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Newly formed refugia for open landscape species within otherwise afforested temperate landscape suffer
from a lack of sustainability. Here, we test the hypothesis proposing off-road motorcycling as a long-term
stressor, which could be responsible for the long-term sustainability of afforested habitat patches, partic-
ularly those formed in (post-)industrial areas, such as sandpits, claypits, quarries and ash and slug tailing
ponds. To test this hypothesis, we analyzed assemblages of bees and wasps (Hymenoptera: Aculeata)
within 19 off-road motorcycle circuits distributed across the Czech Republic, representing circuits sub-
ject to high- and low-intensity use, as well as recently closed circuits. Off-road motorcycle circuits were
associated with specific assemblages of bees and wasps, many of which were of conservation interest.
Open landscape species, in particular, as well as those requiring the presence of solitary, sun-exposed
trees, thrived under such conditions. Formation of off-road motorcycle circuits, particularly those with
low intensity traffic, should be considered an appropriate tool supporting the biodiversity in the highly
cultivated landscape of Central Europe, as they host highly diverse assemblages of specialist pollinators
and other hymenopterans. Aculeata were sensitive to both the presence and intensity of off-road traffic.
The species richness and abundance of red-listed Aculeata were associated with the presence of a fine-
grained substrate, low-intensity off-road traffic and high diversity of E; plant species and E; red-listed
plant species. In contrast, the overall abundance of Aculeata was not sensitive to any of these factors.
There were no aculeate families specifically associated with closed off-road motorcycle circuits. Off-road
motorcycle circuits should be considered to be an appropriate form of reclamation of closed quarries,
sandpits and claypits, considering that off-road motorcycles can potentially be used as a management
tool to block the afforestation of habitats formed at post-industrial sites.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Recent trends in biodiversity conservation include the integra-
tion of managed human uses in the conservation of threatened
biodiversity (Soule, 2013). The importance of human activities
for the sustainability of biodiversity in cultural landscape became
particularly evident with the abandonment of numerous histor-
ical agrotechnical approaches during the course of the 20th and
21st centuries. Many human activities are now recognized as tools
that support or even allow the presence of a significant part of
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threatened species, particularly in regions with long-term impacts
of human agricultural activities. In Central Europe, local hotspots
of biodiversity are particularly associated with open landscape
and wetlands. Historical approaches contributing to the presence
of species-rich open landscape included traditional methods of
mowing and grazing (Konvicka et al., 2008), mosaic management
(Slamovaetal.,2013), and traditional woodland management tech-
niques, such as coppicing or woodland pasturing (Spitzer et al.,
2008; Kosulic et al., 2016). With the abandonment of these tech-
niques, replacement (post-)industrial habitats, such as quarries
(Tropek et al., 2010), sandpits (Heneberg et al., 2013) and fly ash
deposits (Heneberg et al., 2014; Tropek et al., 2015) began to serve
as key refuges for some of the biodiversity found within open
landscape. The overall contribution of man-made habitats to bio-


dx.doi.org/10.1016/j.ecoleng.2016.05.026
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoleng.2016.05.026&domain=pdf
mailto:petr.heneberg@lf3.cuni.cz
dx.doi.org/10.1016/j.ecoleng.2016.05.026

188 P. Heneberg et al. / Ecological Engineering 93 (2016) 187-198

diversity conservation is poorly understood (Siebert and Belsky,
2014), and some of these habitat types have never been examined.

Among human activities with poorly understood impacts on
biodiversity is vehicle traffic. Some effects of traffic are well
understood, including the detrimental effects of the collisions of
vertebrates with cars and trains, which are estimated to cause
over one hundred million deaths annually (Seiler and Helldin,
2006). However, linear infrastructure is also associated with posi-
tive effects, hosting numerous arthropods, e.g., in road and railway
dykes and verges (Moron et al., 2014). Off-road traffic is stigma-
tized due to its detrimental effects on the stability of sand dunes
in (semi-)desert areas, and is considered to be a causative agent
of a decrease of both vertebrates (Berry, 1980) and invertebrates
(Griswold, 1996; Kurczewski, 2000; Wilson et al., 2009) that are
associated with undisturbed dunes and savanna, including some
aculeate hymenopteran species. However, during the 2000s, distur-
bances introduced by vehicles and explosions in military training
areas were shown to be beneficial for disturbance-dependent
arthropods by several independent research groups (Mazucco,
2001; Carvell, 2002; Buchholz and Hartmann, 2008; Graham et al.,
2008; Warren and Biittner, 2008; Graham et al., 2009; Nilsson and
Alves-dos-Santos, 2009; Exeler et al., 2010; Cizek et al., 2013).
The effects of such disturbances were particularly important in
the otherwise afforested landscape of Central Europe, where mili-
taries unintentionally maintained forest-free patches. In the 1990s,
numerous military training ranges were closed in the Czech Repub-
lic and other post-communist countries. Aculeate hymenoptera
and other arthropods flourished at such closed sites, but after
several years, their abundance and diversity decreased sharply
with the decreasing availability of bare soil and with the initia-
tion of forest succession unless disturbances were re-introduced
as a part of conservation management (P. Heneberg & P. Bogusch,
pers. obs.). Due to resource partitioning in food or nesting require-
ments, the low heterogeneity of microhabitats within intensively
cultivated landscapes can have drastic effects on the species diver-
sity of hymenopterans (LaSalle and Gauld, 1993). Reproduction of
aculeate hymenopterans requires species-specific nest sites, spe-
cific materials for nest construction, nectar and pollen or prey
to maintain the activities of adults and to provision larval food
(Westrich, 1996). The paucity of aculeate hymenopterans in agri-
cultural landscapes is often due to a lack of suitable nest sites. Their
populations can be enhanced by placing suitable trap nests in the
habitat (Tscharntke et al., 1998); nest sites are probably more often
a limiting factor than food sources, such as flowers or arthropods
(Gathmann and Tscharntke, 2002).

Interestingly, there are no systematic studies on the impact of
off-road vehicles on the biodiversity of arthropods in landscapes
other than deserts or semi-deserts. However, several species-
specific studies have suggested that off-road tracks and their
vicinity may attract certain aculeate hymenopteran species. As
with any disturbed site, these may include alien species, such as
Solenopsis invicta in the U.S. (Tschinkel and King, 2013), but more
commonly by the native species that are rarely encountered in
the surrounding landscape, such as Bembix rostrata in the Czech
Republic (Heneberg & Bogusch, unpubl.), Lasioglossum majus in
Italy (Boesi et al., 2009), or Cerceris mimica in Colorado (Evans,
2000). Some authors noticed that, such as in the case of Tachysphex
pechumani, a moderate intensity of disturbances by off-road vehi-
cles is responsible for the formation of the T. pechumani habitat
(Kurczewski, 2008), but the disturbance itself might have detri-
mental effects when applied within a particular microhabitat at
the time of nesting of the species (Kurczewski, 2008; Moan and
Tramer, 2008).

