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Introduction: Abandoned military training areas are biodiversity strongholds, and
this is particularly true for open-habitat and threatened species in Central Europe.
Such species benefited from a specific disturbance regime created by military
activities that maintained small-grained environmental heterogeneity. However,
the disturbance regime no longer occurs after abandonment and the biodiversity
is at risk due to forest and shrub encroachment if the areas are left unmanaged. To
combat these adverse changes, several management options are used. As these
options are not always applied for conservation purposes and substantially differ in
their implementation, it is essential to assess their impacts on biodiversity.

Methods: We performed repeated standardized surveys (first in 2009–2010,
second in 2020–2022) of vascular plants, grasshoppers, butterflies and birds in
42 abandoned military training areas in Czechia, a Central European country. We
calculated changes of species richness and abundance between periods for each
taxon and related these changes to six different management types (woody plant
cutting, mowing for conservation, mowing for agriculture, grazing for
conservation, grazing for agriculture, vehicle movement) performed in these
areas between periods.

Results: Vascular plants and grasshoppers showed generally positive changes,
whereas the reverse was true for butterflies, and birds experienced mixed
changes. Although beta-diversity increased between periods in plants,
grasshoppers and butterflies, this increase was driven by extirpation of
common species. Management impacts greatly different between respective
types and between taxa. Woody plant cutting showed solely positive impacts
(on plants and grasshoppers), while the impacts of both types of grazing were
mixed (positive on plants and birds, negative on butterflies, mixed on
grasshoppers). Mowing for agriculture supported plants and birds but had
negative effects on grasshoppers. Mowing for conservation and vehicle
movement were linked solely to negative biodiversity changes (former in
plants, latter in butterflies).

Discussion: Some components of biodiversity, i.e. plants and grasshoppers,
indicate that abandoned military training areas still serve as their strongholds
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and the management most likely contributes to this favourable state. In contrast,
the pattern found for butterflies is worrying since themanagement performed up to
now apparently does not meet their requirements, likely because they are based on
smaller-scale habitat mosaic than currently occurs in the areas. Our results may
serve as a guide for future prioritization of environmental management, and we
urge for development of more nuanced approaches to save the butterflies.

KEYWORDS

vascular plants, grasshoppers, butterflies, birds, ecological succession, environmental
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Introduction

Biodiversity loss is one of the most serious global environmental
problems (Chase et al., 2020). Such losses, e.g., the “insect
apocalypse” (Goulson, 2019), could have pertinent impacts on
the functioning of trophic relationships, with the overlap into
human economy (Cardoso et al., 2020). In European lowlands,
this loss is particularly severe in open habitats that have been
maintained by extensive agriculture for millennia (Ellis et al.,
2021). Such habitats are a part of European cultural landscape
that is protected under the EU’s Habitats Directive in some
regions (Maes et al., 2012). Traditional management maintained
high species diversity in these landscapes including some Red List
taxa (Spulerova et al., 2017). Nowadays, open habitats are rapidly
deteriorating due to eutrophication, intensive agricultural use or, if
not managed, they become encroached by shrubland or forest
(Bardgett et al., 2021). It is therefore important to find solutions
on how to stop the further deterioration of the biodiversity of the
open habitats in Europe.

One solution is offered by the areas with exceptionally high
biodiversity of open habitat species. Such areas may serve as
regional biodiversity refuges—they maintain the level of regional
diversity in a plausible state and provide propagules for the potential
re-colonization of the surrounding landscape (Habel et al., 2013; Tropek
et al., 2013; Šálek et al., 2022). In this respect, abandoned military
training areas play an important role (Zentelis and Lindenmayer, 2015).
They have been widely recognized as regional open habitat biodiversity
refuges, supporting a high number of threatened species and showing
species richness values comparable to strictly protected nature reserves
(Reif et al., 2011;Čížek et al., 2013; Bušek and Reif, 2017). Conservation
of these biodiversity refuges is therefore of the utmost importance.

At the same time, abandoned military training areas are exposed to
various threats that have arisen after the end of military activity (Herčik
et al., 2014; Ellwanger and Reiter, 2019). Although these areas were
saved from transformation to intensive forms of cultural landscape for a
long time, they may recently face habitat loss due to construction
activities or conversion into intensively cultivated farmland, and the
quality of their open habitats may deteriorate due to changes driven by
ecological succession in the absence of management (Gaertner et al.,
2010; Dvořáková et al., 2023). Therefore, to secure the key role of
abandonedmilitary training areas in supporting European open habitat
biodiversity, it is important to implement the appropriate active
management in these areas.

Up to now, abandoned military training areas have experienced
several different management approaches. These include traditional
management measures such as cutting of shrubs and trees to create

open habitats and slow down the encroachment, as well as mowing
and cattle grazing to mitigate grassland eutrophication and suppress
nutrient-demanding competitive superior species (Ellwanger and
Reiter, 2019). In some areas, these management approaches are
carried out to obtain economic profit rather than for conservation
purposes (Wang et al., 2014), but it is possible that biodiversity may
still enjoys some benefits. Besides traditional management types,
novel approaches have recently been introduced. These include
semi-wild horse or cattle rewilding (Konvička et al., 2021;
Dvorský et al., 2022), and prescribed or free-range rides of off-
road and military vehicles (Jentsch et al., 2009). They may provide
different types of conservation benefits but their impact on different
taxa occurring in abandoned military areas remains unclear.
Therefore, knowledge of ecological impacts of respective
management types on the temporal biodiversity dynamics (sensu
Volery et al., 2023) is urgently needed.

To fill this knowledge gap, we explore a unique dataset based on
repeated biodiversity surveys in 42 abandonedmilitary training areas in
Czechia, a country in Central Europe. The surveys focused
simultaneously on multiple taxa that differ in their lifestyle and
trophic position: vascular plants—primary producers with low
vagility, being highly sedentary and responding slowly to
management (Diekmann, 2003); grasshoppers (species of the insect
order Orthoptera)—primary and secondary consumers and dietary
generalists, indicators of small-scale habitat changes (Fartmann et al.,
2012); butterflies—primary consumers and important pollinators,
short-lived species highly sensitive to changes in habitat quality
(Warren et al., 2021); birds—secondary consumers, long-lived
habitat generalists with high dispersal capacity (Fraixedas et al.,
2020). Simultaneous focus on such different taxa can provide a
complex insight into biodiversity responses to different types of
management (Hilty and Merenlender, 2000).

