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Abstract: This study analyzed the effects of various forest management scenarios on habitats of
the black stork, which has very specific requirements: it needs extensive forest complexes with a
significant proportion of old trees for nesting, and bodies of water for foraging. The relationship
between different forest management scenarios and the presence of black storks was examined in a
large forest complex (9641 ha of managed stands) surrounded by wetland areas. A simulation of
forest development under three management regimes was performed for eighteen 10-year periods.
Management scenarios differed in terms of the species composition of stands, rotation age, retention
tree areas, and silvicultural treatments. The basic scenario was characterized by a species composition
consistent with natural-type stands, but with higher proportions of Scots pine and oak, with rotation
ages of 100 and 140 years, respectively, managed by the shelterwood system. The productive scenario
featured monospecific stands with a dominance of Scots pine with a rotation age of 90 years, harvested
by clearcutting. Finally, the long rotation scenario introduced mixed tree stands with a long rotation
age (110 and 180 years for Scots pine and oak, respectively). As compared to the basic scenario, the
total harvest volume was greater by 14.6% in the productive scenario and smaller by 16.2% in the
long rotation scenario. The availability of habitats for black stork changed as a result of different
species compositions and age structures of tree stands. A considerable decrease in rotation age (below
100 years) and the elimination of oak trees from stands in the productive scenario adversely affected
potential habitats for black stork. On the other hand, the factors favorable to black stork habitats were
a long rotation age, the presence of oak in stands, the application of shelterwood cutting, and the use
of retention trees in the long rotation scenario. This scenario would probably also benefit other bird
species legally protected under the European Union’s Birds Directive.

Keywords: multifunctional forestry; biodiversity; management intensity; rotation age; nesting trees;
nesting site; landscape; Natura 2000

1. Introduction

Nowadays there is an increasing demand for multifunctional forestry with the underlying idea of
using wooded areas for economic, social, and ecological purposes [1–4]. From an environmental point
of view, one of the main tasks of forest management is to ensure habitat availability for wildlife. Due
to the very high share of managed forests in the overall area of woodlands, they constitute a critical
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element in sustaining biodiversity. The planning and evaluation of forest management and ecological
restoration may be aided by various biodiversity indicators, depending on the adopted management
scenario. Such indicators may also serve as thresholds for certain characteristics that should be attained
or maintained to ensure the successful implementation of a given scenario [5]. Habitat conditions
may be described using structural forest indicators, e.g., deadwood quantity and quality, vegetation
structure, as well as temporal and other structural indicators (age of canopy trees, forest continuity).
Habitat quality is also reflected in the abundance and diversity of species. Diversity indicator groups
for European forest ecosystems include not only mammals, reptiles, invertebrates, vascular plants,
bryophytes, lichens, and fungi, but also birds [6]. While many bird species are generalist, some
can be considered true habitat specialists [7]. These include woodpeckers and raptors, which are
deemed efficient indicators of species diversity and of the abundance of co-occurring birds [7–13]. The
application of the most exigent species requirements as guidelines for ecosystem management is likely
to address the needs of many cohabitants [14]. Thus, some birds have a high potential to function as
umbrella species [15,16].

One of such umbrella species is the black stork [17]. This threatened species is internationally
protected and listed in Annex I to the EU Birds Directive [18]. Importantly, it shares characteristic
biological communities with other threatened taxa [17]. The black stork has specific habitat needs [5,19].
Its nests are located mainly in old stands, in trees with high diameter at breast height (DBH) and
well-developed crowns, which are larger than the surrounding ones in a stand. Thus, on lowland sites
black storks often choose oaks for nesting trees. They have a preference for stands located near rivers,
at a certain distance from the ecotone, and feed predominantly on small fish and other aquatic animals
in shallow bodies of water and wetlands [20,21].

Since the second half of the 19th century, the abundance of this species has been in decline,
especially in Central and Western Europe [22]. While this trend has been reversed in many countries,
it remains negative in many regions [23]. The underlying causes have been identified as intensified
forestry and habitat degradation [22,24], including the destruction of nesting habitats, with the result
of impaired breeding opportunities [25]. More than 50% of the European black stork population is
currently distributed across Eastern Europe [26,27]. In Poland, this species nests in forests throughout
the country. Its abundance is estimated at 1400–1600 pairs, which corresponds to 12.8% of its overall
European population [28–30].

Due to their mobility, birds tend to react quickly to changes occurring in the environment. While
some species possess considerable adaptation capacity and may easily adjust to altered conditions,
other species leave the affected areas in search of habitats that would ensure optimal nesting sites,
safety, and abundance of food [31]. Furthermore, the same species may use different kinds of habitats
for different purposes, in which case certain types of sites must be in close proximity [32]. Since
forest management is based on the implementation of certain scenarios, their quality has a direct
bearing on habitats. In developing management scenarios, only a few selected forest functions can
be taken into consideration. Their influence may be evaluated on the basis of structural indicators
serving as proxies for forest biodiversity. In conjunction with knowledge about the ecology of a
given species, such indicators may be used to make inferences about the benefits or adverse effects of
the adopted solutions. Researchers have developed numerous models for assessing wildlife habitat
suitability [5,33–35]. Habitat quality value can be calculated on different spatial scales: an individual
stand, a group of stands, an entire forest, or a landscape. To ensure an optimal number of habitats
on a landscape scale, especially in the long term, it is necessary to conduct appropriate analyses and
simulations when designing management plans as decisions made at that stage (concerning the felling
system, rotation age, and species composition) may positively or negatively influence a given type
of habitat and its availability. Methods of evaluating the suitability of forest stands for wildlife and
ensuring a sufficient share of such stands in managed forests have been discussed, amongst others,
by [36–38]. To estimate habitat availability on a landscape level, one needs to conduct spatial analyses
using appropriate geographic information system (GIS) tools [39–41].



