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Abstract

Land use change and intensification are the most important direct drivers of decreasing
biodiversity globally. Therefore, the European Union created the Natura 2000 network to
protect endangered species and habitats. Here we are interested how the ambitious Euro-
pean goals are actually implemented studying a Natura 2000 habitat, the “Sarmatic steppe
pine forests” (Code 91U0) in a national hotspot of biodiversity in Franconia (Germany).
These forests are a relic of the postglacial warm stage, preserved by human land use since
the Neolithic, but are now heavily declining due to abandonment of traditional land use
practices. Applying a long-term monitoring over 30 years including all existing (>600)
stands and a Random Forest classification model, we show that less than a quarter of the
area of 1990 and only about 1% of 1950 still exists. Immigration of spruce and beech and
forest conversion was responsible for this massive loss, impacting the light-demanding spe-
cies composition. However, nearly no conservation efforts were undertaken, and replanting
with broadleaved trees is still ongoing even after the designation as protected habitat in
2008. Therefore, these forests demonstrate how land use change and intensification (i.e.
global change) continuously endanger a habitat protected by national and European law.
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Introduction

Across the world, human population growth together with rising per-capita demands for
natural resources and energy are increasing human impacts on nature (Steffen et al. 2015).
These impacts are caused by land use change and intensification, which are considered the
most important direct drivers of declines in biodiversity and ecosystem services (Diaz et al.
2006; Cardinale et al. 2012; IPBES 2018a, b; IPBES 2019). Worldwide ~50% of natural
terrestrial ecosystems have been converted to crop and pasture land, managed forest or set-
tlement areas (Gaston and Spicer 2004). In particular, tropical forests experienced a heavy
decline, e.g. in East Africa forest have undergone a nearly complete decline of 93% since
1900 (Aleman et al. 2018). A recent example in highly developed regions with a stagnant
population is the massive decline of biomass, abundance, and number of arthropods, in
particular insects during the last decade in Germany, mainly due to the intensification of
agriculture (Seibold et al. 2019).

Another widespread phenomenon of land use change in Europe is the abandoning of
traditional land use practices (e.g. grazing and mowing) resulting in either different fallow
and succession stages or the substitution by more intensified modern land use. Both means
in most cases the decline of endangered and rare species (Leuschner and Ellenberg 2017;
Vera 2000; Silva et al. 2019). To reduce the loss of biodiversity, the states of the European
Union have adopted the Habitats Directive (HD, or Flora Fauna Habitat Directive, FFH)
(Council Directive 92/43/EEC (1992)) as a cornerstone to ensure the conservation of over
1000 rare, threatened or endemic plant and animal species together with their 233 listed
habitats within a continental-scale network of Special Areas for Conservation (SAC)—the
Natura 2000 network.

The Northern Franconian Jura, a mountain range of about 2,000 km? in Bavaria, famous
for its rich calcareous flora was designated as a national biodiversity hotspot of Germany
with a large share of Natura 2000 sites. Here, smallholder agriculture has created a mosaic
of different vegetation and land use types during the last centuries, where the highest spe-
cies richness is recorded in habitats with moderate human impact such as dry grasslands,
but particularly Scots pine (Pinus sylvestris, hereinafter partly referred to as pine) forests
on dolomite. These pine forests are classified in the Buphthalmo-Pinetum (Hemp 1995)
association.

The occurrence of the Buphthalmo-Pinetum is partly due to geological and climatic
peculiarities: Most important was the formation of reef dolomites in the Jurassic Sea. They
represent the initial substrate for the dry, sandy dolomite soils on which the Buphthalmo
Pinetum grows. Dolomite is quite abundant in this area (around 20% of the Northern Fran-
conian Jura) in contrast to the Southern Franconian Jura and the adjacent Swabian Jura
where it is nearly missing (Meyer 1972). Furthermore, the pan-like depression of the cen-
tral parts of the Northern Franconian Jura situated below 500 m a.s.l., where most of the
still existing pine forests occur, is located in the rain shadow and receives less precipitation
than the higher edges of the Franconian Jura. Other factors include the existence of a reef
barrier in the Jurassic sea influencing the content of marl in the seawater and with this the
scarcity of loamy soils in the study area (Hemp 1995).

Besides these abiotic site conditions, anthropogenic influence promoted the develop-
ment of the pine forests on dolomite (Hemp 1995): Already in the early Neolithic, about
6000 BP humans with their herds of cattle and shifting cultivation had indirectly favoured
the pine that occurred in the area since the pre-Boreal. This prevented the later immigrat-
ing beech from gaining a foothold and replacing the pine. Anthropogenic influences during
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the Middle Ages reaching to modern times successively increased and forest pastures
together with litter raking enhanced the dominance of pine in the dolomitic central parts
of the Franconian Jura. Those relict pine stands are therefore testifying the once abundant,
postglacial vegetation cover of the Franconian Jura together with the (pre)historical anthro-
pogenic influences. Therefore, most of these forests are not part of the Potential Natural
Vegetation (PNV) but “anthropo-zoophylact” relic forests preserved by humans and their
grazing livestock over several thousands of years (Hemp 1995).

Natural regeneration of pine needs disturbance to create crown gaps and open soil
(Aleksandrowicz-Trzcinska et al. (2013); Bilek et al. 2018; Brooker et al. 2006; Muscolo
et al. 2017; Vera 2000). Historical land use practices such as wood pasture are consid-
ered well suited to maintain Pinus sylvestris stands due to the creation of open soil, grass
defoliation, and intensive browsing of broadleaved trees (Gams 1930; Gauckler 1938;
Hemp 1995). Similarly, wood pasture and litter use promote understory diversity of plant,
bird, insect, and fungi species. This has been studied extensively in pine stands worldwide
(Osem et al. 2017; Lindgren and Sullivan 2012; Hancock et al. 2010; Helbing et al. 2014,
Hemp 1995; Hemp and Hemp 2003).

However, during times with intensive wood pasture and litter raking, degradation of the
forest and tree damage has been observed and lead to lower timber harvesting compared to
current wood production in forests (Rebel 1920; Vera 2000). The study area was the center
of litter raking in Bavaria with the highest amount of harvested litter, where in particular
beech and spruce were suffering the most (Rebel 1920; Zenneck 1960). Therefore, these
types of forest uses have been abandoned in Bavaria, when more efficient feeding practices
for cattle were introduced in the 1950s. However, due to these changes of land use, extent
and species composition of those stands are changing drastically (Hemp 1995) and in 2008
they were designated as Natura 2000 habitat (“Sarmatic steppe pine forests”, code 91U0).