In this study, we aim to investigate, whether there are any
species that managed to survive in close proximity to off-road
motorcycle circuits subject to regular, high-intensity use, circuits

subject to irregular, low-intensity use, and recently closed cir-
cuits or whether there are any species that even use such sites as
refugia within the otherwise intensively cultivated cultural land-
scape. Importantly, many off-road motorcycle circuits are formed
at post-mining sites, which were previously shown to host highly
diverse assemblages of specialist pollinators and other arthro-
pods (Heneberg et al., 2013, Heneberg and Reza¢, 2014). It is
unclear whether off-road motorcycle circuits suppress the biodi-
versity associated with such sites (as implied by previous research
on the effects of off-road vehicles in sand dunes) or whether
they instead allow long-term sustainability of open habitats at
post-mining sites. Aculeate hymenopterans are considered to be
keystone components of post-mining ecosystems and also of the
surrounding cultural landscape, where the abundance and diver-
sity of hymenopterans is declining for various reasons, with direct
consequences for plant pollination (Wilson et al., 2009; Garibaldi
etal.,2013). Despite evidence showing that (post-)mining sites host
diverse hymenopteran fauna, we still do not know what manage-
ment measures are both necessary and sufficient to prevent the
progression of succession towards deciduous woods or shrubby
grasslands (Rehounkova and Prach, 2008) once mining has ceased.
We thus provide evidence allowing for a decision to be made
regarding whether the formation of off-road motorcycle circuits
should be considered to be an appropriate form of reclamation
of closed quarries, sandpits and claypits, considering that off-road
motorcycles can potentially be used as a management tool, which
is blocking afforestation of the steppe-like habitats formed at post-
industrial sites.

2. Material and methods
2.1. Study area and sampling sites

The study was carried out at 19 off-road motorcycle cir-
cuits distributed across the Czech Republic (48°39'-50°59'N,
12°19’-18°29’E; Fig. 1). Off-road motorcycle circuits were exam-
ined at altitudes 200-470m above sea level (mean 351+81m
above sea level) and were distributed based on the space-for-time
substitution paradigm proposed by Pickett (1989). Three groups of
sampling sites were analyzed, representing various intensities of
off-road motorcycle circuit use: circuits subject to regular, high-
intensity use; circuits subject to irregular, low-intensity use; and
recently closed circuits. Regular, high-intensity use circuits (n=6)
were defined as those subject to an estimated daily use by >10 indi-
viduals per week during the peak season. This category included all
circuits subject to the fee for use. Low-intensity use circuits (n=9)
were defined as those subject to an estimated daily use of 1-10 indi-
viduals per week during the peak season, which typically included
free or illegal circuits. Recently closed circuits (n=4) were defined
as those previously subjected to regular use, but that have been
closed to any off-road traffic for 1-5 years prior the onset of this
study.!

1 The intensity of the off-road motorcycle circuit use was directly related not only
to the traffic intensity itself but also to the associated environmental variables and
did not represent a continuum. Circuits subject to regular, high-intensity use were
characterized by intensively maintained tracks, grass cut alongside the tracks, fre-
quent presence of large numbers of fans and thus with trampling, and with repeated
remodeling of the terrain surrounding the tracks. Circuits subject to irregular, low-
intensity use were characterized by unmaintained tracks with their surroundings
also lacking any management other than random passages of motorcycles through-
out the surrounding terrain. There was a negligible presence of fans, and thus there
was no trampling, and the terrain surrounding the tracks was not remodeled at any
time or only once at the time of track formation. Recently closed circuits possessed
mixed characteristics of the above, but were not subject to any maintenance or
other human activities for 1-5 years prior to the study onset, except for the follow-
ing: one of the recently closed circuits was subject to a grass burn just before the
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Fig. 1. Location of study sites in the Czech Republic. Black dots represent the circuits subject to regular, high-intensity use. Red dots (grey in the printed version) represent
the circuits subject to irregular, low-intensity use. Open dots represent the recently closed circuits.

2.2. Sampling

We used Moericke traps to compare the spectrum of species
present at the three types of habitats. Moericke traps have been suc-
cessfully used for the collection of bees and wasps in a wide range
of habitats, cf. Cruz-Sanchez et al. (2011), Vrdoljak and Samways
(2012) and Heneberg and Bogusch (2014). Traps were made from
round-shaped 570 ml polypropylene containers, 120 mm in upper
diameter and 80 mm deep (Obal Centrum, Sezemice, Czech Repub-
lic), filled to the upper quarter with water, salt and a mixture of
ionic and anionic detergents (Jar, Procter and Gamble, Rakovnik,
Czech Republic). At each sampling site, we used traps of two col-
ors: white (RAL9010) and yellow (RAL 1021), and exposed them in
pairsorinaline transect with a total of 10 white and 10 yellow traps
per sampling site. Collected specimens were stored in 96% ethanol
until pinning for identification. Moericke traps were exposed for
several days in each of the following three periods: 29 March-21
April 2014, 2 June-27 June 2014, and 4 July-23 August 2014. The
sampling periods for each sampling site as well as the number of
traps exposed are given in Table S1. In total, insects were collected
from traps exposed for 5631 trap-days, which were equally dis-
tributed throughout the sampling periods (1801, 2020 and 1810
trap-days, respectively). Vandalism and other causes decreased
the total number of trap-days by only 4.56% from the expected
total (5900 trap-days). White traps were successfully exposed for
2824 days (50.15% of total), and yellow traps were exposed for
2807 days (49.85%). The number of trap-days per single sampling
site ranged between 220 and 380, reflecting weather conditions. At
each off-road motorcycle circuit, we installed the traps in a close
proximity (0-5m) to the off-road tracks.

Data on the altitude and orientation of the examined sampling
sites were obtained from maps and aerial photographs available
at <http://www.mapy.cz> (accessed 1-03-2016). Slope angles of
macrorelief were measured using an optical reading clinometer to
the nearest 0.5°. Soil penetration resistance and soil shear strength
resistance were measured as described by Srba and Heneberg

study started, and in another circuit, spruce trees were planted just at the terrain
left in the exact shape that was found at the end of its use by off-road motorcycles.

(2012). The dry sieve method was used to analyze soil texture
as described by Heneberg (2001) using sieves with mesh sizes
of 0.072, 0.125, 2.00 and 4.00 mm. Phytocenologic relevés were
recorded in 25m?2 areas, colocalizing with the examined tran-
sects, and were performed on 14-July and 18-August-2014. The
vegetation cover was quantified using standardized ranks (Braun-
Blanquet, 1932; Podani, 2006). Botanical nomenclature is according
to Kubat (2002). In total 41 relevés were recorded, one to four per
off-road motorcycle circuit, depending on the perceived hetero-
geneity of the plant assemblages at the sites where the Moericke
traps were exposed.

2.3. Data analyses

Habitat specializations and nesting strategies were assessed
according to Macek et al. (2010). The red-list status of aculeate
hymenopterans was assessed according to Farkac et al. (2005). The
species included in the Czech red-list are termed as “red-listed”
throughout the text, and include all species known as regionally
extinct (RE), critically endangered (CR), endangered (EN) or vulner-
able (VU).Together with the red-listed species, we analyzed also the
newly emerging (NE) species, which were identified in the Czech
Republic only recently. Moericke traps have been successfully used
previously for the collection of bees and wasps in a wide range of
habitats of Central Europe. We thus were able to compare the data
obtained at off-road motorcycle circuits with those obtained previ-
ously at the sand dune near Veska (Bogusch, 2008), in sandpits and
gravel-sandpits (Heneberg et al., 2013), at ash and slug deposits of
power plants (Tropek et al., 2015) and at sandstone rocks covered
by early successional stages of burned pine forest and surrounding
intact pine forest plantations (Bogusch et al., 2015).