Forests 2019, 10, 362 3 of 21

In adopting management regimes with long-term effects on forest habitats, it is necessary to
resolve certain dilemmas, including the volume of wood to be harvested. Using input data describing
the current state of forests in a given area, the present study analyzed three management scenarios,
which are either currently applied, being introduced, or considered for implementation on lowland
sites. Simulation encompassed a period of 180 years. The main aim of the present study was to evaluate
the influence of changes in forest management factors, such as (1) rotation age, (2) species composition,
(3) felling system, and (4) retention of parts of stands (exclusion from harvesting), on the availability
of black stork habitats over a long time horizon on a landscape level. The assessment of scenarios
was based on structural forest indicators taking into consideration black stork ecology, such as stand
characteristics and location with respect to one another, as well as nesting tree parameters. These data
were used to estimate the area of potential nesting sites for black storks. The analyzed management
scenarios constitute a gradient from rotation ages representing a predominant production function to
periods more closely linked to the ecological functions of these forests.

2. Materials and Methods

2.1. Study Area and Input Data

The relationship between different forest management scenarios and the habitat requirements of
black storks was examined for lowland stands in southern Poland, on the example of the Niepołomice
Forest. The studied forest encompasses sites which largely reflect the trophic pattern characteristic
of forest sites in this part of Europe, and so the findings may have wider applications. Polish forests
account for a substantial proportion of Central European forests (9177.2 thousand ha), and provide
habitats for numerous bird species, including those listed in Annex I to the European Union’s Birds
Directive and Annex I to the EU Habitats Directive. The vast majority of Polish wooded areas are
managed by the State Forests National Forest Holding (SFNFH) (77.3%), and as such are subjected
to systematic silvicultural practices. The average age of forests managed by the SFNFH is 58 years,
with a stand volume of 272 m3/ha [42,43]. Most of them are found in lowland areas, on soils with low
trophic levels. Almost 2/3 of wooded sites in Poland are classified as oligotrophic and mesotrophic
sites [44]. The spatial distribution of site conditions is largely reflected in the structure of the dominant
species. Pinus sylvestris L. is the most abundant species to the north of the Carpathian Mountains.
Also Quercus sp. plays an important role in the composition of those sites. Upland and mountainous
sites are less numerous, being located mostly in the southern part of Poland. Site distribution is
the basis for the adoption of specific silvicultural and production solutions. The rotation age of tree
stands depends on their species composition, and is defined as that of the dominant species, which is
80–120 years for Scots pine and 120–160 years for oak [45]. However, for economic reasons, the upper
limits of the rotation age brackets are rarely used in practice. As a result, the share of stands that are
100 years old or older in all SFNFH-managed forests amounts to only 9.5% [43].

The Niepołomice Forest is a large complex surrounded by wetland areas providing suitable
foraging sites for black storks. The forest is located approximately 200 m above sea level, near the largest
Polish river, the Vistula (50◦08′36′′–49◦54′08′′ N, 20◦30′40′′–01′40′′ E), in the temperate zone, with an
annual mean temperature of 8.2 ◦C and an annual precipitation of 700 mm. The tree species composition
of the Niepołomice Forest has been shaped and maintained by silviculture for approximately 200 years.
The Scots pine, as a species of high commercial interest, has been favored on all sites except eutrophic
ones, where oak has been used. Tree stands have been typically managed by the clearcut system
with a relatively short rotation age (up to 90 years). Since the mid-20th century, recreation and water
protection have been considered important forest functions and silviculture and management methods
have evolved: more deciduous species have been introduced, the rotation age has been extended, and
clearcutting has been partially replaced by the shelterwood system. At the beginning of the 21st century,
a Special Protection Area (SPA, designated as PLB120002) was established in the Niepołomice Forest
within the European network Natura 2000 pursuant to the EU Birds Directive [18]; it encompasses all
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the tree stands included in the present study (Figure 1). The designation of the SPA was motivated
by the presence of 29 forest and open-land bird species listed in Annex I to the Birds Directive, of
which 8 regularly nest in this area. The Niepołomice Forest is one of the 10 most important breeding
refuges for the Ural owl Strix uralensis (Pallas, 1771), middle spotted woodpecker Leiopicus medius
(Linnaeus, 1758), and the collared flycatcher Ficedula albicollis (Temminck, 1815). Other species of
conservation concern are: the black woodpecker Dryocopus martius (Linnaeus, 1758), grey-headed
woodpecker Picus canus (Gmelin, JF, 1788), European honey-buzzard Pernis apivorus (Linnaeus, 1758),
boreal owl Aegolius funereus (Linnaeus, 1758), and black stork Ciconia nigra [46]. The abundance of
black storks in the Niepołomice Forest SPA is estimated at 3–5 pairs ([46], personal communication).
Data about the species of nesting trees and their approximate location (tree stand) were collected from
foresters responsible for the various forest divisions comprising the Niepołomice Forest (personal
communication from foresters working in the Niepołomice Forest).
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Figure 1. Location of forest complexes and special protection areas within the Natura 2000 network.

