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ties is sought because it increases overall biodiversity and improves ecosystem stabil-

significance of drivers like site characteristics but also uncontrolled factors such as
spatial effects, historical factors, and year effects.

Co-ordinating Editor: Jonathan Bennett Location: Dikes at river Danube, SE Germany.

Methods: We studied dike grasslands 4-19years after restoration over five years
(2017-2021, 41 plots in 12 sites). We calculated beta diversity indices to describe
spatial variation and temporal turnover, including their additive components ‘replace-
ment’ and ‘nestedness’, or ‘gains’ and ‘losses’. We analysed the main drivers of beta
diversity like local site characteristics, landscape, and historical factors.

Results: Spatial variation of the restored dike grasslands was dominated by the replace-
ment component and showed no homogenisation despite a significant temporal turn-
over. The replacement drivers changed over time, although replacement was mainly
affected by slope aspect and landscape factors. Historical factors were inconsistent
over time, and no statistically clear drivers of nestedness were found. The dike grass-
lands exhibited a year-to-year turnover in species composition of 37 +11%. Gains and
losses were balanced over time, although the ratio changed and was most pronounced
on south-facing slopes.

Conclusions: The restored grasslands exhibited spatial variation by site characteristics
but also by spatial factors which were not controlled by restorations. Moreover, high
non-directional temporal turnover occurred, caused most likely by weather fluctua-
tions, slightly varying management, and stochastic biotic dynamics. Thus, flexible tar-
gets are recommended for restoration monitoring, by defining a set of desired states
within a certain range. Furthermore, the dominance of the replacement component of

spatial variation should move the focus from defining one precise restoration approach

to defining a set of possible methods which together would foster beta diversity.
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1 | INTRODUCTION

The purpose of ecological restoration is to predictably restore eco-
systems at the landcape scale (Brudvig, 2011). To this aim, species
composition must be affected not only by manipulating local site
conditions, but also by taking into account the landscape context and
historical factors (Suding, 2011). However, most of the variability in
restoration outcomes remains unexplained (Grman et al., 2013), and
this unexplained variability in species composition is due to unmea-
sured deterministic factors, though it is also caused by stochastic
processes (Mori et al., 2018). Stuble et al. (2017) showed that the
same restoration measure carried out in different years and sites
resulted in contrasting species compositions. This elusive spatio-
temporal variability makes it difficult to achieve predictability, but
the ensuing high beta diversity can be beneficial to overall biodiver-
sity by preventing biotic homogenisation (Socolar et al., 2016). At the
landscape scale, a high spatial beta diversity is important for ecosys-
tem function multifunctionality (EFM, sensu Manning et al., 2018),
and it is an insurance for ecosystem resilience (Hautier et al., 2018;
Wang et al., 2021). Restoration strives for biodiversity conserva-
tion and ecosystem service multifunctionality (ESM, sensu Manning
et al., 2018), and, as shown, high beta diversity can be useful for
both. Therefore, Brudvig et al. (2017) conclude that the goal should
be ‘the widest possible variety of [restoration] outcomes within the
range of desired conditions’.

The metacommunity concept can help to understand spatial beta
diversity because it incorporates local environmental filtering and bi-
otic interactions as well as the dispersal filter on the regional scale and
ecological drift (Leibold et al., 2004), which are all necessary to guide
restoration during global change (Chase et al., 2020). A promising ap-
proach to analyse spatial beta diversity, also called ‘spatial variation’
(Anderson et al., 2011), is its partition into two additive components,
i.e., ‘replacement’ and ‘nestedness’. Replacement is the substitution of
species from one site to another by the same number of new species,
while nestedness describes that species of one community are a sub-
set of a richer one (Baselga, 2010). If replacement especially of target
species dominates, conservation should protect all sites equally since
all are important for biodiversity; if nestedness especially of target
species dominates, conservation should focus on the most diverse site
(Socolar et al., 2016), or alternatively adaptive management should re-
duce this richness gradient among the restored sites.

Understanding spatial variability among restoration outcomes
requires identifying key drivers of community assembly (Chase
et al., 2020) to assess which factors are worth manipulating, and
which are important but not modifiable. This requires experiments
but also learning from real-world, less standardised restoration proj-
ects at the landscape scale (Brudvig et al., 2017; KaulfuB et al., 2022).

In semi-natural grasslands of fertile landscapes, replacement is
mainly affected by local environmental factors such as soil char-
acteristics and management, and in nutrient-poor landscapes, by
uncontrolled factors, which are not modified by restoration, such
as landscape configurations (Conradi et al., 2017). In addition to
landscape and local factors, historical contingencies can influence
species composition for a long period of time (Fukami, 2015). For
restorations, this can be captured by measuring the effects of site
age or weather during establishment (Grman et al., 2013), as they
capture year effects with lasting consequences for species compo-
sition (Werner et al., 2020). In real-world projects, restoration mea-
sures add variability to the restoration outcomes because they are
less standardised than experiments and slightly vary due to econom-
ical or practical reasons, for example, condition of donor site, timing
of hay transfer, etc.

There is still a high amount of unexplained spatial variation
(Grman et al., 2013; Conradi et al., 2017). This occurs due to non-
directional ‘baseline temporal change’, which does not have to
change species richness, but causes fluctuations in species compo-
sition (Blowes et al., 2019; Magurran et al., 2019). Climate change or
nitrogen depositions can lead to directional trends, while weather
fluctuations, irregular disturbance, dispersal, and biotic stochas-
ticity (e.g., demographic stochasticity, biotic interactions) result in
non-directional year-to-year fluctuations of species composition,
also called ‘year effects’ (Magurran et al., 2019; Werner et al., 2020).
Disturbance includes varying management since practitioners can-
not guarantee to cut or graze each year at the same phenotypic
stage or miss a cut due to rainy weeks. Non-directional fluctuations
can exert the effects of directional trends on temporal turnover,
and the strength of temporal turnover can vary in space (Fischer
et al., 2020). Restoration monitoring should account for this tem-
poral beta diversity (Hillebrand et al., 2018), also called ‘temporal
turnover’ (Anderson et al., 2011), since it promotes biodiversity and
ecosystem stability (Tredennick et al., 2017; Wang et al., 2021).

