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Abstract

In Europe, 50%-70% of former natural grassland area has been destroyed during the
past 30years due to land use changes, losses are expected to increase in the future.
Restoration is thought to reverse this situation by creating suitable abiotic conditions.
In this paper, we investigate the effects of sod translocation with specific vegetation
to facilitate the restoration of a former intensive agricultural field into a wet meadow.
First, starting conditions were optimized including modification of the local hydrol-
ogy, removal of the fertilized topsoil, application of liming, and translocation of fresh
clippings as a seed source. The second part aimed at restoring the habitat for the
butterfly species Phengaris (Maculinea) teleius, one of the species that was especially
affected by the loss of wet meadows. This species engages in a complex myrmeco-
philous relationship with one host plant, Sanguisorba officinalis, and one obligate host
ant, Myrmica scabrinodis. We used sod translocation to create islands of habitat to
promote host plant and host ant colonization. After 4 years following the restoration,
we observed that plants spread from the transplanted sods to the surroundings. The
vegetation composition and structure of the transplanted sods attracted colonization
of Myrmica ants into the restored areas. Following the increase in vegetation cover
and height, Myrmica ant colonies further spread into the restored areas. Therefore,
sod translocations can be considered an effective restoration method following top-
soil removal in the process of restoring wet meadows to provide a starting point for
ant colonization and plant dispersion. With these findings, this paper contributes to
the evidence-based restoration of wet meadows on former agricultural fields, in-
cluding complex interactions between invertebrates and their required ecological

relationships.
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TAXONOMY CLASSIFICATION

Restoration ecology

1 | INTRODUCTION

Landscapes have been severely modified by changes in land use
in Europe (Barrett et al., 2018; Newbold et al., 2015; Tscharntke
et al., 2012; Warren et al.,, 2021). Landscapes consisting of a
mosaic of natural and seminatural habitat types shaped by tra-
ditional low-intensity agricultural practices have changed into
landscapes of large and intensively used agricultural fields or
they are encroached by shrubs after abandonment of agriculture
(Craioveanu et al., 2021; Loos et al., 2021). In Europe, 50%-70% of
former grassland area has been destroyed during the past 30years
(Torok et al., 2021). In addition, the highest proportion of hab-
itats with an unfavorable and deteriorating conservation status
in the European Union is found in natural grasslands (European
Commission, 2015, 2021). European seminatural grasslands sup-
porting a high biological diversity are assumed to have lost at least
90% of their former area during the last century (Cosentino &
Schooley, 2018; WallisDeVries et al., 2002). Moreover, climate and
land use changes are severe threats to the future of particularly
wet grasslands and related species. Landscape homogenization re-
sulted in the fragmentation or loss of habitat for many populations
of plant and animal species found in grasslands. The distances be-
tween suitable patches have increased and even when grassland
habitats are restored, many species are not able to colonize them
without support (Bakker & Berendse, 1999). These problems are
more evident for species with strict habitat requirements, with
a limited distribution, or with low dispersal capabilities (Biichi &
Vuilleumier, 2014; Fourcade et al., 2021). Therefore, there is a
wide interest in restoring grassland habitats of vulnerable species,
however, most restoration projects are based only on vegetation
targets or single species while the integration of the whole eco-
system is missing (Goreth et al., 2021; Térok et al., 2021).

The first step to restore grasslands on formerly intensively
used agricultural fields is the reestablishment of suitable abi-
otic conditions such as restoring a natural water regime or re-
moving nutrient-rich top soils (Klimkowska et al., 2007; Zedler &
Miller, 2018). Even after solid preparation of the starting condi-
tions, natural colonization of many species to the restored habi-
tats cannot be taken for granted. For certain groups of organisms,
translocation offers a possibility for successful colonization into
the restored new habitats. For example, plant species have been
moved to newly established patches of habitat by transportation
of seeds or young plants (Donath et al., 2007; Goreth et al., 2021,
Torok et al., 2021; Vitt et al., 2016; Wagner et al., 2021), pref-
erably from sites with a common genetic background (Hoéfner
et al., 2021). Moreover, birds, mammals, amphibians, and some
butterflies are also translocated as soon as the new patches have
developed into suitable habitats (Ferrer et al., 2017; Germano &

Bishop, 2009; Wynhoff, 1998). However, within restoration proj-
ects, specific taxonomic groups are over-represented (Donaldson
et al., 2016; Kollmann et al., 2016; Martin-Lépez, 2009) with
birds, mammals, and vascular plants being the main target, while
invertebrates are underrated (Kollmann et al., 2016). Recently,
the necessity of restoring habitats with a broader view, embrac-
ing interactions between species, has been stressed, including
trophic interactions, as pollination, soil fertility, or bio-engineers
(European Commission, 2021; Fraser et al, 2015; Kollmann
et al., 2016). For instance, including interactions between species
that have proven to be so-called ecosystem engineers, such as
earthworms or ants could further enhance the success of habitat
restoration (Lavelle et al., 2016).

Grassland butterflies are some of the most affected organ-
isms of the changes in natural grasslands (Van Swaay et al., 2015;
Warren et al., 2021). This group of insects can be used as indicators
of grassland status and effectiveness of applied restoration meth-
ods (Musters et al., 2013; Van Swaay et al., 2015). A meta-analysis
of prairie grassland restoration showed that butterfly abundance
increased more than bee abundance, especially with multiple
restoration methods applied, and older restorations showed the
strongest improvements (Sexton & Emery, 2020). However, com-
plex interactions between species such as the case of Phengaris
(Maculinea) butterflies which have a parasitic relation with ants
were not included (Sexton & Emery, 2020). The only example of a
successful restoration of these complex host-parasite interactions
in butterflies is found in the United Kingdom where limestone
grassland habitats of the butterfly Phengaris (Maculinea) arion have
been restored (Thomas et al., 2009). In 1979, the first reintroduc-
tions of M. arion started and 30years later, ca. 40 sites have been
colonized by the butterfly thanks to the strong emphasis on the
relationship between this butterfly and its local host ant (Thomas
et al., 2009). Therefore, restoration projects aiming to improve
the conservation status of butterflies with complex host-parasite
interactions should have a broader view and focus on their inter-
actions. This paper describes the habitat restoration within the
LIFE+ project “Blues in the marshes” for a butterfly species with a
comparable life cycle to M. arion but restricted to wet fen mead-
ows, where the interactions of invertebrates with the grassland
ecosystem is the main focus (Natuurmonumenten, 2018).

The project aims to enlarge the wet meadow habitat of the but-
terfly species Phengaris (Maculinea) teleius (from now on M. teleius)
(Figure 1) by creating suitable conditions in the surrounding areas
for the butterfly population to expand (Natuurmonumenten, 2018).
In the Netherlands, only one population of this rare butterfly ex-
ists after being reintroduced in 1990 (Wynhoff, 1998), but it has
been confined to only 3 ha for more than 25years. The young
caterpillars of the butterfly are monophagous on the host plant
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FIGURE 1 Maculinea (Phengaris) teleius myrmecophilous
butterfly (Photo: Kars Veling)

Sanguisorba officinalis, which is abundant on moist fen meadows
(Thomas, 1984). After 3weeks feeding on the plant, the caterpil-
lar is adopted by the host ants and taken into the ant nest where
it hibernates (Witek et al., 2010). There are several host ants for
M. teleius across Europe (Tartally et al., 2019). However, in the
Netherlands, the caterpillars survive only in nests of Myrmica
scabrinodis and usually on meadows with only this single species
present (Van Langevelde & Wynhoff, 2009). Since both host plants
and host ants are needed for its survival, the restoration process
is necessarily based on the requirements for these two host spe-
cies to provide suitable habitat for the butterfly. Thus, the major
challenge to achieve the restoration of M. teleius habitat, is to
reach an adequate density of both host plants and host ant nests
to enable survival after colonization of the butterfly. Another
problem of this system is that both hosts have low propensities
to colonize new areas through dispersal (Elmes et al., 1998; Matus
et al., 2003). Therefore, in early stages of the restoration, the host
plant was translocated with fresh clippings as seed source from
nearby wet fen meadow vegetation and with sod translocations
(Wynhoff et al., 2017). Sod translocations consist of a transplant
of the target vegetation from wet meadows into the restoration
area, which are expected to also increase the probability of ant
colonization (Wynhoff et al., 2017).