This strong declining trend of pine forests on dolomite in the past decades is enhanced
by active planting of broadleaved trees, which is in line with the widely accepted objec-
tive of forest policy in Germany of converting pure monocultures of pine and spruce into
more productive and ecologically stable mixed stands rich in hardwood. However, this
contradicts their status as protected habitats by Bavarian law on nature conservation and
as Natura 2000 habitat. Similar problems occur in another protected pine forest habitat in
Bavaria, the Central European lichen pine forests, code 91TO (LWF 2012) and in the Medi-
terranean pine forests within the habitat 2270* (Bonari et al. 2018).

Another aspect in this forestry—nature conservation conflict is climate change. The
potential for climate adaptation of no other dominant tree species in Europe is discussed
as controversially as in the case of pine (Bolte et al. 2009), and its vitality especially with
increasing periods of heat and drought and related prognoses for climate adaptation are
assessed very divergently (e.g. Bose et al. 2020; Eickenscheidt et al. 2019; Savolainen et al.
2011; Seidel and Menzel 2016).

On the background of the current discussion regarding agenda and aims of the global
Post-2020 Global Biodiversity Framework (as part of the UN Convention on Biodiversity
(CBD) we test the achievements of Natura 2000, using as example the current situation of
the “Sarmatic steppe pine forests”, a flagship vegetation type for nature conservation in
Europe under the responsibility of Germany. For this, we evaluated three inventories from
1990, 2012, and 2020 monitoring the extent of all existing (> 600) forest stands before and
after their designation as Natura 2000 protected habitat in 2008 belonging to three different
districts. We expect a similar declining trend of their extent in all three districts after 2008,
however with differences inside (slower shrinking) and outside (faster shrinking) SAC. We
compared the results with the historical distribution of pine forests on dolomite around
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1950 before the abandonment of the traditional land use assessed by a Random Forest clas-
sification model. Furthermore, we studied “passive” and ““active” causes of habitat loss (i.e.
successional colonization of other tree and shrub species on one side and active replanting
on the other, both resulting in degradation of the light-demanding herb layer) and expect
that natural succession is more important than replanting. Finally, we monitored the vital-
ity of Pinus sylvestris after the last extreme dry and hot years expecting an increasing mor-
tality. With this, we inspected for the first time the condition of a complete Natura 2000
habitat inside and outside protected areas examining how a wealthy country like Germany
(and Europe) implements the obligations of the UN Convention on Biodiversity.

Materials and methods
Study area
Location

The study area is located in southeastern Germany and amounts to an area of about 2,500
km?. The area lies in the Franconian Jura which can be split into a northern, central, and
southern part. The whole Franconian Jura amounts to about one-tenth of Bavaria. The
study area includes the main distribution area of Franconian pine forest on dolomite (Hemp
1995) comprising the whole area of the Northern Franconian Jura and partially the adjacent
Middle Franconian Jura as shown in Fig. 1, i.e. about one third of the total extension of the
Franconian Jura. Administratively, it belongs to the three districts of Middle Franconia,
Upper Franconia and Upper Palatinate. Today around 43% of the study area is covered by
forest, of which three-quarter is privately owned (Bavarian forestry administration 2019).

Geology

The landscape formation of the Franconian Jura results from Jurassic sedimentation and
riff colonization (Keupp et al. 2007) about 200-150 mya ago. Through the uptake of mag-
nesium, Upper Jurassic limestone partially transformed into the more weathering resistant
dolomite (Nollau 1989). Due to changing weathering resistance of the bedrock types and
due to the tough structure of dolomite, the landscape shows a high variety of formations
and stratifications, providing many different habitats. As dolomite dissolves into a sandy
substrate, it also offers restricted water availability during the year. Dolomitic sands pro-
moting water drainage provide especially dry and stressful conditions for the covering veg-
etation. Thus, the dolomite substrate is a prerequisite for the occurrence of the ecosystem
under study (Hemp 1995).

Topography and climate

The study area ranges from 280 to 650 m a.s.l. elevation with most of the area being
between 450 and 500 m a.s.l. (Hemp 1995), i.e. in the submontane zone. The landscape is
dominated by numerous dolomitic hills, partly crowned with exposed dolomite rocks, rem-
nants of the former reefs (Fig. 2a).
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Fig.1 Maps showing modelled and surveyed distribution of pine forests on dolomite. a Random Forest
prediction map for the whole study area, showing the modelled extent at around 1950 in five probability
classes (with red being the most probable class and yellow the lowest) for forest areas on dolomite bedrock
(details see in method section), white bordered areas indicate present main distribution areas, b part of the
present main distribution area in the central Northern Franconian Jura showing the extent of pine forests on
dolomite 1990, 2012 and 2020. Scale bars indicate 10 km (a) and 1 km (b). Map source: Landesamt fiir
Digitalisierung, Breitband und Vermessung, Miinchen (2021)

Mean annual precipitation ranges between around 700 and 1100 mm with median val-
ues of about 930 mm, and the mean annual temperature is 7-8 °C (DWD 2018).

Vegetation records

In total, 2500 vegetation plots (relevés) were taken in the Franconian Jura mainly in the
years 1990-2000 following the method of Braun-Blanquet (1964). These plots comprise
all occurring vegetation types (about 150 associations) with over 1000 vascular plant spe-
cies. Based on a cluster analysis, pine forests on dolomite (Buphthalmo-Pinetum) were
floristically delineated (data and vegetation tables in Hemp, 1995). During three field sur-
veys (1990, 2012, and 2020) the extent of pine forests on dolomite was mapped solely by
the first author assuring that the results are comparable. The survey of 2012 was partly in
the frame of a pine forest inventory in Bavaria (LWF 2012), where the methodology is
explained. Topographical maps 1:5000 with contour lines, aerial photographs of the same
scale and GPS were used for the delineation of Buphthalmo-Pinetum stands in the field.
In all stands presence of immigrating young trees and shrubs (mainly Picea abies, Fagus
sylvatica and Corylus avellana, which represent the major threats for the light-demanding
herb layer) were recorded during the survey of 2012. Stands with a dense (>50%) coverage
of such species in the shrub layer were excluded.

