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In light of European and international mandates to protect natural areas in order to preserve biodiversity, all unused or abandoned areas
become invaluable resources. We examined the botanical and structural diversity of post-mining areas and surrounding landscapes
across four major mining regions in Germany over a year-long study. We categorized our 66 study transects over 24 mining sites based
on their structure and usage. Our results indicate that the vascular plant richness in restored post-mining landscapes is significantly
higher than in the undisturbed, surrounding area. This research emphasizes the importance of these disturbed landscapes for Red List
species and of recovering gypsum-mining sites in Germany for the protection of biodiversity. We also expose the strong effect of man-
agement in the value development of these areas, with particular importance being placed on rewilding and restoration projects as effec-
tive techniques to increase the nature conservation value of abandoned sites.
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Implications for Practice

e The trends observed in rewilded and restored areas have
important implications for future management plans,
especially those focused on maximizing the preservation
and promotion of floristic and faunal biodiversity. We
recommend the following:

e [ong-term management plans are not strictly neces-
sary for restoration areas (given back to agriculture or
forestry), but they are essential for rewilding areas.

e Regular mechanical disturbance impulses should be
applied in a mosaic pattern every 3-5 years, using
grazing animals, brush cutters, or heavy tillage
machines (topsoil removal/tearing up).

e After the dismantling of a (partial) extraction area, a
large variety of structures with steep walls, shallow
water, piles of rubble, and stone slabs should be
constructed.

e For the development of biodiversity, rewilding is pref-
erable to restoration.

Introduction

The annual global production of gypsum in 2023 was approxi-
mately 160 million metric tons (USGS 2024). Germany ranks
as the second largest producer of gypsum in Europe
(USGS 2024), with over 5 million tons of gypsum and anhydrite
mined there in 2023, valued at around €54 million (Baier
et al. 2021). Gypsum has a long history of use as a building
material due to its proximity to raw material sources, fire-
resistant properties, and ease of processing (Arendt 2001). It
has been used for construction, interior plastering, and artistic

purposes like stucco work and sculpture in Germany since the
early Middle Ages (Zekert 1938; Scheidegger 1990).
Germany’s gypsum deposits are estimated to be between
210 and 110 million years old (Schulmeister 1998, Paul 2014).
Although their chemical compositions vary, resulting in differ-
ent geological structures, the most commonly mined form of
gypsum is “massive” gypsum. Presently, most natural gypsum
in Germany is extracted from surface quarries, but Germany is
also a significant producer of synthetic gypsum. The construc-
tion sector boom since the 1980s has increased the demand for
mineral raw materials, particularly stone and earth materials
sourced domestically (Baier et al. 2021). Flue gas
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Plant diversity in rehabilitated gypsum quarries

desulfurization (FGD) systems in brown coal-fired power plants
have helped meet this demand by producing FGD gypsum.
With stricter environmental regulations and the phase-out of
coal-fired power generation, a gypsum shortage is expected by
2030. Few remaining natural gypsum deposits in Germany are
approved for mining, and they are unlikely to meet future indus-
try and construction demand once FDG gypsum is no longer
produced (Baier et al. 2021; Hoding et al 2021). Adaptation
strategies from the stone and earth industries, including material
flow management, recycling, alternative uses, and reuse of min-
ing areas, are necessary (Arendt 2001; Lorite et al. 2021; Khater

et al. 2003; Martins et al. 2020; Rehounkovd et al. 2020). These
strategies should consider the economic and environmental cir-
cumstances and aim to be climate- and biodiversity-resilient
(Escudero et al. 2015; Corlett & Tomlinsson 2020; Luzuriaga
et al. 2020; Mota et al. 2021). The gypsum mining industry also
bears responsibility for interventions in cultural and natural
landscapes and biodiversity (Martins et al. 2020). As habitat
fragmentation and destruction continue globally (Bonn & Pos-
chlod 1998; Caballos et al. 2020; EEA 2020; Cowie
et al. 2022), this role becomes increasingly crucial. While
expanding gypsum quarries pose a threat to naturally occurring
habitats, properly managed post-mining landscapes can serve as
important conservation tools and hotspots of species richness in
the surrounding agricultural landscape.