In this study, we investigate the effects of sod translocations
of the target vegetation to the restoration areas on the establish-
ment of the host plant S. officinalis and the host ant M. scabrinodis
for the threatened butterfly M. teleius over the course of 4years.
We hypothesized that sod translocations accelerate the vegetation
development in the restoration area (hypothesis 1). The transplanted
sods are expected to promote M. scabrinodis colonization and estab-
lishment. Our hypothesis was that Myrmica ants colonize the res-
toration areas starting in the translocated sods as these sods are
assumed to be islands of suitable habitat for them (hypothesis 2).
Over the course of time, the vegetation is expected to get denser
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and taller, further promoting the distribution of M. scabrinodis in the

restoration areas (hypothesis 3).

2 | METHODS

2.1 | Studysite

A restoration project was carried out in the Natura 2000 area
“Vlijmens Ven, Moerputten and Bossche Broek” (931ha), lo-
cated south of the city of 's Hertogenbosch, the Netherlands
(Figure 2). The core site Moerputten (115ha) consists of moist
meadows and wet forests. In the past, the surrounding area was
dominated by intensively used agricultural fields and cattle pas-
tures (Wynhoff, 1998; Wynhoff et al., 2017). The wet meadows in
Moerputten provide the habitat for M. teleius which is restricted to
one core population in this reserve. The restoration actions were
described in detail earlier (Wynhoff et al., 2017). The restoration
areas were at distances from the butterfly population within the
known long dispersal range (average 2 km, maximum 4.5 km) (Van
Langevelde & Wynhoff, 2009). In the restoration areas, suitable
abiotic conditions were restored in terms of basic seepage, water
accessibility, removal of the fertilized soil, and the preservation
of high winter water tables to maintain nutrient-poor conditions
(Wynhoff et al., 2017). The top 40cm of phosphate-enriched soil
on a total of 250ha was excavated. The development of the tar-
get vegetation was facilitated by liming (1000kg/ha) and transfer
of freshly cut clippings on the excavated areas from the nearby
nature reserve (Donath et al., 2007; Hofner et al., 2021; Holzel &
Otte, 2003; Matus et al., 2003; T6rok et al., 2011). Starting 1year
later, all restored meadows were mown yearly in summer. Finally,
vegetation sods consisting of a transplant of suitable habitat for
M. teleius were translocated from meadows in Moerputten (see
details below and in Figure 2).

2.2 | Sod translocation experiment

The sod translocation experiment was conducted twice, the first
one in 2013 consisted of six patches in Honderd Morgen area
(Figure 2) and the second in 2016 consisted of seven patches in
Vlijmens Ven area (Figure 2). On 23 October 2013, the first sod
translocation was carried out in Honderd Morgen area at four lo-
cations (two patches in CG and two in TCG, one patch in HOM,
and one in HMD; Figure 2). We translocated 54 sods (1.25x0.85m
each, 10 cm thick) from three fen meadows in Moerputten nature
reserve where the vegetation had been mown 1 week before. Each
sod was first marked and separated from its surrounding by cut-
ting the edges (Figure S1a). Then, the 10-cm-thick top layer was
separated from the underground with a dense prong to avoid tear-
ing (Figure S1b,c). The sods were placed on plastic road plates for
transportation (Figure Sid,e) and carefully placed into an earlier
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Sod translocation 2013 2013 2013 2013 2013 2013 ll 2016

FIGURE 2 Study area. Natura 2000 nature reserve (purple line) with the core area of Moerputten and restored areas, Vlijmens Ven (VV)
and Honderd Morgen (The Netherlands). Yellow polygons locate restored patches: VV1 to VV2, VV3 to VV7, HMD (=Honderdmorgensedijk
Driehoekje), HOM (=Honderdmorgensedijk), TCG1 and TCG2 (=Tegenover Compensatiegebied) and CG1 and CG2 (=Compensatiegebied).
The table below shows the restoration methods applied in different years during the research.

dug out ditch in the restoration area (Figure S1f). Three years later,
on 4 October 2016, the second series of sods was translocated to
Vlijmens Ven (VV). One week after mowing, 63 sods of the same
size as in 2013 were removed from the nature reserve and spread
over seven different locations in VV (Figure 2; for detailed infor-
mation watch the video Figure S1h).

As a consequence of the weather conditions in both years of
sod translocation (average temperature in both years of 11°C fol-
lowing a week of cold weather), Myrmica queens were assumed
to hide deep in the soil (>10 cm deep) for hibernation (Kipyatkov
& Lopatina, 1999) and hence not be translocated together with the
sods. To test whether this assumption is true, we sampled ants three
times during the second sod translocation in October 2016. The
first time was right after lifting the sods, and we found worker ants
under seven sods. Then we placed ant baits in the translocated sods

after 1week and after 10 months of the translocation, and we found
worker ants in seven and five sods, respectively (I. Wynhoff, un-
published data). In only one sod, worker ants were found more than
once and the rest of the captured ants were distributed randomly in
each capture event. Thus, since we also did not find queens, we con-
cluded that effectively ants were not translocated within the sods
and that those found during the experiment (e.g., in 2014; Wynhoff
et al., 2017) were colonizing from outside the topsoil removed area.

In our study, sods were moved to sandy soil with sparse vegeta-
tion in different densities. At each patch, nine sods were placed in a
3x3 grid (Figure 3, Figure S1g). In 2013, a distance of three meters
was kept between the sods. Control plots of the same dimensions
of the sods were established at the same distances around the sods
(c-controls in Figure 3). It is expected that worker ants from the same
colony could only be found in one sod or control; thus, the frequency
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FIGURE 3 Location of the nine
transplanted sods (purple) and control
relevés (c-controls: grey) within a patch. C-
controls were placed randomly. Distance

10m
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between the sods and c-controls (x) is 3m
for Honderd Morgen meadows and 6 m
for Vlijmens Ven meadows. Black dots
indicate ant baits. In 2015, an additional 8
controls were placed outside each patch
at a distance of at least 10 m (o-controls:
yellow).

>

Transplanted

of ant occurrences within a patch was assumed to be independent of
species' activity densities (Dahms et al., 2010). After the rapid colo-
nization of the sods in 2014 (Wynhoff et al., 2017), eight additional
controls per patch were added at random locations of at least 10m
distance from the patch in 2015 (o-controls in Figure 3). The second
translocation in 2016 (VV meadows) mainly serves to prove that ef-
fectively ants were not translocated with the sods, therefore, the
second translocation data are not included in the analysis. All mead-
ows with translocated sods were managed equally. In each year after
sod translocation, they were mown in October/November. After

cutting, the hay was left there for several days and then removed.