The aim of this study is to measure the importance of spatio-
temporal variability on restoration outcomes in a real-world con-
text where basically the same approach and management had been
conducted. As suggested by Magurran et al. (2019), our study does
frequent monitoring with plots distributed at a landscape scale. We
conducted surveys for five years in 41 plots distributed on dikes
along the river Danube. Thus, surveys had replicates for spatial
variation and for year-to-year temporal turnover, both of which
are rare in vegetation studies (Hodapp et al., 2018). Moreover, dike
grasslands can combine infrastructure with biodiversity and rec-
oncile multiple ecosystem services like dike security, conservation,
recreation and biomass production (Bowman et al., 2017; Teixeira

et al., 2023). These grasslands are not intensively managed and can
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enrich the biodiversity of an intensively used agricultural landscape
(Batori et al., 2016; Husicka, 2003), while providing dike stability.

For this study, we asked the following questions:

1. How strong is the spatial variation and temporal turnover in
species composition?

2. What is the ratio of replacement to nestedness for spatial varia-
tion, and of gains to losses for temporal turnover?

3. How much do uncontrolled spatial factors influence species com-

position compared to local or historical factors?

2 | MATERIALS AND METHODS

21 | Studyarea

The study was conducted on dikes along the river Danube over
63 river-km from Straubing to Vilshofen in SE Germany (Figure 1,
Appendix S1; 302-318m a.s.l; WGS84 [lat., lon]: 48.82903,
12.94671). The climate is temperate-suboceanic with a mean an-
nual temperature of 8.4°C and precipitation of 984 mm (Deutscher
Wetterdienst [DWD], 2021). The dikes had been constructed be-
tween 2002 and 2013 (plot age: 4-19 years), and the soil for the
coverage layer was taken from the respective construction sites.
Productive soils were used for waterside slopes, which promotes
rapid vegetation development as necessary for erosion protec-
2017), while less
productive soils were used on the landside. The target vegetation

tion on the waterside (Kleber-Lerchbaumer et al.,,

types were calcareous grasslands (EUNIS code R1A) or lowland hay
meadows (R22M; Chytry et al., 2020, Appendix S2). The waterside
was seeded with regional seed mixtures from certified producers
(5-8gm™2), while on the landside threshing material (8-25gm™)

from nearby species-rich meadows was applied. For the first five
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years after construction, the dikes were mown 2-3 times per year,
and afterwards 1-2 times per year or grazed by sheep with a sub-
sequent late cut. All in all, restoration and management of the dike

grasslands reflected the current practice in the region.

2.2 | Species composition data

The grassland vegetation was surveyed in June or July 2017-2019
and 2021 in 41 plots (Braun-Blanquet, 1964) with a plot size of 25 m?
(2.0mx12.5m), located halfway up the slopes of the dikes on both
the water- and landsides. We assigned the plots to the European
habitat types (Chytry et al., 2020) and defined specialists as spe-
cies of the vegetation classes Molinio-Arrhenatheretea or Festuca-
Brometea, but also of Trifolio-Geranietea, Sedo-Scleranthetea, or
Nardetea strictae (Appendix S2).

All following beta diversity indices were calculated with Sgrensen
dissimilarities (presence-absence data). Spatial variation of species
and was divided into its two additive components replacement
(ﬁsim = o ) and nestedness (Bqe = foor — Bims Baselga, 2010),

a+min(b,c)
where ais the number of species occurring on both sites, b is the num-

compositions was calculated for each year separately (ﬁsor =

ber of species that only occur in the first plot, and c is the number of
species occurring only in the second plot. We chose Baselga's (2010)
approach because it is independent of species richness for the replace-
ment component (Baselga & Leprieur, 2015). For each year, the overall
spatial variation and its components were calculated as multiple-site
dissimilarity (fsor = Psim + Psne; Baselga, 2013).

Temporal aspects were expressed as the temporal beta diver-
sity index (TBI) for which each plot was compared between con-
secutive years (Legendre, 2019; corresponding to species exchange
ratio [SER], Hillebrand et al., 2018). This index adapted Baselga's

indices to the needs of a directional character of temporal studies
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FIGURE 1 Study sites with dike
grasslands along the river Danube in SE
Germany. The 41 plots (red dots) were
placed on dikes (grey lines) at twelve
locations (labels with restoration year)
along the river and its local tributaries N
(black lines). Data source of river
courses: Bavarian State Office for the
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Environment, www.Ifu.bayern.de.
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(Legendre, 2019). The TBI (D, = zal:;ic) does not compare two
plots in space but one plot over two points in time. This means that a
is the number of species occurring at both times, b is the number of
species that were lost, occurring only at time 1, and ¢ the number of
species gains, occurring only at time 2. The TBI and can be decom-
posed into species gains (Dgan = 55— )
Additionally, the abundance-based TBI (D,,) was calculated with

Bray-Curtis dissimilarities.

) and losses (Do =

2.3 | Local, historical, space, and time variables

We measured several soil characteristics at each plot: pH, soil tex-
ture, C/N ratio, topsoil depth, CaCO,, humus, nitrogen, phosphorus,
potassium, and magnesium (Appendix S3). Soil sampling was con-
ducted in August and September 2017. It would have been valuable
to have soil samples from the beginning of the restorations, but all
sites were restored before our monitoring started. The soil variables
were scaled to unit variance and used for a principal component
analysis (PCA_ ). PC1_, represented the variation from high sand to
high silt proportions as well as from high C/N ratios to high amounts

and concentrations of N. PC2__. described the variation from high

soil
amounts of phosphorus to high CaCO, proportions, while PC3_;
mainly showed the variation in soil depth (Table 1, Appendix S4). As
spatial factors, we calculated the number of semi-natural grassland
biotopes (not dikes) within a radius of 500m and the distance to
the closest of those biotopes (Table 1; Bayerisches Landesamt fiir
Umwelt [LfU], 2022).