Red-list status of vascular plants was assessed according to
Grulich (2012). Vascular plant species included in the Czech red
list were termed as “red-listed” throughout the text, and consisted
of four categories of species: endangered (C2), vulnerable (C3),
near-threatened (C4a) and data deficient species (C4b) according
to Grulich (2012).

We analyzed all members of Hymenoptera: Aculeata (except
Formicidae) obtained in course of the study. We estimated the
species richness using the Chao-1 estimator, corrected for unseen
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Fig. 2. Expected cumulative number of bee and wasp species at the off-road motor-
cycle circuits as defined by rarefaction curves and associated Chao-1 estimators.
Data were analyzed separately for three intensities of the circuit use: circuits sub-
ject to regular, high-intensity use, circuits subject to irregular, low-intensity use,
and recently closed circuits.

species. We compared the species richness of the analyzed datasets
using Serensen similarity index. We also calculated rarefaction
curves and basic diversity indices for each of the datasets as
described (Heneberg and Reza¢, 2014); these included the total
number of species found, the total number of individuals found,
dominance, Brillouin’s index (particularly useful for the partially
skewed datasets obtained from Moericke traps, which may be
selective for species with certain behavioral habits), Margalef’s
species richness index, equitability, Fisher’s alpha and Berger-
Parker dominance index. To compare the diversities, we employed
Shannon t-test with bias correction term (Poole, 1974). We used
the Chi-squared test with Bonferroni correction according to
MacDonald and Gardner (2000) to assess the species-specific dif-
ferences in the abundance across the study habitats. To analyze
the contribution of environmental variables, we applied a canoni-
cal correspondence analysis. The correspondence analysis took in
account 29 environmental variables characterizing each respec-
tive sampling site, and species richness and abundance of Aculeata,
species richness and abundance of red-listed Aculeata, and species
richness of individual Aculeata families found. The calculations
were performed in EstimateS 9.1.0 and PAST v. 2.14. Data are shown
as mean =+ SD unless stated otherwise.

3. Results
3.1. Diversity of bees and wasps at off-road motorcycle circuits

We collected a total of 7912 individuals from 302 species of
bees and wasps (Hymenoptera: Aculeata) from 14 families. The
highest diversity was found in Crabronidae (50 species), Api-
dae (45 species), Halictidae (44 species), Andrenidae (36 species),
Megachilidae and Pompilidae (31 species each), and Chrysididae,
Colletidae and Vespidae (18 species each). The Chao-1 species
richness estimator (corrected for unsampled species) indicated a
species richness of 388 25 bee and wasp species at the off-road
motorcycle circuits that were examined.

Circuits subject to regular, high-intensity use hosted an esti-
mated 235419 species of bees and wasps. Circuits subject to
irregular, low-intensity use hosted more diverse assemblages, with
an estimated 302 4 27 species of bees and wasps. However, recently
closed circuits hosted the least diverse assemblages, with an esti-
mated 190 + 13 species of bees and wasps (Table 1, Fig. 2). Bee
and wasp assemblages at circuits subject to long-term use of any
intensity displayed low dominance. The dominance values tripled
with the closure of circuits. The closure of the circuit is thus,
paradoxically, considered to be a disturbance that is introduced

into the already well-established system, which is associated with
long-term circuits, and has negative effects on the stability of
the associated assemblages. Supporting the above conclusion, the
other diversity indices also suggested the deterioration of circuit-
associated assemblages following their closure. These included the
decrease in the Brillouin index, Margalef’s species richness index,
Fisher’s alpha and equitability, which reflects the changes in the
entropy of the analyzed assemblages. The Berger-Parker domi-
nance index increased up to 0.24, suggesting that one quarter of
individuals captured at recently closed circuits belonged to a sin-
gle species only. Despite diversity differences between the closed
and active circuits, but not between the circuits of high and low
intensity of use, the intensity of use drove the species composition
of assemblages associated with the circuits, as the Serensen simi-
larity index only reached 0.588 when comparing circuits subjected
to high and low intensity of use, whereas it reached 0.607-0.618,
when comparing these two groups with the recently closed circuits
(Table 1).

Of the 302 bee and wasp species identified, we captured 10 or
more individuals from 84 species. Of these, 41 (49%) displayed sig-
nificant differences in their abundance in response to the intensity
of use of off-road motorcycle circuits (Table 2). The circuits sub-
jecttoregular, high-intensity use attracted only common polylectic
species of the surrounding landscape, such as Andrena bicolor, A.
cineraria and A. haemorrhoa. In contrast, the traffic at such sites
was too intense for a characteristic species of trampled paths and
dirt roads, Lasioglossum malachurum, which abundantly colonized
the low-intensity and, particularly, the closed circuits. Addition-
ally, the snail-shell nesting Osmia bicolor and its parasite Chrysura
dichroa were nearly completely absent at circuits subject to high-
intensity use. The circuits subject to irregular, low-intensity use
were typically associated with Halictus tumulorum, H. simplex, H.
subauratus, Andrena minutula, A. strohmella, Passaloecus singularis,
Osmia bicolor, Tachysphex obscuripennis, Trypoxylon attenuatum,
Tiphia femorata and Bombus lapidarius, and, similarly to the recently
closed circuits, hosted strong populations of Lasioglossum spp. The
recently closed circuits hosted abundant populations of Lasioglos-
sum laticeps, L. malachurum, L. pauxillum, L. lucidulum and Andrena
flavipes. The majority of captures at recently closed circuits were
composed of eusocial species, which formed large aggregations in
the burrows dug directly at the surface of disused tracks (Table 2,
Fig. 3).

3.2. Species of conservation concern

We found that off-road motorcycle circuts host a highly diverse
pattern of rare species, many of which were present in abundant
populations at multiple sampling sites. Many of the rare species
were considered to be specialists for habitats with bare soil, such
as aeolian sand dunes and gravel-sand river terraces, which are
nearly absent in the Central European cultural landscape. We found
57 species of bees and wasps classified as regionally extinct, criti-
cally endangered, endangered or vulnerable; of those two species
were new for Bohemia. Of these red-listed species, 19 species
(33%) were present at intensively used circuits and 39 species
(68%) were present at occasionally used circuits. Recently closed
circuits hosted 21 red-listed species (37%) (Table 3; Fig. 3). Only
four red-listed species were captured in all three examined habi-
tats, including Andrena barbilabris (VU), Polistes nimpha (VU), Osmia
bicolor (EN) and Tachysphex obscuripennis (VU). Importantly, the
off-road motorcycle circuits hosted one species that was consid-
ered to be regionally extinct (Nomada femoralis), and 12 critically
endangered species, namely, Andrena florivaga (Andrenidae), Bom-
bus muscorum, Ceratina cucurbitina and Nomada moeschleri (all
Apidae), Chrysis chrysostigma, Chrysura simplex and C. trimacu-
lata (all Chrysididae), Hylaeus gracilicornis (Colletidae), Halictus
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Table 1

Assessment of the diversity of bees and wasps at the Czech off-road motorcycle circuits, and their distribution according to the intensity of circuit use. Diversity indices are
shown; these include the dominance, Fisher’s alpha, and equitability, and their comparison using Shannon diversity t-test and bootstrapping. List of the species found is

provided as Table S5.