2.3 | Data collection

In July and August 2014 and 2016, 1 m? vegetation relevés were per-
formed on the sods and the c-controls of the first sod translocation
experiment in 2013 according to the Braun Blanquet method (Meijden
& Bruinsma, 2007). All plant species were listed and their coverage
was estimated. The Ellenberg values of nitrogen, moisture, and pH
per relevé were calculated using the program Turboveg (Hennekens
& Schaminée, 2001). Every year from 2014 until 2017, the vegetation
structure was recorded including the cover of shrubs, herbs, mosses,
total vegetation, dead organic matter (from now on DOM), and bare
soil on all transplanted sods and controls. In addition, we meas-
ured the height of the vegetation using the Barkman stick method
(Barkman, 1979; Wynhoff et al., 2017). In total, five measurements
were taken per relevé and were averaged. The standard deviation (SD)
was used as a proxy for variation in vegetation structure.

To collect data on ant presence in all patches, plastic pitfall tubes
were placed (15 ml, @1.7 cm, 12cm long) filled with fruit wine (mix-
ture of raspberry, blackcurrant, cherry, 8.5% alcohol) in the soil in the
middle of the plots, with the top of the tube level with the ground sur-
face. Tubes were collected 24 h after positioning, covering all periods
of daily activity of the ants. Baits were placed between mid-July and
August every year. All ant species were identified using Boer (2010).

[«]
. . EI . sods
D C-controls
. . |:| O-controls
. . E| ° Ant Baits
&

2.4 | Data analysis

241 | Vegetation

First, differences in vegetation structure were analyzed to assess
the effect of year of experiment and treatment (sods and c-controls
for the 4years of research and o-controls for the last 3years) on
different environmental variables that experienced changes. We
performed beta regression models with a Beta distribution for the
variables measured as a percentage (i.e., total vegetation cover,
shrub cover, DOM cover, moss cover, and Sanguisorba cover), and
GLMMs with a normal distribution for height variables (i.e., mean
and Standard Deviation vegetation height) using Patch ID as random
factor. For the beta regression models, we calculated the signifi-
cance of each environmental variable by using a likelihood ratio test
between models with and without a specific environmental variable.
We used the package betareg (Cribari-Neto & Zeileis, 2010) for the
beta regression analysis, version 5.3-4, and package Ime4 version
1.1.21 (Bates et al., 2015) for the GLMM, using the software R, ver-
sion 3.6.3 (R Core Team, 2021).

The changes in the vegetation composition on the sods and the c-
controls between 2014 and 2016 were investigated using a multivar-
iate statistical analysis, Detrended Correspondence Analysis (DCA)
from the package vegan, version 2.5-7 (Oksanen et al., 2020). All
environmental variables were included in the ordination. Spearman
correlations were performed between each environmental variable
and the scores of the first DCA axis. A t test analysis was performed
to detect differences between DCA axes coordinates for the relevés
in the two different years of experiment (2014 and 2016), both vari-
ables had a normal distribution.

242 | Ants

To test whether ants colonized the restoration areas starting in the
translocated sods, we tested whether differences in the presence/
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absence of M. scabrinodis, Lasius niger, all Myrmica species and all ant
species together were determined by the treatment, year of experi-
ment and their interaction with a series of Generalized Linear Mixed
Model (one GLMM analysis was done for each). In these GLMMs, we
used a binomial distribution with logit link function and Patch ID as
random factor.

In addition, another series of GLMM (with binomial distribution
and logit link function) was performed to test which environmen-
tal variables affect the occurrence of ants in the restoration areas;
we incorporated all environmental variables in the GLMMs (one
factor included in each model) for the presence/absence of the
ants. Environmental variables were standardized to compare the
effect sizes of them. Here we used year of experiment as random
effect, the highest estimated value of the coefficients to deter-
mine which variable explained ant presence best and the adjusted
p-values according to Benjamini-Hochberg procedure using a false
discovery rate of 10% for significant values (FDR = 0.1) (Benjamini &
Hochberg, 1995). Additionally, to test the presence of L. niger on the
establishment success of the Myrmica ant species, we included the
presence of L. niger as an independent variable in the M. scabrinodis
model and, in the opposite way for the model of L. niger.

Finally, we calculated the predicted probabilities of encountering
M. scabrinodis and L. niger along the gradient of significant environ-
mental factors for M. scabrinodis (i.e., total cover of vegetation, bare
soil cover, and vegetation height). For the predicted probabilities, we
decided to not include the year of experiment as a random factor to
see the general trend representing the average effect over the years
and either, the herb cover for being correlated with total vegetation

cover.

3 | RESULTS

3.1 | Vegetation
All sods survived the transplantations of 2013 and subsequent years
of the research. After the start of the experiment, the vegetation
structure of all plots changed during the years of experiment and
differences between treatments and locations were found as a con-
sequence of vegetation development. We found significant differ-
ences in total vegetation cover, herb cover, shrub cover, bare soil
cover, DOM cover, moss cover, mean, and SD of vegetation height,
between the years of experiment and treatments, and Sanguisorba
cover only between treatments (Table 1). Overall, the sods showed
a higher total vegetation cover, higher vegetation height and more
Sanguisorba plants over the years in comparison with the c-controls
and the o-controls (Table S2). In the last year of the experiment
(2017), all sods were almost fully covered by vegetation while the
control plots had more bare soil (Figure S3). Moreover, the host plant
of M. teleius, S. officinalis, was found mostly in the sods compared to
the controls (Figure S3).

The DCA showed differences in plant species composition be-
tween 2014 and 2016 (Figure 4). In total, 100 species were found in

2014 and 51 new plant species were detected in 2016. The first DCA
axis divided the relevés into two groups. The sods were clustered
on the left-hand side, influenced by several environmental variables
correlated with the first DCA axis: herb cover (Pearson correlation
coefficient p = -.74, p<.001, df = 178), vegetation height (p = -.60,
p<.001, df = 178), Ellenberg moisture value (p = -.36, p<.001,
df = 178), and total vegetation cover (p = -.67, p<.001, df = 178).
On the right-hand side, the c-controls are more scattered due to the
lack of similarity between plots (Figure 4). The c-control plots were
correlated with moss cover (p = .27, p<.001, df = 178), shrub cover
(p = .58, p<.001, df = 178), and bare soil cover (p = .66, p<.001,
df = 178). The second DCA axis separated the plots between the
years of experiment with the 2014 plots in the upper part of the
graph and the 2016 plots in the bottom part (Figure 4). The vege-
tation development shows a transition toward increasing values of
Ellenberg indicators for pH, nitrogen, and moisture. The DCA anal-
ysis of the vegetation in 2014 and 2016 presents an eigenvalue of
0.46 for the first axis and 0.24 for the second axis. Regarding the
DCA1 axis scores, no difference between the years of experiment
was found. However, the analysis of the DCA2 axis scores showed
a significant difference between 2014 and 2016 (t test, t = 10.70,
df = 101, p<.001), corroborating the significant shift of species
composition between just 2 years of development.

3.2 | Ants

Ten ant species were captured throughout the four investigated
years, but only four species were found every year: L. niger, M.
scabrinodis, Myrmica sabuleti, and Myrmica gallienii. M. scabrino-
dis and L. niger appeared every year in all treatments, whereas M.
sabuleti and M. gallienii were sampled every year at least in one sod
and in some controls (Table S4). The effect of treatment and year of
experiment affected the investigated ant species or groups differ-
ently (Table 2). Only M. scabrinodis occurrence significantly fluctu-
ated over time while the presence of L. niger was affected by neither
treatment nor year of experiment (Table 2, Figure 5). M. scabrinodis
was mostly present in the sods compared to the controls over the
years, while L. niger was evenly found in all treatments (Figure 5).
The colonization of M. scabrinodis started in 2014 from the sods to
the controls through the years (Figure 5 and Figure S5a). However, in
2016 there was a decrease in its presence in the sods due to heavy
rains and short periods of flooding during spring and summer.