In 2011, a new SPA with an area of 347.90 ha was created within the SPA PLB120002; it was
designated as PLH120080 “Wielkie Błoto.” In the past, that area was completely devoid of trees. It was
used for agricultural purposes with irrigation/drainage ditches; also, peat was extracted. Currently,
most of that land is no longer farmed, with a plant succession transitioning towards shrub and
shrub-forest assemblages. It predominantly features low-sedge bog-springs, fens, and wet meadows;
there are also marshes, bogs, and small bodies of water, including a fish pond [47].

The overall area of the Niepołomice Forest District amounts to 10,596 ha, of which 9641 ha are
managed forests, with the rest being unmanaged forests, not included in the presented analyses. Forest
sites have been grouped according to the gradient of fertility (Table 1). The data contained in Table 1
are from 2012 and constitute a starting point for further analyses.
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Table 1. Area and species composition of tree stands according to site class in the Niepołomice Forest
in 2012.

Site Class (Gradient
of Fertility)

Area
(ha)

Species Composition 1 by Percent Area

(Major Species)
Share ≥ 5%

(Minor Species)
Share < 5%

Oligotrophic 4184.50 SP 78, OK 6, BI, EL, BE, AR, NS
Mesotrophic 2934.10 SP 56, OK 14, AR 13, BI 7, BE 6 EL, HBM

Eutrophic 2183.39 OK 55, HBM 12, AR 11, AH 8, LI 6 SP, BI, EL, BE, EM
Swamp 338.69 AR 79, AH 8, OK 6 BI, SP, BE, NS

Total 9640.68 SP 51, OK 19, AR 11 BI, BE, EL, HBM, AH, LI, NS, EM
1 SP—Scots pine, OK—oak (pedunculate and sessile), BI—silver birch, BE—European beech, AR—black alder,
NS—Norway spruce, EL—European larch, HBM—hornbeam, AH—European ash, LI—small-leaved lime,
EM—common elm.

The largest area (43%) is occupied by oligotrophic sites (with the dominant plant community
being Querco-roboris Pinetum), which are naturally suitable for pine with some oak, beech, and birch.
Mesotrophic sites, appropriate for mixed oak-pine stands with some lime and hornbeam, cover as much
as 30% of the area, with the predominant community being Tilio-Carpinetum. Eutrophic sites typical of
broadleaved stands with dominant oak and codominant elm, ash, and lime (Ficario-Ulmetum campestris),
account for 23% of the forest. A relatively small proportion of the area (4%) is covered by fertile, but
very wet alder swamp sites (Carici elongatae-Alnetum) with dominant alder and some presence of elm.
At the beginning of the study (2012), the most abundant tree species in the examined forest was pine
(51% of the area), followed by oak (19%), and alder (11%). The overall mean growing stock volume
was 270 m3/ha and the mean stand age was 66 years [48].

2.2. Management Scenarios

The selection of management scenarios for modeling was based on current discussions concerning
forest functions and their effects on the entire ecosystem. To achieve the research objective, the chosen
scenarios range from a simple one focused on timber production to a sophisticated one emphasizing
ecological functions, and differ in terms of (1) rotation age, (2) species composition, (3) felling system,
and (4) retention of parts of stands (see Table 2). The species composition of stands depends on the
dominant forest function in a given scenario taking into consideration site class in accordance with the
guidelines given in the Principles of Silviculture [49]. In protective forests, these principles may include
limited clearcutting, a higher rotation age, adjusted species composition, and the exclusion of parts of
stands from harvesting [50]. It should be noted that the analyzed scenarios are either currently applied,
being introduced, or considered for implementation. The following scenarios were considered:

• The Productive (PR) scenario—the objective of this management scenario is to maximize timber
production. Rotation ages correspond to the highest mean annual volume increment. This
scenario predominantly involves monospecific stands with the dominant species being Scots pine
(rotation age of 90 years) harvested by the clearcut method and regenerated artificially by planting.
Two-species stands managed by the shelterwood system with a short (10 years) regeneration
period are only found on eutrophic sites.

• The Basic (BA) scenario—the objectives include timber production as well as non-production forest
functions. In contrast to the PR scenario, BA does not use clearcutting or monospecific stands;
instead it relies on two- or three-species stands, preferably containing pine and oak (enabling a
high yield of merchantable timber), with a medium rotation age of 100 and 140 years, respectively,
managed mainly by the shelterwood system and regenerated by planting.
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• The Long Rotation (LR) scenario—in comparison with BA, LR focuses even more on ecological
functions by enhancing species and age diversity and increasing the proportion of old stands. This
scenario involves multispecies stands with a dominance of deciduous trees and a long rotation
age: 110 and 180 years for pine and oak, respectively. The shelterwood system is implemented
with different durations of the regeneration period (10–30 years). Regeneration is essentially
natural, but in the transition period the desired species absent from the stand are introduced by
planting. About 5% of the mature stand area and volume is retained during harvest for natural
death as a source of deadwood (retention trees). In addition, swamp sites are entirely excluded
from wood production due to their great significance to black storks, their low share in the overall
forest area, and difficulties associated with implementing silvicultural activities (implying low
economic viability of wood production).

Table 2. Species composition, rotation age, and felling system in different management scenarios.