Diversity index Total High intensity of Low intensity of  Closed p (high vs. low p (high intensity p (low intensity

circuit use circuit use circuits intensity by vs. closed by vs. closed by
bootstrapping) bootstrapping) bootstrapping)

Number of species recorded 302 179 215 155 >0.05 >0.05 0.001

Number of individuals captured 7912 1744 3401 2767

Chao-1+SD 388.0+£24.9 234.6+18.6 301.7+26.8 189.6+134

Dominance 0.041 0.039 0.041 0.117 >0.05 0.001 0.001

Brillouin 3.89 3.82 3.80 2.98

Margalef 33.53 23.85 26.32 19.43 >0.05 >0.05 0.001

Equitability 0.69 0.77 0.73 0.61 0.008 0.001 0.001

Fisher’s alpha 62.23 50.00 51.01 35.47 >0.05 0.001 0.001

Berger-Parker dominance index 0.10 0.12 0.11 0.24 >0.05 0.001 0.001

Shannon t-test (t; df; p) 1.37;3573.4; >0.05 17.81; 4236.9; <0.001 19.03; 5348.2; <0.001

Serensen similarity index

High intensity of circuit use 0.588 0.618

Low intensity of circuit use 0.607

scabiosae (Halictidae), Coelioxys alata (Megachilidae), Evagetes sub-
glaber (Pompilidae) and Stenodynerus chevrieranus (Vespidae). The
recently northwards-expanding rare thermophilic species were
particularly characteristic for the examined sampling sites. Of
them, Ceratina cucurbitina (CR) was recorded for the first time in
Bohemia in this study.? Halictus scabiosae (CR) was recorded for
the first time in Bohemia by us (this study® and other unpub-
lished data) as well as by J. Straka and H. KfiZenecka at multiple
postindustrial sites in Bohemia and in urbanized areas of the capi-
tal city (Straka et al., 2015) in 2013 and 2014. Chrysis chrysostigma
(CR)* is also considered a NW-spreading species that was found
in Slovakia for the first time in the 1950s, in Moravia in 2001
and in Bohemia in 2006 (Bogusch et al., 2007). However, recent
records indicate a slow-down or complete stop of C. chrysostigma
range expansion (P. Bogusch, pers. obs.). Off-road motorcycle cir-
cuits also hosted 11 EN and 33 VU species (Fig. 3). Populations of
some red-listed species were strong, and the species were cap-
tured at multiple circuits. The most frequently captured red-listed
species was Osmia bicolor (EN, 122 individuals / 9 circuits), followed
by Tachysphex obscuripennis (VU, 71/8), Bembecinus tridens (VU,
24/1), Episyron rufipes (VU, 21/1), Halictus leucaheneus (VU, 18/6)
and Nomada ferruginata (VU, 12/3). The red-listed species included
those occupying the forest edge ecotone (Nomada moeschleri, Sten-
odynerus chevrieranus, Dipogon subintermedius, Osmia uncinata),
forest-steppe landscape (Evagetes subglaber, Euodynerus quadrifas-
ciatus), steppes (Andrena florivaga, Ceratina cucurbitina, Chrysura
cuprea, C. trimaculata, Polistes bischoffi), open sands (Bembecinus
tridens, Dinetus pictus, Pompilus cinereus, Sphex funerarius), and
trampled paths and dirt roads (Nomada leucophthalma), as well as
wetland specialists (Bombus muscorum). The number of individuals
captured did not allow for an assessment of whether the particular
red-listed habitat specialists reflected the intensity of use of cir-
cuits. Specialists for multiple habitats were found at circuits subject
to all of the three analyzed use intensities.

3.3. Habitat specializations and nesting strategies supported by
off-road motorcycling

We have shown that off-road motorcycle circuits host diverse
assemblages of bees and wasps. When analyzing the conservation
potential of off-road motorcycling, we must identify which species

2 1F 9-14 Jul 2014, Suchomasty, BE, 49.91°N, 14.09°E.

3 2F 2-8 Jun 2014, Srbsko, BE, 49.93°N, 14.14°E; 1F, 9-14 Jul 2014, Srbsko, BE,
49.93°N, 14.14°E; 1F 9-14 Jul, Ne€in-Strupina, PB, 49.69°N, 14.21°E.

4 1F+1M 8-13 Jun 2014, Zabofi nad Labem, KH, 50.03°N, 15.35°E.

benefit from such disturbance. Within the captured specimens, we
identified 83 psammophilous species (27.6% of total), including
specialists for aeolian sand dunes and gravel-sand river terraces.
Another 58 species (19.3%) were considered to be species of other
open habitats, typically steppes or forest steppes. The remaining
160 species (53.2%) were considered to be generalists or special-
ists for other habitat types, e.g., for wetlands, which are frequently
present at terrain depressions within off-road motorcycle circuit
areas (Fig. 4A). When only considering red-listed species, circuits
were associated with 25 red-listed psammophilous species (44%),
13 red-listed species of other open habitats (23%) and 19 red-listed
generalists or specialists for other habitats (33%) (Fig. 4B).

Species associated with off-road motorcycle circuits exhibited
diverse nested strategies. The most species-rich were the soil bur-
rowers, which were represented by 136 species (45.0% of total),
followed by cavity adopters (77 species, 25.5%) and nest parasites
(74 species, 24.5%). The less frequent nesting strategies were rep-
resented by 10 nest building species (3.3%) and four species that
nest in empty snail shells (1.3%) (Fig. 4C). When considering only
red-listed species, the spectrum of nesting strategies was similar,
and only the share of species that burrow their nests in the soil was
decreased. The highest species richness of red-listed species was
found in nest parasites, represented by 20 species (35% of total), fol-
lowed by the species that burrow their nests in the soil (18 species,
32%) and cavity adopters (15 species, 26%). We also identified three
red-listed nest-building species (5%) and a single red-listed species
that nests in shells (2%) (Fig. 4D).

3.4. Abiotic variables

All of the examined sampling sites were characterized by rel-
atively high slope angles (15.1 &+ 13.2°, range 0.0-44.0°), and with
two exceptions were exposed to the south (WSW to ESE). Soil pene-
tration resistance was highly variable (1.20 + 1.05 kg x cm~2, range
0.01-4.10kg x cm~2), but soil shear strength resistance was rela-
tively low across all of the examined sites (0.24 +0.17 kg x cm~2,
range 0.01-0.88kg x cm~2). Some sampling sites were rich in
cobbles and pebbles, whereas the sediments exposed at other
sampling sites consisted of loam, silt or loamy soils. Cobbles and
pebbles >4.00 mm formed 16.7+17.7% (range 0.0-69.7%) of the
analyzed soil specimens. Smaller pebbles of 2.00-4.00 mm formed
14.7 +£10.3% (range 0.0-37.6%) of the analyzed soil specimens. Most
of the material sampled was within the size range 0.125-2.00 mm,
which formed 62.9+21.4% (range 13.0-99.0%) of the analyzed
soil specimens. Particles of 0.072-0.125 mm were responsible for
3.4+7.7% (range 0.2-44.5%) of the weight of analyzed specimens,
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Table 2

Species-specific response of bees and wasps to the intensity of use of off-road motorcycle circuits. The examined circuits were split into three categories representing various
intensity of use of the circuits. The number of expected individuals was calculated based on the total number of individuals captured and the number of trap-days per each
category. Species with the total capture rate <10 specimens were excluded from the analysis. The significance was examined by the species-specific x? tests with Bonferroni
correction at n=84.