The effect of treatments was significant for the presence of M.
scabrinodis, all Myrmica species, and all ant species. For M. scabrino-
dis alone and all Myrmica species, we found a significant interaction
between the years of experiment and the treatments (Table 2). The
presence/absence of all ant species found on the investigated plots
was different between the treatments but not for the years of ex-
periment since sods translocation (Table 2, Figure S5b).

We found effects of the changes in certain vegetation param-
eters on the ants (Table 3). The distribution and presence of M.
scabrinodis were mostly correlated with the environmental variable



SEVILLEJAET AL.

Ecology and Evolution 7 of 14
=t S VY LEY- L7

TABLE 1 Results of the series of models for environmental variables that experience changes on the influence of year and treatment

Beta regression model X?

Total vegetation cover

Year of experiment 28.4

Treatment 236.2
Herb cover

Year of experiment 81.2

Treatment 440.2

Shrub cover
Year of experiment 8.5
Treatment 75.1

Bare soil cover

Year of experiment 13.2

Treatment 228.4
DOM cover

Year of experiment 186.5

Treatment 29.5
Moss cover

Year of experiment 324

Treatment 158.1

Sanguisorba cover

Year of experiment 0.07
Treatment 69.3
GLMM model F

Mean vegetation height
Year of experiment 53.15
Treatment 163.01
SD vegetation height
43.85

Treatment 13.79

Year of experiment

dfl df2 p-value
<.001**
<.001**
3 <.001**
2 <.001**
3 .038*
2 <.001**
.004*
2 <.001**
<.001**
2 <.001**
3 <.001**
2 <.001**
3 .965
2 <.001**
dfl df2 p-value
3 552 <.001**
2 552 <.001**
3 552 <.001**
2 552 <.001**

Note: Year of experiment and treatment were included as independent variables. Values of the table presented in the columns: Coefficient X2,
coefficient F (F), degrees of freedom 1 (df1), degrees of freedom 2 (df2) and p-value (*<.05, **<.001).

total vegetation cover and bare soil cover showing the higher ef-
fect sizes resulting in higher probabilities of occurrence (Table 3,
Figure 6a,b). These last two variables have opposite effects and
were highly correlated (Pearson correlation, p = -.85, p<.001**
Figure S6). As the herb cover was correlated with the total vegeta-
tion cover (Pearson correlation, p = .87, p<.001**), it also showed a
large impact on the presence of this ant. The mean vegetation height
also was significant but its effect size was lower, with M. scabrinodis
being more likely to occur in areas with taller vegetation (Figure 6c).
The cover of Sanguisorba was just significant for the presence of
M. scabrinodis. Ellenberg values of nitrogen, moisture, and pH did
not have an influence on the presence of M. scabrinodis, however
those values were significant for the presence of L. niger (Table 3).
M. scabrinodis avoided areas where L. niger was present, suggesting
a competition effect between both ant species. The year of exca-
vation was significant for the presence of the ants; the more years

passed since excavation the higher the probability of finding ants.
On the other hand, the presence of L. niger was correlated to fewer
and different variables (Table 3). The negative correlation with M.
scabrinodis showed the largest impact. Shrub cover had a significant
effect on the occurrence of L. niger. Ellenberg values had a negative
effect on the presence of L. niger where nitrogen had a high impact.
The probability of L. niger 's occurrence slightly decreased with in-
creasing total vegetation cover and decreased drastically with higher
vegetation (Figure 6a,c), but was not affected by bare soil cover
(Figure 6b). Variables benefitting M. scabrinodis showed a negative
effect on L. niger.

The results of the GLMM for all Myrmica ant species presence
(Table S7) showed that the presence of L. niger is the most influ-
ential variable with the higher effect size. Similarly, to the case
of M. scabrinodis, higher cover of bare soil decreased Myrmica oc-
currence while herb cover and total vegetation cover increased
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TABLE 2 Results of the four generalized linear mixed models
on the influence of year of experiment and treatment on the
occurrence of the ants

Model F dfl df2 p-value
Myrmica scabrinodis
Year of experiment 3.24 3 550 .02*
Treatment 7.42 2 550 <.001**
Year ex. x treatment 3.31 5 550 .006*
Lasius niger
Year of experiment 0.99 3 550 .39
Treatment 1.72 2 550 .18
Year ex. x treatment 1.32 5 550 .25
Myrmica species
Year of experiment 2.00 3 550 A1
Treatment 14.81 2 550 <.001**
Year ex. x treatment 3.08 5 550 .009*
All ant species
Year of experiment 1.79 3 550 12
Treatment 20.24 2 550 <.001**
Year ex. x treatment 2.32 5 550 .05

Note: Year of experiment, treatment and interaction between them
were included as independent variables. Values of the table present in
the columns: Coefficient F (F), degrees of freedom 1 (df1), degrees of
freedom 2 (df2) and p-value (*<.05, **<.001).

Myrmica occurrence. The cover of Sanguisorba also increases
Myrmica presence significantly. The Ellenberg moisture value, year
of excavation, mean height, and shrub cover also have a signifi-
cant influence on the presence of all Myrmica species, however
their effect size is low. Finally, the occurrence of all ant species is
mostly influenced by Ellenberg nitrogen value, followed by bare
soil cover, total vegetation cover, Sanguisorba cover, and herb
cover (Table S7).

4 | DISCUSSION

The loss of wet meadows has been dramatic in Europe during the
last century, and nowadays, they are still threatened by climate
and land use changes (Cosentino & Schooley, 2018; Joyce, 2014;
WallisDeVries et al., 2002). In this paper, we investigated whether
the main requirements of Maculinea teleius butterflies as inhabit-
ants of fen meadows can be restored after top soil removal and sod
translocation. Restoration began with expanding the range of wet
meadow conditions and plants, followed by ant colonization and
dispersal.

Four years after translocating vegetation sods of wet meadows
into barely vegetated restoration areas, the composition and struc-
ture of the vegetation slightly changed and the sods remain stable
and without deterioration, improving the status of the meadows
with respect to Myrmica ant colonization (Table 2, Figure 5). Even
though clippings from fen meadow vegetation had been spread be-
fore the translocation experiment took place, vegetation develop-
ment has not been fast enough to catch up with the mature status of
fen meadows' vegetation. Sod characteristics reflect a long history
of vegetation development that has taken place over many years;
they have a high coverage of vegetation, reflecting the future de-
velopment of the control plots (Table 1, Figure 4). Controls around
sods have had only little time for plant colonization and vegetation
establishment, showing environmental characteristics from primary
phases as lack of vegetation coverage, more moss cover, and high
levels of nutrients (Smith et al., 2002; Zedler, 2000).

Here, we showed how the restoration area (sods) acquired al-
ready wet meadow characteristics over the study period, and the
vegetation composition on the c-controls may shift toward the veg-
etation composition of the sods (Figure 4). Sod translocation leading
to the simple proximity of the target vegetation community might
help plant propagation and increase the likelihood of success to
cover the area over time (Jansen et al., 2000; Matus et al., 2003).
Indeed, a remarkable number of 51 new species was found in a short
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FIGURE 5 Percentage of presence of (a) Myrmica scabrinodis and (b) Lasius niger across the plots of the different treatments (sods,

c-controls and o-controls) along the years of experiment.

time, determining an important difference between the years of ex-
periment. One of the plants benefitting from the restoration was
the host plant Sanguisorba officinalis, which colonized the whole
restoration area (personal observations) after spreading of clippings
and seeds and translocation of sods. Though the spreading of clip-
pings has been important to start the target vegetation growing,
the translocated sods were added to improve the colonization of
the desired vegetation, supporting hypothesis 1. An increase in the
vegetation cover triggers other environmental conditions important
for the restoration; when the vegetation covers more ground, more
humidity is captured in the topsoil and under the herb layer which
creates a favorable microclimate for many insect species (Prochazka
et al., 2011). The slight (but nonsignificant) increase of the Ellenberg
moisture values in the restoration area points into that direction
(Figure 4, Table S2). Moreover, the accumulation of dead organic
matter (DOM) is one consequence derived from vegetation devel-
opment toward more mature ecosystem stages (Jansen et al., 1996).
DOM interacts with several conditions of the soil, physically and
chemically, that link the soil biodiversity and ecosystem functions
(Bot & Benites, 2005). With our restoration, DOM fluctuated over
time, increasing only for c-controls (Table 1 and Table S2). Finally, the
reduction of moss cover in the sods and c-controls, slight decrease
of Ellenberg nitrogen value in sods and c-controls and the appear-
ance of higher shrub coverage in the c-controls and (nonsignificant)
in the o-controls are also signs of the development shifting away
from primary phases over time (Middleton, 2018). In our experiment,
the o-controls performed better than the c-controls. All these char-
acteristics that we observed during the study period, indicate that
the vegetation structure is moving toward a healthy wet meadow
(Sammul et al., 2012; Zedler, 2000).