To assess the impact of the extreme dry and hot years 2018-2020 on the vitality of
Pinus sylvestris, pine trees older than 60 years with recent dead crowns (i.e.>60% dead)
were recorded during the survey of 2020, disregarding old standing deadwood. Presence
/ absence data of affected trees were used to calculate the share of stands with sick trees
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Fig.2 Biodiversity of pine forests on dolomite. a Typical forest stand with dolomite reef from the Juras-
sic period. b Orobanche coerulescens, a species originating from Asiatic steppe, in Germany restricted to
fringe vegetation of pine forests on dolomite. ¢ Yellow lady’s slipper (Cypripedium calceolus), an Annex II
species of the Habitats Directive. d Goodyera repens, an orchid with main distribution range in nordic con-
tinental regions, which lost most of its habitats in the pine forests on dolomite during the last decades due to
invading spruce. e Polygala chamaebuxus, a prealpine species. f Podisma pedestris, the common mountain
grasshopper, a relict species from the ice age
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disregarding the area of the stands. The open character of pine forests on dolomite and the
conspicuous visibility of bright brown crown parts enabled a very rapid result during the
vegetation mapping. With this easy and simple approach it was possible to deal with the
large number of stands and to achieve good mapping results for a large area.

Data analysis

In a preliminary study with a slightly modified dataset, different modelling techniques
were compared for assessing the historical distribution of pine forests on dolomite before
the abandonment of traditional land use around 1950 (Philipp 2019). Random Forest (RF)
yielded the most realistic results, showing distribution patterns in accordance to the pat-
terns of the remaining stands nowadays, therefore we chose the RF classification algorithm
for the final assessment of the distribution area. We used proportional stratified random
sampling (Kuhn et al. 2008) to split our ground reference objects (318 presence points and
236 absence points) into separate training and testing sets. Absence points were selected
partially out of the 2500 vegetation records (Hemp, unpub. data) not containing stands of
pine forests on dolomite and partially taken in the field at forest stands which have been
checked for long-term absence of pine obvious by composition and age of the occurring
trees. We used 75% of the samples (n=416) for training the RF model, while the remain-
ing 25% (n=138) were used as an independent hold-out test set for the accuracy assess-
ment. Model performance was assessed based on k-fold cross-validation (k=10) of three
metrics: Cohen’s Kappa, True Skill Statistik (TSS) and Receiver Operating Curve (ROC)
(Hao et al. 2019; Martinez et al. 2012).

For modelling, we chose environmental variables linked to the distribution of the pine
forest stands, proposed by Hemp (1995): temperature, precipitation, solar radiation, and
geology. Elevation (using a Digital Elevation Model (DEM) provided by the Bavarian
Land Survey Office) was then used as a proxy for temperature and precipitation as the ele-
vation data is more precise (25X 25 m raster data) than the data provided by the national
weather agency (DWD, 1000 x 1000 m). For estimating solar radiation uptake, we used the
tables of Buffo et al. (1972), which who give the amount of energy for different inclina-
tions, expositions and latitudes. As the bedrock of the pine forests on dolomite is exclu-
sively dolomite, we used a dummy variable for geology where dolomitic bedrock is marked
with 1 and all other bedrock types with 0. Geological data was retrieved from the Bavarian
Environment Agency (Bayerisches Landesamt fiir Umwelt, LfU). We decided not to use
soil databases such as e.g. soilgrids.org, since we exclusively built our model on dolomite,
which generates in general shallow sandy soils of 20-30 cm depth in the study area with a
low water storage capacity (dry rendzina, brown calcareous soil; Hemp (1995). With this,
we excluded the loamy, deep soils with high available moisture and nutrient content (loamy
overlaying formation), consisting of weathered material of formerly overlaying layers of
the Jurassic and Cretaceous period (Meyer 1972). Furthermore, the resolution of soilgrids.
org was much courser compared with the resolution of the dolomitic GIS layer. All data
was aggregated (nearest neighbor method) to raster data with a resolution of 25X 25 m, as
this was the resolution level of the DEM.

To compare the relevance of environmental variables, variable importance was calcu-
lated according to Louppe et al. (2013). This approach incorporates the correlation score of
the prediction error for the standard model and for the model after permutating each pre-
dictor variable randomly (Thuiller et al. 2009). Variable importance was finally obtained
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by proportionally ranking each variable according to its correlation score, with values
between [0;1].

Final prediction maps of historical pine forests on dolomite before 1950 were calcu-
lated based on one run of the model with the whole data set (n=554). Hence, all the avail-
able data was incorporated in order not to waste valuable information for final predictions
(Breiner et al. 2015). The extent of the model was then further narrowed by considering
only areas with forest cover. Also, state forests and federal forests, being of minor impor-
tance in the study area were excluded as litter raking and grazing—important factors influ-
encing the distribution of the pine forests on dolomite—were regulated and less intensive
compared to private forests (Rebel 1920).

To evaluate model performance, we used two threshold dependent metrics, namely True
skill statistic (TSS) (Peirce 1884) and Cohen’s Kappa (Cohen 1960) and with ROC one
threshold-independent metric. Kappa and TSS are based on presence/absence confusion
matrices, using Sensitivity (probability that a model correctly classifies a presence) and
Specificity (probability that a model correctly classifies an absence) in the calculation as
well as a threshold value for presence and absence probability. If Sensitivity and Speci-
ficity are equal, Kappa, ranging between [— 1;1], reaches its maximum. Kappa has been
criticized due to its dependency on prevalence rates (Lawson et al. 2014; McPherson et al.
2004). Nevertheless, it is a useful method on balanced prevalence data and is most used as
a threshold dependent metric in ecology (Allouche et al. 2006; Lawson et al. 2014; Manel
et al. 2001). The calculation of TSS is closely related to the Kappa metric but is less sensi-
tive to prevalence rates (Allouche et al. 2006). The Receiver-Operating Curve (ROC) is a
threshold-independent metric commonly used in assessing the predictive performance of
models (Hand 1997; Marcot 2012). For ROC, true positive classifications (Sensitivity) is
plotted against false positive classifications (1- Specificity), but without using threshold
values for presence or absence classification (McPherson et al. 2004). ROCs are considered
independent of prevalence as the calculation is based on proportions of both presence and
absence sites (Zweig and Campbell 1993).

Analysis of the vegetation mapping during the tree field surveys was done with ArcGIS
10.8.1. To analyze the retreat of the forest extent we fitted linear functions using R* as the
measure of fit. Distribution maps of the modelling approach were created using QGIS 3.8.
The statistical analysis was performed with R. 3.6.1.