Management
Scenario Site Class Species Composition 1

(%)
Rotation Age

(years)

Felling System/
Regeneration Period

(years)

Productive
(PR)

Oligotrophic SP 100 90 Clearcut
Mesotrophic SP 100 90 Clearcut

Eutrophic OK 80, EM 20 120 Shelterwood/10
Swamp AR 100 70 Clearcut

Basis (BA)

Oligotrophic SP 70, OK 30 100 Shelterwood/10
Mesotrophic OK 40, SP 30, BE 30 140 Shelterwood/20

Eutrophic OK 60, BE 30, EM 10 140 Shelterwood/20
Swamp AR 100 80 Clearcut

Long rotation
(LR)

Oligotrophic SP 40, OK 30, EL 10, BI 10 110 Shelterwood/10
Mesotrophic OK 40, SP 30, BE 10, LI 10, HBM 10 180 Shelterwood/20

Eutrophic OK 50, EM 20, BE 10, LI 10, HBM 10 180 Shelterwood/30

Swamp No interventions
1 SP—Scots pine, OK—oak (pedunculate and sessile), BI—silver birch, BE—European beech, AR—black alder,
EL—European larch, HBM—hornbeam, AH—European ash, LI—small-leaved lime, EM—common elm.

2.3. Simulation of Future Forest Development

The stand area, species composition, and age at the beginning of the study were taken from the
forest management plan for the Niepołomice Forest District as of 2012. Calculations were performed
for 1875 managed stands with a mean area of 4.81 ha (min. 0.27; max. 40.15 ha). Since felling systems
have area constraints, stands with areas exceeding those limits were subdivided in accordance with
silvicultural principles into 4 ha patches for clearcuts and 6 ha patches for partial cutting [49]. Species
composition and age were simulated for each stand over a planning horizon of 180 years divided into
10-year periods (Figure 2). This horizon was selected so that each stand would be harvested at least
once throughout the simulation period. The species composition of the regeneration was adopted in
accordance with the principles given in Table 2, depending on the site type and management scenario.

The stands were designated for harvesting if they reached or would reach rotation age for the
dominant tree species in a given decade and met the spatial criterion for cutting. It was checked
whether the area of stands designated for harvesting (whether individual ones or groups of adjacent
stands) was within the harvest area limit in a given management scenario. If a stand adjoined a
previously harvested site, it could not be harvested for 5 years since the regeneration of that site.
However, there were no quantitative constraints for the Forest Management Unit (FMU) as a whole; if
a given tree stand met the criteria for harvesting, it was designated for felling irrespective of the total
harvested area in a given decade. The total volume of merchantable timber harvested in final and
pre-final felling was calculated for each management scenario using Taksator software (Version 6.0,
TAXUS IT, Warsaw, Poland).
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Figure 2 does not pertain to swamp sites.
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2.4. Identification of Habitats Suitable for Black Storks

The identification of habitats suitable for wildlife is a hierarchical process based on fulfilling a set
of conditions specific for a given species at all landscape scales since disturbances at one level may
entirely exclude an area despite compliance at all others [51]. In the present study, habitat factors were
evaluated on the following spatial scales (1) nesting zone (macro-habitat), (2) nesting territory, and
(3) nesting site.

A nesting zone (NZ) is defined as a forest area offering potential sites for black stork nesting due to
its location with respect to foraging sites (rivers, bodies of water, swamps—favorable factors) as well as
the forest edge (ecotone), buildings, roads with heavy traffic (non-urban public roads passing through
the Niepołomice Forests, except for roads used solely by foresters and closed to other traffic), and
places designated for intensive tourism and recreation (excluding factors). A nesting zone is assumed
to have the same area throughout the simulation period. It is coextensive with the Niepołomice Forest
after subtracting the areas unsuitable for black stork nesting. Studies conducted in different parts
of the black stork range indicate some variation in the above factors. In Western Europe adaptation
to human activity has been noted, in contrast to a decline in population and continual avoidance of
humans in the eastern part of the continent. However, most European black storks are still found in
Eastern Europe [52,53]. In Estonia, at the northern extreme of the black stork range, the mean distances
from the forest edge, buildings, and roads are 274 ± 60 m (±95% confidence intervals), 621 ± 99 m,
and 1205 ± 183 m, respectively [25]. These literature data are the basis for the criteria adopted in the
presented simulation. The nesting zone encompasses forest areas meeting the following criteria: (1) the
size of the entire forest complex exceeds 200 ha, (2) the distance from the ecotone between the forest
and open land (except for clearings, swamps, and meadows within areas protected by the Natura 2000
network) is at least 100 m, (3) the distance from the nearest buildings (excluding forest management
buildings and foresters’ lodges near the forest edge) is at least 1 km, (4) the distance from a paved road
with heavy traffic is at least 500 m, (5) areas designated for intensive tourism and recreation in the
Forest Management Plan were excluded as a potential nesting zone. Thus, a nesting zone is an area
within which black storks may potentially build nests as long as additional criteria concerning stand
parameters and stork territorialism are met.

A potential nesting site (NS) is a tree stand, or a group thereof, located within a nesting zone,
having a certain minimum area, species composition and age, with large trees characterized by crowns
suitable for nesting. In the Niepołomice Forest, black storks tend to select Scots pines and oaks as
nesting trees. These are the most abundant tree species, with higher survivorship levels, greater DBH,
and greater height as compared to birch, alder, and ash; they also feature thick boughs in older age.
Based on age analysis of stands in which the nests were established and literature data [23–25], the
minimum threshold age for NS was adopted at 81 years for stands with at least 10% volume of oak,
and more than 100 years for other stands. The minimum NS area was adopted at 4 ha. For stands
of less than 4 ha, it was checked whether they adjoined other stands meeting the age criterion and
whether the combined area of such a group of stands was ≥4 ha [54,55].