Quarries and raw material extraction areas provide unique
bare soil environments in landscapes (see Fig. S1) typically
dominated by closed vegetation cover (Poschlod 1997; Pos-
chlod & Trinkle 1997; Schulmeister 1998; von HeBSberg 2022).
Since there are now few naturally occurring areas of gravel or
fine material along riverbanks in Central Europe
(de Acosta 2018; Miiller 2020), quarries, with their diverse
raw soil habitats and primary succession areas (Fig. S1), often
represent the last large-scale refugia for these specialists (von
HeBberg 2003; Gilcher & Trinkle 2005). Many specialized,
often poorly competitive plant species, including some Red List
species (Finck et al. 2017; Metzing et al. 2018), depend on these
open areas (Poschlod 1997). The few near-surface gypsum
deposits in Germany are additionally valuable for nature conser-
vation as they provide a starting substrate for the development of
specialized “gypsum flora” or “Pannonian steppe flora” habitats
(with plant species like Adonis vernalis, Scozonera purpurea,
Astragalus danicus, Euphorbia segueriana). This relict vegeta-
tion is often only found in areas with slightly disturbed (i.e., by
short-term sheep grazing), near-surface gypsum, such as “semi-
natural dry grasslands and scrubland facies on calcareous sub-
strates” (EU habitat type 6210) in Lower and Middle Franconia
(Raab et al. 2002; Raab & Reimann 2013), east Wiirttemberg
(Raab et al. 2002), and southern Harz (Schonfelder 1978; Sei-
fert & Etges 2005; Finck et al. 2017). Raw material habitats with
their raw soil environments play a crucial role in the establish-
ment of pioneer grasslands with species from dry grassland hab-
itats (Poschlod 1997; Palacio et al. 2007; von Hef3berg 2022).
These habitats also form important refugia for arable flora
(“segetal flora”), one of the most threatened plant groups in
our cultural landscape (Stumpf & Offenberger 2018; Bergmeier

et al. 2021). The large-scale industrial gypsum mining has
emerged in recent decades in areas where gypsum was easily
accessible close to the surface. Gypsum mining areas are there-
fore often close to rare dry steppe grasslands.

Their abandonment or management, after mining cessation,
provides us with a perfect study design to investigate recovery
from disturbance in these environments. Typically, once an
extraction site has been exploited, the volume is filled with
uncontaminated excavated soil from other construction sites,
and the original topsoil deposited next to the extraction site
is applied as the top layer of soil. This process is called back-
filling and is usually done to return the extraction site to its
previous agricultural use. The landowner decides on post-
extraction management, and since many of the extraction
sites are leased areas, the decision is up to local communities
or private individuals. In the case of areas purchased by
quarries, it is much easier to allow rewilding instead of resto-
ration. Both situations present us with opportunities to
observe successional processes after disturbance.

Ecological changes (disturbances) usually take place as sin-
gular events: disruptions that are clearly constrained in time
and space. The sum of these disturbances acts as a disturbance
regime, which shifts the ecological network and allows existing
elements to morph and new elements to emerge, thus enabling
dynamic stability in ecosystems (Jentsch et al. 2019). Nature
possesses a wide range of response mechanisms to disturbance
events, allowing it to restore dynamic landscape sections to their
original state or to establish new species and structural configu-
rations (von Hefberg & Jentsch 2022). There is ongoing debate
about the relationship between species richness and ecosystem
functions. However, it is generally agreed that the loss of species
leads to a decrease in ecosystem functions. Conversely, ecosys-
tem functions can be enhanced by increasing habitat heterogene-
ity and species richness through external factors, such as
reintroducing mechanical disturbances, fires in areas with histor-
ical fire regimes, or rehabilitating areas through seeding native
species and removing invasive species (Tilman et al. 2014;
Frank 2022; Hong et al. 2022; Spangenberg 2023).