Species Conservation Number of OBSERVED EXPECTED P (X%
status specimens
High Low Closed High Low Closed Bonferroni Significance of
intensity  intensity circuits intensity intensity circuits correction: the differences
p<0.05equalsto observed
p<6.0E-4 at (*p<0.001,
n=384 **p<0.01,
*p<0.05,
n.s.=not
significant)
Lasioglossum laticeps 793 41 89 663 253.6 284.5 254.9 1.8E-210 A
Lasioglossum malachurum 655 0 84 571 209.5 235.0 210.5 2.7E-201 o
Lasioglossum morio 653 204 372 77 208.9 234.2 209.9 1.3E-36 o
Lasioglossum pauxillum 522 57 232 233 167.0 187.3 167.8 2.8E-24 e
Halictus tumulorum 405 84 282 39 129.5 145.3 130.2 5.2E-46 .
Apis mellifera 395 131 178 86 126.3 141.7 127.0 1.2E-5 .
Andrena flavipes 351 77 60 214 1123 125.9 112.8 2.5E-30 .
Halictus subauratus 266 14 223 29 85.1 95.4 85.5 9.1E-59 o
Andrena minutula 245 64 136 45 78.4 87.9 78.8 3.7E-10 e
Andrena bicolor 201 143 54 4 64.3 72.1 64.6 5.5E-35 .
Lasioglossum calceatum 171 76 69 26 54.7 61.3 55.0 4.7E-6 o
Lasioglossum politum 149 0 99 50 47.7 53.5 47.9 1.6E-19 o
Passaloecus singularis 138 7 129 2 441 49.5 44.4 5.1E-44 o
Halictus simplex 136 7 122 7 435 48.8 437 6.3E-38 .
Osmia bicolor EN 122 3 80 39 39.0 43.8 39.2 1.8E-14 .
Andrena gravida 107 27 39 41 34.2 38.4 344 2.5E-1 n.s.
Ammophila sabulosa 89 24 26 39 28.5 319 28.6 6.2E-2 n.s.
Trypoxylon minus 73 36 22 15 233 26.2 235 5.0E-3 n.s.
Tachysphex obscuripennis VU 71 9 60 2 22.7 25.5 22.8 8.2E-17 o
Trypoxylon attenuatum 71 2 66 3 22.7 25.5 22.8 1.4E-22 o
Lasioglossum leucozonium 68 22 37 9 21.7 24.4 21.9 8.8E-4 n.s.
Andrena nigroaenea 61 25 10 26 19.5 219 19.6 6.5E-3 n.s.
Priocnemis perturbator 56 15 29 12 17.9 20.1 18.0 4.0E-2 n.s.
Andrena cineraria 53 35 15 3 17.0 19.0 17.0 1.4E-7 o
Tiphia femorata 52 8 42 2 16.6 18.7 16.7 7.4E-11 .
Bombus pascuorum 51 24 19 8 16.3 18.3 16.4 1.9E-2 n.s.
Andrena haemorrhoa 49 35 4 10 15.7 17.6 15.8 1.2E-8 o
Bombus terrestris 45 19 14 12 144 16.1 14.5 3.4E-1 n.s.
Hoplitis leucomelana 44 9 30 5 141 15.8 141 3.5E-5 .
Arachnospila anceps 44 8 23 13 14.1 15.8 141 4.9E-2 n.s.
Anoplius viaticus 43 19 18 6 13.8 154 13.8 3.2E-2 n.s.
Hylaeus annularis 41 5 25 11 13.1 14.7 13.2 1.9E-3 n.s.
Hylaeus confusus 41 11 21 9 131 14.7 13.2 1.1E-1 n.s.
Andrena strohmella 40 1 35 4 12.8 143 12.9 7.3E-11 o
Bombus lapidarius 40 2 29 9 12.8 143 12.9 3.3E-6 o
Nysson distinguendus 39 4 1 34 12.5 14.0 12.5 1.4E-12 o
Lasioglossum sabulosum 38 18 4 16 12.2 13.6 12.2 4.5E-3 n.s.
Lasioglossum punctatissimum 37 26 8 3 11.8 133 119 2.6E-6 A
Diodontus minutus 35 17 0 18 11.2 12.6 113 5.5E-5 >
Tachysphex pompiliformis 34 8 14 12 10.9 12.2 10.9 5.7E-1 n.s.
Andrena fulva 33 13 11 9 10.6 11.8 10.6 6.5E-1 n.s.
Halictus rubicundus 31 25 5 1 9.9 111 10.0 3.4E-8 A
Lasioglossum lucidulum 29 5 1 23 9.3 104 9.3 2.3E-7 o
Harpactus elegans 28 2 0 26 9.0 10.0 9.0 4.7E-11 e
Lasioglossum lativentre 27 20 4 3 8.6 9.7 8.7 1.7E-5 o
Lasioglossum villosulum 27 5 21 1 8.6 9.7 8.7 2.1E-5 o
Andrena praecox 25 16 8 1 8.0 9.0 8.0 7.9E-4 n.s.
Hylaeus hyalinatus 25 5 18 2 8.0 9.0 8.0 6.3E-4 n.s.
Bembecinus tridens \48) 24 0 0 24 7.7 8.6 7.7 1.0E-11 o
Chrysura dichroa 22 0 20 2 7.0 79 7.1 4,5E-7 o
Colletes cunicularius 22 2 9 11 7.0 79 7.1 5.1E-2 n.s.
Episyron rufipes VU 21 0 5 16 6.7 7.5 6.8 4.0E-5 o
Nomada flavoguttata 19 12 5 2 6.1 6.8 6.1 1.1E-2 n.s.
Oxybelus uniglumis 19 3 15 1 6.1 6.8 6.1 4.0E-4 *
Andrena helvola 18 2 0 16 5.8 6.5 5.8 1.4E-6 o
Oxybelus trispinosus 18 10 4 4 5.8 6.5 5.8 1.0E-1 n.s.
Halictus leucaheneus VU 18 6 12 0 5.8 6.5 5.8 5.1E-3 n.s.
Anoplius infuscatus 18 4 7 7 5.8 6.5 5.8 6.6E-1 n.s.
Arachnospila minutula 18 8 7 3 5.8 6.5 5.8 3.2E-1 n.s.
Halictus maculatus 17 7 7 3 54 6.1 55 4.3E-1 n.s.
Anthidium punctatum 17 1 15 1 54 6.1 5.5 4.0E-5 .
Osmia rufa 17 13 0 4 5.4 6.1 5.5 2.0E-4 *
Hedychrum niemelai 16 2 8 6 5.1 5.7 5.1 2.3E-1 n.s.
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Species Conservation ~ Number of OBSERVED EXPECTED p(x?)
status specimens
High Low Closed High Low Closed Bonferroni Significance of
intensity  intensity  circuits intensity  intensity  circuits correction: the differences
p<0.05equalsto observed
p<6.0E-4 at (**p<0.001,
n=84 **p<0.01,
*p<0.05,
n.s.=not
significant)
Cerceris rybyensis 16 0 9 7 5.1 5.7 5.1 2.2E-2 n.s.
Calliadurgus fasciatellus 16 4 10 2 5.1 5.7 5.1 7.0E-2 n.s.
Dolichurus corniculus 14 5 9 0 4.5 5.0 4.5 2.1E-2 n.s.
Megachile centuncularis 14 4 7 3 4.5 5.0 4.5 5.1E-1 n.s.
Andrena nitida 13 7 4 2 4.2 4.7 4.2 2.0E-1 n.s.
Hylaeus brevicornis 13 3 10 0 4.2 4.7 4.2 5.0E-3 n.s.
Auplopus carbonarius 13 2 10 1 4.2 4.7 4.2 8.0E-3 n.s.
Nomada ferruginata \'48) 12 0 12 0 3.8 43 39 2.2E-5 *
Chrysis bicolor 12 1 9 2 3.8 43 3.9 1.7E-2 n.s.
Nysson spinosus 12 9 0 3 3.8 4.3 39 3.3E-3 n.s.
Pemphredon lethifer 12 1 9 2 3.8 43 39 1.7E-2 n.s.
Nomada signata 11 5 4 2 3.5 39 3.5 5.2E-1 n.s.
Dinetus pictus VU 11 0 0 11 3.5 3.9 3.5 9.1E-6 o
Lestica subterranea vu 11 1 0 0 3.5 3.9 3.5 8.3E-6 .
Sphecodes miniatus 11 2 9 0 3.5 39 3.5 4.8E-3 n.s.
Bombus sylvarum 10 6 1 3 3.2 3.6 3.2 1.1E-1 n.s.
Nysson maculosus VU 10 0 7 3 3.2 3.6 3.2 4.0E-2 n.s.
Tachysphex unicolor 10 3 4 3 3.2 3.6 3.2 9.6E-1 n.s.
Sphecodes niger 10 2 8 0 3.2 3.6 3.2 1.1E-2 n.s.
Agenioideus cinctellus 10 4 5 1 3.2 3.6 3.2 3.2E-1 n.s.
Polistes nimpha \'48) 10 2 6 2 3.2 3.6 3.2 2.8E-1 n.s.