In the focal abandoned military training areas, we conducted a
baseline survey of the above-mentioned taxa in 2009–2010 (Reif et al.,
2011; Čížek et al., 2013) and repeated the survey using the same
methodology in 2020–2022. While the areas were unmanaged at
time of the first survey, the above-listed management approaches
were applied at multiple sites during the period between surveys. In
this study, we express the change in representation of the respective taxa
between surveys and relate these changes to the respective management
types. Since each of the focal taxa contains numerous species with
different ecological characteristics that may influence these relationships,
we define several ecological groups of species within each taxon.

The aim of this study is to examine the relationships between
biodiversity and different management approaches across taxa and
species groups. We predict that species richness of all taxa will
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increase between survey periods because management application
should create specific habitats that host unique species that elevate
species richness. We further predict that the management should be
most beneficial for species associated with open habitats across all
taxa because creating and conserving such habitats is a general
management target. In addition, we predict that the management
types conducted for conservation purposes should result in more
positive outcomes than the management types conducted for
economic profit. Finally, we predict that invertebrate taxa,
i.e., grasshoppers and butterflies, will be more responsive to the
management types applied in the focal military training areas than
plants and birds because invertebrates have faster life styles.

Materials and methods

Study area and study sites

We focused on 42 abandoned military training areas scattered
throughout Czechia (Figure 1), a central European country situated
in the northern temperate zone at the transition from Atlantic to
continental climate. The size of the areas varied from 21 to 351 ha
(mean 91 ha), and all were located at low to mid elevations
(200–625 m asl., mean 364 m). Our selection of the 42 areas used
in this study was based on their regional availability and forms a

representative sample of all abandoned military training areas in
Czechia (Reif et al., 2011).

The areas were used by the army until 1990s and then gradually
abandoned due to the downsizing of troops after the end of the Cold
War (Tagarev, 2004). Military activities created a heterogeneous
fine-scale mosaic of different habitats that were maintained by
disturbances (shell explosions, fires, rides of tanks and other
vehicles, movement of troops) that were variable in space and
time (Warren et al., 2007). After abandonment, the disturbance
regime ceased, and the habitats underwent changes due to ecological
succession (Skokanová et al., 2017). However, as previous
disturbances varied greatly within the respective areas, habitat
heterogeneity was still considerable even in 2009 (Čížek et al.,
2013) and included a wide range of successional stages from
sparsely vegetated bare ground (on the impacted sites being most
intensively used by the army) through grassland with varying
degrees of shrub encroachment, to woodland (on sites already
covered by woody vegetation at the time when the areas were
actively used for military training). Therefore, the areas retained
considerable biodiversity even 10–15 years after abandonment (Reif
et al., 2011; Čížek et al., 2013).

We mapped the habitat composition of each area prior to the
respective biodiversity surveys were conducted, i.e., in early
2009 and 2020, respectively, discriminating five major habitat
types: bare ground (sites where bare ground dominates over

FIGURE 1
Map of the surveyed abandoned military training areas in Czechia. Inset shows position of Czechia in Europe.
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herbaceous vegetation), grassland (sites dominated by herbaceous
vegetation without woody plants), sparse shrubland (sites where
grassland is encroached by shrubs and small trees but the woody
vegetation is discontinuous), dense shrubland (heavily encroached
sites consisting of continuous shrub stands), and forest (tall trees
with a continuous canopy). These habitat maps (1:2600) were used
in subsequent biodiversity surveys.

Biodiversity surveys

We surveyed four major taxa, i.e., vascular plants (hereafter
referred to as “plants”), species of the insect order Orthoptera
(“grasshoppers”), diurnal butterflies and burnet moths of
Zygaenidae family (“butterflies”), and birds in the respective
areas in 2009–2010 (first period) and 2020–2022 (second period).
The spread of the respective periods over several years was dictated
by our capacity to cover all taxa in all areas, with no annually
repeated surveys within each period. The respective taxa were
surveyed by trained experts to ensure correct identification of
individual species.

In both periods, survey techniques were kept the same to
facilitate comparability. At the same time, survey techniques
varied between taxa corresponding to their biological characteristics:

Plants were surveyed by visiting the respective major habitat
types (see their definitions above) in each area and recording the
presence of individual plant species (Čížek et al., 2013). The effort
was proportional to the size of the respective abandoned military
training areas (areas up to 50 ha were surveyed for 4 h, areas
50–100 ha for 8 h, areas 100–200 ha for 16 h, and areas larger
than 200 ha for 24 h), and the time spent by surveying the
respective habitat types in a given area corresponded to their
relative coverage in that area. For plant surveys, each area was
visited once during each period between June and August.

Grasshoppers were counted at regularly spaced points in each
area, and the number of points corresponded to the size of the area
(from 21 in the smallest area to 116 in the largest). Point locations
remained the same in both periods. In each of both periods, every
point was visited once between the mid-July and the end of August
at the time of the highest grasshopper diurnal activity (between 10:
00 and 17:00) under suitable weather conditions (warm sunny days
with no wind). Surveys combined two methods widely used for
grasshopper monitoring, i.e., sweeping (e.g., Racz et al., 2013) and
acoustic detections (e.g., McNeil and Grozinger, 2020). Specifically,
at each point, the observer made exactly 20 sweeps with a sweep net
followed by a 2-min long acoustic detection of stridulating
individuals. The records of both types of detections were
summed to obtain the number of individuals of each species at a
given point. These point-level data were then summed over the
entire abandoned military training areas in the respective periods.

Butterflies were recorded using repeated, time-limited visits
(sensu Kadlec et al., 2012). The effort during one visit
corresponded to the size of the abandoned military training area
(areas up to 25 ha were surveyed for 60 min, areas of 25–50 ha for
90 min, areas of 50–100 ha for 120 min, areas of 100–200 ha for
240 min, and areas larger than 200 ha for 300 min). In each period,
the visits were repeated five times in each area covering the entire
butterfly flying season from the end of April to the mid-September,

to record species with different phenology and activity phases. Visits
were conducted under suitable weather conditions (warm sunny
days with no wind) between 9:00 and 16:00. During each visit, the
observer surveyed all five major habitat types mentioned above
present in a given abandoned military training area by a slow zigzag
walk, and the time spent in the respective habitat types corresponded
to their relative coverage in that area. During this walk, all observed
species and their abundances were recorded. In the case of less
distinguishable species, individuals were captured with an insect net,
identified in hand, and released. Only in the case of species
complexes indeterminable based on external morphology
(accounting for a maximum of five individuals per habitat type
and visit), the captured individuals were euthanised and identified
later by genital dissection in laboratory.