A potential nesting territory (NT) is an average area occupied by one pair of black storks defined
as a circle with a radius drawn around a nesting tree (corresponding to half the average distance
between occupied nests). In publications concerning black stork populations in Lithuania, the length
of that radius was reported to be 2.8 km [23], as compared to 3 km in Estonia. In the present simulation,
a radius of 2.5 km was adopted.
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In the first decade of simulation, NTs were determined in two steps: (1) they were designated
around occupied nests, (2) an area outside a radius of 5 km (double the NT radius) around each
occupied nest was checked for the presence of tree stands (or a group thereof) fulfilling the NS criteria
outside the designated NTs. If such tree stands were found, potential NTs were designated around the
center of those stands (Figure 3). In the second and subsequent decades of simulation, the first NT
was adopted from the preceding decade at random, with additional NTs established as per the second
step in the first decade. No overlap between NTs was allowed. It should be noted that the number of
potential NTs reflects the spatial distribution of stands meeting the nesting site criteria within a NZ.
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In the study it was assumed that the external factors affecting the suitability of tree stands as
potential nesting sites for black storks would remain largely invariant over time, while the internal
determinants of stands (species and age structure, tree size, and the relative position of stands with
respect to one another) would evolve depending on the management scenario. Thus, the area of the
nesting zone remained constant across the entire period of simulation, while the areas of nesting
sites and the number of potential nesting territories changed depending on changes in the species
composition and age of stands.

2.5. Forest Indicators

Additional characteristics and indices important for biodiversity were calculated based on
simulation of future forest development and additional stand measurements.
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2.5.1. Overall Area of Black Stork Nesting Sites

In addition to its significance for black storks, the availability of mature stands is beneficial for
many bird species as larger trees offer more opportunities, such as excavating nest holes, etc. The
simulations conducted for the studied management scenarios revealed changes in the area of stands
meeting the criteria of black stork nesting sites. The overall area of such stands was calculated for each
scenario in successive decades.

2.5.2. Tree Species Diversity

To provide a more comprehensive evaluation of the management scenarios, tree species diversity
(in addition to species composition) in each age class was calculated for each stand, and then for the
entire studied area. The species diversity of individual stands was determined by means of Shannon’s
diversity index according to the formula [56]:

H′j = −

 n∑
i=1

piln pi

 (1)

where: H′j is the diversity index for j-th stand; pi—the share of i-th species in the stand, n—the number
of species in j-th stand, and ln—natural logarithm.

Species diversity for the entire forest (H′F) was calculated as a mean of Shannon’s indices for
individual stands weighted by the area of those stands, according to the following formula:

H′F =

 k∑
j=1

H′ja j

/(∑k

j=1
a j) (2)

where: aj is the area of j-th stand and k is the overall number of stands.

2.5.3. Area of Stands Excluded from Harvesting

Under LR, trees occupying 5% area of stands that have reached rotation age are retained for
natural death and gradual decomposition, with the remaining 95% subjected to management in
accordance with that scenario. The simulation shows a gradual increase in the overall area excluded
from harvesting across the studied forest. This indicator has been included in the study as dead trees
constitute microsites on which many bird species may live, shelter, or feed. Exclusion from harvesting
is not equal to dead trees, but it may be assumed that the probability of having deadwood increases in
the set-aside areas. In addition, the LR scenario does not allow for interventions in stands growing on
swamp sites.

2.5.4. Large Trees

In order to characterize large trees, which could serve as nesting trees for black storks [57], in 2011
measurements were conducted on sampling plots located in stands with an age of 80 years and older.
For that purpose, 430 sampling plots with an area of 0.05 ha were established at random in different
species-age layers according to the methodology described by Banaś et al. [58]. On the sampling plots,
the DBH of all trees and the height of 2 trees of a given species were measured. If the sampling plots
contained trees belonging to different age classes (given an age class bracket of 10 years), the height of
trees was measured separately for each class. The collected data were used to calculate the average
DBH and height of pine and oak trees, depending on age. Large trees were defined as those exceeding
the 95th percentile for height and DBH.
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3. Results

3.1. Habitats Suitable for Black Stork

The nesting zone area was determined to be 8668 ha, accounting for 90% of all managed stands
(9641 ha). Stands with an overall area of 973 ha were excluded as they did not meet the location
criteria for potential black stork nesting sites due to proximity of open areas, buildings, roads, or areas
designated for intensive tourist traffic. Assuming these external factors to remain invariant throughout
the simulation period, the NZ area was adopted as a constant value.

At the beginning of the study period, the area of nesting sites amounted to 1982 ha, accounting
for 21% of managed stands. Over subsequent decades of simulation, the area of NS considerably
fluctuated both between the various management scenarios and over time within those scenarios
(Figure 4).
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Figure 4. Area of nesting sites (bars) and the number of potential nesting territories (line) in the various
management scenarios during 180 years of simulation (a) PR—productive scenario, (b) BA—basic
scenario, (c) LR—long rotation scenario).
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In the BA scenario, on average 21% of the area of managed stands met the NS criteria throughout
the simulated period. The smallest area of such stands (14%) was recorded in the 8th decade of
simulation and the largest (28%) in the 17th and 18th decades. The number of nesting territories
increased from 7 in the first decade to 8 in the second decade, and remained at that level until the end
of the simulation. It should be noted that given the size of the Niepołomice Forest and the adopted
assumptions, it is the maximum possible number of nesting territories for this area.

