people with as much beneficial natural influence like numerous parks that would be 
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a—access isochrone for Krakow residents; b—Krakow city limits; c—Krakow city center; d—selected
municipalities of the Carpathian Foothills; e—municipality of Łapanów, selected for analysis;
f—Lesser Poland ecological corridors—an illustrative course of ecological corridors made on the
basis of spatial data prepared under the task “Preparation of a spatial database on ecological corridors
in Małopolska—step I” carried out by Regional Directorate for Environmental Protection in Kraków,
Department of Nature Conservation and Natura 2000 Areas.

Of the three selected municipalities, we chose Łapanów as a reference case due to the
legibility of its greenery structures and the longest section of the Lesser Poland Ecological
Corridor that runs through it. It was found to be a representative case of a disappearing
rural landscape based on small farms, which is distinct for southern Poland and contributes
to its mosaic-like character and high degree of biodiversity.

2.1. Beginnings of Green Infrastructure

Green infrastructure refers to global problems that particularly refer to regions sub-
jected to intense spatial development, whether urban or rural. It is a key strategy as a part
of the European landscape and environmental policy, intended to reconnect major wildlife
areas. It is also a concept of improving the capacity of ecosystems to self-regenerate. Green
infrastructure is discussed in the literature often in reference to urbanized areas such as
urban and suburban greenery systems [7,8], but is also common in rural areas. It is not a
new term, as it has been in use since the 1990s and was first used in the United States [9].
On the other hand, the concept, which states that ecosystems should also be treated as
infrastructure, has existed since the 1980s [10].

Attention to green infrastructure has already been visible around 150 years ago in the
linking of green spaces and parks to the benefit of their users and linking wildlife areas to
preserve biodiversity and prevent habitat fragmentation. This idea was first put forth by
Frederick Law Olmsted, who noted that a single and well-designed park shall not provide
people with as much beneficial natural influence like numerous parks that would be linked
with each other and encircle housing areas [11]. This is how the idea of greenery as a system
first appeared. During this period, biologists were also aware of the fact that protecting
habitats from fragmentation is considered the best method of preventing biodiversity
loss. In a 1999 report of the US President’s Council on Sustainable Development, green
infrastructure was described [12] as one of five elements of a strategy intended to ensure a
holistic approach to the problem of sustainable community development. The document
stated that the green infrastructure strategy is to understand, recognize and exert positive
impact on ecological and economic functions provided by natural systems. The element of
ecosystem services and their significance to sustainable development has thus been clearly
recognized and highlighted.

Throughout this entire period, numerous institutions have also become involved in
improving the condition of ecosystems, supporting measures in support of green infrastruc-
ture. Table below (Table 1) presents initiatives for green infrastructure and the signatories
of these agreements. Interest in initiatives from larger companies signals awareness of the
problem and the need to act.

In 1967, the Capital District Regional Planning Commission (CDRPC) was established
in the United States, as an organization that constitutes a regional and resource planning
center. Its duties include objective analysis of data, trends, opportunities, threats ad
challenges that are significant to regional development. The organization has formulated
a “GI toolset” that is analogous to European proposals, whose main goal is to monitor
dependencies between gray and green infrastructure.
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Table 1. Globally significant institutions that fund measures associated with green infrastructure
https://cdrpc.org/gi-code-audit.

Initiative Number of Signatories Major Signatories

Global Reporting Initiative Over 960 organizations ABN AMRO, HSBC,
Citigroup, Barclays

UNEP Finance Initiative 176 institutions
Bank of America, Credit
Suisse Group, JPMorgan
Chase and Co.

UN Principles for Responsible
Investment Over 850 organizations CalPERS, ABP, Swiss Re, etc.

UN Global Compact

8700 organizations (6500
organizations and business
associations and 2200
nonprofits)

Deutche Bank, ING Group,
Mitsubishi, UFJ

The Equator Principles 67 Citigroup, ABN AMRO,
Barclays, WestLB

Carbon Disclosure Project

534 Fls holding, US$64 trillion
in assets, 60 purchasing
organizations 3000
organizations in about 60
countries

Goldman Sachs, Morgan
Stanley, CalPERS, Cadbury,
PepsiCo, Walmart

Institutional Investors’ Group
on Climate Change Over 20 UN agencies

The Bretton Woods
Institutions, an issue
management group (IMG) on
green economy

UN Secretary-General’s
High-Level Advisory Group
on Climate Change Financing

Three heads of state and 10
high office holders and public
and private sector leaders

N/A

The main practices concerning the protection of green infrastructure were listed by
the CDRPC as the following:

• Tree planting;
• Decoupling non-permeable areas;
• Building green roofs;
• Using semipermeable porous surfaces;
• Creating infiltration pools; chambers and ditches;
• Creating plant baths
• Practicing bioretention;
• Use of rain gardens.