Birds were surveyed during their breeding season using the spot
mapping technique (Bibby et al., 2000), in which the observer
walked slowly through the entire abandoned military training
area early in the morning (between 5:00 and 10:00) and recorded
every bird individual on a map. In each period, every area was visited
twice (firstly from the late April to mid-May, secondly from mid-
May to early June, with at least a two-week break between visits in an
area) to cover both early and late breeders. The maximum count of a
given species across the visits was considered to be its abundance in a
given abandoned military training area in a given period.

Ecological group definition for the
respective taxa

The perception of management approaches is likely to be
different for species with different ecological traits. To address
this issue, we defined several ecological groups of species for each
taxon based on literature information on species ecology
(plants—Chytrý et al., 2018; grasshoppers—Kočárek et al., 2013;
butterflies—Beneš et al., 2002; birds—Hudec and Šťastný, 2005;
Šťastný and Hudec, 2011). The groups were non-exclusive, i.e., a
species classified in one group can also be classified in another. These
ecological groups were delimited based on the position of species
along successional and wetness gradients (for all taxa) and along a
nutrient gradient (for plants) as follows:

Plants were sorted into 11 groups (Supplementary Table S1):
shade-dwelling species, light-dwelling species, and generalists in
respect to light conditions; hygrophilic species, mesophilic
species, xerophilic species, and generalists in respect to
wetness; nutrient-undemanding species, nutrient-demanding
species, nutrient-intensive species, and generalists in respect to
nutrients.

Grasshoppers were sorted into 5 groups (Supplementary Table S2):
open-habitat hygrophilic species, open-habitat mesophilic
species, semi-open/woodland-habitat mesophilic species, open-
habitat xerophilic species, and semi-open/woodland-habitat
xerophilic species.

Butterflies were sorted into 7 groups (Supplementary Table S3):
open-habitat hygrophilic species, semi-open/woodland-habitat
hygrophilic species, open-habitat mesophilic species, semi-open-
habitat mesophilic species, woodland-habitat mesophilic species,
open-habitat xerophilic species, semi-open/woodland-habitat
xerophilic species.
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Birds were sorted into 6 groups (Supplementary Table S4):
species of open-wetter habitats, species of semi-open-wetter
habitats, species of woodland-wetter habitats, species of open-
drier habitats, species of semi-open-drier habitats, species of
woodland-drier habitats.

In addition to the ecologically defined groups, we defined the
group of threatened species for each taxon as the species listed in the
currently valid national Red List (plants—Grulich, 2017;
grasshoppers and butterflies—Hejda et al., 2017; birds—Šťastný
et al., 2017) in the categories Near Threatened, Vulnerable,
Endangered or Critically Endangered.

Processing of biodiversity data

The data were processed at the level of individual military
training areas. For each taxon, we expressed the total number of
species recorded in each area in the respective periods. Similarly, we
expressed the abundance of the threatened species and the
abundance of the respective ecological groups for each animal
taxon. We decided to focus on the abundance data due to the
low number of species in some groups and due to a higher sensitivity
of abundance to environmental factors compared to the species
richness (e.g., Sutcliffe et al., 2014; Dornelas et al., 2023). For plants,
we used the number of species instead of abundance because data on
the number of individuals were not available for this taxon (see
above).

Although the identity of the abandoned military training
areas and the effort devoted to the surveys were kept the same
in both periods, the raw data were not fully comparable due to the
loss of some parts of several areas between periods. These parts
were inaccessible due to private construction activities without
the possibility to collect biodiversity data. To solve this problem,
we divided the raw biodiversity data (i.e., the number of species
or individuals of the respective taxa or their groups) by the size of
the surveyed area in each period in every abandoned military
training area. Therefore, all numbers of species or individuals are
further expressed as relative per hectare values. Since we were
interested in possible impact of the management on the change of
biodiversity, we calculated the change in these relative values
between periods for each abandoned military training area. The
change was calculated by subtracting the value in the first period
from the value in the second period. The resulting positive value
indicates an increase in the relative number of species or
individuals between periods, while the negative value indicates
a decrease. These changes between periods for the respective taxa
and species groups within taxa were used as response variables
for further analyses.

Management data

We distinguished the following six types of management that
were carried out in the focal abandoned military training areas
between the periods:

Woody plant cutting—removal of shrubs or trees from
grasslands or shrublands to reduce encroachment on open
habitats or to create new open habitat patches.

Mowing for conservation—extensive mowing of grasslands to
improve their quality for biodiversity (preventing encroachment by
woody plants, limiting nutrient demanding highly competitive plant
species, and promoting less competitive, stress tolerant plant species
and animals associated with extensively used grasslands).

Mowing for agriculture—mowing of grasslands to extract
biomass for hay or silage.

Grazing for conservation—extensive grazing by domestic (sheep,
cows) or semi-wild animals (Exmoor pony, European bison,
aurochs-like cattle) to improve the quality of open habitats for
biodiversity (creating bare ground patches, limiting nutrient-
demanding highly competitive plant species and promoting less
competitive stress-tolerant plant species and animals associated with
extensively used grasslands).

Grazing for agriculture—grazing by domestic animals (sheep,
cows) for agricultural production (meat, milk).

Vehicle movement—movement of civilian (motor bikes, off-road
cars, trucks) or military (tanks, troop carriers) vehicles to reduce
woodland encroachment on open habitats, to create bare ground
patches and to promote stress tolerant plant species and animals
associated with regrowth on such sites. This management type
included both prescribed (for conservation purposes) and free-
range rides due to their unclear distinction (e.g., some rides were
free under the supervision of conservation managers) and the
relatively small number of abandoned military training areas that
experienced this type of management.

The influence of each management type on each abandoned
military training area was expressed by two measures: i) the size of
the area where it was applied and ii) the number of years of application
(Table 1). The information on these measures was obtained from local
stakeholders, nature conservation authorities and a public land use
database (LPIS: https://eagri.cz/public/app/lpisext/lpis/verejny2/plpis/
). We then converted these numbers into relative values (from 0 to 1),
i.e., the coverage of a given abandonedmilitary training area by a given
management type and the proportion of years when this management
type was applied (relative to the number of years between periods).
For each abandoned military training area, these proportions were
multiplied by each other to obtain a single measure of “management
effort” for eachmanagement type, ranging from 0 to 1. The higher the
value, the larger the area where that management type has been
applied or the longer the period of its application in a given
abandoned military training area. These management effort scores
were used as explanatory variables in further analyses.