Our results showed that the sod translocation method enabled
the host Myrmica ants to colonize new areas where they were ini-
tially absent due to the soil excavation. We validated that no queens

were moved with the sod translocation, so colonization was depen-
dent on external founders: young mated queens dispersing after
their nuptial flights. The ants found in the sods came from outside
the topsoil removed areas. M. scabrinodis generally avoids areas
dominated by bare soil because the conditions are extreme, with
high temperatures and drought during summer days, while moist
conditions and moderate temperatures are kept stable by vegeta-
tion cover (Elmes et al., 1998; Trigos-Peral et al., 2018; Wynhoff
et al., 2017). Therefore, if the vegetation cover around the sods was
increasing, the ants could occupy those areas that offered their re-
quired ecological conditions of moisture and temperature (Elmes &
Wardlaw, 1982; Prochazka et al., 2011). Indeed, the different res-
toration methods applied, and in particular the sod translocations,
allowed a fast colonization of M. scabrinodis (Figure 5). These find-
ings support our hypothesis 2. Only in 2016, the process was slowed
down due to frequent heavy rains in the summer. As the area cov-
ered by vegetation as well as its height increased, the probability
of occurrence of M. scabrinodis also increased (Figure 6), supporting
our hypothesis 3. Furthermore, to be able to build a nest, Myrmica
ants need some support by plant material, such as roots or stems but
L. niger is able to start a colony in a shallow nest without any sup-
port (Kipyatkov & Lopatina, 1999). While the vegetation outside the
sods grew and increasingly resembled that of the sods, the Myrmica
ants progressively invaded the area around the sods (Figure 5). Plots
outside the worker activity range of the sod nests were colonized
as well suggesting young mated queens during their nuptial flights
were attracted by the vegetation structure characteristics. In our
study M. scabrinodis has been found in the surroundings of S. offi-
cinalis, close to the stem base of the plants. Females of M. teleius
have been shown to lay their eggs on selected host plants that are
surrounded by Myrmica nests (Wynhoff et al., 2008; Wynhoff &
van Langevelde, 2017). This choice increases the probability of the
caterpillars to proceed their development in the ant nest. Our data
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FIGURE 6 Predicted probabilities (+Cl) of occurrence of
Myrmica scabrinodis and Lasius niger ants as a function of (a) total
vegetation cover, (b) bare soil cover, and (c) mean vegetation height.

shows that S. officinalis cover increases the presence of M. scabrin-
odis but this is because both butterfly hosts, M. scabrinodis and S.
officinalis, have similar ecological requirements. Therefore, in the
coming years the probability is high that they will continue to occur
in each other's vicinity.

In the restored meadows, spatial separation of the two main
ant species was found. The presence of bare soil negatively influ-
ences the presence of M. scabrinodis and facilitates the coloniza-

tion and spreading of its main competitor, L. niger (Figure 6). During
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colonization of new habitat, the presence of L. niger may obstruct
the colonization of M. scabrinodis (Elmes et al., 1998). Indeed, we
found a negative correlation between the two species, which sug-
gests that the species exclude each other (Table 3). Higher presence
of the main competitor was detected in areas where the time be-
tween the soil removal and the translocation of clippings and sods
was longer. In these places, L. niger was more dominant than in the
other locations which might explain the low values for M. scabrin-
odis. In contrast, in the areas where the restoration interventions
occurred in the same year, the presence of L. niger was limited or
the species was even absent. Sod translocations in areas without
L. niger provided better starting conditions for the colonization and
dispersal of M. scabrinodis. This information was carefully taken into
account for designing the second set of sod transplantations in 2016
as it was performed directly after the topsoil removal, thus demon-
strating the importance of the learning process during a restoration
project to restore a complex ecological system such as the one of
Myrmica scabrinodis and Maculinea teleius.

In our experiment, we demonstrated how involving different lev-
els of a complex ecological system improves the success of habitat
restoration. As a first step, wetland conditions (hydrology and poor
nutrients) were restored and the application of fresh clippings from
meadows with the target vegetation helped the target plant species
to easily colonize the restored areas. For wet meadows, additionally
sod translocation can be a successful method accelerating vegeta-
tion development within a short period of time. Though removing
the sods from the source meadows leads to partial damage, if it is
done carefully the vegetation in the source meadows can cover the
gaps quite fast while the start in the restoration meadows is facil-
itated significantly. The vegetation of the restored meadows got
denser and taller, inside and outside of the sods, influencing several
environmental variables and it created suitable habitat for the ants
to spread. The transplanted sods act as habitat islands attracting
Myrmica ants. Even within the limited number of years after resto-
ration, we showed that sod translocation can be applied to facilitate
wet meadow restoration. The subsequent dispersion of the host
plant Sanguisorba officinalis and the host ant Myrmica scabrinodis can
provide new habitat for Maculinea teleius. It is helpful if the distance
between the new restored habitat and existing populations of the
butterfly is within the dispersal potential of the butterfly to allow
natural colonization once the ecological requirements of the butter-
flies are realized on the restored parcels.

In the summer of 2021, 8years after sod translocation, for the
first time, a small population of the Maculinea teleius butterflies was
found on one of the restored meadows. Frequent transect counts al-
lowed for the calculation of a total population size of 25 + 3 individuals
(. Wynhoff, unpublished data). Some females must have colonized the
meadow 1year before, accepted the status of the restoration area,
and deposited their eggs on the available Sanguisorba officinalis plants
where the nests of Myrmica scabrinodis were large enough to raise the
caterpillars. This new population of butterflies proves how the resto-
ration methods described in this paper were successful for them.



12 of 14 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

SEVILLEJAET AL.

Open Access,

AUTHOR CONTRIBUTIONS

Cristina G. Sevilleja: Formal analysis (lead); methodology (equal); pro-
ject administration (equal); software (equal); writing - original draft
(lead); writing - review and editing (equal). Frank van Langevelde:
Formal analysis (supporting); software (supporting); supervision
(equal); writing - original draft (equal); writing - review and editing
(equal). Juan Gallego-Zamorano: Formal analysis (equal); software
(equal); writing - review and editing (equal). Chiara F. Bassignana:
Methodology (supporting); writing - original draft (equal). Irma
Wynhoff: Conceptualization (lead); data curation (lead); funding ac-
quisition (lead); methodology (equal); project administration (lead);
resources (equal); supervision (equal); writing - original draft (equal);

writing - review and editing (equal).