Results
RF model of the historical distribution of pine forests on dolomite before 1950

ROC ranged between 0.852 and 0.944, which indicates a moderate to excellent fit. Both
TSS and Kappa were greater than 0.6, with mean values at 0.714 respectively 0.724. The
relation of correct predictions to all predictions was greater than 0.82. On average, 86.77%
of the predictions were correct. Variable importance calculation showed that the binary
variable for presence/absence of dolomite was by far the most important variable (Mean
Gini Decrease 0.592). Elevation ranked second (0.312) and the solar radiation index was
least important (0.137). The model indicated high probabilities for the most north-eastern
part of the Franconian Jura as well as the central part spreading to the south-eastern edge of
the study area. Considering the optimum threshold calculated by TSS (TSS>0.921, prob-
ability >0.727), the area of occurrence prediction was 18,500 ha (Table 1). Relating the
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results to the current forest cover, around 17% of the total forest cover in the study region
would have belonged to pine forests on dolomite. Comparing the patterns of the model pre-
dictions, RF presented realistic results. The current main distribution areas as presented in
Fig. 1, were reflected in high probabilities according to the model.

Forest loss

Compared to 1990 only 23% of the area of pine forests on dolomite still existed in 2020 and
compared with the modelled extent in 1950, only 1% remained (Table 1, Fig. 3). Between
1990, 2012 and 2020 not only the area, but also the number and the size of pine forests
stands changed. In 1990, the mean size was 1.3 ha, the share of stands with an area> 1 ha
was 31%. The largest stand covered 31 ha. In the year 2012 only 59% of these stands still
existed due to the loss of most of the smaller stands, the mean size was only 0.8 ha and
the share of stands with an area of > 1 ha was 21%. The largest stand covered 11 ha. 38%
of the stands comprising 44% of the area were located inside the designated Natura 2000
areas (SAC). In 2020 the share of larger plots > 1 ha (6%) decreased drastically, resulting in
a comparatively high number of mainly very small stands, the biggest covering only about
7 ha. 40% of the still existing stands were located inside SAC.

During the survey of 2012, the succession stage of the mapped stands was recorded. In
most cases, spruce and/or beech were invading the pine forests (82%). However, in 13% of
the remaining stands, active planting of mainly beech and spruce had happened (Table 2).

During the survey of 2020 pine trees with dead crowns (i.e.>60% dead) were recorded
in only 6 of the 757 mapped stands. These records consisted only of single trees with a
maximum of three in one mapped stand, but not of groups or complete stands.

Discussion
Pine forest loss since 1950

Compared to 1990 only less than a quarter of the area of pine forests on dolomite remained
in 2020. This is a dramatic loss in 30 years and compared with the modelled extent in
1950, when the above described traditional land use was still practiced, the reduction dur-
ing 70 years is drastic, with only 1% remaining in 2020, which would suggest an exponen-
tial decline (Table 1, Fig. 3a). If this trend continued, these forests will disappear during
the next decades.

Due to fragmentation of larger stands their number increased since 2012 resulting in
the increasing share of small stands < 1 ha. These still remaining isolated stands with their
characteristic species pool are a potential reservoir for restoring pine forests on dolomite by
landscape care activities. However, since 96 stands had an area of less than 100 m? in 2020
(mainly small remnants surrounded by dense young stands of spruce or beech) it is very
likely that most of them will disappear during the next few years.

The main reason for these trends was scrub encroachment. In most cases spruce and/or
beech were responsible for habitat degradation in 2012 (Table 2), spruce invading mostly
the north-facing slopes and beech mainly southern expositions. However, also active plant-
ing of mainly beech and spruce occurred. Even after the designation as protected Natura
2000 habitat in 2008 this trend continued. These trends were similar inside and outside
SAC (Table 1).
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Fig.3 Retreat of the pine forests on dolomite a since 1950 in the whole study area (Northern Franconian
Jura) based on a Random forest model and b during the last 30 years based on the field surveys 1990-2012—
2020 in the whole Northern Franconian Jura and separately for the three districts Middle Franconia, Upper
Franconia and Upper Palatinate showing different trends. Polynomial regression of degree 2, R2=1

The trend of rapidly disappearing open pine forests can be visualized by a map of one
of the main distribution centres (as shown in Fig. 1a), which is part of the FFH (HD) area
6335-306.02. In 1990 pine forests on dolomite covered 234 ha, in 2012 104 ha and in 2020
81 ha. Although these trends are at first glance similar in all parts of the Franconian Jura,
there is one striking difference. The area displayed in Fig. 1b belongs to the district Middle
Franconia, where landscape care activities took place, mainly after 2010, improving about
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Table 2 Main causes of pine forest degradation 2012

Number stands

Picea abies 132 (35%)
Picea abies and shrubs (mainly Corylus avellana) 11 (3%)
Fagus sylvatica 72 (19%)
Fagus sylvatica and Picea abies 83 (22%)
Fagus sylvatica, Picea abies and shrubs (mainly Corylus avellana) 10 3%)
Fagus sylvatica and shrubs (mainly Corylus avellana) 10 (3%)
Shrubs (mainly Corylus avellana) 10 (3%)
Planting (mainly Fagus sylvatica and/or Picea abies) 49 (13%)

30 ha and restoring about 10 ha of pine forests by removing mainly young spruces and
beeches. Furthermore, the district forestry office abandoned replanting activities in close
dialogue with nature conservation authorities since the 1990s. Therefore, the negative
trends in this district are leveling (Fig. 3b), whereas the observed negative trends continued
undamped in the other two districts of Upper Franconia and Upper Palatinate, where nearly
no nature conservation activities in favour of pine forests on dolomite were undertaken and
even replanting with beech and spruce continued.

Impact on biodiversity

Pine forests on dolomite harbour a very high species number in their dense herb layer
(mean + 50 species, and maximum+ 70 species on a plot size of 300m?), in particular of
endangered and rare species (Fig. 2). Altogether 330 plant species were recorded in these
forests, including 14 species of orchids, e.g. Cypripedium calceolus, an Annex II species
of the Habitats Directive. This creates a unique combination of plants originating from the
Mediterranean, eastern continental steppe, and the Alps (Hemp 1995). For a comprehen-
sive nature conservation assessment of the about 150 plant associations of the Northern
Franconian Jura regarding e.g. occurrences of regionally rare and red list species, based
on over 2,000 vegetation plots, pine forests on dolomite occupied the highest ranks in the
upper 10% of the investigated plant communities (Hemp 1995).