As a part of introducing green structures and initiating measures associated with
it, the European Commission has put in place the EU Strategy on green infrastructure
and the EU 2020 strategy on biodiversity. All of its goals require ecosystem functions
to be maintained and reinforced by creating green infrastructure and recreating at least
15% of degraded ecosystems [1]. The Commission’s conclusions concerning the Cohesion
Fund and the European Regional Development Fund [13,14] define green infrastructure
as a development priority and state that is an element that significantly contributes to
regional policy and Europe’s sustainable economic development. There is also a clear
connection between the subject of green infrastructure and the implementation of the
European Union’s climate policy, as well as the United Nations Framework Convention on
Climate Change [15,16].

In the Communication from the Commission to the European Parliament, the Council,
the European Economic and Social Committee and the Committee of the Regions green

https://cdrpc.org/gi-code-audit
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infrastructure (GI)—Enhancing Europe’s Natural Capital [1], the contribution of green
infrastructure to EU policy was discussed from the standpoint of:

• Natural and cultural heritage that constitutes a part of the EU’s capital and identity;
• Utilizing soil potential instead of air-conditioning—financial savings;
• Alleviating climate change consequences and adaptation to them;
• Building resilience and improving defensive mechanisms against flooding;
• Sustainable agricultural land management;
• Prevention of soil erosion;
• Harmonizing human activities with the natural environment.

This document is a basis and direction for further action and engaging with the subject
matter on the local scale.

2.2. What Is Green Infrastructure Now?

In the process of considerable urbanization, a change in the model of space has taken
place—From an urban structure surrounded by greenery, the model changed into elements
of greenery surrounded by an urban structure. The anthropogenic area and its buildings
were initially surrounded by many greenery. This trend has been reversed, and now it is
only a small amount of green areas that are surrounded by buildings and anthropogenic
areas. Due to changes such as uncontrolled urban sprawl or increasing disproportions
between the natural and anthropogenic environment—which are seen as unfavorable
from an environmental standpoint—a need to connect and integrate green areas and
surface waters with their surrounding ecosystems—so-called Blue-green infrastructure [17].
Benedict (2006) defined green infrastructure as a wide array of natural and recreated
domestic ecosystems and landscape elements [18,19].

When referring to the definition adopted by the European Commission [1], green
infrastructure is a strategically planned network of natural and seminatural areas with
other environmental features designed and managed to deliver a wide range of ecosystem
services. It incorporates green spaces (or blue if aquatic ecosystems are concerned) and
other physical features in terrestrial (including coastal) and marine areas. On land, GI
is present in rural and urban settings. According to this definition, green infrastructure
comprises all ecosystems or their fragments, irrespective of scale. Green infrastructure
can also be discussed on the global and regional scale, yet this paper focuses on the local
perspective on green infrastructure.

The subject of GI has been discussed in studies and academic reports numerous
times [20–22], yet it should be noted that it typically focuses on urban municipalities
and heavily urbanized areas. It is not analyzed as often in rural municipalities as no
problems with green area integrity are signalized there. Green infrastructure elements
in rural environments are typically in much better condition than in urban areas, yet not
protecting them appears to be an issue. This results in a lack of planning and the possibility
of directing the trajectory of anthropogenic structure growth.