ACKNOWLEDGMENTS

National State Forestry and Natuurmonumenten gave us permission
to access their nature reserves and carried out the transplantation
experiment. The authors thank Kars Veling for the help in the field
and documenting the actions, Peter Boer for the help identifying the
ants. This study was performed within the LIFE+ Project “Blues in
the Marshes” (LIFE 11 NAT/NL/000770/Action C1 and D1). IW's
work was partly funded by the Province of Northern Brabant (the
Netherlands). The authors thank the editor and the three referees
for helpful recommendations that improved our manuscript.

CONFLICT OF INTEREST
The authors have no conflicts of interest to declare that are relevant

to the content of this article.

DATA AVAILABILITY STATEMENT
Data supporting this article are uploaded at the Dryad repository:
https://doi.org/10.5061/dryad.1jwstqjz2.

ORCID

Cristina G. Sevilleja "' https://orcid.org/0000-0003-4189-5632

REFERENCES

Bakker, J. P., & Berendse, F. (1999). Constraints in the restoration of eco-
logical diversity in grassland and heathland communities. Trends in
Ecology and Evolution, 14, 63-68.

Barkman, J. J. (1979). The investigation of vegetation texture and struc-
ture. In M. J. A. Werger (Ed.), The study of vegetation. Junk.

Barrett, M., Belward, A., Bladen, S., Breeze, T., Burgess, N., Butchart,
S., Clewclow, H., Cornell, S., Cottam, A., Croft, S., & de Carlo, G.
(2018). Living planet report 2018: Aiming higher. WWF.

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software,
67(1), 1-48. https://doi.org/10.18637/jss.v067.i01

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery
rate: A practical and powerful approach to multiple testing.
Journal of the Royal Statistical Society: Series B (Methodological),
57,289-300.

Boer, P. (2010). Mieren van de Benelux. Stichting Jeugdbondsuitgeverij s'
Graveland.

Bot, A., & Benites, J. (2005). The importance of soil organic matter: Key to
drought-resistant soil and sustained food production. FAQO.

Buichi, L., & Vuilleumier, S. (2014). Coexistence of specialist and gen-
eralist species is shaped by dispersal and environmental factors.
American Naturalist, 183, 612-624.

Cosentino, B. J., & Schooley, R. L. (2018). Dispersal and wetland fragmen-
tation. The wetland Book: I: Structure and function, management, and
methods. Springer.

Craioveanu, C., Muntean, I., Ruprecht, E., Bancila, R.-l., Crisan, A., &
Rakosy, L. (2021). Factors affecting butterfly and plant diversity
in basiphilous dry grasslands of Transylvania, Romania. Community
Ecology, 16, 1-14. https://doi.org/10.1007/s42974-021-00055-6

Cribari-Neto, F., & Zeileis, A. (2010). Beta regression in R. Journal of
Statistical Software, 34, 1-24. https://doi.org/10.18637/jss.v034.i02

Dahms, H., Lenoir, L., Lindborg, R., Wolters, V., & Dauber, J. (2010).
Restoration of seminatural grasslands: What is the im-
pact on ants? Restoration Ecology, 18, 330-337. https://doi.
org/10.1111/j.1526-100X.2008.00458.x

Donaldson, M. R., Burnett, N. J., Braun, D. C., Suski, C. D., Hinch, S. G.,
Cooke, S. J., & Kerr, J. T. (2016). Taxonomic bias and international
biodiversity conservation research. Facets, 1, 105-113. https://doi.
org/10.1139/facets-2016-0011

Donath, T. W.,, Bissels, S., Holzel, N., & Otte, A. (2007). Large scale
application of diaspore transfer with plant material in resto-
ration practice-impact of seed and microsite limitation. Biological
Conservation, 138, 224-234.

Elmes, G. W., Thomas, J. A., Wardlaw, J. C., Hochberg, M. E., Clarke,
R. T., & Simcox, D. J. (1998). The ecology of Myrmica ants in rela-
tion to the conservation of Maculinea butterflies. Journal of Insect
Conservation, 2, 67-78.

Elmes, G. W., & Wardlaw, J. C. (1982). A population study of the ants
Myrmica sabuleti and Myrmica scabrinodis living at two sites in the
south of England. Il. Effect of above-Nest vegetation. Journal of
Animal Ecology, 51, 665-680.

European Commission 2015. Report on the status and trends for habitat types
and species covered by the Birds and Habitats Directive for the 2007-
2012 period as required under Article 17 of the Habitats Directive and
Article 12 of the Birds Directive. https://eur-lex.europa.eu/legal-conte
nt/EN/TXT/PDF/?uri=CELEC:52015DC0219&from=EN

European Commission 2021. Communication from the Commission to
the European Parliament, the council, the European Economic
and Social Committee and the Committee of the regions EU.
Biodiversity Strategy for 2030 Bringing nature back into our lives.
COM/2020/380 final

Ferrer, M., Morandini, V., Baguena, G., & Newton, I. (2017). Reintroducing
endangered raptors: A case study of supplementary feeding and re-
moval of nestlings from wild populations. Journal of Applied Ecology,
55,1360-1367. https://doi.org/10.1111/1365-2664.13014

Fourcade, Y., WallisdeVries, M. F., Kuussaari, M., Van Swaay, C. A. M.,
Heliola, J., & Ockinger, E. (2021). Habitat amount and distribution
modify community dynamics under climate change. Ecology Letters,
24, 950-957. https://doi.org/10.1111/ele.13691

Fraser, L. H., Harrower, W. L., Garris, H. W., Davidson, S., Hebert, P. D.
N., Howie, R., Moody, A., Polster, D., Schmitz, O. J., Sinclair, A. R.
E., Starzomski, B. M., Sullivan, T. P., Turkington, R., & Wilson, D.
(2015). A call for applying trophic structure in ecological resto-
ration. Restoration Ecology, 23, 503-507. https://doi.org/10.1111/
rec.12225

Germano, J. M., & Bishop, P. J. (2009). Suitability of amphibians and rep-
tiles for translocation. Conservation Biology, 23, 7-15.

Goreth, T., Janssens, X., & Godefroid, S. (2021). A decision-making
tool for restoring lowland grasslands in Europe. Journal for
Nature Conservation, 63, 126046. https://doi.org/10.1016/j.
jnc.2021.126046

Hennekens, S. M., & Schaminée, J. H. (2001). TURBOVEG, a comprehen-
sive data base management system for vegetation data. Journal of
Vegetation Science, 12, 589-591.


https://doi.org/10.5061/dryad.1jwstqjz2
https://orcid.org/0000-0003-4189-5632
https://orcid.org/0000-0003-4189-5632
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s42974-021-00055-6
https://doi.org/10.18637/jss.v034.i02
https://doi.org/10.1111/j.1526-100X.2008.00458.x
https://doi.org/10.1111/j.1526-100X.2008.00458.x
https://doi.org/10.1139/facets-2016-0011
https://doi.org/10.1139/facets-2016-0011
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEC:52015DC0219&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEC:52015DC0219&from=EN
https://doi.org/10.1111/1365-2664.13014
https://doi.org/10.1111/ele.13691
https://doi.org/10.1111/rec.12225
https://doi.org/10.1111/rec.12225
https://doi.org/10.1016/j.jnc.2021.126046
https://doi.org/10.1016/j.jnc.2021.126046

SEVILLEJAET AL.

Hofner, J., Klein-Raufhake, T., Lampei, C., Mudrak, O., Bucharova, A.,
& Durka, W. (2021). Populations restored using regional seed are
genetically diverse and similar to natural populations in the re-
gion. Journal of Applied Ecology, 59(9), 2234-2244. https://doi.
org/10.1111/1365-2664.14067

Holzel, N., & Otte, A. (2003). Restoration of a species-rich flood meadow
by topsoil removal and diaspore transfer with plant material.
Applied Vegetation Science, 6, 131-140.