A decrease in oak rotation age from 140 to 120 years and the replacement of mixed stands
containing oaks with monospecific pine stands with a 90-year rotation age (PR scenario) reduced the
average area of nesting sites over the 180 year simulation period to as little as 9% of all managed stands.
Forest management pursuant to the PR scenario substantially limited the potential number of nesting
territories, from 7 in the first 3 simulated decades to 3 in the last decades (16–18).

In the LR scenario, an increase in rotation age to 110 and 180 years for pine and oak, respectively,
and the introduction of oak as a dominant or codominant species in all stands (except for swamp sites)
expanded the area of nesting sites. In that scenario, over the 180-year simulation period, on average
33% of the stands (in terms of area) provided potential black stork nesting sites. The number of nesting
territories across the whole 180-year simulation period (except for the initial decade) remained at 8.

3.2. Age Class, Species Composition of Stands, and Harvested Volume

The distribution of stands in age classes in the year 2012 was unbalanced with an excess of middle
age classes and a shortage of young stands (below 40 years) and old ones (above 90 years; Figure 5a).
In terms of species composition, the Scots pine accounted for 63% of the total. The distribution of
tree species in age classes was uneven, with the highest shares of pine (more than 60%) in 61- to
110-year-old stands, and oak in stands that were more than 110 years old.

Over the period of simulation, the species composition and age structure of the examined stands
underwent considerable fluctuations. In the BA scenario, the proportion of oaks increased, to account
for at least 30% of most tree stands (except for swamp sites) after approximately 140 years (rotation age
for oak). This means that all stands more than 80 years old (with the exception of swamp sites) located
in the nesting zone were potential habitats for black storks. On the other hand, the PR variant entailed
changes unfavorable to the availability of potential black stork habitats, that is, a decrease in older
stands and an increase in monospecific pine stands. After approximately 120 years (rotation age for
oak), monospecific pine stands occupied approximately 74% of the area of all managed stands, while at
90 year rotation, they did not offer any potential habitats for black storks at all. Oak stands occurred on
23% of the area of eutrophic sites. However, those stands were spatially limited and were absent from
the main forest complex, due to which the number of NTs decreased to 3 or 4. The LR scenario brought
about changes beneficial to the availability of habitat area: an abundance of multispecies stands with a
high proportion of oak and a high share of older stands (Figure 5b–d).

During the 180 year simulation period the total harvest volume amounted to 9.40, 8.20, and
6.87 million m3 in the PR, BA, and LR scenarios, respectively.

Gradual transformation of stands over the years is illustrated by Shannon’s species diversity
index. The increasing value of that index under LR results from the large number of tree species used
for regeneration. According to simulation, the index reached 1.3 after approximately 100 years and
remained at that level for subsequent decades. On the other hand, in the PR regime that index was
reduced to as little as 0.1 after the same period (Figure 6).
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Figure 5. Age class distribution of stands and shares of tree species in the year 2012 (a), and after
a 180-year simulation period for the productive, basic, and long rotation scenarios (b, c, and d,
respectively). * Other—silver birch, European beech, Norway spruce, European larch, hornbeam,
European ash, small-leaved lime, common elm.
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Figure 6. Mean Shannon’s index illustrating the average species diversity of stands in the studied
management scenarios.

3.3. Large Trees and Area of Stands Excluded from Harvesting

The size characteristics of Scots pines and oaks older than 80 years are given in Table 3. In older
tree stands (>80 years), oaks revealed both larger DBH and height. For instance, the DBH of 101- to
110-year-old trees was 40.0 cm (standard deviation (SD) 7.7) and 50.8 cm (SD 12.1), and their height
was 26.1 m (SD 3.4) and 27.4 m (SD 3.7), for pine and oak, respectively. Even greater differences were
found between trees above the 95th percentile (the largest 5% of trees), at 53.1 cm and 71.1 cm for pine
and oak, respectively. Table 3 shows the current age classes and tree dimensions for trees older than
80 years in the studied area. Additionally, in the LR scenario some trees would grow to be older and
larger than any of those found in the forest now.

Table 3. Diameter at breast height (DBH) and height of Scots pines and oaks in old stands.

Tree Age
(years)

Species

DBH (cm) Height (m)

Mean Standard
Deviation

95th
Percentile Mean Standard

Deviation
95th

Percentile

81–90
SP 36.6 7.4 49.1 25.3 3.1 30.5
OK 37.2 11.2 53.3 24.0 4.1 29.0

91–100
SP 39.3 7.3 52.1 25.7 2.9 31.0
OK 46.4 10.5 65.3 25.7 4.9 32.6

101–110
SP 40.0 7.7 53.1 26.1 3.4 31.0
OK 50.8 12.1 71.1 27.4 3.7 33.0

111–120
SP 42.1 8.0 55.3 25.7 3.0 31.0
OK 49.9 16.0 74.4 26.8 4.6 33.4

121–140 *
SP 44.3 8.5 57.6 26.8 4.0 33.6
OK 60.4 13.8 83.9 28.6 4.1 33.5

SP—Scots pine, OK—oak (pedunculate and sessile), * some individual trees are older than 140 years.