In a study of several different succession stages starting from a pine forest with an
open tree layer of about 30-40% cover, to a beech forest with a tree cover of 90% a nearly
complete exchange of the understory species composition was observed, where the light-
demanding species were replaced by shade-tolerant, mainly widespread forest species and
the total species number was reduced by 50% (Hemp 1995). Marozas et al. (2014) made
similar observations in relict pine stands in Lithuania. For maintaining a high richness and
diversity of rare understory species in pine forests on dolomite, it is therefore important
that shade-tolerant tree species are excluded.

In parallel to this decline of open pine forests also other habitat types were affected, in
particular xerotherm fringe vegetation along the edges of the pine forests and on dolomite
reefs inside the forests with their rock vegetation. Here, very rare and endangered (red list)
species occur, e.g. Orobanche coerulescens (the only occurrence in Germany), the grass-
hopper species Psophus stridulus as well as relicts of the ice age (Cardaminopsis hispida
and Podisma pedestris, another grasshopper). All these species had massive losses in their
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population numbers and sizes during the last decades (Hemp 1996a,b; Hemp and Hemp
1996, 2003).

Pine forests on dolomite under climate change

The years 2018-2020 were extremely dry and hot in Germany. However, during the survey
of 2020 pine trees with dead crowns (i.e.>60% dead) were recorded only in less than 1%
of the 736 mapped stands. These records consisted of single trees, but not of groups or
complete stands as in some other regions in Northern Bavaria.

The vitality of pine especially with increasing periods of heat and drought and related
predictions for climate adaptation are assessed very divergently (Bose et al. 2020; Savol-
ainen et al. 2011; Seidel and Menzel 2016). It is particularly critical that, based on regional
findings, conclusions are mainly drawn directly about the climate adaptation of the whole
species, neglecting provenance effects or genetic adaptability (Bolte et al. 2009; Kit-
zel 2008; Taeger et al. 2013). As a species with the largest Eurasian distribution (Meusel
et al.1965) under contrasting environmental conditions, Pinus sylvestris shows ample dif-
ferences in morphological traits due to genotypic variation and phenotypic plasticity with a
high competitive ability in particular on dry sites (Vidakovi¢ 1991; Pyhgjarvi et al. 2019).
Our results confirm this for the study area, which belongs to the “Franconian coniferous
forest area”, where pine was always present during the postglacial surviving climatic fluc-
tuations with higher temperatures than today (Firbas 1949). This reflects the long-lasting
interplay between anthropogenic influence since the Neolithic and the postglacial migra-
tion history of tree species in Franconia (Hemp 1995).

Perspectives for nature conservation

The poor conservation status of most Natura 2000 forest habitats is well documented (Win-
kel et al. 2015; McKenna et al. 2014; Ferranti et al. 2010). It holds the same for other pine
forests in Germany such as Central European lichen pine forests (Code 91T0, LWF 2012).
However, here we present for the first time the conservation status of a complete Natura
2000 habitat type in and outside of Natura 2000 sites monitoring the full area extent of
all existing stands. Instead of using vague criteria such as ‘favourable conservation status’
(Council Directive 92/43/EEC) not defined for specific habitats or species and with diverg-
ing specifications (Winkel et al. 2015; Hernando et al. 2010) we use a complete area as a
hard basic fact. The documented and modeled dynamics suggest that the “Sarmatic Steppe
Pine Forests” have been facing a dramatic decline even after their designation as Natura
2000 habitat in 2008 demanding an urgent need of conservation efforts within the next few
years. If this plant community and most of its understory vegetation are vanishing com-
pletely, evidence of a once widespread, historical landscape element will be lost forever.
Relict flora and fauna elements from glacial times would be disappearing from one of their
last refuges outside the alpine area.

The best way to protect the last remaining pine forest stands on dolomite would be
the designation of a nature reserve with a higher protection status and means for resto-
ration. Furthermore, the land owners have to be compensated for the expected loss of
income when removing young beeches and spruce. Also, legal statutes which prevent
necessary and effective management policies such as wood pasture must be reconsid-
ered. Within certain areas the effect of grazing and litter raking should be monitored.
Furthermore, the “Sarmatic Steppe Pine Forests” should be reclassified as one of the 71
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priority habitats, i.e. a habitat type in danger of disappearance and whose natural range
mainly falls within the territory of the European Union.

Another argument for protecting the Sarmatic steppe pine forests is climate change.
In our study we found that the pines of the Buphthalmo-Pinetum were nearly not
affected by the extremely dry and hot last years. Therefore, the pines of the Franconian
Jura seem to belong to an autochthonous provenance well adapted to climatic changes,
which could serve as a source of seed material suitable for regions in Germany and
Europe, where pines are suffering from drought. For this, studies of their genotypic var-
iation and phenotypic plasticity and the resulting competitive ability in particular on
dry sites would be necessary. This could be an example, how human well-being benefits
from preserving (genetic) biodiversity.

Beside neglect of immediate protection efforts, the conflict of interests between for-
estry and nature conservation in the past added to deterioration of this unique and highly
valuable ecosystem although this contradicts its status as protected habitat by national
and European law. In December 2010, the United Nations proclaimed the decade from
2011 to 2020 to be the UN Decade of Biological Diversity. The decade was intended
to support the implementation of the Strategic Plan of the Convention on Biological
Diversity (CBD). Since a new strategic framework—the Global Biodiversity Framework
(GBF)—for the period after 2020 is currently being prepared in the CBD, Germany
must take this into account and improve its National Strategy on Biological Diversity
(NBS), which failed in many respects (BMU 2021). The European Commission has
therefore decided to refer Germany to the European Court of Justice for not respect-
ing its obligations under the Habitats Directive in March 2021 (European Commission
press release 2021). The successful preservation of an outstanding Natura 2000 habitat
as part of a national hotspot of biodiversity would be another touchstone how Germany
(and Europe) implement their obligations and care about their environmental respon-
sibilities. Otherwise, guidelines and directives of the NBS would be proved as similar
meaningless as the European Union’s Green Deal announced in December 2019, aiming
to make Europe the first climate-neutral continent by 2050. In reality, EU member states
are outsourcing environmental damage to other countries, while taking the credit for
green policies at home (Fuchs and Rounsevell 2020).

Acknowledgements We thank Dr. Tobias Mette (Bayerische Landesanstalt fiir Wald und Forstwirtschaft,
Freising) for statistical forest data of Northern Bavaria, Pekka Hurskainen (Finnish Environment Institute
Helsinki) for assistance with Random Forest, and Erich Eisenschmid (Landesamt fiir Digitalisierung, Breit-
band und Vermessung, Miinchen) for delivery of cartographical material.