The extraction of deposits is influenced by the geological
thickness, accessibility, and therefore economic efficiency
of extraction: thus, limited in space and time. After the cessa-
tion of mining activities, a variety of possibilities arise for
restoration (e.g., to agricultural or forested areas) or rewild-
ing, allowing rare steppe species to migrate into these second-
ary habitats and to stabilize or expand their populations
(Gilcher & Bruns 1999). Due to this, future mining areas will
be included in the regional development strategies of the fed-
eral states for nature conservation and the biodiversity strat-
egy (Rademacher & Hoffeins 2008). The rewilding or
restoration of mining areas is now mandatory in all federal
states (Martins et al. 2020), and the implementation of global
agreements is mandatory for the gypsum industry in Germany
(Bundeskabinett 2020; EEA 2020). What is missing in
Germany, however, is scientific literature on the economic
evaluation of gypsum-mining ecosystems and their post-
mining landscapes (Lorite et al. 2021).
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Plant diversity in rehabilitated gypsum quarries

As a first step to fill this gap, we look to study the impact of
gypsum mining in Germany on vascular plant richness by ana-
lyzing post-gypsum mining landscapes. We are convinced that
this study can provide a foundation for future research because
no scientifically independent studies on the ecological status of
German gypsum mining sites have been conducted. We asked
the following research questions:

(1) How species-rich are gypsum post-mining landscapes com-
pared to the surrounding areas?

(2) How does the age of gypsum post-mining landscapes relate
to their floristic species richness?

(3) How does habitat heterogeneity affect the species richness
of these landscapes?

Methods

Site Description

Gypsum deposits worth mining in Germany are located in the
regions of Lower Saxony, Hesse, Thuringia, Bavaria, and
Baden-Wiirttemberg (Schoneich 1991) (Fig. 1). We included
the following subset of regions in our investigations: southern
Harz, northeast Hesse, Lower and Middle Franconia (Bavaria),
and eastern Wiirttemberg. In each of these regions, four to five
mining areas were selected for vegetation mapping. Natural pro-
tected areas (NPAs) with clear gypsum-dominated vegetation
communities in the surrounding landscape were also selected
as investigation sites. We did not take into consideration the
companies operating in the areas for our analysis. The selection
of the study areas and NPAs was done to be able to form a
chrono sequence using the plant data collected on species rich-
ness in a proxy time series (“space for time” concept).

All study areas were classified by land use category: mining
dumps (continuously but partly disturbed topsoil dumps),
rewilding, restoration, NPAs, and expansion areas (Table 1).
While grazed areas were present, they only occurred in two
rewilding areas and one NPA and were thus excluded from fur-
ther analyses (Fig. S2). NPAs with near-surface gypsum were
not always available near the mining areas for comparison. For
safety reasons, no mapping was carried out in active mining
areas and on very steep slopes. Age (since cessation of mining)
for each respective area was provided by the mining companies
and, when this data was not available, was estimated based on
the present vegetation.

Areas characterized as “expansion” land use areas (see
Table 1 for a definition of each land use category) are covered
with either permanent grassland or managed forest. Since no
precise age could be determined for these areas, we used an
approximation of 100 years. These expansion areas are clus-
tered on the right edge of Figure 3 and serve as a measure of
the species richness beyond the mining areas, in the environ-
mental matrix, as a reference for climax vegetation in each
region. We examined three NPAs, which could also not be
assigned a fixed successional age and were set to 50 years to
serve as comparison points for the typical gypsum steppe
vegetation.

Landscape and Vegetation Mapping

In each site we used planar structural mapping to delineate each
structural class present (see Fig. 2 for structural classes and an
example map). We then performed two vegetation surveys
(spring and summer of 2022) along a 10-m-wide line transect
through each study area so that the maximum length or width
of the respective area was covered (Trinkle & Poschlod 1994;
Friedel et al. 2008). In this way, the saturation area of the
species-area curve was always reached long before the transect
was finished. Using the GPS-fixed transects, we created a list
of all vascular plant species for each study area. Care was taken
to use the most current nomenclature according to the TRNS
database (Boyle et al. 2013).