Management under LR led to a gradual increase in the area excluded from harvesting (retained
trees), including not only swamp sites, but also depending on the area of stands reaching rotation
age over time. Since no interventions are allowed on swamp sites, at the beginning of simulation the
set-aside area was equal to the size of those sites. Subsequently, that area gradually increased due
to the fact that 5% of the area of the remaining stands that reached rotation age was retained. After
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50 years, the total set-aside area amounted to approximately 5.5% of the overall area of the Niepołomice
Forest, and to approximately 7.7% after another 50 years. Finally, the overall set-aside area reached
approximately 8.3% of the total wooded area and remained at that level (Figure 7).
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4. Discussion

The condition and abundance of the black stork population is affected by factors associated
with breeding habitats, migration routes, and wintering grounds [59,60]. Locally, of importance is
landscape structure including the relative shares of woodland, open land, and swamps [5,23]. The
selection of nesting sites is influenced by stand parameters, such as species composition and tree
size distribution (in addition to safety and the availability of food). The above factors are largely
shaped by human activity as more than 95% of European forests are under human management [61].
Among them, 80% are forests designated for more or less intensive timber production. Excessive forest
exploitation, unchecked sprawl of suburban areas, and heavy recreational use make forests vulnerable
to degradation. Therefore, it is all the more important to be able to predict the long-term effects
of large-scale management practices. According to research, the decline in black stork abundance
is associated with the intensity of silvicultural treatments [19,22]. Nevertheless, it should be noted
that forestry is not the only underlying cause of the loss of black stork breeding habitats [25,62,63].
Black storks avoid open and fragmented stands, e.g., resulting from group cutting, as well as sites
hydrologically disturbed by drainage. Protection recommendations for this species include maintaining
closed tree stands around the nests and high moisture levels in surrounding areas [62].

Comprehensive evaluation of biodiversity is difficult due to the large number of organisms
associated with a given ecosystem and the multitude of factors affecting it [64,65]. Forest biodiversity is
often assessed using three measures: forest composition, structure, and function [66]. The assignment
of certain functions to a given forest site has implications for the silvicultural solutions used [67]. The
management scenarios adopted in the present work differed in terms of management intensity and
significantly affected the black stork habitat area. The applied gradient of rotation ages and species
compositions had a major bearing on the total area of nesting sites. The use of a simplified management
regime resulted in very low Shannon’s diversity indices. In turn, management scenarios focused on
ecological functions decreased the volume of harvested timber due to the lower volume increments in
older stands and the leaving of some trees for death and decomposition. Although the present study
does not deal with the economic ramifications of the studied silvicultural patterns, it should be noted



Forests 2019, 10, 362 16 of 21

that as compared to BA, the total harvest volume was higher by 14.6% in the PR scenario and lower
by 16.2% in the LR scenario. For example, in Sweden a 22% increase in rotation period led to a 31%
expansion in the mean habitat area of the tree creeper Certhia familiaris (Linnaeus, 1758) at a 5% cost to
net present value and a 7% decrease in harvested volume [68].

Silvicultural systems geared towards intensive timber production based on short rotation periods
and a low number of tree species, often poorly adapted to sites, have become much less popular in
forest management planning. Assuming that the site requirements of black storks are constant, the
production scenario has been found to exert an adverse effect on the size and quality of potential
habitats, and in the long term it may completely eliminate nesting opportunities for that species on
oligo- and mesotrophic sites. This is due to a deficient stand structure, an uneven distribution of stands
across age classes, and a large harvested area in each cycle. The production scenario also negatively
influences the possibility of long-term use of existing nesting sites as a result of harvesting stands
inhabited by black storks, and by the same token, the removal of nesting trees [26]. Nest lifespan
is a key factor for species protection and it has been reported that black storks may use the same
nests for dozens of years [26,69]. Importantly, that parameter is distinct from nest location as under
favorable site conditions a nest may be re-established in the same place in the event of destruction,
e.g., by snow [19]. A possible solution would be to exclude the stands with black stork nests from
harvesting, but that in itself cannot offset all the negative consequences of the productive scenario.
In fact, the problem of conducting silvicultural activity in the vicinity of nests concerns all scenarios.
As a result, zonal protection of the nests of the most endangered bird species has been implemented in
Poland. According to that program, black stork nests should be protected by two concentric circular
zones. One, with a radius of 200 m, functions as a strict nature reserve. The other one, with a radius of
500 m, is periodically excluded from human activity (from 15 March to 31 August) to ensure safety and
undisturbed breeding [70]. Protective zones may be removed only if the birds permanently abandon
the nesting site. Even if the nest is destroyed, protection should be maintained if only the birds remain
within the forest division, until a new nest is located.

Under the LR regime, the resulting greater share of older stands, especially those with dominant
oak, increases the area of habitats suitable for black stork nesting as the birds exhibit a preference
for fertile sites with higher proportions of oak [24]. Diameter distribution analysis of old oaks in the
Niepołomice Forest showed an average DBH of approximately 50 cm, with the 95th percentile reaching
more than 70 cm DBH at a height of 33 m. The average pine dimensions were somewhat smaller.
Furthermore, it should be noted that in the long term under LR some stands will become older than
those measured in 2011, which should translate into larger trees available for nesting. Due to the
considerable weight of the nest, trees with thicker limbs enhance its longevity, although the lifespan of
a nest is also affected by its distance from the trunk. Each tree species is characterized by specific wood
hardness and brittleness as well as a characteristic crown shape. In the case of Latvian black storks,
nests built in oaks and pine trees exhibited a significantly greater longevity than those in aspens [19].