For the analysis of spatial variation, we tested the effects of plot
age and the legacy of weather conditions during the establishment
phase. We used the temperature and precipitation data of the year
of establishment and of the next year (Appendix S5). From monthly
values, we calculated the mean averages of the year of establish-
ment and the following year (i.e., March-February), and the average
of the seasons (e.g., spring, March-May) of the year of establish-
ment and the following year; the 20 variables were subjected to a
PCA

tial structures at multiple scales with distance-based Moran's ei-

ciimate (Table 1, Appendix S5). Furthermore, we quantified spa-
genvector maps (dbMEM), which were based on the coordinates of
the plots (Dray et al., 2006). First, the species data were Hellinger-
transformed to downweigh rare species. Second, the matrices of
Euclidean (geographic) distances between the plots were truncated
to include only the distances of close neighbours. Third, a principal
coordinate analysis (PCoA) was computed, from which six eigen-
vectors with positive spatial correlations were selected. The first
eigenvector per year (MEM1) was correlated with river-km; there-
fore, it was excluded from the models. We received a MEM2 with
p < 0.05 for 2018 and 2021, which we used as an explanatory vari-
able because it accounts for unmeasured spatial configurations. For
the analysis of temporal turnover, we included as an explanatory
variable the year of dike construction combined with the location,

resulting in 12 combinations.

2.4 | Data analysis

We visualise species compositions with a non-metric multidimen-
sional scaling (NMDS) ordination and fitted environmental vari-
ables to the ordination. For the analysis of spatial variation, we
used a distance-based redundancy analysis (db-RDA) with the
Sgrensen index and a forward selection of explanatory variables
for each year and each spatial variation component (replacement
and nestedness), separately. The db-RDA is an ordination method
which is a multiple linear regression followed by a PCA. Forward
selection was carried out with the double stopping criterion when
the full model had statistically clear effects to avoid overestima-
tion (Blanchet et al., 2008). The selection was stopped if no further
variable had a statistically clear effect, or if a variable brought the
model over the value of the R2adj of the global model. Afterwards,
we conducted variation partitioning for each year separately to
identify the main sets of drivers of the spatial variation (Peres-Neto
et al., 2006), for example, the environmental, spatial, or historical
set. To test if there were statistically clear effects on the species
composition, we performed a partial db-RDA that controlled for
the variation explained by all other variables or all other sets of
variables. If p < 0.05, we called the effects ‘statistically clear’ sensu
Dushoff et al. (2019).

To analyse the temporal turnover, the continuous variables were
first scaled, centred, and checked for collinearity. Since the correla-
tion between biotope area and distance had a Pearson|r| > 0.7, we
excluded biotope area (Dormann et al., 2013). After modelling, we
calculated the variance inflation factor (VIF) and removed variables
with a VIF > 10 from the model (Table 1). If necessary, we trans-
formed the response variables to meet the model assumptions. We
calculated Bayesian linear mixed-effects models (BLMM) with the
random effect ‘plot’ and used the restricted maximum-likelihood
estimation (REML), the optimiser Nelder-Mead and, for the ran-
dom effect, the Wishart prior. To identify the final model, we first
reviewed the residual diagnostics of the candidate models and sub-
sequently compared the remaining models using the Akaike infor-
mation criterion adjusted for a small sample size (AlCc) and chose
the most parsimonious model. Finally, we calculated the marginal
and conditional coefficients of determination (Rfﬂ,Rf) and the 95%
confidence intervals of the response variables.

We performed all analyses in R (R Core Team, 2022), with the
functions ‘beta.div.comp’, ‘TBI' and ‘forward.sel’ of the package
adespatial to calculate spatial and temporal beta diversity, and to
perform forward selection (Dray et al., 2021). Habitat types were
assigned to the plots with the scripts of Bruelheide et al. (2021).
For NMDS, db-RDA, and variation partitioning, the functions
‘metaMDS’, ‘envfit’, ‘dbrda’, and ‘varpart’ of the package vegan were
used (Oksanen et al., 2020); the package bime (based on Ime4) for
BLMM (Chung et al., 2013; Bates et al., 2015); the functions ‘AlCc’
and ‘r.squaredGLMM’ of MuMin for the AlCc estimates, and the
goodness of fit evaluation with pseudo—R2 values (Barton, 2020);
and the package DHARMa for model evaluation (Hartig, 2021).
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TABLE 1 Explanatory variables used
for the full models on the temporal
turnover and spatial variation of plant
species on dike grasslands of the river

Variable set

Local site characteristics

50f12
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Variable [unit] Explanation Model
PC1_; Sand vs nitrogen and silt SV, TT
PC2 ., CaCO,4vs P SV, TT
PC3, Negatively correlated with SV, TT
soil depth
Slope aspect South- vs north-exposed SV, TT
slope
Water-/Landside Waterside vs landside slope SV, TT
Location x restoration Twelve groups of plots at the -
year? same location and restored in
the same year
Location Nine groups of plots at the SV
same location
River-km [km] Distance from the estuary SV

measured along the river
course

Distance to river [m] Orthogonal distance to the SV, TT

riverbed of the Danube

Distance to closest
biotope [m]

Orthogonal distance to the SV, TT
edge of the closest mapped

grassland biotope

2]b Grassland habitat amount -
within 500-m radius

Biotope area [m

MEM1° Distance-based Moran's -
Eigenvector Maps variable 1
MEM2°¢ Distance-based Moran's SV

Eigenvector Maps variable 2

Plot age [year] Time since restoration SV

PC1 High precipitation during the SV
establishment year followed

by dry summer

climate

PC2 Warm autumn during the SV
establishment year followed

by high rainfall in autumn

climate

PC3 Warm and dry summer during SV

establishment year

climate

Note: The variables were grouped in three sets: local, spatial, and historical. PC1-PC3 are the first
three axes of the principal component analyses (PCA) for soil factors (Appendix S3) and climate
conditions during establishment (Appendix S4).

Abbreviations: SV, spatial variation; TT, temporal turnover.