2.3. Green Infrastructure—Significance of Protecting the Natural Environment in the
Carpathian Mountains

The Carpathian Mountains are a major European mountain chain, less than 10% of
which is located in Polish territory. The mountain chain features many highly valuable
natural areas, which are often transformed to a very small degree. To protect the correct
functioning of the natural environment of the Carpathian Mountains, which is located
within the administrative borders of seven countries, and to also preserve the resources
of this environment for future generations, it is necessary to integrate measures with the
intent to better shape space. This is especially needed in a situation when state legislation
on spatial planning does not require sufficient conservation of the resilience of key natural
processes in the mountains. Spatial planning should facilitate the protection of the proper
functioning of the natural environment in the mountains (as highlighted in Article 5 of
the Carpathian Convention). Framework Convention on the Protection and Sustainable
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Development of the Carpathians [23] is an international agreement concerning the relevant
mountain region and is modeled after its predecessor, the Alpine Convention from 1991.
The convention does not put specific measures in place, instead expressing the will of
its signatories to cooperate towards achieving the general goals of the convention and
defines political goals, rules of cooperation and the obligations of parties to the convention.
Implementing the Carpathian Convention requires ratifying the document in every state,
defining detailed obligations arising from each of the issues that it concerns. Parties to the
Carpathian Convention have pledged to cooperate towards: protecting the biological and
landscape diversity of the Carpathian Mountains and their sustainable use, coordination
in spatial planning, ensuring integrated and sustainable management of water resources
and river areas, promoting sustainable agriculture and forestry, developing sustainable
transport and infrastructure, developing sustainable tourism, promoting environmentally
safe industrial and energy production technologies, preserving and promoting cultural
heritage and folklore, assessing and monitoring the state of the environment and rais-
ing awareness and conducting educational efforts among society about the Carpathian
Mountains [24]. The objective of the convention is the development of the area and make its
development sustainable while accounting for quality of life, enhancing the local economy
and local communities and preserve wildlife, landscape and cultural heritage assets of the
Carpathian Mountains.

2.4. Łapanów: Case Study-Cultural and Ecological Heritage

The structure of the municipality’s urbanized areas is based on historically shaped
settlement layouts. The heart of the municipality is the village of Łapanów (Figure 2) which
has a central, orthogonal market square. The development here shows signs of sprawl, and
is concentrated around roads, similarly as in the rest of Poland. Open areas predominate
in the spatial structure. The central part of the municipality is more developed, with
single-family and agricultural development, while the peripheries of the municipality,
due to the shape, cover and morphology of the terrain, are less urbanized. Łapanów’s
landscape has largely been shaped by mountain chains.

The territory of the Wiśnicz Foothills Protected Landscape Region, in which the
municipality of Łapanów is located, is valuable in terms of its flora and fauna due to
being a region of the point of contact and mixing of mountainous and lowland species, as
well as due to the high diversity of ecological niches which display a highly natural state.
Łapanów’s landscape, due to the considerable amount of small hills, allows for distant
views. The panoramas that can be viewed from them are formed by multiplane curtains.
The sprawling development has not yet managed to adversely affect the most interesting
views and priority panoramas. The landscape has numerous components, greenery being
key here, with patches of trees, forests and fields, meadows and non-landscaped areas.
Elements of green infrastructure, together with anthropogenic, i.e., man-made elements,
create the background in which we are present as residents and visitors or tourists. The
spatial relationships between cultural and environmental elements qualify the area of the
municipality as an agricultural landscape that has no industrial or urban characteristics.
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corridor; 6—areas at risk of Figure; 7—local groundwater reservoir “Stradomka”; 8—areas of active landslides; 9—areas of
movement of earth masses; 10—selected areas requiring supplementation of green infrastructure.

2.5. Natural Capital Assessment: Comparative Table with Municipalities of the
Carpathian Foothills

Łapanów is a seasonal recreational destination for residents of the Krakow agglomera-
tion. This is why municipalities of a similar character and located in the Polish Carpathian
Foothills are a good plane of comparison. In table below (Table 2) we chose 7 municipalities
to compare in terms of their tourist facilities, cultural and natural heritage. Foothill-type
municipalities form a considerable part of the Polish section of the Carpathians. They are
thus more susceptible to urbanization pressure. Areas with unbalanced greenery structures,
which also perform recreational functions, have become the subject of comparison. The
first indicator was the isochrone (equidistant) of access to the recreational area of no more
than 35 km, which is around 60 min using vehicular transport. Other indicators included
non-wildlife assets and resources, which can increase tourist pressure on agricultural
areas. The final element taken into consideration were significant and clearly defined
greenery structures within municipal territory, which included forests, waters (rivers, lakes,
recreational water bodies) and ecological corridors. The most important element of the
verification was whether or not the agricultural landscape in the municipalities under
study was under threat. For this reason, we compared three municipalities: Kłaj, Trzciana
and Łapanów and presented the results in Table 2.
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Table 2. Comparison of conditions in rural foothill municipalities that act as recreational areas for residents of the Krakow
agglomeration. Based on: http://www.turystyka-karpaty.pl/art/files/16.