Jansen, A., De Graaf, M. C. C., & Roelofs, J. G. M. (1996). The resto-
ration of species-rich heathland communities in The Netherlands.
Vegetatio, 126, 73-88.

Jansen, A, Grootjans, A. P., Jalink, M. H., & Bakker, J. P.(2000). Hydrology
of Dutch Cirsio-Molinietum meadows: Prospects for restoration.
Applied Vegetation Science, 3, 51-64.

Joyce, C. B. (2014). Ecological consequences and restoration potential
of abandoned wet grasslands. Ecological Engineering, 66, 91-102.
https://doi.org/10.1016/j.ecoleng.2013.05.008

Kipyatkov, V., & Lopatina, E. (1999). Social regulation of larval diapause
by Workers in Three Species of the ant genus Myrmica Latreille.
Entomological Reviews, 79, 1138-1144.

Klimkowska, A., Van Diggelen, R., Bakker, J. P., & Grootjans, A. P.
(2007). Wet meadow restoration in Western Europe: A quan-
titative assessment of the effectiveness of several techniques.
Biological Conservation, 140, 318-328. https://doi.org/10.1016/j.
biocon.2007.08.024

Kollmann, J., Meyer, S. T., Bateman, R., Conradi, T., Gossner, M. M., De
Souza Mendonca, M., Fernandes, G. W., Hermann, J. M., & Koch, C.
(2016). Integrating ecosystem functions into restoration ecology—
Recent advances and future directions. Restoration Ecology, 24,
722-730. https://doi.org/10.1111/rec.12422

Lavelle, P., Spain, A., Blouin, M., Brown, G., Decaéns, T., Grimaldi, M.,
Jiménez, J. J., McKey, D., Mathieu, J., Velasquez, E., & Zangerlé, A.
(2016). Ecosystem engineers in a self-organized soil: A review of
concepts and future research questions. Soil Science, 181, 91-109.
https://doi.org/10.1097/SS.0000000000000155

Loos, J.,, Krauss, J., Lyons, A., Fost, S., Ohlendorf, C., Racky, S., Réder, M.,
Hudel, L., Herfert, V., & Tscharntke, T. (2021). Local and landscape
responses of biodiversity in calcareous grasslands. Biodiversity and
Conservation, 26, 1-18. https://doi.org/10.1007/s10531-021-02201-y

Martin-Lopez, B. (2009). What drives policy decision-making related
to species conservation? Biological Conservation, 142, 1370-1380.
https://doi.org/10.1016/j.biocon.2009.01.030

Matus, G., Verhagen, R., Bekker, R. M., & Grootjans, A. P. (2003).
Restoration of the Cirsio dissecti-Molinietum in The Netherlands:
Can we rely on soil seed banks? Applied Vegetation Science, 6, 73-
84. https://doi.org/10.1111/j.1654-109X.2003.tb00566.x

Meijden, R. V. D., & Bruinsma, J. (2007). Heukels' Flora van Nederland.
Wolters-Noordhoff.

Middleton, B. A. (2018). Succession in wetlands. In C. M. Finlayson, M.
Everard, K. Irvine, R. J. Mclnnes, B. A. Middleton, A. A. van Dam,
& N. C. Davidson (Eds.), The wetland Book: I: Structure and function,
management, and methods. Springer.

Musters, C. J. M., Kalkman, V., & Van Strien, A. (2013). Predicting rarity
and decline in animals, plants, and mushrooms based on species at-
tributes and indicator groups. Ecology and Evolution, 3, 3401-3414.
https://doi.org/10.1002/ece3.699

Natuurmonumenten, 2018. Blues in the marshes Layman's report.
https://assets.vlinderstichting.nl/docs/d9eele74-083d-4a8d-
b4b7-7ff3bceb18da.pdf

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, ., Senior,
R. A., Borger, L., Bennett, D. J., Choimes, A., Collen, B., Day, J., De
Palma, A., Diaz, S., Echeverria-Londofio, S., Edgar, M. J., Feldman,
A., Garon, M., Harrison, M. L. K., Alhusseini, T., ... Purvis, A. (2015).
Global effects of land use on local terrestrial biodiversity. Nature,
520, 45-50. https://doi.org/10.1038/nature14324

Ecology and Evolution 13 of 14
=t e W1 LEY- 2o

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P,
McGlinn, D., Minchin, P.R., O'Hara, R.B., Simpson, G.L., Solymos,
P. and Stevens, M.H.H. 2020. Vegan: Community Ecology
Package. R package version 2.5-7. https://CRAN.R-project.org/
package=vegan

Prochazka, J., Brom, J., Stastny, J., & Pecharova, E. (2011). The impact
of vegetation cover on temperature and humidity properties in
the reclaimed area of a brown coal dump. International Journal of
Mining, Reclamation and Environment, 25, 350-366. https://doi.
org/10.1080/17480930.2011.623830

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Sammul, M., Kauer, K., & Koster, T. (2012). Biomass accumulation during
reed encroachment reduces efficiency of restoration of Baltic
coastal grasslands. Applied Vegetation Science, 15, 219-230. https://
doi.org/10.1111/j.1654-109X.2011.01167.x

Sexton, A. N., & Emery, S. M. (2020). Grassland restorations improve pol-
linator communities: A meta-analysis. Journal of Insect Conservation,
24,719-726.10.1046/j.1365-2664.2002.00715.x

Smith, R., Shiel, R. S., Millward, D., Corkhill, P., & Sanderson, R. A. (2002).
Soil seed banks and the effects of meadow management on vegeta-
tionchangeina10-year meadow field trial. Journal of Applied Ecology,
39, 279-293. https://doi.org/10.1046/j.1365-2664.2002.00715.x

Tartally, A., Thomas, J. A., Anton, C., Balletto, E., Barbero, F., Bonelli, S.,
Brau, M., Casacci, L. P., Cs6sz, S., Czekes, Z., Dolek, M., Dziekanska,
I., Elmes, G., Furst, M. A., Glinka, U., Hochberg, M. E., Hottinger,
H., Hula, V., Maes, D., ... Nash, D. R. (2019). Patterns of host use by
brood parasitic Maculinea butterflies across Europe. Philosophical
Transactions of the Royal Society B, 374(1769), 20180202.

Thomas, J.A., 1984. Conservation of butterflies in temperate coun-
tries: Past efforts and lessons for the future. Symposium. Royal
Entomological Society London.

Thomas, J. A., Simcox, D. J., & Clarke, R. T. (2009). Successful conser-
vation of a threatened Maculinea butterfly. Science, 325, 80-83.
https://doi.org/10.1126/science.1175726

Torok, P., Brudvig, L. A., Kollmann, J., Price, J. N., & Téthmérész, B.
(2021). The present and future of grassland restoration. Restoration
Ecology, 29, €13378.