Although in the LR scenario the total habitat area was much larger than in BA, the potential
population density (number of predicted territories) was the same under both management regimes
since the maximum predicted number of nesting territories in the studied forest complex is eight. Thus,
both in the BA scenario, which is similar to the management practices actually implemented in the
Niepołomice Forest over the past decades, and in LR, which has been recently introduced there (except
for swamp sites), it would be possible to attain that number of NTs in 20 years. It should be noted that
the inter-nest distance adopted in this work is rather conservative (large), with some authors reporting
distances as short as 600 or 300 m [62,71]. However, the mean values are typically much larger, which is
probably attributable to local conditions. According to Zieliński et al. [71], in central Poland the mean
distance between occupied nests amounts to 8.9 km. In turn, in the Kampinos National Park (also in
central Poland) that distance has been found to range from 3.9 to 4.7 km, depending on the season [72].
Finally, Buczek [62] has reported 1.1–5.9 km for food-rich sites. These differences may be attributed not
only to foraging opportunities, but also to individual territorial traits of birds, anthropogenic pressure,
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and habitat fragmentation. Thus, in the case of continuous forest complexes, analysis of the effects of
management scenarios on the black stork population should take into account not only the total nesting
site area, but also the spatial distribution of such sites across the complex. In practice the spatial rules
of forest management generally lead to the dispersion of stands characterized by similar parameters.

The area of nesting sites and potential nesting territories may also be limited by various
disturbances. In the present study, it was assumed that the development of individual stands
would proceed according to the adopted silvicultural scenarios. The simulation did not account for
stochasticity, assuming that the probability of stand transition from one age class to the next one (until
reaching the rotation age for the dominant species in the stand) equaled one, with the final felling
(clearcutting or shelterwood cutting) conducted in accordance with the implemented management
scenario. In practice, there is some probability that these stands may be affected by natural phenomena,
such as windthrows, wildfires, insect outbreaks, etc., periodically causing a substantial decline in
the potential habitat area. Still, it should be noted that the likelihood of disturbances is much higher
for even-aged monospecific pine stands prevalent in the SR scenario (in which the number of stands
available for black stork nesting sites is already very low) [73,74]. The use of the shelterwood system
with a longer regeneration period and multi-species stand composition (LR scenario) makes stands
more resilient to adverse events.

The modeling of black stork sites may help in the assessment of site availability for organisms
which heavily rely on some of their constituent elements. Importantly, the LR scenario leads to an
increased number of microsites crucial for biodiversity, which is associated with a greater area of old
growth, a more varied species composition, no interventions in swamp sites, and the retention of
stand fragments (absent from the other silvicultural regimes). The trees left on those fragments to die
naturally and decay will form unique ecological niches, which is consistent with the management
certification guidelines of the Forest Stewardship Council [75]. Over time, the retained fragments will
reach a high growing stock volume; for instance, the mean volume of stands managed by the SFNFH
that are 100 old or older exceeds 400 m3/ha [43]. This in turn will substantially increase the amount
of various types of standing and downed deadwood at different stages of decay, depending on the
onset of retention, the lifespan of the tree species growing in the set-aside areas, as well as the effects
of abiotic and biotic factors. Currently, the mean deadwood volume in SFNFH forests is estimated
at approximately 5–6 m3/ha [43], but the actual amount of deadwood in a given stand depends on
a number of determinants, including site moisture and productivity [58,76]. In the productive and
basic scenarios, one should expect deadwood volumes similar to the mean values given above. On the
other hand, in the long rotation scenario deadwood volume is likely to be several times higher due to
tree retention. The presence of various forms of deadwood is beneficial, or even indispensable, for
numerous saproxylic organisms [77,78]. Among them, of special importance are woodpeckers. In some
forests, they are responsible for more than 90% of available tree cavities, many of which are excavated
in standing dead trees [79]. Tree cavities are valuable elements of forest biodiversity conservation
as they greatly benefit secondary cavity nesters and other cavity-using organisms, including small
mammals [80–82]. Sites rich in deadwood also tend to attract species such as owls and raptors for
foraging purposes. Old growth not only contributes deadwood to the ecosystem, but also offers
nest-building opportunities for large birds. In Sweden it has been found that large old trees and trunks
constitute key resources for at least 26% of endangered vertebrate and invertebrate species, including
birds. Changes in the species composition of stands that are beneficial for the black stork will also be
favorable for other species requiring specific microsites. Examples include small woodpecker species
(lesser spotted woodpecker Dryobates minor (Linnaeus, 1758), middle spotted woodpecker Leiopicus
medius) which mainly feed on trees with cracked and porous bark (such as oak).

5. Conclusions

Our findings show that the availability of habitats for wildlife in managed forests changes over
time and space depending on the species composition and age structure of tree stands as well as the
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adopted forest management model. A considerable decrease in rotation age and the elimination of
oak from tree stands in the short rotation scenario adversely affects potential habitats for black storks.
In turn, a more diverse species composition and a greater area of older stands is beneficial for the birds.
Indeed, population density depends not only on the area of available forest habitats, but also on their
suitable distribution within the landscape to account for the territorial behavior of birds. As the black
stork has very complex and specific habitat requirements, efforts to meet them should also benefit a
wide range of other species. The management scenarios analyzed in this work are used in silvicultural
practice to a greater or lesser extent, although regimes focused solely on timber production, without
catering to social and ecological functions, are being gradually phased out. Management scenarios
with very long rotation periods are being introduced in some managed forests, and this trend should
be maintained in the future.
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2016; DZIENNIK USTAW: Warsaw, Poland, 2016.
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