Author contributions Andreas Hemp conceived the study, conducted the field work and wrote the manu-
script. Christie Philipp run the modelling and contributed to writing, Claudia Hemp collected the faunistic
data and contributed to writing. All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt DEAL. The authors did not receive sup-
port from any organization for the submitted work.

Data Availability The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Competing interest The authors declare that they have no competing interest.

Clinical trials registration Not applicable.

@ Springer



Biodiversity and Conservation (2022) 31:1909-1926 1923

Consent to participate Not applicable.
Consent to publish Not applicable.
Human and animal rights Not applicable.

Plant reproducibility Not applicable.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aleman J, Jarzyna MA, Staver AC (2018) Forest extent and deforestation in tropical Africa since 1900.
Nat Ecol Evol 2:26-33. https://doi.org/10.1038/s41559-017-0406-1

Aleksandrowicz-Trzciriska M, Drozdowski S, Brzeziecki B, Rutkowska P, Jabtoriska B (2013) Effects of
different methods of site preparation on natural regeneration of Pinus sylvestris in Eastern Poland.
Dendrobiology 71:73-81. https://doi.org/10.12657/denbio.071.007

Allouche O, Tsoar A, Kadmon R (2006) Assessing the accuracy of species distribution models: preva-
lence, kappa and the true skill statistic (TSS). J Appl Ecol 43(6):1223-1232. https://doi.org/10.
1111/j.1365-2664.2006.01214.x

Bavarian Forestry Administration (2019) Digital layer of forest cover and land ownership. Bavarian For-
estry Administration, Munchen

Bilek L, Vacek Z, Vacek S, Bulusek D, Linda R, Kral J (2018) Are clearcut borders an effective tool for
Scots pine (Pinus sylvestris L.) natural regeneration? For Syst 27(2):1010. https://doi.org/10.5424/
s/2018272-12408

BMU (2021) https://www.bmu.de/fags/nationale-strategie-zur-biologischen-vielfalt. Accessed 28 August
2021

Bolte A, Eisenhauer D-R, Ehrhart H-P et al (2009) Klimawandel und Forstwirtschaft - Ubereinstimmun-
gen und Unterschiede bei der Einschitzung der Anpassungsnotwendigkeiten und Anpassungsstrat-
egien der Bundeslidnder. Landbauforschung vTI Agric For Res 59(4):269-278

Bonari G, Acosta ATR, Angiolini C (2018) EU priority habitats: rethinking Mediterranean coastal pine
forests. Rend Fis Acc Lincei 29:295-307. https://doi.org/10.1007/s12210-018-0684-9

Bose AK, Gessler A, Bolte A et al (2020) Growth and resilience responses of Scots pine to extreme
droughts across Europe depend on predrought growth conditions. Glob Change Biol 26:4521-4537

Braun-Blanquet J (1964) Pflanzensoziologie. Springer, Wien

Breiner FT, Guisan A, Bergamini A, Nobis MP (2015) Overcoming limitations of modelling rare species
by using ensembles of small models. Methods Ecol Evol 6(10):1210-1218. https://doi.org/10.1111/
2041-210X.12403

Brooker RW, Scott DD, Palmer S, Swaine EE (2006) Transient facilitative effects of heather on Scots
pine along a grazing disturbance gradient in Scottish moorland. J Ecol 94(3):637-645. https://doi.
org/10.1111/j.1365-2745.2006.01129.x

Buffo J, Fritschen L, Murphy J (1972) Direct solar radiation on various slopes from 0 to 60 degrees
north altitude. USDA For Serv Res Paper 142:1-74

Cardinale BJ, Duffy JE, Gonzalez A et al (2012) Biodiversity loss and its impact on humanity. Nature
486:9-67

Cohen J (1960) A coefficient of agreement for nominal scales. Educ Psychol Measur 20(1):37-46.
https://doi.org/10.1177/001316446002000104

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41559-017-0406-1
https://doi.org/10.12657/denbio.071.007
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.5424/fs/2018272-12408
https://doi.org/10.5424/fs/2018272-12408
https://www.bmu.de/faqs/nationale-strategie-zur-biologischen-vielfalt
https://doi.org/10.1007/s12210-018-0684-9
https://doi.org/10.1111/2041-210X.12403
https://doi.org/10.1111/2041-210X.12403
https://doi.org/10.1111/j.1365-2745.2006.01129.x
https://doi.org/10.1111/j.1365-2745.2006.01129.x
https://doi.org/10.1177/001316446002000104

1924 Biodiversity and Conservation (2022) 31:1909-1926

Council Directive 92/43/EEC (1992) Council Directive 92/43/EEC of 21 May 1992 on the conservation
of natural habitats and of wild fauna and flora. https://eur-lex.europa.eu/legal-content/EN/TXT/
PDF/?uri=CELEX:319921.0043%26from=EN. Accessed 20 August 2021

Diaz S, Fargione J, Chapin FS III, Tilman D (2006) Biodiversity loss threatens human well-being. PLoS
Biol 4(8):e277. https://doi.org/10.1371/journal.pbio.0040277

DWD (2018) Climate Data Center (CDC): Multi-annual means of grids of air temperature (2m) over
Germany 1981-2010, version v1.0

Eickenscheidt N, Puhlmann H, Riek W et al (2019) Spatial response patterns in biotic reactions of forest
trees and their associations with environmental variables in Germany Chapter 11. In: Wellbrock N,
Bolte A (eds) Status and dynamics of forests in Germany: results of the national forest in Germany.
Ecological studies 237. Springer, Berlin

European Commission Press Release (2021) Nature protection: Commission decides to refer Germany to
the European Court of Justice over failure to properly implement the Habitats Directive. https://ec.
europa.eu/commission/presscorner/detail/en/ip_21_412. Accessed 28 Aug, 2021

Ferranti F, Beunen R, Speranza M (2010) Natura 2000 network: a comparison of the Italian and Dutch
implementation experiences. J Environ Policy Plann 12(3):293-314. https://doi.org/10.1080/15239
08X2010505417

Firbas F (1949) Spit- und nacheiszeitliche Waldgeschichte Mitteleuropas nordlich der Alpen. Gustav Fis-
cher 72:106-107

Fuchs R, Brown C, Rounsevell M (2020) Europe’s green deal offshores environmental damage to other
nations. Nature 586:671-673