2Excluded due to variance inflation factor (VIF)> 10.

PExcluded from the final models due to the correlation with ‘biotope distance’ or ‘river-km’.

Danube.
Spatial variables-Landscape
context
Historical factors
“Only obtained for years 2018 and 2021.
3 | RESULTS

3.1 | Target habitat types, spatial variation and
temporal turnover

The restored dike grasslands should reach an European habitat type.
The NMDS show the different species compositions of the differ-
ent habitat types (R1A, R22, V38; Figure 2). Per year 37%-51% of
the surveyed plots were classified as the targeted habitat types of
hay meadows (R22) or calcareous grasslands (R1A; Appendix S6).
Continually, about half of the plots were classified as general grass-
lands (R, 41%-51%), and 0%-15% failed and were classified as ruderal,

dry, or anthropogenic vegetation (V38). The classification of a single
plot changed partly over time (Appendix S7). Between the years there
were no differences in species composition (R?=0.02). The number of
plots associated with R1A and V38 constantly increased, however, and
the plots of R22 decreased during the study period. The observed veg-
etation showed a gradient of increasing specialist richness (R?=0.40)
with decreasing ruderal cover (R>=0.10; Figure 2).

We were interested in the size of spatial variation between the
surveyed plots and of temporal turnover of species within plots.
The overall spatial variation in species composition among the dike
grasslands was constant over the years (f;,=0.32-0.34); it was
always dominated by replacement (f,,=0.28-0.29) and never by
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FIGURE 2 NMDS ordination based on Sgrensen dissimilarity of the species compositions of 164 dike plot surveys. The 41 plots were
surveyed 2017-2021 on dikes of the river Danube. The colours indicate the habitat type of the plot (sensu Chytry et al., 2020; R?=0.19;
Appendix $6). The vectors indicate the gradients specialist richness vs ruderal cover (R>=0.45; R>=0.10) and graminoid cover (R?=0.08).
The survey year was not statistically clear (R*=0.02). The circles show the standard error (SE) of the vegetation classes. 2D stress: 0.25.

2017 2018 2019 2021
(Bsor = 0.32) (Bsor = 0.33) (Bsor = 0.32) (Bsor = 0.34)
Replacement Replacement Replacement Replacement
(Bsim =0.28) (Bsim =0.28) (Bsim =0.28) (Bsim = 0.29)

0.11%* 0.10***
Distance to
river**
biotope***

0.10*** 0.03*** .01n-s. 0.01ns
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biotope
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Nestedness
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(Bsne = 0.04)
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(Bsne = 0.05)
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(Bsne = 0.04)

FIGURE 3 Spatial variation in species composition among dike grasslands along the river Danube. The overall spatial variation (f;,z) and
its components, replacement (f,,) and nestedness (fc) are shown. For the replacement-driven dissimilarity, the results of the variation
partitioning are shown, and the pure and combined contributions (ratios 0-1) of each variable set: local environmental, spatial, and historical
factors (Table 1). The variables presented were obtained by forward selection and sorted from high to low (partial) R? values. The P values
were calculated for the entire set of variables and single variables by partial distance-based redundancy analysis (db-RDA). ***, p<0.001; **,
p<0.01; %, p<0.05; ns, not statistically clear; Land/Water, landside/waterside; PC__,, eigenvectors of a Principal Component Analysis (PCA)
of soil variables; PC_; ..., eigenvectors of a PCA of climate variables during the establishment of the dike grasslands; Distance to biotope,
distance to the closest mapped grassland biotope which is not a dike.

nestedness (fi;=0.04-0.05; Figure 3). The temporal turnover per 3.2 | Drivers of beta diversity
plot was 37 +11% (mean+SD), and the colonisations and local ex-

tinctions were balanced over time (-3 + 16%; Figure 4); this was re- Which drivers affected spatial variation between the restored

sites? For the replacement component (4, ), the measured

flected by the subset of specialist species (Appendix S8).
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FIGURE 4 Year-to-year turnover analysed by calculating the temporal beta-diversity index (TBI), including 41 plots over four years with
presence-absence data based on Sgrensen dissimilarity (Dsor) (a,b). Furthermore, the two components of TBI are compared, that is, gains

(C,.,) and losses (B,

) (c,d). Turnover was analyzed over time (a,c), and at certain locations which are subdivided by restoration year (b,d). For

values of covariables, see Appendix S9. The black dots show the estimates accompanied by their 95% confidence interval (CI95) obtained
from a Bayesian linear mixed-effects model (BLMM). The grey dots are the raw data, and the grey horizontal lines show the overall mean and
standard deviation (a,b) or mark the balance between gains and losses (c,d). The black dots are filled if their CI95 does not cross the overall
mean of the raw data or the O line; the locations are sorted by construction year. Rfﬂ:0.28 and Rf:0.42 (a); Rfﬂ:0.4l and Rf:0.42 (c). The
locations were not included in the model because of a high variance inflation factor (Table 1). The boxplots show the median and the first

and third quartiles.

variables explained more of the replacement-driven dissimilarity
in 2017 and 2021 (0.15-0.21) than in the years 2018 and 2019
(0.02-0.08). The local site characteristics changed species compo-
sition over the four years (Figure 3). Furthermore, the site charac-
teristics always explained slightly more of the variation than the
other sets of variables (1%-11%). Spatial factors had an effect in

three years and explained 1%-10%, while historical factors were
only included in two years (1%-3%).

Slope aspect was a driver of replacement-driven dissimilarity
() in three years (F1,37>3.O, p<3.4e-03; Figure 3). The substrate
depth (PC3, ;) influenced the replacement component in all four
years but was statistically clear only in 2017 and 2021 (F1’27>2,2,
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p<2.8e-02). Location was a statistical clear driver in 2017
(Fs,27: 3.0, p=1.0e-04), and in 2021 the distance to the river and to
the closest biotope (F1)35>3.2, p <8.0e-04). High rainfall during the
establishment year (PC1, ..) had a clear effect in 2017 (F, ,,=3.4,
p=2.4e-03; 2019: F1’27=1.9, p=>5.5e-02), while no statistically
clear driver was found for nestedness (4, ).