Municipalities
Selected for
Comparison

Cultural
Infrastructure

Tourism
Infrastructure Essential Green Infrastructure Elements

Municipality Significant
Tangible Heritage

Accommodations/
Gastronomy

Agricultural Land-
scape/Disappearance

Forest Cover
(District Aver-

age/Municipality)

Open Waters
Used for

Recreation

Łapanów • • • 28.4/26.6 •
Trzciana # # • 28.4/23.9 #

Gdów # • •/# 15.6/9.8 •
Biskupice # # •/# 15.6/8.6 #

Kłaj # # • 15.6/44.6 •
Mogilany • • •/# 12.3/13.0 #

Świątniki Górne # • •/# 12.3/13.9 #

•—condition fulfilled; #—condition not met; •/#—condition fulfilled to a limited extent.

In light of the comparison, the municipality of Łapanów was selected for the final
analysis, which is a representative case of a surviving rural landscape.

2.6. Analysis of Planning Documents in Terms of green infrastructure Provisions

To assess whether countering green infrastructure fragmentation is reflected local law,
we analyzed planning documents of the municipality of Łapanów in terms of protective
provisions applying to the natural environment [25]. The results of this analysis are shown
in Table 3.

Table 3. Analysis of the local spatial development plan for the municipality of Łapanów in terms of green infrastructure provisions.

Local Spatial Development Plan Provision Beneficial to GI Notes

Assignation of class III (max 0.5 ha), IV (max 1 ha) and
VI farmland to non-agricultural use × No conditions of land-use change that

would compensate for GI loss

Protection of acoustic climate in single-family housing
areas, single-family housing and tourist accommodation

areas, single-family housing and service areas
X

Allows for creating minor enclaves of
greenery—less severe edge effect

Prohibition on activity that is a nuisance to the
environment, which threatens water management

infrastructure and natural surface and underground
water resources

X
Blue infrastructure—no definition of
nuisance. Applies only to water—no

provisions concerning animal habitats

Building footprint/plot area ratio (MN) X Max 40%

Biologically active area/plot area ratio (MN) X Min 40%

Prohibition on wastewater disposal and economic
activity that could worsen natural conditions in the

Stradomka River Valley
X

Prohibition activity that can lead to large-scale pollution
in areas of the conservation of the “Dolina Stradomki”’
Main Underground Water Reservoir GZWP no. 442 and

IBŁ reservoir (Iwkowa–Bochnia–Lapanów)

X

Building footprint/plot area ratio—max 80%
Biologically active area/plot area ratio—min. 10%

With a possibility of adjusting these indicators to local
conditions in Łapanów—in street frontages or along the
voivodeship road along the northern edge of the market

square and in Grab at site Z23.MN.U.

× Possibility of adaptation to local
conditions—possibly exploitable

http://www.turystyka-karpaty.pl/art/files/16
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Table 3. Cont.

Local Spatial Development Plan Provision Beneficial to GI Notes

Enhancement with landscaped greenery—tall or low,
in Łapanów X

No indications of whether domestic
species are preferred or not

Roofing should be made of roof tiles, metal sheets or
wooden shingles X

No green roofs allowed—benefit
or hindrance?

Natural greenery—including forest greenery and tree
stands—should be protected when developing land

covered by the plan.
X

New plantings should maintain the greenery’s natural
character—adapted to the location and function

of buildings.
X

Natural character of greenery—does not
explicitly state a preference for domestic

species or design (lawns)

Plot front width should be at least 16 m for detached
single-family houses X

Fragmentation prevention, preservation
of green spaces

Priority functio-spatial regions—area of agriculture and
area of recreation, for which the provisions are intended

to preserve cultural and landscape assets of the
municipality’s territory and protection against

introducing grouped manufacturing functions into
housing and service areas. Agriculture priority area and

recreation priority area

X

Areas with restrictions and environmental
protection provisions X

Incorporation of the Municipality’s territory into the
ecological network via the Wiśnicz Foothills Protected

Landscape Region
X

Agriculture is to be the temporary form of land-use in
areas for development ×

Protection of high-quality class soils from development X Are projects like parks also prohibited?