Gams H (1930) Uber die Reliktfchrenwilder und das Dolomitphinomen. Verdffentlichungen des Geobota-
nischen Instituts Riibel 6:1. https://doi.org/10.5169/seals-306965

Gaston KJ, Spicer JI (2004) Biodiversity: an Introduction. Blackwell Publishing, Malden

Gauckler K (1938) Steppenheide und Steppenheidewald der Frinkischen Alb in pflanzensoziologischer,
okologischer und geographischer Betrachtung. Ber Bayer Bot Ges 23:5-134

Hancock MH, Summers RW, Amphlett A, Willi J, Servant G, Hamilton A (2010) Using cattle for conserva-
tion objectives in a Scots pine Pinus sylvestris forest: results of two trials. Eur J Forest Res 129(3):299—
312. https://doi.org/10.1007/s10342-009-0330-2

Hand D (1997) Construction and assessment of classification rules. Wiley, Abingdon

Hao T, Elith J, Guillera-Arroita G, Lahoz-Monfort J (2019) A review of evidence about use and perfor-
mance of species distribution modelling ensembles like BIOMOD. Divers Distrib 25(5):839-852.
https://doi.org/10.1111/ddi.12892

Helbing F, Blaeser TP, Loffler F, Fartmann T (2014) Response of Orthoptera communities to succession in
alluvial pine woodlands. J Insect Conserv 18(2):215-224. https://doi.org/10.1007/s10841-014-9632-x

Hemp A (1995) Die Dolomitkiefernwilder der Nordlichen Frankenalb: Entstehung, synsystematische Stel-
lung und Bedeutung fiir den Naturschutz. Bayreuther Institut fiir Terrestrische Okosystemforschung
(BITOK) Bayreuther Forum Okologie 22

Hemp A (1996a) Okologie, Verbreitung und GesellschaftsanschluB ausgewihlter Eiszeitrelikte (Cardami-
nopsis petraea, Draba aizoides, Saxifraga decipiens, Arabis alpina und Asplenium viride) in der Peg-
nitzalb. Bayerische Bot Ges 66(67):233-267

Hemp A (1996b) Orobanche coerulescens - eine in Deutschland vom Aussterben bedrohte Sommerwurzart.
Hoppea 66(67):359-374

Hemp C, Hemp A (1996) Podisma pedestris Linné, 1761 (Saltatoria: Catantopinae) in der Hersbrucker Alb.
Berichte Der ANL 20:177-286

Hemp C, Hemp A (2003) Lebensraumanspriiche und Verbreitung von Psophus stridulus (Orthoptera:
Acrididae) in der Nordlichen Frankenalb. Articulata 18(1):51-70

Hernando A, Tejera R, Velazquez J, Nunez MV (2010) Quantitatively defining the conservation status of
Natura 2000 forest habitats and improving management options for enhancing biodiversity. Biodivers
Conserv 19:2221-2233

IPBES (2018a) Summary for policymakers of the regional assessment report on biodiversity and ecosystem
services for Europe and Central Asia of the Intergovernmental Science-Policy Platform on Biodiver-
sity and Ecosystem Services. Fischer M et al (eds). IPBES secretariat, Bonn, Germany

IPBES (2018b) In: Archer E, Dziba L, Mulongoy KIJ et al (eds) The IPBES regional assessment report on
biodiversity and ecosystem services for Africa. IPBES secretariat, Bonn, Germany

IPBES (2019) In: Diaz S, Settele J, Brondizio ES et al (eds) Summary for policymakers of the global assess-
ment report on biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services. IPBES secretariat, Bonn, Germany

Kitzel R (2008) Klimawandel—Zur genetischen und physiologischen Anpassungsfihigkeit der Waldbau-
marten. Arch Forstwes Landschaftsokol 42:9-15

@ Springer


https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:31992L0043%26from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:31992L0043%26from=EN
https://doi.org/10.1371/journal.pbio.0040277
https://ec.europa.eu/commission/presscorner/detail/en/ip_21_412
https://ec.europa.eu/commission/presscorner/detail/en/ip_21_412
https://doi.org/10.1080/1523908X2010505417
https://doi.org/10.1080/1523908X2010505417
https://doi.org/10.5169/seals-306965
https://doi.org/10.1007/s10342-009-0330-2
https://doi.org/10.1111/ddi.12892
https://doi.org/10.1007/s10841-014-9632-x

Biodiversity and Conservation (2022) 31:1909-1926 1925

Keupp H, Koch R, Schweigert G, Viohl G (2007) Geological history of the Southern Franconian Alb—
the area of the Solnhofen Lithographic Limestone. Neues Jahrb Fiir Geol Und Paldontol-Abhandlung
245(1):3-21. https://doi.org/10.1127/0077-7749/2007/0245-0003

Kuhn M (2008) Building predictive models in R using the caret package. J Stat Softw 28(5):1-26. https://
doi.org/10.18637/jssv028i05

Lawson CR, Hodgson JA, Wilson RJ, Richards SA (2014) Prevalence, thresholds and the performance
of presence-absence models. Methods Ecol Evol 5(1):54—64. https://doi.org/10.1111/2041-210X1
2123

Leuschner C, Ellenberg H (2017) Ecology of central European forests. Springer

Lindgren PM, Sullivan TP (2012) Response of plant community abundance and diversity during 10
years of cattle exclusion within silvopasture systems. Can J for Res 42(3):51-462. https://doi.org/
10.1139/x2012-003

Louppe G, Wehenkel L, Sutera A, Geurts P (2013) Understanding variable importances in forests of ran-
domized trees. In: NIPS’ 13 proceedings of the 26th international conference on neural information
processing systems, vol 1, pp 431-439

LWF (2012) FFH-Monitoring im Totalzensus der Wald-Lebensraumtypen 91TO ,Mitteleuropidische
Flechten-Kieferwilder* und 91U0 ,,Kiefernwilder der sarmatischen Steppe* in Bayern

Manel S, William C, Ormerod S (2001) Evaluating presenceabsence models in ecology: the need to
account for prevalence. J Appl Ecol 38:921-931

Marcot BG (2012) Metrics for evaluating performance and uncertainty of Bayesian network models.
Ecol Model 230:50-62

Marozas V, Augustaitis A, Armolaitis K, Kliucius A, Pilkauskas M (2014) Effects of planted European
beech on the understory in Scots pine forests of Lithuania. IForest 7:12—18. https://doi.org/10.3832/
ifor0695-007