Temporal turnover is a significant factor in plant communities,
but is it constant and do gains or losses prevail? Year-to-year tem-
poral turnover was lower between 2018 and 2019 compared to
2017/2018 and 2019/2021 (Figure 4a; final model, R§n=0.28 and
Rf: 0.42). The differences between the 12 locations were larger than
those between years, but the uncertainty within the locations was
far higher than the differences between the locations (Figure 4b).
The ratio of species gains to losses was inconsistent over the years.
Between 2018 and 2019, the plots gained species, while between
2017/2018 and 2019/2021, the plots predominantly lost species.
This pattern was clearest on the south-exposed plots (Figure 4c;
final model, R2 =0.41 and R2=0.42). At no location did gains or losses

dominate over the three comparisons (Figure 4d).

4 | DISCUSSION

Many dike grassland plots along the river Danube reached the de-
sired habitat types, but the number varied over time, and some plots
developed to a ruderal habitat type. The spatial variation was mainly
driven by replacement, and the important drivers were spatial fac-
tors and slope aspect. No homogenisation of overall spatial variation
was observed over the four observed years despite a large year-to-
year species turnover. The turnover was constantly high but varied
in its intensity from year to year, though the ratio between gains and

losses was balanced.

4.1 | High temporal turnover and spatial variation
in restoration outcomes

For practitioners and restoration ecologists, it is important to know
the strength of spatial variation by uncontrolled factors at the land-
scape scale, to recognise that there is temporal turnover and to
quantify this turnover. The total spatial variation (f;, = 32%-34%) in
restored dike grasslands did not show a tendency of homogenisation
in the years 2017-2021 (41 plots of 25 m?; Figure 3), but was lower
than the spatial variation in semi-natural grasslands in Germany and
Great Britain observed by Diekmann et al. (2019) (67%-75%, 36-82
plots of approximately 25 m?). This could be due to a lack of rare
species that drive spatial variation based on presence-absence data
(Mori et al., 2018), but also due to the use of species-rich and re-
gional (standardised) seed mixtures that can lead to biotic homog-
enisation through restoration (Holl et al., 2022).

We observed year-to-year turnover rates of 22%-59% (5%-95%
quantiles; median 36%; Figure 4) in the restored dike grasslands.
This was a smaller variation but a similar median, compared with a

global grassland experiment in its first five years (12%-86%; Hodapp
et al., 2018), other local grassland experiments measured over
3-11years (ca. 30%; Eckhoff et al., 2023) and global grasslands mea-
sured over 1-8years within a range of 10%-70% (5%-95% quantiles;
median ca. 39%; Hillebrand et al., 2018). Furthermore, Diekmann
et al. (2019) observed long-term changes in grasslands of 46%-77%.
These comparisons suggest that short-term turnover in grasslands
was not necessarily less intense than mid-term turnover. Temporal
turnover caused mainly non-directional fluctuations but also a slight
directional change (Appendix $10), which indicates that the grass-
lands are changing or still developing after 4-19 years. For our sur-
veyed grasslands, baseline change is more important than directional
change, which shifts the focus to non-directional drivers of turnover
like weather, demographic, or management fluctuations (Magurran
et al., 2019; Werner et al., 2020). For restoration, baseline change
can be beneficial since it enables coexistence (Chesson, 2000), while
it requires a greater effort for restoration evaluation since moni-
toring needs more than one year to assess restoration outcomes.
This baseline change but also the observer error, which is always
included, challenge predictive restoration (Morrison, 2016; Brudvig
etal, 2017).

4.2 | Dominance of replacement and balanced
temporal turnover

Restorationaims forabalanced temporal turnoverandareplacement-
driven spatial variation to avoid homogenisation and to foster biodi-
versity at all sites (Socolar et al., 2016). Here, spatial variation was
mainly replacement-driven (27%-29% vs 4%-5%; Figure 3), which
is in line with other local and global studies (Conradi et al., 2017,
Soininen et al., 2018; Diekmann et al., 2019). The observed low
nestedness component was similar to that of Conradi et al. (2017),
but only to certain studies analysed by Diekmann et al. (2019), who
calculated values in the range of 5%-19%. The low nestedness sug-
gests that most absent plant species are substituted at another site
by other species. Gains and losses dominated in different years, but
were balanced over the entire study period and for every location
(Figure 4), similar to a global study with time series over 10years
(Dornelas et al., 2019). The same applies to the subset of special-
ist species, which indicates that an undesired change from meadow
species to ruderals is not the case (Appendix S8).

4.3 | Responses of communities to space, time, and
local site characteristics

To understand the mechanisms behind patterns of beta diversity, it
is necessary to know the main drivers of (meta)community assem-
bly (Chase et al., 2020). For spatial variation in species composition,
we only identified statistically clear drivers for replacement but not
for nestedness, similar to another study in calcareous grasslands
(Conradi et al., 2017) probably due to the low ratio of nestedness.
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For replacement, we discovered as main drivers local factors fol-
lowed by spatial factors, which is in accordance with other studies
(Grman et al., 2013; Conradi et al., 2017, but see Bagaria et al., 2019).
However, the main drivers varied over time, indicating that the driv-
ers of spatial variation can change in strength from year to year. The
fact that historical factors were only relevant in 2017 and 2019 is not
very reliable, as historical contingencies would logically have to persist
or eventually disappear. Besides, the accumulated variables explained
less of the spatial variation during the two dry years 2018 (2%) and
2019 (8%; Hari et al., 2020; Appendix S11) compared to 2017 (15%)
and 2021 (21%). This suggests a greater relative importance of tem-
poral turnover during these dry years for species composition. It could
be that ruderal species increased in these years. Such species are less
dependent on constant factors which are relevant for spatial variation,
but more on disturbances which provide more regeneration gaps. Our
results highlight the importance of temporal replication of spatial stud-
ies to avoid misleading evidence and to improve the assumptions of
uncertainty for prediction in restoration ecology.