Torok, P., Vida, E., Dedk, B., Lengyel,S., & Téthmérész, B.(2011). Grassland
restoration on former croplands in Europe: An assessment of appli-
cability of techniques and costs. Biodiversity and Conservation, 20,
2311-2332. https://doi.org/10.1007/s10531-011-9992-4

Trigos-Peral, G., Casacci, L. P,, Slipinski, P., Grzes, |I. M., Moron, D., Babik,
H., & Witek, M. (2018). Ant communities and Solidago plant inva-
sion: Environmental properties and food sources. Entomological
Science, 21, 270-278. https://doi.org/10.1111/ens.12304

Tscharntke, T., Tylianakis, J. M., Rand, T. A., Didham, R. K., Fahrig, L.,
Batary, P., Bengtsson, J., Clough, Y., Crist, T. O., Dormann, C. F.,,
Ewers, R. M., Friind, J., Holt, R. D., Holzschuh, A., Klein, A. M., Kleijn,
D., Kremen, C., Landis, D. A, Laurance, W., ... Westphal, C. (2012).
Landscape moderation of biodiversity patterns and processes-
eight hypotheses. Biological Reviews, 87, 661-685. https://doi.
org/10.1111/j.1469-185X.2011.00216.x

Van Langevelde, F., & Wynhoff, I. (2009). What limits the spread of two
congeneric butterfly species after their reintroduction: Quality or
spatial arrangement of habitat? Animal Conservation, 12, 540-548.
https://doi.org/10.1111/j.1469-1795.2009.00281.x

Van Swaay, C., Van Strien, A. J., Aghababyan, K., Astrém, S., Botham,
M., Brereton, T., Chambers, P., Collins, S., Doménech Ferrés, M.,
Escobés, R., Feldmann, R., Fernandez-Garcia, J. M., Fontaine, B.,
Goloshchapova, S., Gracianteparaluceta, A., Harpke, A., Helidla,
J., Khanamirian, G., Julliard, R., ... Warren, M. S. (2015). The
European butterfly indicator for grassland species: 1990-2013. De
Vlinderstichting, Dutch Butterfly Conservation.


https://doi.org/10.1111/1365-2664.14067
https://doi.org/10.1111/1365-2664.14067
https://doi.org/10.1016/j.ecoleng.2013.05.008
https://doi.org/10.1016/j.biocon.2007.08.024
https://doi.org/10.1016/j.biocon.2007.08.024
https://doi.org/10.1111/rec.12422
https://doi.org/10.1097/SS.0000000000000155
https://doi.org/10.1007/s10531-021-02201-y
https://doi.org/10.1016/j.biocon.2009.01.030
https://doi.org/10.1111/j.1654-109X.2003.tb00566.x
https://doi.org/10.1002/ece3.699
https://assets.vlinderstichting.nl/docs/d9ee1e74-083d-4a8d-b4b7-7ff3bceb18da.pdf
https://assets.vlinderstichting.nl/docs/d9ee1e74-083d-4a8d-b4b7-7ff3bceb18da.pdf
https://doi.org/10.1038/nature14324
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1080/17480930.2011.623830
https://doi.org/10.1080/17480930.2011.623830
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/j.1654-109X.2011.01167.x
https://doi.org/10.1111/j.1654-109X.2011.01167.x
https://doi.org/10.1046/j.1365-2664.2002.00715.x
https://doi.org/10.1046/j.1365-2664.2002.00715.x
https://doi.org/10.1126/science.1175726
https://doi.org/10.1007/s10531-011-9992-4
https://doi.org/10.1111/ens.12304
https://doi.org/10.1111/j.1469-185X.2011.00216.x
https://doi.org/10.1111/j.1469-185X.2011.00216.x
https://doi.org/10.1111/j.1469-1795.2009.00281.x

SEVILLEJAET AL.

111 | Wi Ly -Ecoogy end Evluon

Vitt, P., Belmaric, P. N., Book, R., & Curran, M. (2016). Assisted migration
as a climate change adaptation strategy: Lessons from restoration
and plant reintroductions. Israel Journal of Plant Science, 63, 250-
261. https://doi.org/10.1080/07929978.2016.1258258

Wagner, M., Hulmes, S., Hulmes, L., Redhead, J. W., Nowakowski, M., &
Pywell, R. F. (2021). Green hay transfer for grassland restoration:
Species capture and establishment. Restoration Ecology, 29, e13259.
https://doi.org/10.1111/rec.13259

WallisDeVries, M. F., Poschlod, P., & Willems, J. H. (2002). Challenges
for the conservation of calcareous grasslands in northwestern
Europe: Integrating the requirements of flora and fauna. Biological
Conservation, 3, 265-273.  https://doi.org/10.1016/5S0006
-3207(01)00191-4

Warren, M. S., Maes, D., Van Swaay, C. A., Goffart, P., Van Dyck, H.,
Bourn, N. A. D., Wynhoff, I., Hoare, D., & Ellis, S. (2021). The de-
cline of butterflies in Europe: Problems, significance, and possible
solutions. Proceedings of the National Academy of Sciences, 118(2),
€2002551117. https://doi.org/10.1073/PNAS.2002551117

Witek, M., Nowicki, P., Sliwinska, E. B., Skorka, P., Settele, J., Schénrogge,
K., & Woyciechowski, M. (2010). Local host ant specificity of
Phengaris (Maculinea) teleius butterfly, an obligatory social parasite
of Myrmica ants. Ecological Entomology, 35, 557-564. https://doi.
org/10.1111/j.1365-2311.2010.01213.x

Wynhoff, I. (1998). Lessons from the reintroduction of Maculinea teleius
and M. nausithous in The Netherlands. Journal of Insect Conservation,
2,47-57. https://doi.org/10.1023/A:1009692723056

Wynhoff, I., Grutters, M., & Van Langevelde, F. (2008). Looking for
the ants: Selection of oviposition sites by two myrmecophi-
lous butterfly species. Animal Biology, 58, 371-388. https://doi.
org/10.1163/157075608X383683

Wynhoff, |., Kolvoort, A. M., Bassignana, C. F., Berg, M. P., & Van Langevelde,
F. (2017). Fen meadows on the move for the conservation of
Maculinea (Phengaris) teleius butterflies. Journal of Insect Conservation,
21, 379-392. https://doi.org/10.1007/s10841-016-9941-3

Wynhoff, I., & van Langevelde, F. (2017). Phengaris (Maculinea) teleius
butterflies select host plants close to Myrmica ants for oviposition,
but P. nausithous do not. Entomologia Experimentalis et Applicata,
165, 9-18. https://doi.org/10.1111/eea.12624

Zedler, J. B. (2000). Progress in wetland restoration ecology. Trends in
Ecology and Evolution, 15, 402-407. https://doi.org/10.1016/50169
-5347(00)01959-5

Zedler, J. B., & Miller, N. (2018). Wetland restoration. In C. M. Finlayson
(Ed.), The wetland Book: I: Structure and function, management, and
methods. Springer.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Sevilleja, C. G., Van Langevelde, F.,
Gallego-Zamorano, J., Bassignana, C. F., & Wynhoff, I. (2022).
Sod translocation to restore habitats of the myrmecophilous
butterfly Phengaris (Maculinea) teleius on former agricultural
fields. Ecology and Evolution, 12, €9293. https://doi.
org/10.1002/ece3.9293



https://doi.org/10.1080/07929978.2016.1258258
https://doi.org/10.1111/rec.13259
https://doi.org/10.1016/S0006-3207(01)00191-4
https://doi.org/10.1016/S0006-3207(01)00191-4
https://doi.org/10.1073/PNAS.2002551117
https://doi.org/10.1111/j.1365-2311.2010.01213.x
https://doi.org/10.1111/j.1365-2311.2010.01213.x
https://doi.org/10.1023/A:1009692723056
https://doi.org/10.1163/157075608X383683
https://doi.org/10.1163/157075608X383683
https://doi.org/10.1007/s10841-016-9941-3
https://doi.org/10.1111/eea.12624
https://doi.org/10.1016/S0169-5347(00)01959-5
https://doi.org/10.1016/S0169-5347(00)01959-5
https://doi.org/10.1002/ece3.9293
https://doi.org/10.1002/ece3.9293

	Sod translocation to restore habitats of the myrmecophilous butterfly Phengaris (Maculinea) teleius on former agricultural fields
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study site
	2.2|Sod translocation experiment
	2.3|Data collection
	2.4|Data analysis
	2.4.1|Vegetation
	2.4.2|Ants


	3|RESULTS
	3.1|Vegetation
	3.2|Ants

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