We quantified the structural diversity as the number of differ-
ent structural elements per area: we mapped the landscape in
each area landscape on coarse grids, entering landscape ele-
ments and biotope types, giving priority to those that occupied
a significant proportion of the total mapping section of the min-
ing area (up to a maximum of 500 m outside the company pre-
mises, even if the predominant biotope type was not present
there). Examples of mapped elements include rock walls, rubble
heaps, water areas, bank areas, raw soil areas, bushy areas, for-
ests, and piles of topsoil (removed from mining areas)—see
Figure 2.

We recorded a total of 66 transects ranging from about
50 m to 300 m in length. The number of habitats intersected
was correlated with the average number of species (richness
of vascular plant species) in each transect (Fig. 5). This meth-
odology allows us to record approximately 50-70% of the
vascular plant species effectively occurring in an area
(Friedel et al. 2008). The transect dataset was tested for the
dependence of the number of plant species (species richness)
on different succession ages. The entire dataset was tested
(5,343 individual entries) to understand if species numbers
correlated with the area sizes of the transects.

The data were evaluated using MS Excel 16.0 and “R-Studio”
running R version 4.2.1.

The spatial analysis and representation of the structural map-
ping was carried out using QGIS Desktop 3.16.14. With the help
of aerial photographs and transect data, we calculated the area of
each vegetation type for all study areas. When combining the
individual data sets, vegetation units of similar age were
adjusted to ensure better comparability.

Results

A total of 66 transects across 26 study areas covering over
11 km in length were surveyed twice in 2022 in four major
regions of Germany. In total, 657 vascular plant species (includ-
ing Achillea setacea, Leonurus cardiaca, Onobrychis viciifolia)
and 75 moss species (including Aloina aloides, Preissia quad-
rata, and Encalypta vulgaris) were recorded. The complete spe-
cies list is provided in Table S1. The complete dataset of all
mappings consists of 5,343 entries for vascular plant species.
Of these, only 13% (87 species) are woody plants (including
Acer campestre, Cornus mas, Ulmus minor). A total of 25% of
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Figure 1. Map of gypsum deposits in Germany (modified from BdG 2006). The exact location of the study sites will remain unpublished to maintain the

anonymity of the collaborating parties.

the species are wind-pollinated (including Briza media, Koe-
leria pyramidata, Stipa pennata) and 75% are insect-pollinated
(including Carduus nutans, Melampyrum pratense, Veronica
teucrium). Finally, 5% (33) of the plant species are classified
as neophytes (including Acer negundo, Laburnum anagyroides,
Syringia vulgaris).

Only 5% of the 66 transects were in NPA land use areas,
while 47% of them were rewilding areas (Table 1). The total
mapped area of all transects was approximately 120,000 m?
with an average area size of the 66 study transects (each 10 m
wide) of 1,800 m? (£ 860 m?). An average of 75 vascular plant
species (= 12) were mapped per transect.
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Table 1. Classification of the mapped transects within all recorded gypsum extraction sites into five land-use categories and their descriptions.

Land-Use Category

Description % Share of Transects

Mining dumps (0-3 years old)

Areas on which the first initial succession processes (usually up to 3 years 3

old) can take place—usually topsoil dumps.

Rewilding (3-99 years old)

Passively renatured mining area with a proportion of bare raw soil or rock 47

rubble. Free, un-aided succession, with no topsoil addition or planting

(see Fig. S2).
Restoration (3-99 years old)

Areas where succession has been specifically controlled or accelerated 29

through management measures, for example by applying fertile topsoil,
planting trees and shrubs or sowing ground-covering herbaceous
vegetation. Actively restored mining area.

Natural protected areas
(NPA) (50 years or older)

The examined NPAs that contain gypsum rock close to the surface are 5
located in the immediate surroundings of active mining areas and

represent an important part of the environmental matrix in terms of the
species pool. They are refuges for rare species and specialized species
communities in the gypsum landscape and starting areas for spread to

nearby mining areas.
Expansion areas (100 years or older)

Areas that will be available for gypsum mining in the next few years and for 17

which there are mining permits. These areas, together with the NPAs,
form the areas of the environmental matrix that support the species pool.
Varied habitat structures: forests used for forestry purposes; agriculturally
used fields or meadows; components of the cultural landscape. Used as
the starting point for species diversity comparisons with post-mining

sites.