Protection of agricultural areas of exceptional
landscape value X

No mention of paths, the mosaic-like
character of agricultural areas, no

specifics as to what areas of exceptional
landscape values are

Melioration, particularly of permanent green land-use
(due to poor soil moisture) ×

Transformation of agricultural land-use into meadows
and pastures X

Zone of unconditional protection against development
in forested areas and the immediate biological buffer

zone of rivers and creeks
X

Prohibition on any activity that threatens existing
forest resources X

Delineation of functional zones with adaptation of
development or no such option X

Modernization of farms, development of farming
production and service centers X/× No conditions that would compensate for

any environmental losses incurred

Efforts to recognize all forest patches in the municipality
as protective forests X

No definition of the types and percentage
composition of different types of
protective forests (recreational,
geo-protective, climatic, etc.)

Execution of afforestation programs in existing forest
areas and afforestation of existing agricultural

production areas of the lowest‘value.
X
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The listing above indicates that although local plan provisions do reference protecting
green infrastructure elements, there is a lack of explicit provisions that would prevent
greenery fragmentation. Provisions of local law do not clearly define how to refer to
them and leave too much freedom of interpretation. This suggests the inability to control
the condition of the green infrastructure network and is a serious threat in the case of
areas with rapid rural development. Adding provisions to protect the areas of green
infrastructure is necessary to manage rural development in a sustainable manner. We
assessed greenery fragmentation in the municipality to evaluate this threat. The data were
sent to the municipality as it intended to update its development strategy.

2.7. Average Green Infrastructure Fragmentation Coefficient for the Area under Study

Green infrastructure and its fragmentation can be analyzed similarly to landscape
fragmentation using the “matrix-patch-corridor” model, following island biogeography
theory as implemented by Forman and Gordon [26,27].

This concept can have a much broader application than in initial studies and is
currently used as a tool in forest arrangement plan drafting in Poland. The notion of the
patch used in reference to forests can be successfully applied to other ecosystems that
comprise green infrastructure.

The approach of the green infrastructural patch in anthropogenic space or in its vicinity
is linked with the process of its fragmentation as a result of new development projects [28].
To control and direct fragmentation while minimizing ecosystem damage, it is necessary to
determine the state of fragmentation. Preparing a model of calculating average fragmen-
tation coefficients can prove useful in this. This model is based on calculating boundary
development indicators (K1 and K2) which describe the edge effect while providing direct
information of the similarity of a given ecosystem’s patch to the shape of a circle, which
has the most beneficial circumference/surface ration and boundary complexity state—the
ratio between boundary length and patch surface.

Of note is that data should be analyzed comprehensively and accounted for as an
entire structure. Both the size of the patches and their fragmentation are of significance, as
is their distance from one another. [29–31]

From the standpoint of green infrastructure, one should pursue models close to
Frederick Law Olmsted’s idea, creating areas of greater fragmentation (arising from urban
development), but that are connected into a structure (high fragmentation coefficient and
low ecosystem element count).

K1 and K2 coefficients are calculated from the formulas below:

K1 =
le

2 × π ×
(√

pe
π

) K2 =
le
pe

(1)

leecosystem boundary length, expressed in km
peecosystem surface, expressed in km2

The average green infrastructure fragmentation coefficient Kf for the municipality’s
territory is obtained by calculating the ratio between the sum of average ecosystem frag-
mentation coefficients (K1 + K2) for ecosystems in the municipality and the number of these
ecosystems, namely:

k f =
39.92

4
= 32.24 (2)

Any infills in the patches are accounted for as separate elements. Data were obtained
from the Carpathian Countries Integrated Biodiversity Information System, WWF Danube
(CCIBIS geoportal). We assumed that increasing the size of green infrastructure and its
density countered fragmentation.
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3. Results

The listing below includes ecosystems located on the territory of the municipality of
Łapanów, together with the data that describe them—boundary length and surface area.
The input data listing was based on Mapowanie i ocena ekosystemów i ich usług w Polsce by
the Center of Information on the Environment UNEP/GRID-Warszawa (UN Environment
Programme/Global Resource Information Database) and commissioned by the Ministry of
the Environment [32].