Statistical analysis

To assess changes in biodiversity between periods in the focal
abandoned military training areas, we fitted intercept-only linear
models (LM) for the change in the relative number of species or
individuals of respective taxa or species groups. These changes
illustrate the development of biodiversity over time (see above).
Since the abandoned military training areas are rarely located
randomly, and thus the location of the area may affect the
species distribution, we used Moran’s test using the ‘Moran.I’
function from the ‘ape’ package (Paradis and Schliep, 2019) to
test the residuals of each model for spatial autocorrelation. When
significant, we remodelled the relationship using generalized least
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squares models (GLS) using the ‘gls’ function from the ‘nlme’
package (Pinheiro and Bates, 2022). The spatial autocorrelation
structure was selected from linear, exponential, Gaussian, spherical
or ratio quadratic correlation structures, based on the Akaike
information criterion corrected for small sample sizes (AICc)
calculated by the ‘AICc’ function from the ‘MuMIn’ package
(Bartoń, 2022).

We then tested the effects of respective management types on the
observed biodiversity changes between periods. For each biodiversity
variable, i.e., the change in the relative number of species or
individuals of a given taxon or a given group of species within a
taxon, we fitted a separate LM or GLS relating this variable to the
respective management types (quantified as “management effort”, see
above) applied in individual abandoned military training areas. In
addition to the influence of management, changes in biodiversity
could be driven by the habitat structure of the area, or by interactions
between management and habitat structure. Habitat structure was
expressed as the relative cover of two habitat types, grassland and
sparse shrubland. Information on the relative cover of these types was
obtained by mapping of habitat composition in the abandoned
military training areas prior to the 2009 biodiversity survey (see
above). Although five habitat types were recognized during this
mapping, only the two above-mentioned types were selected for
the analysis based on results of the pilot modelling investigating
their non-independence and representation.

Ideally, all possible combinations of management type, habitat
structure and their interactions would be considered for each
response variable. However, this approach was not feasible due to
the limited sample size, i.e., the number of abandoned military
training areas relative to the number of possible variable
combinations, and the resulting potential statistical power issues.
Therefore, to keep the model composition simple and
comprehensive, we constructed three types of models:

i) models containing only the main effect of each management
type;

ii) models containing the main effect of eachmanagement type and
the main effects of habitat structure;

iii) models containing the main effect of eachmanagement type, the
main effects of habitat structure, and their relevant two-way
interactions. We considered relevant interactions to be those
involving a habitat type in which a given management was most
likely conducted assuming that the relative area of that habitat
type may influence the impact of that management approach on

biodiversity. Specifically, we included the following interactions:
sparse shrubland x woody plant cutting, grassland x mowing for
conservation, grassland x mowing for agriculture, grassland x
grazing for conservation, and grassland x grazing for agriculture.

To make inference about the effect of management on a given
response variable, we selected the best-fitting model from the three
above mentioned possibilities based on the AICc, using ΔAICc < 2 as
the criterion for model selection. However, we always used only the
main effects of respective management types for interpretation because
we were interested in the “pure” effect of management and not in the
effect of habitat structure or its interaction. All models were tested for
spatial autocorrelation and adjusted if necessary; using the same
procedure as for the intercept-only models described above.

All model assumptions were checked visually using residuals vs.
fitted plots, and Q-Q plots of standardized residuals. All statistical
analyses were performed in R 4.2.1 (R Core Team, 2022).

To gain further insights into biodiversity dynamics in the focal
areas and to provide a general overview of the processes involved in
the observed changes, we calculated temporal beta-diversity for the
respective taxa following Tatsumi et al. (2021). Temporal beta-
diversity informs about spatiotemporal biodiversity changes by
decomposing the presence-absence data collected at spatial
replicates (i.e., individual abandoned military training areas in our
case) and at different temporal occasions (i.e., our two survey periods)
into the processes of extirpation and colonization (Tatsumi et al.,
2021). Therefore, for each taxon, we can learn whether extirpation or
colonization leads to homogenization or heterogenization of the
ecological communities in the focal areas between survey periods,
which can be translated into losses and gains of common and rare
species, respectively. For this purpose, we quantified for each taxon (i)
extirpation leading to homogenization, (ii) extirpation leading to
heterogenization, (iii) colonization leading to homogenization, (iv)
colonization leading to heterogenization, (v) total extirpation, (vi)
total colonization, and (vii) total beta-diversity change. These
measures could only be expressed for all abandoned military
training areas together, and thus could not be related to
management data at the level of individual areas.

Results

Combining data from both periods and all abandoned military
training areas, we recorded 1089 species of plants, 64 species of

TABLE 1 Management effort in the surveyed abandoned military training areas. The effort is expressed as the mean relative area (%) and the mean number of
years of application (application time) across all areas.

Management type Relative area (%) Application time (years)

Woody plant cutting 9.1 0.3

Mowing for conservation 6.6 2.4

Mowing for agriculture 2.1 1.5

Grazing for conservation 15.0 1.8

Grazing for agriculture 9.1 1.9

Vehicle movement 12.2 3.8
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grasshoppers, 121 species of butterflies and 86 species of birds. Of
these species, 244 plants, 17 grasshoppers, 58 butterflies and 24 birds
were listed in the actual national Red List.

Biodiversity changes between periods

In plants, biodiversity changes were generally positive. Overall,
the number of plant species recorded per hectare of an abandoned

military training area increased by 0.29 (±SE = 0.13) and the same
pattern applied to Red List species, shade-dwelling species and
nutrient-demanding species (Figure 1). Furthermore, increases
were observed in all three groups of generalists, i.e., species
indifferent to light conditions, wetness and nutrient gradients
(Figure 2). None of the plant species groups showed a significant
decrease in species richness (Figure 2).