Main local factors explaining spatial variation were slope aspect
followed by substrate depth (PC3_;), as observed in other studies
(Dornbush & Wilsey, 2010; Mazalla et al., 2022). Since the replace-
ment component dominates, the result suggests that different slope
aspects and substrate depths corresponded to different species com-
positions, but did not cause a richness difference. This changes the
discussion about the right substrate depth among practitioners (Kleber-
Lerchbaumer et al., 2017) to a call for varying substrate depths on dike
grasslands to foster biodiversity. We found no historical contingencies
using the climate during the establishment phase, and we detected no
succession effect via plot age (4-19years) on the replacement compo-
nent. That is in contrast with the results of other studies (e.g., Grman
et al., 2013), but fits the low directional temporal turnover in our study.
However, we observed a site effect in three out of four years, similar
to other studies (Stuble et al., 2017). In 2017, location had an effect
that integrates unmeasured factors, which may represent management
regimes or landscape structures. The factor landscape structures is
improbable because (i) of the use of MEMs to account for landscape
effects, and (ii) for instance Grman et al. (2013) found only minor land-
scape effects. The factor management was intended to be generally
similar for all sites. However, it could be the reason for the detected ef-
fect of location, as cutting and grazing may have varied in 2017 and for
some locations, due to weather conditions, organisational or economic
reasons. Especially in 2021, the distance to the river and the next semi-
natural grassland biotope excluding the dikes itself had an influence on
spatial variation. This suggests that different degrees of connectivity
result in changes in species composition in some years.

The intensity of the temporal turnover varied over time. In par-
ticular, between the two dry and hot years (2018 and 2019; Hari
et al., 2020, Appendix S11), the turnover rate was reduced, which
could be due to reduced biotic interactions under severe drought
(Ploughe et al., 2019). The locations had different turnover intensi-
ties as in Fischer et al. (2020), although there was no evidence for
a plot age effect, which is consistent with a global study by Blowes
et al. (2019). Gains and losses alternated in dominance, which was
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particularly evident in southern-facing slopes. Interestingly, from
a normal year to a dry year and the other way around (2017/18,
2019/21), losses dominated and between two dry years (2018/19),
gains dominated, suggesting a drought effect (cf. Stuble et al., 2017).
Droughts can cause local extinctions of low-abundance species,
leading to losses (Chelli et al., 2019). The dominance of gains be-
tween two dry years might be due to reduced competition (Ploughe
et al., 2019). With increasing competition, ruderal species will most

likely disappear again.

5 | CONCLUSION

Biodiversity depends not only on local site characteristics or histori-
cal contingencies, but also on uncontrolled spatio-temporal dynam-
ics (Leibold et al., 2004; Tredennick et al., 2017), which does not
only include environmental factors such as climate, but also unpre-
dictable variability in restoration and management due to practical
and economic reasons (e.g., two or three cuts; timing). Therefore,
spatial beta diversity on a landscape scale should be included in
the evaluation of restoration outcomes and must be monitored
more than once. We showed that spatial beta diversity was mainly
replacement-driven, and year-to-year temporal turnover was bal-
anced and exceeded directional development by far. These results
highlight the need for defining target area for a range of tolerable
outcomes instead of a certain reference point (Hobbs, 2007; Brudvig
& Catano, 2021), for example, in an ordination or a certain state of a
certain biotope. This means that reference data should be spatially
more diverse and repeatedly surveyed to capture variation and base-
line turnover (Shackelford et al., 2021). All in all, restorations should
still focus on a high accuracy of restoration outcomes, but their pre-
cision (i.e., the degree of variability) should be intermediate to foster
heterogeneity and avoid biotic homogenisation (Hiers et al., 2016).

To combat biotic homogenisation, we would support an even
higher spatial variation than 32%-34% to increase ecosystem func-
tion multifunctionality (EFM) and ecosystem stability during en-
vironmental change (Hautier et al., 2018; Wang et al., 2021). This
could be achieved by varying factors instead of searching the per-
fect fit, for example, by spatio-temporally complex management
(Vadasz et al., 2016), varied substrate depths or seed mixtures based
on a random sample of a species pool albeit stratified by traits (cf.
Bauer et al., 2022).

AUTHOR CONTRIBUTIONS

Jakob Huber and Johannes Kollmann designed the study. Jakob
Huber conducted the surveys in the years 2017-2019 and Markus
Bauerin 2021. Jakob Huber collected the soil samples. Markus Bauer
did the analyses and wrote the manuscript. Johannes Kollmann and

Jakob Huber critically reviewed the manuscript.

ACKNOWLEDGEMENTS
We would like to thank our project partners Markus Fischer, Frank
Schuster, and Christoph Schwahn (WIGES GmbH) for numerous

85U8017 SUOWIWIOD BA1E81D) 8|ceatidde 8y Aq peusenob a2 sjolie YO '8SN J0 S8|nJ 10} AR1q1T 8UIUO AB|IM UO (SUONIPUOD-PUE-SWLRILIOY A8 | 1M Ale.q 1 jBul [Uo//:Sthiy) SUORIPUOD pUe SIS | 81 88S *[¥202/80/70] U0 ARIq1T8UlUO AS|IM * USUOUN A IRISIBAIUN BYISIULDS | - Jored snye |\ AQ £62ET SAITTTT 0T/I0p/woo" A 1m Arelqjput|uoy/sdny wo.y pepeojumoq ‘v '#20z ‘€0TTYS9T



BAUER ET AL.

10 0f 12
4|— Journal of Vegetation Science \\}t

discussions on restoration and management of dike grasslands.
Field work was supported by Clemens Berger and Uwe Kleber-
Lerchbaumer (Wasserwirtschaftsamt Deggendorf) and soil analyses
by Werner Hausler. We thank Holger Paetsch, Simon Reith, Anna
Ritter, Jakob Strak, Leonardo H. Teixeira and Linda Weggler for
assisting with the field surveys or soil analyses in 2017-2019. We
thank two anonymous reviewers for invaluable comments that im-

proved the original version of the submitted manuscript.