Table 3

Intensity of use of off-road motorcycle circuits drives the species richness and abundance of red-listed bee and wasp species. Number of species, number of individuals, and
the number of individuals relative to 1000 trap-days are shown. Number of regionally extinct (RE), critically endangered (CR), endangered (EN), vulnerable (VU), and least
concern (LC) species are shown. The examined circuits were split into three categories representing various intensity of use of the circuits. The significance was examined

by the species-specific x? tests with Bonferroni correction at n=5.

Conservation Total Number of Total number of  Number of individuals p(x%)
status species individuals normalized to 1000 trap-days
High Low Closed High Low Closed Bonferroni Significance of the
intensity  intensity circuits intensity intensity circuits correction: p<0.05 differences observed
equals to (***p<0.001, **p<0.01,
p<1.0E-02 atn=5 *p<0.05, n.s.=not
significant)
RE 1 0 1 0 1 0.0 0.5 0.0 N/A N/A
CR 12 5 6 2 26 2.8 8.9 1.7 1.6E-3 -
EN 11 2 9 5 152 22 47.5 28.7 1.6E-16 o
\'%48) 33 12 23 14 235 21.7 63.9 37.0 7.3E-10 o
LC 245 160 176 134 7498 941.7 1562.9 1461.3 5.8E-68 o

whereas silt and clay formed 2.4 +3.6% (0.04-17.5%) of the ana-
lyzed specimens (Table S2).

All of the sampling sites were located above bedrock of Phanero-
zoic origin. Ten sites (53%) were located on sediments of Cenozoic
origin, five (26%) were of Mesozoic origin, and the bedrock at four
sites (21%) was of Paleozoic origin. The sites of Cenozoic origin
consisted of unconsolidated sediments, whereas all of the older
sediments were subject to previous lithification. Two sites with
bedrock of Paleozoic origin consisted of igneous rock; the other
sites were located on sediments. The Cenozoic sediments consisted
of various types of sands, including aeolian sand (one site), allu-
vial sand deposits (three sites), gravelsand (one site), sandy gravel
(one site), sandy soil (two sites), loessic soil (one site), or ash and
slug deposit (one site). Mesozoic sediments consisted of claystone
(one site), marlite (two sites), and sandstone (two sites). Paleosoic
bedrock consisted of claystone, limestone (one site each), and gra-
nodioritic regolith (two sites) (Table S3).

3.5. Phytocenologic relevés

Phytocenologic relevés performed within areas of off-road
motorcycle circuits were characterized by their mostly low Ej
cover (8.2422.9%; range 0-80%), but highly variable cover of
shrubs, herbs and nonvascular plants, with the E; cover reaching
31.0+24.8% (range 0-80%), E; cover reaching 61.1 4+ 28.5% (range
5-100%), and Eq cover reaching 8.1+ 16.9% (range 0-80%). The
E; species diversity reached 0.3 + 1.0 species (range 0-5 species)
per examined relevé, with no red-listed species The E, species
diversity reached 2.0 + 1.4 species (range 0-6 species) per exam-
ined relevé, with only a single red-listed E, species found at a
single examined relevé (Sorbus aria, C2b, near Suchomasty, BE).
The E; species diversity reached 20.5+11.0 species (range 2-42
species) per examined relevé, with 0.7 4 0.8 red-listed E; species
(range 0-3 species) per examined relevé. Within all of the exam-
ined relevés, we identified, in total, 11 E3 species; 28 E; species, of
which one (3.6%) was red-listed; and 251 E; species, of which 16
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Low intensity
of circuit use

32 species

Red-listed:

Halictus scabiosae, CR

Bombus humilis, VU
Episyron albonotatum, VU
Halictus leucaheneus, VU
Megachile ligniseca, VU
Polistes biglumis bimaculatus, VU,

Evagetes subglaber, CR
Nomada moeschleri, CR
Stenodynerus chevrieranus, CR
Euodynerus quadrifasciatus, EN
Dipogon subintermedius, VU
Lestica subterranea, VU
Nomada leucophthalma, VU

High intensity
of circuit use

71 species
Red-listed:
Nomada femoralis, RE
Andrena florivaga, CR
Bombus muscorum, CR
Ceratina cucurbitina, CR
Chrysura simplex, CR
Chrysura trimaculata, CR
Chrysura cuprea, EN
Megachile nigriventris, EN
Nysson niger, EN
Polistes bischoffi, EN
Sphex funerarius, EN
Agenioideus usurarius, VU
Andrena polita, VU
Chrysis germari, VU
Homonotus sanguinolentus, VU
Hoplitis acuticornis, VU
Lasioglossum costulatum, VU
Nomada ferruginata, VU
Nomada integra, VU
Omalus bidentulus, VU
Osmia uncinata, VU
Sphecodes reticulatus, VU