For grasshoppers, the total number of species recorded per
hectare increased significantly, similar to plants (Figure 2), but to

FIGURE 2
Changes in biodiversity of respective taxa (plants, grasshoppers, butterflies, and birds) in the surveyed abandoned military training areas between
periods (2009–2010 and 2020–2022) estimated by linear or generalized least squares models. Mean changes (grey bars) together 95% confidence
intervals (whiskers) in species richness (for plants groups and for all species in grasshoppers, butterflies and birds) or abundance (for respective groups of
grasshoppers, butterflies and birds) are shown. Asteriskmarks a significant change. Change is a relative value based on a difference in the per hectare
number of species (or individuals) between periods (see the Materials and methods section for details).
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a lesser extent, i.e., by 0.05 (±0.01). Focusing on changes in the
abundance of respective species groups, we observe a general pattern
of increases across the groups defined by various combinations of
habitat openness and wetness, as well as in the Red List species
(Figure 2). However, none of these changes was statistically
significant (Figure 2).

Butterflies, in contrast to plants and grasshoppers, showed
remarkably different patterns of change in species richness and
abundance per hectare. Specifically, their total species richness
significantly decreased by 0.14 (±0.03), and five out of seven
groups defined by various combinations of habitat openness and
wetness showed significant decreases in abundance (Figure 2).
These decreases included semi-open/woodland-habitat
xerophilic species, open-, semi-open- and woodland-habitat
mesophilic species, and open-habitat hygrophilic species
(Figure 2). The remaining groups, as well as Red List species,
showed a tendency to decline, but this was not statistically
significant (Figure 2).

Bird biodiversity expressed a mixed pattern of change. The total
number of bird species recorded per hectare of an abandoned
military training area slightly (0.03 ± 0.01), but significantly

increased (Figure 2). However, the changes in abundance per
hectare of the respective species groups were exclusively negative.
Specifically, significant decreases were observed in all groups on
wetter habitats regardless of their position along the open-woodland
habitat gradient, and in semi-open-drier-habitat species (Figure 2).
The abundance of the remaining groups including the Red List
species also tended to decrease, but not significantly (Figure 2).

Relationships between biodiversity changes
and management types

For plants (Supplementary Table S5), the change in richness of
Red List species was positively related to woody plant cutting and
mowing for agriculture (Figure 3A). Mowing for conservation was
negatively related to the change in richness of generalists with
respect to wetness (Figure 3A). Changes in the number of
xerophilic and nutrient undemanding species were both
positively related to woody plant cutting (Figure 3A). The latter
group also responded positively to grazing for agriculture
(Figure 3A).

FIGURE 3
(Continued).
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Grasshoppers showed partly different relationships to the
respective management types than plants (Supplementary Table
S6). Here we also observed a positive response to woody plant
cutting, as indicated by the increase of species richness of all

species and abundance of Red List species (Figure 3B). However,
we detected four negative relationships to mowing for
agriculture: in the case of abundance of Red List species,
open-habitat xerophilic species, semi-open/woodland habitat

FIGURE 3
(Continued).
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xerophilic and mesophilic species (Figure 3B). Grazing for
conservation was positively related to the change in
abundance of open-habitat xerophilic species, but negatively
related to the change in abundance of Red List species
(Figure 3B). Abundance of semi-open/woodland-habitat
xerophilic and mesophilic species increased with increasing
effort devoted to grazing for agriculture (Figure 3B).

For butterflies (Supplementary Table S7), the change in their
total species richness was negatively related to grazing for
agriculture, as was the change in abundance of open- and
woodland-habitat mesophilic species (Figure 3C). In addition, the
change in abundance of semi-open/woodland-habitat xerophilic
and woodland-habitat-mesophilic species was negatively related
to vehicle movement (Figure 3C).

For birds, the change in their total species richness was unrelated
to any of the management types, and the same applied to the
abundance of Red List species (Supplementary Table S8). The
change in abundance of woodland-wetter-habitat species was
positively related to both mowing for agriculture and grazing for
conservation (Figure 3D). Finally, the abundance of semi-open-
drier-habitat species increased with increasing effort in grazing for
conservation (Figure 3D).

In summary across all taxa and species groups (Table 2),
woody plant cutting was associated with an increase in
biodiversity in five cases (three for plants, two for grasshoppers)
and it did not show any negative relationships. Mowing for
conservation showed a single negative relationship (in plants),
whereas mowing for agriculture two positive (one for plants, and
one for birds) and four negative relationships (all in grasshoppers).
Grazing for conservation showed three positive (one for
grasshoppers, two for birds) and one negative relationship (for
grasshoppers), while grazing for agriculture showed three positive
(one for plants and two for grasshoppers) and three negative (all in
butterflies) relationships. Vehicle movement was linked to two
negative responses (both in butterflies).

Temporal change in beta-diversity

In plants, grasshoppers and butterflies we observed an increase
in beta-diversity, i.e., their communities across abandoned military
training areas becamemore dissimilar between periods, although the
increase was modest in grasshoppers (Table 3). In birds, beta-
diversity decreased, i.e., bird communities became increasingly

FIGURE 3
(Continued).
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similar between periods, but the value was close to zero, meaning the
change was small (Table 3).

The extirpation of common species (leading to
heterogenization) was always greater than the extirpation of rare
species (leading to homogenization) and it was the main driver of
the overall beta-diversity change in plants, grasshoppers and
butterflies (Table 3). However, this does not mean that
colonization did not occur in these taxa. In fact, both plants and
grasshoppers showed high levels of colonization (Table 3), but since
the colonization processes were symmetric between common and
rare species (Table 3), their net impact on beta-diversity change was
negligible in these taxa. In butterflies, colonization of common
species was much greater than colonization of rare species
(Table 3). However, extirpation of common butterflies was even
higher, so that it outweighed the effect of colonization on beta-
diversity change in this taxon (Table 3). The situation was somewhat
different in birds, where colonization was slightly greater than
extirpation for both common and rare species (Table 3). As

colonization of common bird species dominated among the
processes, total bird beta-diversity decreased between survey
periods (Table 3).