Calculation of the Average Green Infrastructure Fragmentation Coefficient for the Territory
of Łapanów

The Carpathian region was also subjected to a fragmentation analysis, accounting
for division by developed areas and barriers in the form of road infrastructure. Vast open
areas were also subjected to fragmentation analysis. Input data for the analyses of the
Carpathian region for land cover were forested and tree-covered areas, as well as developed
areas (BDOT, BDL), natural objects—trees, rows of trees, bushes, hedges (BDOT), national
roads—A, S, GP (BDOT). We have presented the scheme of the analysis in Figure 3.
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Figure 3. Stages of fragmentation analysis based on Carpathian Countries Integrated Biodiversity Information System,
WWF Danube (CCIBIS) geoportal.

These analyses have returned information about the state of fragmentation of the
entire area of the Carpathian Mountains. They demonstrated that Natura 2000 areas are
becoming increasingly isolated areas in the territory under analysis. The analysis also
showed areas potentially under serious threat of fragmentation. The efforts of UNEP/GRID
identified problem areas in the context of ecological continuity between Natura 2000 areas.

The key conclusion is that sprawling (compact) development is one of the key threats
to preserving landscape value and ecological continuity. We have presented a comparison
of development types in Carpathian voivodeships in Table 4. This clearly shows that the
vast majority of southern Poland’s regions are characterized by compact development,
which may have an impact on the status and connectivity of green infrastructure.

Table 4. Development and development types in the territory of Carpathian voivodeships in Poland.

Voivodeship
Total Developed

Area to Plot Ratio in
the Voivodeship

Loose Development
(%)

Compact
Development (%)

Lesser Poland 18.50 18.90 81.10

Subcarpathian 10.62 18.56 81.44

Silesian 20.90 10.12 89.88

As a part of the project, we also analyzed 166 municipalities (out of 200 Carpathian
municipalities) in terms of their local planning documents and determined that they offered
insufficient protection to green infrastructure. We did not subject the isolated municipalities
to a fragmentation analysis due to the cross-sectional character of the report. We shall
present the findings in Tables S1–S4 and Table 5 and in Figure 4.
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Table 5. Average green infrastructure fragmentation results for the municipality of Łapanów.

Ecosystem
Sum of an Ecosystem’s

Elements’ (Patches’)
Fragmentation Coefficients

Number of Elements (Patches) of
a Given Ecosystem

Average K1 + K2
Coefficient Value

Grassy and scrub 8.39 1 8.39
Forest and tree-based 135.87 13 10.45
Mosaic-type farmland 173.38 16 10.84
Large-scale farmland 194.57 19 10.24

Sum total 39.92

Average green infrastructure
fragmentation coefficient for
the municipality’s territory

39.92:4 9.98
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Figure 4. Ecosystems of the territory of Łapanów municipality—output data for the average green
infrastructure fragmentation coefficient.

With the help of the GreenGO-Carpathians geoportal and it is spatial database,
4 groups of ecosystems were created: grassy and scrub ecosystems, forest and tree-based
ecosystems, ecosystems of mosaic-like farmland and large-scale farmland ecosystems.
Then, in accordance with the formulas from Section 2.7 of this paper, the K1 and K2 coeffi-
cients for these ecosystems were calculated and summed for the entire ecosystem. In the
end the average K1 + K2 coefficient value was calculated. Average green infrastructure
fragmentation coefficient for the municipality’s territory is 9.98 (Table 5).
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Figure 4 shows a graphical representation of ecosystems for which the coefficients in
Tables S1–S4 were calculated. Each layer of a given color constitutes a separate ecosystem
and at the bottom all ecosystems are presented as a coherent structure. Light green
areas—grassy and scrub ecosystems, green areas-forest and tree-based ecosystems, orange
areas-ecosystems of mosaic-like farmland and brown areas—large-scale farmland ecosystems.

4. Discussion

The average fragmentation coefficient in the Łapanów municipality (Figure 5.) was not
significantly different than the average GI condition in the municipalities of the Carpathian
foothills, which can be assessed based on data featured in CLC 2018—CORINE Land Cover,
a project executed as a part of the Copernicus Land Monitoring program. However, the area
does have a highly mosaic character, as indicated by Table 5. From the standpoint of green
infrastructure continuity, one would have to pay specific attention to creating small-scale
connections between GI elements, as the specificity of this region, the mosaic-like character
of the landscape and its accompanying functions can allow for such solutions.
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Areas that have this type of character require densification of existing infrastructure via
the addition of corridor patches [34] along with PMC models (“patch-matrix-corridor”), as
first used in the theory of island biogeography by MacArthur and Wilson in 1967 [35], which
would also enable the development of localities. It appears necessary to reinforce corridor
layouts between forest ecosystem areas located in the Lesser Poland ecological corridor.