84 species
Red-listed:
Osmia bicolor, EN
Andrena barbilabris, VU
Polistes nimpha, VU

44 species Tachysphex obscuripennis, VU 24 species
Red-listed: Red-listed:
Coelioxys alata, CR Chrysis chrysostigma, CR

19 species
Red-listed:
Sphecodes longulus, VU

28 species
Red-listed:
Evagetes pectinipes, EN
Hylaeus moricei, EN
Lasioglossum trichopygum, EN
Episyron rufipes, VU
Halictus sexcinctus, VU
Nysson maculosus, VU
Passaloecus clypealis, VU

Hylaeus gracilicornis, CR
Trypoxylon beaumonti, EN
Auplopus albifrons, VU
Bembecinus tridens, VU
Dinetus pictus, VU
Nomada zonata, VU
Oxybelus haemorrhoidalis, VU
Pompilus cinereus, VU

Recently closed
circuits

Fig. 3. Venn diagram of the clustering of bee-and wasp species at the off-road motorcycle circuits subject to different intensity of their use. The sampling sites were classified
according to three intensities of the circuit use were: circuits subject to regular, high-intensity use, circuits subject to irregular, low-intensity use, and recently closed circuits.
In the figure, we show the total number of species found only in one habitat type or shared by multiple habitats, and a complete list of red-listed species found in each of the

habitat types.

(6.4%) were red-listed. Among the red-listed species, two were con-
sidered endangered (C2b species Sorbus aria and Plantago arenaria),
five were considered vulnerable (C3 species Cirsium eriophorum,
Filago arvensis, Melampyrum arvense, Reseda luteola, and Vulpia
myuros), eight were considered nearly threatened (C4a species Cen-
taurium erythraea, Cirsium acaulon, Corynephorus canescens, Crepis
foetida, Melica transsilvanica, Petrorhagia prolifera, Verbascum den-

siflorum, and Viola mirabilis) and two species were data deficient
(C4b species Alchemilla cf. propinqua, and Lathyrus nissolia). Most
of the red-listed species were found in only few individuals. Their
cover reached only up to 1% of the examined quadrants, and were
not found in more than one off-road motorcycle circuit. Exceptions
consisted of Filago arvensis (3 relevés, 2x r, 1x +), Centaurium ery-
thraea (2 relevés, 2x r), Petrorhagia prolifera (3 relevés, 1x 1, 2x
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Fig. 4. Habitat requirements (A and B) and nesting strategies (C and D) of bees and wasps found at the Czech off-road motorcycle circuits as compared with previous studies
conducted in open habitats within the identical geographical region. We compared here the data obtained in this study (off-road circuits), at the sand dune near Veska (sand
dune) (Bogusch, 2008), in sandpits and gravelsandpits (sandpits) (Heneberg et al., 2013), at ash and slug deposits of power plants (ash deposits) (Tropek et al., 2015) and
at sandstone rocks covered by early successional stages of burned pine forest and surrounding intact pine forest plantations (sandstone rocks) (Bogusch et al., 2015). (A)
Relative share of species of bees and wasps specialized for sandy habitats (sand specialists), other opened habitats (open habitat specialists) and generalists and specialists
for other habitat types (generalists or other) found in course of each of the five studies. (B) Number of red-listed species and species new for the Czech Republic specialized
for the three above-indicated habitat types and found in course of this study (off-road circuits) or the four comparative studies. (C) Relative share of major nesting strategies
of bees and waps found in course of this study (off-road circuits) or the four comparative studies. The nesting strategies were categorized as follows: nesting in soil (including
species nesting facultatively in both, soil and cavities), in shells, in cavities (including crevices, old galls, etc.), building nests and parasitic species. (D) Number of red-listed
species and species new for the Czech Republic specialized for the five above-indicated nesting strategies and found in course of this study (off-road circuits) or the four

comparative studies.

+), Crepis foetida (4 relevés, 3x 1, 1x +), and Cirsium acaulon (1
relevé, 1x 1). The examined off-road motorcycle circuits were not
associated with any specific type of E; or E; vegetation; the most
frequently found E3 species were represented by Pinus sylvestris
and Tilia cordata (2 relevés each). The most frequently found E;
species were represented by Pinus sylvestris (10 relevés), Populus
tremula and Betula pendula (both at 7 relevés), Sambucus nigra, Salix
caprea, Rosa canina and Robinia pseudacacia (6 relevés each), Swida
sanguinea (4 relevés) and Prunus insititia (3 relevés). However,
we found numerous E; species shared across multiple sampling
sites. These included Calamagrostis epigejos (25 relevés, dominant
at many of them), Hypericum perforatum (24 relevés), Dactylis
glomerata (23 relevés), Arrhenatherum elatius (18 relevés, domi-
nant at many of them), Artemisia vulgaris (18 relevés), Plantago
lanceolata (15 relevés), Daucus carota (14 relevés), Cirsium arvense,
Urtica dioica and Poa compressa (13 relevés each), and Agrostis cap-
illaris, Festuca rupicola and Lotus corniculatus (12 relevés each).
The following species reached >50% cover: Arrhenatherum elatius
(3 relevés), Betula pendula, Pinus sylvestris, Robinia pseudacacia (2
relevés each), and Acer campestre, Agrostis capillaris, Calamagrostis

epigejos, Cytisus scoparius and Populus tremula (1 relevé each).
Detailed data obtained from the relevés are available in Table S4.

Canonical correspondence analysis (Fig. 5) showed that the
species richness of red-listed plant species and slope of the ter-
rain were highly correlated with the first ordination axis which
explained 54.4% of the variance in the species data. The second
ordination axis was highly correlated with the intensity of off-road
traffic and explained 22.0% of the variance in the species data, sug-
gesting that the intensity of traffic is a major environmental factor
driving the species composition and abundance of Aculeata asso-
ciated with off-road motorcycle circuits. Note that the red-listed
Aculeata abundance and red-listed Aculeata species richness were
positively correlated with the presence of a fine-grained substrate,
low-intensity off-road traffic and high diversity of E; plant species
and E; red-listed plant species. In contrast, the overall abundance
of Aculeata was not sensitive to any of these factors. The species
richness of particular Aculeata families responded differently to the
environmental factors monitored, but there was no Aculeata fam-
ily, which would be associated only with closed off-road motorcycle
circuits.
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Fig. 5. Results of the canonical correspondence analysis involving biotic and abiotic variables characteristic for each analyzed off-road motorcycle circuit, and the species
richness and abundance of Aculeata, of red-listed Aculeata, and species richness of individual Aculeata families found. Acronyms are explained in Table S6.

4. Discussion

In this study, we refuted the paradigm that off-road activi-
ties are principally detrimental to biodiversity. This paradigm was
largely based on studies performed in arid landscapes (Berry, 1980;
Griswold, 1996; Kurczewski, 2000; Wilson et al., 2009), where
off-road traffic decreases the availability of bare but intact soil
and disturbs slowly growing xerothermophilous plants. In con-
trast, repeated disturbances are necessary in temperate regions to
maintain an open landscape and to prevent afforestation or colo-
nization by fast-growing species in once disturbed but abandoned
eutrophized habitats. Whereas natural disturbances are becom-
ing increasingly rare events in intensively cultivated temperate
landscapes, human activities often provide disturbed habitats.
However, these disturbances are not cyclic, but are, instead, lim-
ited both in space and time (Kahn et al.,2001; Laurence, 2006; Prach
and Hobbs, 2008). We thus attempted to identify activities that may
contribute to the sustainability of open landcapes in post-industrial
areas of otherwise afforested landscapes in temperate regions.