Discussion

Four major taxa selected to represent the biota of abandoned
military training areas showed strikingly divergent trajectories of
biodiversity change according to our standardized-effort surveys
repeated after 10–12 years. Plant species richness generally
increased, and the increase typically involved ecological
generalists and nutrient-demanding and shade-dwelling species.
However, national Red Listed plant species increased richness as
well, and none of the plant ecological groups declined. Positive
changes were also observed in grasshoppers whose total species
richness increased and abundance of all species groups tended to
increase, although not significantly. This optimistic picture contrasts

FIGURE 3
(Continued). Effects of respective management types on changes in biodiversity of respective taxa in the surveyed abandonedmilitary training areas
between periods (2009–2010 and 2020–2022) estimated by linear or generalized least squares models: (A) plants, (B) grasshoppers, (C) butterflies, (D)
birds. Change is a relative value based on a difference in the per hectare number of species (or individuals) between periods (see the Materials and
methods section for details). Only the significant relationships are shown (see Supplementary Tables S5–S8 for full results).
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TABLE 2 Summary of the impacts of respective management types on individual taxa in the surveyed abandoned military training areas: A) plants, B)
grasshoppers, C) butterflies, D) birds. ↓↑ denote significantly positive and negative relationship, respectively.

Species group Woody plant
cutting

Mowing for
conservation

Mowing for
agriculture

Grazing for
conservation

Grazing for
agriculture

Vehicle
movement

A) plants

All species

Red List species ↑ ↑

Shade-dwelling species

Light-dwelling species

Generalists to light species

Hygrophilic species

Mesophilic species

Xerophilic species ↑

Generalists to wetness
species

↓

Nutrient-undemanding
species

↑ ↑

Nutrient-demanding
species

Nutrient-intensive species

Generalists to nutrients
species

B) grasshoppers

All species ↑

Red List species ↑ ↓ ↓

Open-habitat hygrophilic
species

Open-habitat mesophilic
species

Semi-open/woodland-
habitat mesophilic species

↓ ↑

Open-habitat xerophilic
species

↓ ↑

Semi-open/woodland-
habitat xerophilic species

↓ ↑

C) butterflies

All species ↓

Red List species

Open-habitat hygrophilic
species

Semi-open/woodland-
habitat hygrophilic species

Open-habitat mesophilic
species

↓

Semi-open-habitat
mesophilic species

Woodland-habitat
mesophilic species

↓ ↓

(Continued on following page)
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deeply with the patterns found for butterflies. Their total species
richness decreased, as did the abundance of most of their species
groups, regardless of their position along gradients of habitat
openness and wetness. Birds showed a mixed pattern containing
increase in total species richness and decreases in the abundance of
species associated with semi-open drier habitats and various types of
wetter habitats. Beta-diversity increased between periods in all but
one taxon (birds), driven by extirpation of common species. In
contrast, colonization of common species was responsible for the
decrease in beta-diversity in birds.

Regarding management effort, we found a complex picture of
highly variable biodiversity impacts of different approaches. The
cutting of woody plants was beneficial for national Red Listed,
xerophilic and nutrient undemanding plants, as well as for

overall grasshopper richness and for grasshoppers listed in the
national Red List. Mowing for conservation showed only negative
relationship with biodiversity change, but this may not necessarily
be a sign of conservation failure, as we discuss below. Mowing and
grazing for agriculture provided both conservation benefits (for
plants, birds and some grasshoppers) and costs (for butterflies
and some other grasshoppers). Grazing for conservation had
positive effects on open-habitat xerophilic grasshoppers and
woodland-wetter-habitat birds, but was negatively related to
abundance changes in national Red Listed grasshoppers. Vehicle
movement was negative for butterflies of later successional stages.

The patterns observed in plants, i.e., the increase in the richness
of shade-dwelling and nutrient-demanding species, indicate some
progress in ecological succession (sensu Poorter et al., 2023) leading

TABLE 2 (Continued) Summary of the impacts of respective management types on individual taxa in the surveyed abandoned military training areas: A) plants, B)
grasshoppers, C) butterflies, D) birds. ↓↑ denote significantly positive and negative relationship, respectively.

Species group Woody plant
cutting

Mowing for
conservation

Mowing for
agriculture

Grazing for
conservation

Grazing for
agriculture

Vehicle
movement

Open-habitat xerophilic
species

Semi-open/woodland-
habitat xerophilic species

↓

D) birds

All species

Red List species

Open-wetter-habitat species

Semi-open-wetter-habitat
species

Woodland-wetter-habitat
species

↑ ↑

Open-drier-habitat species

Semi-open-drier-habitat
species

↑

Woodland-drier-habitat
species

TABLE 3 Decomposition of temporal changes in beta-diversity for respective taxa (plants, grasshoppers, butterflies, and birds) in the surveyed abandonedmilitary
training areas. Temporal change in beta-diversity (first column) can be expressed as the sum of extirpation and colonization processes (second and third columns)
among focal areas between survey periods. Extirpation is the sum of local extinction of rare species leading to homogenization (fourth column) and local
extinction of common species leading to heterogenization (fifth column). Colonization is the sum of the spread of rare species leading to heterogenization (sixth
column) and the spread of common species leading to homogenization (seventh column). The sign of beta-diversity change shows its increase (positive values,
i.e., higher dissimilarity of assemblages represented by a given taxon across areas) or decrease (negative values) over time. The sign of extirpation and
colonization shows the dominance of homogenization (negative values, i.e., assemblages became increasingly homogenous in terms of species composition,
leading to a decrease in beta-diversity) or heterogenization (positive values, leading to an increase in beta-diversity) in a given process.

Taxon Beta-
diversity
change

Extirpation Colonization Extirpation =>
homogenization

Extirpation =>
heterogenization

Colonization =>
heterogenization

Colonization =>
homogenization

Plants 0.20 0.18 0.02 −0.85 1.02 1.18 −1.16

Grasshoppers 0.10 0.24 −0.15 −0.21 0.45 0.63 −0.78

Butterflies 0.31 0.47 −0.17 −0.35 0.83 0.23 −0.39

Birds −0.07 0.32 −0.39 −0.21 0.53 0.23 −0.62
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to habitat closure and eutrophication (e.g., Pruchniewicz, 2017). On
the other hand, these processes do not seem to endanger the
sensitive plant species, since no decrease in biodiversity was
observed in any of the plant species groups. Moreover, the
increase in richness of Red Listed plant species suggests that
abandoned military training areas maintain their position as
strongholds of plant biodiversity in the region (Čížek et al.,
2013). One reason for these patterns may be the positive effects
of management. The cutting of woody plants supported Red List
species, nutrient undemanding and xerophilic species, i.e., groups
that should be negatively affected by shrub or forest encroachment
and eutrophication (Teleki et al., 2020). Grazing, although for
agricultural purposes, could have also contributed to mitigating
these impacts (Pykälä, 2003; Elias et al., 2018), as it supported
nutrient undemanding species, too.