For areas with biodiversity and fauna species protection strategies, point elements
should be no smaller than areas that can ensure the survival of a minimal population—this
size will differ depending on species [36,37]. These conclusions align with studies on land-
scape and habitat fragmentation by Di Giulio, Holderegger and Tobias [38] and Frederick
Law Olmsted’s assumptions about greenery structures [39] and result from the method
adopted by Choiński and Borkowski [40] in their study of green infrastructure.

Accounting for guidelines in the necessary shaping of previously oft-ignored green
infrastructure can make urbanization processes more sustainable by, among other things,
preventing the severing of its elements that are key to ecosystems and migrations and
connecting them in areas that require this for biological and functional reasons, such as the
50/500 principle—an area insufficient to ensure the genetic survival of a valuable species
which is present in the patch, too large of an edge effect with adverse impact of external
noise or microclimate [41,42].

5. Conclusions

As the matter was recognized, it became evident to include the notion of green
infrastructure in spatial planning. [43,44] Publications and measures that revolve around
the problem and present what green infrastructure is in a clear way include the green
infrastructure Planning Guide [45] or UNEP GRID initiatives. Such materials are helpful,
but to properly play their part and have real impact on the state of green infrastructure,
bottom-up efforts are necessary in the process of creating acts of local law [46,47]. In Polish,
Local Spatial Development Plans are such acts. Unfortunately, spatial planning law that
is poorly formulated at the local level, which is expressed in there being no obligation
to draft local spatial development plans and the non-binding role of municipal strategic
documents [48], leads to spatial chaos, which manifests itself primarily in urban sprawl
and in the placement of housing in unfit locations.

Formulating a uniform system for assessing the degree of green infrastructure frag-
mentation for a given area can enable the direction of efforts towards improving green
infrastructure functionality in terms of ecosystem operation. The method that uses three
fundamental values: patch boundary, patch surface and element number, describes the
existing state while allowing us to determine where the structure significantly differs
from the optimal shape and element count. Combining small, separated areas of green
infrastructures (patches) raises K1 and K2 indicators (which are associated with surface and
boundaries). However, it should be noted that it decreases the number of elements, which
proves that this method allows us to determine and compare the state of fragmentation
of green infrastructure. This method could also be used to assess the state of green infras-
tructure fragmentation on a smaller scale, e.g., that of a specific locality, where input data
could be provided in the form of a more detailed listing of green infrastructure elements
than for an ecosystem.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
907/12/1/78/s1. Tables S1–S4 show the calculations of the K1 and K2 coefficients for each element
of each ecosystem. An average value of the K1 + K2 coefficient for all elements of each ecosystem
was drawn from them. Table S1: The average values of the K1 + K2 coefficient for grassy and
scrub ecosystems—8.39; Table S2: forest and tree-based ecosystems—135.87; Table S3: ecosystems of
mosaic-like farmland—187.62; Table S4: large-scale farmland ecosystems—208.93. The above data
were used to further calculate the fragmentation coefficient in Table 5.

https://www.mdpi.com/1999-4907/12/1/78/s1
https://www.mdpi.com/1999-4907/12/1/78/s1


Forests 2021, 12, 78 15 of 16

Author Contributions: Conceptualization, B.R., H.-G.H.; methodology B.R., H.-G.H.; validation,
B.R., H.-G.H.; data analysis, H.-G.H., H.-N.A.; writing—original draft preparation B.R., H.-G.H.,
H.-N.A.; writing—review and editing, B.R., H.-N.A., visualization, H.-G.H., H.-N.A.; supervision,
B.R.; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This paper would not have been possible without shared materials from
UNEP/GRID-Warsaw. Special thanks to Piotr Mikołajczyk for his valuable comments and the
substantive assistance. The authors thank Krzysztof Barnaś for editorial help.
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ich Usług w Polsce; GRID: Warsaw, Poland, 2015.

33. Carpathians Unite—Green Infrastructure. Available online: https://mapa.karpatylacza.pl/GreenGO-Carpathians (accessed on
27 November 2020).
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