FUNDING INFORMATION
Markus Bauer was funded by a doctoral scholarship from the
German Federal Environmental Foundation (DBU). The vegetation
surveys on dikes of the river Danube were financed by the WIGES
GmbH in the years 2017-2020.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly avail-
able in Zenodo at https://zenodo.org/doi/10.5281/zenodo.6107806
(Bauer et al., 2024) and on GitHub with Markdown documents of
model checks to scroll through: https://github.com/markuslbauer/
2023_danube_dike_survey.

ORCID

Markus Bauer "= https://orcid.org/0000-0001-5372-4174

Johannes Kollmann " https://orcid.org/0000-0002-4990-3636

REFERENCES

Anderson, M.J,, Crist, T.O., Chase, J.M,, Vellend, M., Inouye, B.D., Freestone,
A.L et al. (2011) Navigating the multiple meanings of § diversity: a
roadmap for the practicing ecologist. Ecology Letters, 14, 19-28.
Available from: https://doi.org/10.1111/j.1461-0248.2010.01552.x

Bagaria, G., Roda, F. & Pino, J. (2019) Extinction and colonisation of habi-
tat specialists drive plant species replacement along a Mediterranean
grassland-forest succession. Journal of Vegetation Science, 30, 331-
340. Available from: https:/doi.org/10.1111/jvs.12722

Barton, K. (2020) MuMiIn: multi-model inference. R package version
1.43.17. www.CRAN.R-project.org/package=MuMlIn

Baselga, A. (2010) Partitioning the turnover and nestedness components of
beta diversity. Global Ecology and Biogeography, 19, 134-143. Available
from: https://doi.org/10.1111/j.1466-8238.2009.00490.x

Baselga, A. (2013) Multiple site dissimilarity quantifies compositional
heterogeneity among several sites, while average pairwise dissim-
ilarity may be misleading. Ecography, 36, 124-128. Available from:
https://doi.org/10.1111/j.1600-0587.2012.00124.x

Baselga, A. & Leprieur, F. (2015) Comparing methods to separate compo-
nents of beta diversity. Methods in Ecology and Evolution, 6, 1069~
1079. Available from: https://doi.org/10.1111/2041-210X.12388

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

Batori, Z., Kérméczi, L., Zalatnai, M., Erdés, L., Odor, P, Tolgyesi, C.
et al. (2016) River dikes in agricultural landscapes: the importance
of secondary habitats in maintaining landscape-scale diversity.
Wetlands, 36, 251-264. Available from: https://doi.org/10.1007/
s13157-016-0734-y

Bauer, M., Huber, J.K. & Kollmann, J. (2024) Data and code for Bauer
et al. (2024) Survey on restored dike grasslands. Zenodo [Data set].
https://zenodo.org/doi/10.5281/zenodo.6107806

Bauer, M., Krause, M., Heizinger, V. & Kollmann, J. (2022) Using crushed
waste bricks for urban greening with contrasting grassland mix-
tures: No negative effects of brick-augmented substrates varying
in soil type, moisture and acid pre-treatment. Urban Ecosystems, 25,
1369-1378. Available from: https://doi.org/10.1007/s11252-022-
01230-x

Bayerisches Landesamt fir Umwelt. (2022) Biotopkartierung Bayern.
Augsburg: Bayerisches Fachinformationssystem Naturschutz.
https://www.lfu.bayern.de/natur/biotopflaechen_sachdaten/
index.htm

Blanchet, G., Legendre, P. & Borcard, D. (2008) Forward selection of
explanatory variables. Ecology, 89, 2623-2632. Available from:
https://doi.org/10.1890/07-0986.1

Blowes, S.A., Supp, S.R., Antdo, L.H., Bates, A., Bruelheide, H., Chase,
J.M. et al. (2019) The geography of biodiversity change in marine
and terrestrial assemblages. Science, 366, 339-345. Available from:
https://doi.org/10.1126/science.aaw1620

Bowman, D.M.J.S., Garnett, S.T., Barlow, S., Bekessy, S.A., Bellairs, S.M.,
Bishop, M.J. et al. (2017) Renewal ecology: conservation for the
Anthropocene. Restoration Ecology, 25, 674-680. Available from:
https://doi.org/10.1111/rec.12560

Braun-Blanquet, J. (1964) Pflanzensoziologie: =~ Grundziige der
Vegetationskunde, 3rd edition. Wien, New York: Springer. (Original
work published 1928).

Brudvig, L.A. (2011) The restoration of biodiversity: where has research
been and where does it need to go? American Journal of Botany, 98,
549-558. Available from: https://doi.org/10.3732/ajb.1000285

Brudvig, L.A., Barak, R.S., Bauer, J.T., Caughlin, T.T., Laughlin, D.C., Larios,
L. et al. (2017) Interpreting variation to advance predictive resto-
ration science. Journal of Applied Ecology, 54, 1018-1027. Available
from: https://doi.org/10.1111/1365-2664.12938

Brudvig, L.A. & Catano, C.P. (2021) Prediction and uncertainty in resto-
ration science. Restoration Ecology, e13380. Available from: https://
doi.org/10.1111/rec.13380

Bruelheide, H., Tichy, L., Chytry, M. & Jansen, F. (2021) Implementing
the formal language of the vegetation classification expert systems
(ESy) in the statistical computing environment R. Applied Vegetation
Science, 24, €12562. Available from: https://doi.org/10.1111/avsc.
12562

Chase, J.M., Jeliazkov, A., Ladouceur, E. & Viana, D.S. (2020) Biodiversity
conservation through the lens of metacommunity ecology. Annals
of the New York Academy of Sciences, 1469, 86-104. Available from:
https://doi.org/10.1111/nyas.14378

Chelli, S., Simonetti, E., Campetella, G., Chiarucci, A., Cervellini, M.,
Tardella, F.M. et al. (2019) Plant diversity changes in a nature re-
serve: a probabilistic sampling method for quantitative assess-
ments. Nature Conservation, 34, 145-161. Available from: https://
doi.org/10.3897/natureconservation.34.30043