Mowing is anothermanagement tool that is considered to counteract
successional changes and eutrophication (Lepš, 1999).However, its effects
on plantsweremixed in our study areas. Interestingly, plant species (those
listed in the national Red List) seem to benefit from mowing for
agriculture, but suffer from mowing for conservation (generalists to
wetness). Although surprising, these patterns can be explained by
species’ ecological characteristics. Many species listed in the Red List
originally occur in steppe habitats that are highly exposed to natural
disturbances (Chytrý et al., 2007). Therefore, disturbance represented by
mowing is beneficial for them as it keeps their habitats open. In contrast,
generalists, that include many woody plants and expansive species (such
as Calamagrostis epigeios) in our data, are often targeted for reduction by
management (Těšitel et al., 2018) because they trigger deterioration of
open habitats (Somodi et al., 2008). Thus, the negative impact of mowing
for conservation on these species can be perceived as a positive outcome.

Similar to plants, grasshoppers are a taxon showing
predominance of positive biodiversity changes, and management
accounts for at least part of them. Cutting of woody plants proved to
be beneficial for total species richness of grasshoppers and
abundance of national Red List species. Since grasshoppers
generally prefer open habitats (Latchininsky et al., 2011) and the
threatened species like grasshopper Dociostaurus brevicollis or bush-
cricket Montana montana are typically those with the highest
habitat specialization (Engelhardt et al., 2022), reducing woody
plant encroachment seems to be a vital strategy to support them.
Xerophilic and mesophilic species in semi-open and woodland
habitats were supported by grazing for agriculture that may
maintain the conditions created by the cutting of woody plants,
even though it is unlikely to improve the quality of the habitat per se.
Instead, habitat quality can be improved by grazing for conservation
that was associated with increased abundance of open-habitat
xerophilic grasshopper species like grasshopper Calliptamus
italicus and bush-cricket Platycleis albopunctata. The surprisingly
negative impact of grazing for conservation on Red List grasshopper
species was driven by large increases of these species in localities
where this management type was absent and their modest increases
in localities with a high effort devoted grazing for conservation. Such
a difference resulted in an apparently negative relationship, but it
would be premature to consider this management type as harmful.

In contrast to plants, where we found both positive and negative
effects of mowing, this management approach had solely negative
effects on grasshoppers. The abundance of open-habitat xerophilic
species, semi-open/woodland habitat xerophilic and mesophilic

species, as well as of Red List species decreased with increasing
effort devoted to mowing for agriculture. Due to mowing, plant
individuals are cut which results in high mortality of grasshoppers
(Humbert et al., 2010). If mowing occurs too often, as may be the
case for this management type in some of our localities, such
frequent mortality events limit population recovery and result in
population declines. Mortality is probably less severe in the case of
grazing, even though it is performed for agricultural purposes as it
had a positive effect on semi-open/woodland-habitat xerophilic
grasshoppers. We suggest that the benefit may lie in preventing
woodland habitat closure. Although these species are associated with
woody plants (Latchininsky et al., 2011), they require open and not
closed woodland (Rösch et al., 2019) which may be maintained by
grazing.

Butterflies are organisms that seem to be at particular risk in
abandoned military training areas. Their total species richness and
the abundance of several groups show negative changes over time,
and we did not detect any positive effects of management. Instead,
two types of management showed negative effects. Specifically,
butterflies suffered from grazing for agriculture and from vehicle
movement. Management by intensive and long-term grazing results
in uniform and low sward height which reduces butterfly breeding
and shelter opportunities (Bussan, 2022), as well as in destruction of
plant-pollinators interactions by reduction of nectar food supply for
butterflies (Rakosy et al., 2022). These results suggest that butterflies
may be negatively affected by the management type that
simultaneously provides benefits to some other taxa (i.e., plants
and grasshoppers in our dataset). Such sensitivity of butterflies can
be explained by the high ecological specialization of many species,
such as Euphydryas aurinia or hairstreaks (species of subfamily
Theclinae), coupled with their complex habitat
requirements—species often require the simultaneous presence of
several different kinds of ecological conditions on a small area (e.g.,
both tall and short herbs, both grassland and woodland) that are
very difficult to create or even support by a single management type
(e.g., Hůla et al., 2004). The fine mosaic of variable habitat types in
military training areas a few years after their abandonment was most
likely the reason of the high richness and abundance of butterflies
recorded at time of our first survey (Čížek et al., 2013) and it seems
that subsequent homogenization of this mosaic was not prevented
by management despite considerable effort. This probably resulted
in the observed butterfly biodiversity decline. Therefore, butterflies
appear to require a more nuanced approach to the management of
abandoned military training areas.

Butterflies bound to the later successional stages were also
negatively affected by vehicle movement. This result is driven by
the extensive top-soil removal by military vehicles carried out as part
of planned management on several abandoned military training
ranges, which occurred just before our second survey period
(Dvořáková et al., 2002a; Dvořáková et al., 2002b). Such an
extensive disturbance inevitably resulted in habitat loss for many
butterfly species, particularly those associated with forest-steppe or
light forests, as Callophrys rubi or Lasiommata maera, which show
significant population decreases. However, this apparent negative
effect may not be permanent, since the experience from other areas
that underwent such kind of disturbance indicates that, if these
disturbances are not too frequent, butterfly populations recover after
a few years (Zografou et al., 2017) and the community may become
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even more diverse compared to pre-disturbance conditions (Tropek
et al., 2012). Therefore, although it is unclear whether such recovery
will occur in our study areas, the observed negative impacts of
vehicle movement may not be as fatal as our results suggest.

Birds showed a mixture of positive and negative changes as their
total species richness increased, while the abundance of several
species groups decreased between study periods. Some of these
increases can be attributed to management options. Such options
were represented by grazing for conservation to which birds
associated with semi-open, drier habitat types responded
positively. This type of disturbance blocks successional changes
and maintains habitat openness, i.e., creates conditions that
exactly match the habitat preferences of these bird species (Reif
et al., 2013; Aunins and Avotis, 2018), such as the Stonechat
(Saxicola rubicola) or Woodlark (Lullula arborea) in our dataset.
At the same time, woodland birds in wetter habitats responded
positively to both mowing for agriculture and grazing for
conservation. We suggest that these associations can be attributed
to their foraging habits—even though these species breed in
woodland, they forage on the ground in grasslands (Hudec and
Šťastný, 2005; Šťastný and Hudec, 2011), and reduction of herb
height makes their food more accessible (Hoste-Danylow et al.,
2010). In addition, large mammalian herbivores used for
conservation grazing serve as a bird food source per se, attracting
various kinds of flying insects (e.g., species of the order Diptera) and
hosting their larvae (Musitelli et al., 2016).