The total richness of 657 vascular plant species across all
mapped sites is unevenly distributed across the five land use cat-
egories, with rewilding areas being the most diverse with
523 vascular plant species. NPA and expansion areas each had
about half as many species (262 and 271, respectively), while
restored areas were middlingly diverse with 389 recorded spe-
cies (Fig. 3). The areas on active mining dumps had a much
lower species richness than the other sites (97 species). It seems
that post-mining landscapes harbor more species richness than
their surrounding areas. This trend is also present in the number
of uniquely occurring species in each land use category. Here
too, the rewilding areas have a higher number of species com-
pared to the NPA and expansion areas (94, 17, and 21 species,
respectively). The restoration areas, again, bridge the difference
with 52 unique species. Accounting for the unequal sample size
of some of the categories, we found no species—area dependence
within our dataset.

In order to identify a possible regional effect in the study
results, we also broke down the richness of each land use cate-
gory into the four German bioregion study areas (Fig. 4). In
the rewilding category, the number of species in Lower/Middle
Franconia (356 species) is significantly higher than in the areas
of East Wiirttemberg (188) and Northeast Hesse (237). The area
in Southern Harz also has a slightly lower richness (307). In the
restoration category, the richness in East Wiirttemberg is signif-
icantly higher at 256 than in the other three areas. In the NPA
and expansion categories, the regional differences are not as
pronounced.

Of the 657 mapped vascular plant species, 84.6% (557 spe-
cies) are listed as not endangered or lack an entry in the German
Red List. A total of 15% (100 species) of the mapped vascular
plant species have an endangered status (Fig. 5); 64 species

(9.7%) are near threatened (vulnerable); 30 species (4.6%) have
aRed List status 3 (endangered e.g., Astragalus danicus, Adonis
vernalis); and 7 species (1.1%) have an RL 2 status (highly
endangered) (Astragalus arenarius, Carex dioica, Leonurus
cardiaca, Ranunculus reptans, Scorzonera purpurea, Teucrium
scordium, Trifolium ochroleucon); for selected pictures see
Figure S3. Even considering only the species listed as endan-
gered, highly endangered, and threatened with extinction
(RL 3 to RL 1), the rewilding areas in Lower/Middle Franconia
and southern Harz represent refugia for certain species (Fig. 4).
This is further supported by the significantly higher number of
RL species in the mapped rewilding areas compared to
NPAs (Fig. 4).

The richness in rewilding and restoration areas peaks around
15 years after mining activity cessation (YAC) (Fig. 6). This
maximum is reached slightly earlier in the restoration areas
(approximately 10 YAC) and then levels off faster than in the
rewilding areas.

In just over half of the cases (37 of 66), the transect only inter-
sected one structural element (see Fig. 2), while a few transects
intersected up to 10 structural elements (see Fig. 2 for an exam-
ple transect crossing five different structural elements). We
found that the average number of species present, vascular plant
species richness, was positively related to the number of struc-
tural elements intersected by the respective transect (Fig. 7).

Of the eight transects with five or more intersected habitat
structures, only one was in a restoration area— the remaining
seven were split between rewilding areas and NPAs (6 and
1, respectively). Of the 37 transects with only one habitat struc-
ture, 13 were in rewilding and restoration areas. The number of
species thus seems to depend on the heterogeneity of the land-
scape rather than the land use category.
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Figure 2. Example sketch of a mining site with a selection of mapped landscape structures and the 10 m wide sampling transect laid through the area.

In our study areas, uniform landscapes with a low number of
structural elements support a low number of plant species.
Among the eight transects with more than five different habitat
structures, only one transect did not contain water, while in tran-
sects with four or fewer habitat structures, only one transect
intersected a water body. This shows the importance of the cre-
ation of water areas, as they can relatively easily increase struc-
tural diversity in post-mining landscapes for the floristic (and
faunistic) species richness that develops there.