Martinez I, Gonzalez-Taboada F, Wiegand T, Camarero J, Gutiérrez E (2012) Dispersal limitation and
spatial scale affect model based projections of Pinus uncinata response to climate change in the
Pyrenees. Glob Change Biol 18(5):1714-1724. https://doi.org/10.1111/j.1365-2486.2012.02660.x

McKenna D, Naumann S, McFarland K et al (2014) Literature Review, the ecological effectiveness of
the Natura 2000 Network ETC/BD report to the EEA

McPherson J, Jetz W, Rogers D (2004) The effects of species’ range sizes on the accuracy of distribution
models: ecological phenomenon or statistical artefact? J Appl Ecol 41(5):811-823. https://doi.org/
10.1111/j0021-8901200400943x

Meusel H, Jager E, Weinert E (1965) Vergleichende Chorologie der Zentraleuropdischen Flora. Gustav
Fischer, New York

Meyer RKF (1972) Stratigraphie und Fazies des Frankendolomits (Malm) 1 Teil: Nordliche Frankenalb.
Erlanger Geol Abh 91(28):99

Muscolo A, Settineri G, Bagnato S, Mercurio R, Sidari M (2017) Use of canopy gap openings to restore
coniferous stands in Mediterranean environment. [Forest-Biogeosci For 10(1):322-327. https://doi.
org/10.3832/ifor1983-009

Nollau G (1989) Geologie der Frinkischen Alb: Kenntnisstand und Probleme. In: Tichy F, Gommel R
(eds) Die Frinkische Alb. Degener, Hanover

Osem Y, Fogel T, Moshe Y, Ashkenazi M, Brant S (2017) Understory structure and function following
release from cattle grazing and overstory thinning in Mediterranean conifer plantations. Ann For
Sci 74:1. https://doi.org/10.1007/s13595-017-0622-5

Peirce CS (1884) The numerical measure of the success of predictions. Science 4(93):453-454. https://
doi.org/10.1126/sciencens.493453.a

Philipp C (2019) Modeling dolomite pine forest distribution in the Franconian Jura: Approach to predict
the occurrence of a relict, species-rich forest type in small scale resolution. Master Thesis, Univer-
sity of Bayreuth

Pyhijiarvi T, Kujala S, Savolainen O (2019) 275 years of forestry meets genomics in Pinus sylvestris.
Evol Appl 13:11-30

Rebel K (1920) Streunutzung, insbesondere im bayerischen Staatswald. Diessen vor Miinchen

Savolainen O, Kujala ST, Sokol C et al (2011) Adaptive potential of northernmost tree populations to
climate change with emphasis on Scots Pine (Pinus sylvestris L). J Hered 102(5):526-536. https://
doi.org/10.1093/jhered/esr056

Seibold S, Gossner MM, Simons NK et al (2019) Arthropod decline in grasslands and forests is associ-
ated with landscape-level drivers. Nature 574:671-674

Seidel H, Menzel A (2016) Above-ground dimensions and acclimation explain variation in drought mor-
tality of Scots Pine seedlings from various provenances. Front Plant Sci 7:1014. https://doi.org/10.
3389/fpls.2016.01014

@ Springer


https://doi.org/10.1127/0077-7749/2007/0245-0003
https://doi.org/10.18637/jssv028i05
https://doi.org/10.18637/jssv028i05
https://doi.org/10.1111/2041-210X12123
https://doi.org/10.1111/2041-210X12123
https://doi.org/10.1139/x2012-003
https://doi.org/10.1139/x2012-003
https://doi.org/10.3832/ifor0695-007
https://doi.org/10.3832/ifor0695-007
https://doi.org/10.1111/j.1365-2486.2012.02660.x
https://doi.org/10.1111/j0021-8901200400943x
https://doi.org/10.1111/j0021-8901200400943x
https://doi.org/10.3832/ifor1983-009
https://doi.org/10.3832/ifor1983-009
https://doi.org/10.1007/s13595-017-0622-5
https://doi.org/10.1126/sciencens.493453.a
https://doi.org/10.1126/sciencens.493453.a
https://doi.org/10.1093/jhered/esr056
https://doi.org/10.1093/jhered/esr056
https://doi.org/10.3389/fpls.2016.01014
https://doi.org/10.3389/fpls.2016.01014

1926 Biodiversity and Conservation (2022) 31:1909-1926

Silva V, Catry FX, Fernandes PM et al (2019) Effects of grazing on plant composition, conservation
status and ecosystem services of Natura 2000 shrub-grassland habitat types. Biodivers Conserv
25(5):1205-1224. https://doi.org/10.1007/s10531-019-01718-7

Steffen W, Richardson K, Rockstrom J et al (2015) Planetary boundaries: guiding human development
on a changing planet. Science 347:1259855

Taeger S, Fussi B, Konnert M, Menzel A (2013) Large-scale genetic structure and drought-induced effects
on European Scots pine (Pinus sylvestris L.) seedlings. Eur J Forest Res 132:481-496

Thuiller W, Lafourcade B, Engler R, Aratijo MB (2009) BIOMOD—a platform for ensemble forecasting of
species distributions. Ecography 32(3):369-373. https://doi.org/10.1111/j1600-0587200805742x

Vera F (2000) Grazing ecology and forest history. CAB International, Wallingford

Vidakovié¢ M (1991) Conifers: morphology and variation. Graficko Zavod Hrvatske, Zagreb

Winkel G, Blondet M, Borrass L et al (2015) The implementation of Natura 2000 in forests: a trans- and
interdisciplinary assessment of challenges and choices. Environ Sci Policy 52:23-32

Zenneck W (1960) Der Veldensteiner Forst Eine forstgeographische Untersuchung. Erlanger Geographische
Arbeiten, Oxford

Zweig M, Campbell G (1993) ROC plots a fundamental evaluation tool in clinical medicine. Clin Chem
39(4):561-577

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1007/s10531-019-01718-7
https://doi.org/10.1111/j1600-0587200805742x

	European Union’s Natura 2000 network: an effective tool for nature conservation? The relic pine forests of the Franconian Jura
	Abstract
	Introduction
	Materials and methods
	Study area
	Location
	Geology
	Topography and climate

	Vegetation records
	Data analysis

	Results
	RF model of the historical distribution of pine forests on dolomite before 1950
	Forest loss

	Discussion
	Pine forest loss since 1950
	Impact on biodiversity
	Pine forests on dolomite under climate change
	Perspectives for nature conservation

	Acknowledgements 
	References