Regarding the changes in beta-diversity, it is interesting that
common species drove the pattern in all taxa, regardless of whether
their species richness increased or decreased. This is consistent
with the important role of common species in the ecosystems
which has recently been recognized from both theoretical (Sizling
et al., 2009) and applied perspectives (Gaston, 2010). In this
respect, it is particularly worrying that the increasing beta-
diversity of plants, grasshoppers and butterflies in the studied
abandoned military training areas was driven by the extirpation of
the common species. Such species may suffer from being
overlooked by the current management efforts, which are
typically prescribed on the basis of the needs of the most
threatened species (Scheele et al., 2018) which are usually also
rare (Mace et al., 2008). Birds contrasted somewhat with the other
taxa, as their beta-diversity decreased due to a slight dominance of
colonization by common species over extirpation. As the most
common bird species prefer later successional stages (Bystricky
et al., 2023), it is possible that they benefited from the lack of
management in some areas.

Although at least some of the observed changes in biodiversity
can be explained by management, there may be other drivers that
could not be included in our analysis given the data we have. In this
respect, climate change is the hottest candidate. Indeed, the increase
in species richness due to climate change has been documented in
Central European grasshoppers (Fartmann et al., 2022) and birds
(Leroy et al., 2023), as well as the decrease in plant (Wesche et al.,
2012) and butterfly richness (Eskildsen et al., 2015). However, the
effects of this global driver are usually recorded at large scales,
whereas the local-level data we focus on here reflect the effects of
local habitat changes (see e.g., Jandt et al., 2022). Thus, we do not
think that it would be strong enough to affect the reported
relationships with management types at the study sites.

Our simultaneous focus on four different taxa uncovered various
taxon-specific patterns in biodiversity-management relationships. If we
had studied only a single taxon, e.g., birds which are often considered
reliable state-of-nature indicators (Fraixedas et al., 2020), wewould have
obtained a seriously biased view of the system showing increasing
species richness (not true for butterflies), decreasing beta-diversity (not
observed in plants, grasshoppers and butterflies), and the lack of
response to several management options, such as woody plant
cutting (supporting plants and grasshoppers) and vehicle movement
(negatively affecting butterflies). Therefore, we recommend conducting
multitaxonomic studies to gain complex insights into the effects of
various management types on biodiversity in open habitats.
Considering such complexity is important for setting appropriate
conservation targets (e.g., Boetzl et al., 2021).

Conclusions and conservation
implications

Our study demonstrated a dynamic change of biodiversity in
abandonedmilitary training areas, sites considered to be biodiversity
strongholds. At least some of these changes can be explained by the
management. To that end, we propose the following
recommendations for practitioners:

1) We observed both positive and negative biodiversity responses to
the focal management types across taxa. It often happens that the
benefits of one management approach for a given group of
organisms are offset by costs to another one. Environmental
management of abandoned military training areas thus must be
based on setting the priorities for conservation.

2) As one such priority that can be considered the most urgent, we
propose the conservation of butterflies. Butterflies are the only
taxon to have a consistent pattern of biodiversity loss, negative
management impacts and no benefits. We believe that these
patterns arise from the specific ecology of this taxon, requiring
smaller-scale habitat heterogeneity than any other taxa studied.
To reverse the negative trends, we suggest that butterflies need
combination of different management approaches that would
increase small-scale habitat heterogeneity. Finding the optimal
management combinations for the most declining butterflies
should be the most urgent research priority.

3) The cutting of woody plants seems to be widely positive with
benefits for both plants and grasshoppers and did not have any
negative impacts on the other species groups. Therefore, it seems
that it is an important management tool for blocking woody
plant encroachment and it is currently applied in biologically
plausible. Its current form can be further supported.

4) The effectiveness of mowing for conservation should be thoroughly
investigated. According to our data, it did not increase the
biodiversity of any groups of organisms. Although the observed
negative effect can be perceived as advantageous for biodiversity
(i.e., suppression of generalist plants), the absence of positive
relationships is worrying. More detailed studies with an
experimental design are needed to identify the aspects of this
type of management that should be improved.

5) Both mowing and grazing for agriculture showed a mixture of
biodiversity benefits and costs. Overall, plants and birds were more
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likely to enjoy the benefits, while grasshoppers and butterflies were
more likely to experience the costs. We suggest that these different
effects may be explained by the differences in the lifestyle of these
organisms. As both types of agricultural management are relatively
intensive, the organisms that could perceive their benefits should
also exhibit some form of ecological generalisation (birds) or
resilience (plants). In contrast, both invertebrate taxa are
relatively specialized and thus more sensitive to the negative
consequences of this management approach which particularly
concerns butterflies. Therefore, we suggest that mowing and
grazing for agriculture can be applied on some abandoned
military training areas, but not on sites where they can harm the
sensitive taxa. This particularly applies to mowing for agriculture in
grasshoppers and to grazing for agriculture in butterflies.

6) Grazing for conservation brought more benefits than costs,
which seems encouraging. On the other hand, the benefits are
modest at best, since none were observed for plants and
butterflies. At the same time, these taxa are often considered
to be those for which this management type is most frequently
prescribed (Bubová et al., 2015). We therefore urge detailed
experimental studies (such as Konvička et al., 2021) in areas of
application to identify the aspects of this management approach
that can be improved to maximize its positive influence.

7) Vehicle movement resulted in costs for butterflies. Although this
effect may be temporary as we discuss above, we suggest that
vehicle movement should be applied in amore spatially restricted
manner that would prevent such negative impacts.

8) Extirpation of common species was a main driver of biodiversity
changes in plants, grasshoppers and butterflies. Such species do
not appear to be supported by current management efforts, and
the development of specific management types to satisfy their
requirements may be needed.

In conclusion, our study is the first to investigate the
consequences of various managements approaches on different
representatives of biodiversity in abandoned military training
areas. Based on this investigation, we identified several
knowledge gaps and provide management recommendations and
suggestions for further research. It is important to recognize that our
data collected at the level of whole areas cannot reveal more detailed
relationships that require experimental design. Such experimental
studies should be a research priority in the future.
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