Discussion

Habitat fragmentation and destruction are on the rise globally
(Bonn & Poschlod 1998; Caballos et al. 2020; EEA 2020; Cowie
et al. 2022), even with the rising understanding of the importance
of biodiversity for ecosystem functioning. Given these circum-
stances, any degraded area can be seen as a potential conservation
target. Gypsum extraction areas, in particular, can provide an
important opportunity for conservation. Their raw soil environ-
ments can play a crucial role in the establishment of pioneer

grasslands with species from dry grassland habitats
(Poschlod 1997; von Heflberg 2022) and form important refugia
for arable flora (Stumpf & Offenberger 2018; Bergmeier
etal. 2021). A firm scientific understanding of the effects of differ-
ent restoration practices in post-mining landscapes in Germany has
yet to be developed, though. Here we try to fill that gap, focusing
on species richness, successional dynamics, and habitat structure.
Post-mining landscapes are often considered suitable only for
ruderal vegetation common in the surrounding area rather than
botanical highlights or rare Red List species. However, as we
observe, these landscapes act as refugia for many Red List spe-
cies (similarly reported by Mota et al. (2004) and Mota
et al. (2021) for landscapes on the Iberian Peninsula, and
Konig (2017) for the Pomeranian Islands). Ruderal species,
though, while often referred to as “everyday species,” also play
an important role in biodiversity and trophic interactions and
should not be overlooked. Not only are they a valuable food
source for many pollinators and herbivores; they are also
becoming increasingly rare on agricultural land due to intensi-
fied use (e.g., Pinke et al. 2011; Feledyn-Szewczyk et al. 2019).
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Figure 3. Distribution of Red List species by category in the four land-use
types (category “mining dump” is excluded here). The black numbers
represent the total number of species.

The landscape surrounding these gypsum quarries is domi-
nated by land used for agriculture or forestry that has been
anthropogenically molded several times in recent centuries,
yielding a high level of biodiversity in the cultural landscape
of central Germany. Many species, both vegetable and animal,
native to hedgerows and species-rich hay meadows are being
increasingly pushed into secondary habitats due to the

intensification of agriculture and its associated loss of biodiver-
sity (e.g., Graham et al. 2018). As a result, the post-mining land-
scapes we surveyed, as habitats for these hedge and meadow
species, represent important refugia for a wide range of species
groups and communities, including birds such as Lanius col-
lurio, reptiles such as Lacerta agilis, amphibians such as Alyftes
obstetricans, insects such as Papilio machaon, spiders such as
Argiope bruennichi, and mollusks such as Helix pomatia.

Our surveys indicate that these areas are not only richer in
species than the surrounding agricultural areas; they also host
a higher species richness than protected and forested areas in
their vicinity. This highlights the potential that well-managed
post-mining landscapes have for conservation purposes. We
suggest that this is likely driven by two factors: succession and
habitat diversity.

Succession in Iberian gypsum quatries has been studied quite
extensively (e.g., Mota et al. 2004; Cafiadas et al. 2015; Mota
et al. 2021 to name a couple) and spontaneous succession has
been observed in most cases. We observe a similar phenomenon
in our sites, following a shorter timeline likely due to climatic
factors, with the cessation of disturbance caused by the mining
machines being followed within the first growing season by
the establishment of a pioneer flora. As succession progresses,
often within the second year, these pioneers are replaced by
perennial ruderal shrubs (e.g., Crataegus spec.) and grasses
(e.g., Arrhenatherum elatius). The first woody plants appear
within the first 3 years (e.g., Pinus sylvestris, Betula pubescens,
Salix spec., Alnus glutinosa, Euonymus europaeus, Viburnum
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Figure 4. Sub-division of the distribution of Red List species by category in the five land use types by the four mining regions. The black numbers represent the

total number of species in these four utilization categories.
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Figure 5. Percentage distribution of the protection status of all 657 mapped vascular plant species based on their German Red List (RL) classification and four of

these RL species with their respective Red List protected class in brackets under the scientific name.
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Figure 6. Distribution of the number of vascular plant species in the 66 study transects as a function of plot age (number of years after the end of active gypsum

mining or soil movements).

spec., Prunus spec., Populus spec.). The number of plant species
in the sampled post-mining landscapes increases with increasing
age of succession (which supports both experiments on the

Iberian Peninsula by Mota et al. (2023) and observations in the
Pomeranian Islands by Konig 2017). The accelerated tree suc-
cession we observed in restoration areas is likely due to the
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Figure 7. The average species richness by number of intersected habitats of
each transect (see list of habitats in Fig. 2).

application of topsoil and the planting of young trees, following
findings of work by Ballesteros et al. 2012.