Based on our personal experience, we knew that open land-
scapes are maintained for decades at post-industrial sites subject
to off-road motorcycling of any intensity. When we proposed to
form such off-road motorcycle circuit as an alternative to the
formation of a shooting range, as requested by a landlord, as a
method of reclamation of a disused sandpit located within a pro-
tected landscape area, we realized that there was no available
evidence supporting our hypothesis that regular disturbances (such
as moderate off-road motorcycling) should better support the sus-
tainability of the sandpit-associated biodiversity than any other
form of management unless the site of interest is well drained and
thus capable of maintaining steppe-like formations without pro-
visioning any additional disturbances (which is usually true only
for steep slopes under the weather conditions of the Czech Repub-
lic). We found that verges of off-road motorcycle circuits hosted
numerous disturbance-dependent red-listed plant species (the
only exceptions consisted of Sorbus aria, the shrub of xerothermic
relic rocky habitats, and Viola mirabilis, the herb of well estab-

lished oak woodlands). Whereas all such red-listed species found
require regular disturbances that create spots with bare soil, most
are not specialized for any extremes regarding the sand and clay
content in the soil, these included: Melampyrum arvense, Reseda
luteola, Centaurium erythraea, Crepis foetida, Melica transsilvanica,
Verbascum densiflorum, Petrorhagia prolifera, Lathyrus nissolia. The
more narrowly specialized species were represented by heavy marl
soil specialists Cirsium eriophorum and C. acaulon, and by psam-
mophilous species Plantago arenaria, Filago arvensis, Vulpia myuros
and Corynephorus canescens.

We show here that off-road motorcycle circuits host diverse
assemblages of bees and wasps, which managed to survive in close
proximity to off-road motorcycling tracks with any intensity of
off-road traffic (Table 1, Fig. 1). We have even shown that bees
and wasps use such sites as refugia in the otherwise intensively
cultivated cultural landscape. Interestingly, in agreement with the
critics of off-road vehicles, we found that the share of species nest-
ingin the soilis lower in the proximity of off-road motorcycle tracks
(this study) than at other comparable post-industrial habitats, such
as sandpits and ash deposits (Fig. 4C). This might be attributed to
the excessive stress imposed on such species by the traffic itself.
Alternatively, it might be caused by the fact that a large portion
of our research was conducted on circuits formed on clay, as clay
does not support species assemblages of bees and wasps as rich as
sand or gravel-sand does. This is supported by the limited number
of sand specialists found in the course of this study compared to
those found at sand dunes or in sandpits and ash deposits (Fig. 4A).
In contrast, the habitats affected by off-road motorcycling hosted
very high shares of other open habitat specialists (19% of the species
captured), which is a similar value to that found at ash deposits and
in burned forest at the sandstone bedrock and is twice as high as
that in sandpits and sand dunes (Fig. 4A). This difference is even
more prominent when focusing on red-listed species. We found 13
red-listed species specializing in other open habitats, whereas sand
dunes did not host a single one and sandpits hosted only one such
species (Fig. 4B). Similarly, off-road motorcycle tracks were supe-
rior to sandpits when considering the species richness of species
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building nests or cavity adopters (Fig. 4C). The long-term stability
of habitats maintained by off-road motorcycling allowed the for-
mation of complex assemblages with a high share of red-listed nest
parasites (Fig. 4D). Clearly, the key benefits of off-road motorcycling
circuits consist of the maintenance of forest edges and forest-steppe
landscape alongside tracks.

Considering the intensity of use, bee and wasp biodiversity was
supported best by low-intensity motorcycling, which ensured that
the open habitat was maintained for a long period of time, but
did not greatly affect the surrounding terrain. In contrast, high-
intensity motorcycling also supported the presence of species of
conservation interest, but only at sites that were not mowed or
trampled. However, even at such circuits, there were areas within
the circuit surroundings that were used less or not at all by audi-
ence, and where vegetation was allowed to develop. At circuits
undergoing high-intensity use, most of the captured species of
conservation interest were bound to the forest edge ecotone or
required the presence of sun-exposed solitary trees. At recently
closed circuits, the tracks themselves were swiftly occupied by
abundant colonies of soil burrowing species. However, the presence
of such colonies is temporary and the assemblages associated with
recently closed circuits were unstable and deteriorated, probably
in response to the circuitsi closure (Table 1, Table 3).

We obtained our data using Moericke traps. Thus, we need to
be aware of the limitations of the method — the species spectrum
captured is far from complete as some species are not attracted to
these traps, as shown by us previously for, e.g., Pemphredon fabricii
(Heneberg et al., 2014). In this study, we used a combination of
white and yellow traps, each of which provided somewhat differ-
ent species- and sex-specific counts (Figs. S1 and S2). Some species
were captured in white traps only, such as Oxybelus uniglumis,
0. trispinosus and Nomada signata, or nearly exclusively in yellow
traps, such as Nysson maculosus, Passaloecus singularis, Calliadur-
gus fasciatellus and Hylaeus confusus (Fig. S1). Similarly, there were
species, in which one sex preferred a different color than the other
sex, such as in Lasioglossum sabulosum (Fig. S2). This supports previ-
ous observations by us and other authors regarding the differential
color preferences of hymenopterans (Toler et al., 2005; Gollan et al.,
2011; Buri et al., 2014; Heneberg and Bogusch, 2014). As this study
did not aim to provide a complete list of species using the study
sites, but rather to provide the first ever evidence on the presence
or absence of hymenopterans of conservation interest at off-road
motorcycle circuits, potential omission of a part of the species spec-
trum present does not obstruct the interpretation of the results in
the context of evidence-based conservation.

In conclusion, we have shown that off-road motorcycle circuits
are associated with specific assemblages of bees and wasps, many
of which are of conservation interest. Open-landscape species, and
those requiring the presence of solitary, sun-exposed trees, particu-
larly thrive under such conditions. Forest-steppe and solitary trees
were once a common part of the Central European landscape, but
with the change in the landscape management during the 20th cen-
tury, they became rare elements of the current cultural landscapes.
Clay and sand mining provides open landscape, but such activi-
ties do not ensure its sustainability for at least several decades.
Here, we have shown that off-road motorcycle circuits are capa-
ble of maintaining such features and are accepted by specialized
species of bees and wasps. Thus, the formation of off-road motor-
cycle circuits (particularly those with low intensity traffic) should
be considered to be an appropriate tool supporting the biodiver-
sity in the highly cultivated landscape of Central Europe, as they
host highly diverse assemblages of specialist pollinators and other
arthropods. Off-road motorcycle circuits should be considered to
be an appropriate form of reclamation of closed quarries, sandpits
and claypits, reflecting that off-road motorcycles can potentially be

used as a management tool to block afforestation of habitats formed
at post-industrial sites.
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