Currently, post-mining landscapes in Germany are most fre-
quently either restored or rewilded. In the former scenario, areas
destined for agriculture or forestry are restored and actively
managed, with a pattern of frequent disturbance (e.g., biomass
harvest, sheep grazing). In the latter case, the areas are returned
to nature for free succession, which will tend towards a forested
“climax” state in the absence of external disturbances. In both
cases, though more strongly in rewilded areas, we observe a tem-
poral evolution of species diversity across our sites consistent with
the classic distribution of species richness at different stages of suc-
cession. As competition for light, space, nutrients, and water
increases, much of the former ruderal vegetation disappears, and
shade-tolerant shrubs and forest species immigrate. This trend
mimics the curve defined by the intermediate disturbance hypoth-
esis (IDH; Connell 1978), which states that maximum species rich-
ness coincides with medium levels of disturbance.

While natural gypsum deposits are only found on a few cliffs
in the southern Harz region of Germany, in the other regions,
gypsum is naturally hidden under geological Keuper layers.
The few places in Germany where gypsum appears close to
the surface are in most cases of anthropogenic origin, namely
due to the extraction of gypsum since the early Middle Ages.
These areas have developed into sites with a low nutrient supply
and edaphic, seasonal dryness, enabling the specialized species
of the “Pannonian steppe flora” to grow with low competition
from the surrounding flora. These unique locations have histor-
ically been used primarily for grazing purposes, resulting in
ongoing nutrient depletion, and somewhat paradoxically the
maintenance of these steppe flora environments. A disturbance
regime is thus a crucial factor to include when creating manage-
ment plans.

We observe that managed post-mining landscapes with a
greater habitat richness support a greater number of plant
species. This mirrors results found in other ecosystems—
agriculture (see Benton et al. 2003), boreal forests (see Hekkala
et al. 2023), and even the deep ocean (Buhl-Mortensen

et al. 2010) where biodiversity increased with increased habitat
diversity, hinting that active management, not just successional
dynamics, is valuable to increase the conservation value of these
areas.

Large-scale mapping of the vegetation in the sites would
likely result in more extensive and perhaps precise species lists
and proper successional experiments (such as those run by Mota
et al. 2023), clearer successional trajectories. Our goal, outside
of merely describing the botanical communities in these areas,
was also to develop an efficient metric to measure gypsum-mine
recovery which could be replicated, without a hindering time
commitment, in any site. We leveraged the “space for time” con-
cept, selected areas, and defined transects to form a proxy time
series post-cessation. Working with transects, even if only
50% to 70% of vascular plant species actually occurring in an
area can be recorded (Friedel et al. 2008), improved efficiency
and comparability between sites. This permits us to provide a
general overview of the relationship between post-mining man-
agement and vascular biodiversity.

We conclude that the most important factor in the active man-
agement for biodiversity in these landscapes is a high diversity
of structures to create a variety of habitats. This can be done as
a last step after finishing the extraction of gypsum, but only in
agreement with the landowners. In light of the recent adoption
of the EU Nature Restoration Regulation, all degraded ecosys-
tems within the EU become opportunities to achieve the ambi-
tious targets set by the Environmental Council. The relatively
rare and highly biodiverse communities supported by gypsum
substrate combined with the large area these post-mining land-
scapes cover make these sites ideal targets for German conserva-
tion action. An improvement in goal communication between
companies, legislating bodies, other stakeholders of these sites,
and science needs to occur though if we are to prioritize these
areas for biodiversity conservation.
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