Chesson, P. (2000) Mechanisms of maintenance of species diversity.
Annual Review of Ecology, Evolution, and Systematics, 31, 343-366.
Available from: https://doi.org/10.1146/annurev.ecolsys.31.1.343

Chung, V., Rabe-Hesketh, S., Dorie, V., Gelman, A. & Liu, J. (2013) A non-
degenerate penalized likelihood estimator for variance parameters
in multilevel models. Psychometrika, 78, 685-709. Available from:
https://doi.org/10.1007/s11336-013-9328-2

Chytry, M., Tichy, L., Hennekens, S.M., Knollova, I., Janssen, J.A.M.,
Rodwell, J.S. et al. (2020) EUNIS habitat classification: expert sys-
tem, characteristic species combinations and distribution maps
of European habitats. Applied Vegetation Science, 23, 648-675.
Available from: https://doi.org/10.1111/avsc.12519

Conradi, T., Temperton, V.M. & Kollmann, J. (2017) Beta diversity of plant
species in human-transformed landscapes: control of community
assembly by regional productivity and historical connectivity.
Perspectives in Plant Ecology, Evolution and Systematics, 24, 1-10.
Available from: https://doi.org/10.1016/j.ppees.2016.10.001

85U8017 SUOWIWIOD BA1E81D) 8|ceatidde 8y Aq peusenob a2 sjolie YO '8SN J0 S8|nJ 10} AR1q1T 8UIUO AB|IM UO (SUONIPUOD-PUE-SWLRILIOY A8 | 1M Ale.q 1 jBul [Uo//:Sthiy) SUORIPUOD pUe SIS | 81 88S *[¥202/80/70] U0 ARIq1T8UlUO AS|IM * USUOUN A IRISIBAIUN BYISIULDS | - Jored snye |\ AQ £62ET SAITTTT 0T/I0p/woo" A 1m Arelqjput|uoy/sdny wo.y pepeojumoq ‘v '#20z ‘€0TTYS9T


https://zenodo.org/doi/10.5281/zenodo.6107806
https://github.com/markus1bauer/2023_danube_dike_survey
https://github.com/markus1bauer/2023_danube_dike_survey
https://orcid.org/0000-0001-5372-4174
https://orcid.org/0000-0001-5372-4174
https://orcid.org/0000-0002-4990-3636
https://orcid.org/0000-0002-4990-3636
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1111/jvs.12722
http://www.cran.r-project.org/package=MuMIn
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.1600-0587.2012.00124.x
https://doi.org/10.1111/2041-210X.12388
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s13157-016-0734-y
https://doi.org/10.1007/s13157-016-0734-y
https://zenodo.org/doi/10.5281/zenodo.6107806
https://doi.org/10.1007/s11252-022-01230-x
https://doi.org/10.1007/s11252-022-01230-x
https://www.lfu.bayern.de/natur/biotopflaechen_sachdaten/index.htm
https://www.lfu.bayern.de/natur/biotopflaechen_sachdaten/index.htm
https://doi.org/10.1890/07-0986.1
https://doi.org/10.1126/science.aaw1620
https://doi.org/10.1111/rec.12560
https://doi.org/10.3732/ajb.1000285
https://doi.org/10.1111/1365-2664.12938
https://doi.org/10.1111/rec.13380
https://doi.org/10.1111/rec.13380
https://doi.org/10.1111/avsc.12562
https://doi.org/10.1111/avsc.12562
https://doi.org/10.1111/nyas.14378
https://doi.org/10.3897/natureconservation.34.30043
https://doi.org/10.3897/natureconservation.34.30043
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1007/s11336-013-9328-2
https://doi.org/10.1111/avsc.12519
https://doi.org/10.1016/j.ppees.2016.10.001

BAUER ET AL.

Deutscher Wetterdienst. (2021) Langjahriges Mittel der Wetterstation
Metten 1981-2010. www.dwd.de

Diekmann, M., Andres, C., Becker, T., Bennie, J., Bliml, V., Bullock,
J.M. et al. (2019) Patterns of long-term vegetation change vary
between different types of semi-natural grasslands in Western
and Central Europe. Journal of Vegetation Science, 30, 187-202.
Available from: https://doi.org/10.1111/jvs.12727

Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré,
G. et al. (2013) Collinearity: a review of methods to deal with it
and a simulation study evaluating their performance. Ecography,
36, 27-46. Available from: https://doi.org/10.1111/j.1600-0587.
2012.07348.x

Dornbush, M.E. & Wilsey, B.J. (2010) Experimental manipulation of
soil depth alters species richness and co-occurrence in restored
tallgrass prairie. Journal of Ecology, 98, 117-125. Available from:
https://doi.org/10.1111/j.1365-2745.2009.01605.x

Dornelas, M., Gotelli, N.J., Shimadzu, H., Moyes, F., Magurran, A.E.
& McGill, B.J. (2019) A balance of winners and loosers in the
Anthropocene. Ecology Letters, 22, 847-854. Available from:
https://doi.org/10.1111/ele.13242

Dray, S., Bauman, D., Blanchet, G., Borcard, D., Clappe, S., Guenard, G.
et al. (2021) adespatial: multivariate multiscale spatial analysis: R
package version 0.3-14. https://CRAN.R-project.org/package=
adespatial

Dray, S., Legendre, P. & Peres-Neto, P.R. (2006) Spatial modelling: a
comprehensive framework for principal coordinate analysis of
neighbour matrices (PCNM). Ecological Modelling, 196, 483-493.
Available from: https://doi.org/10.1016/j.ecolmodel.2006.02.015

Dushoff, J., Kain, M.P. & Bolker, B.M. (2019) | can see clearly now: rein-
terpreting statistical significance. Methods in Ecology and Evolution,
8, 756-759. Available from: https://doi.org/10.1111/2041-210X.
13159

Eckhoff, K.D., Scott, D.A., Manning, G. & Baer, S.G. (2023) Persistent
decadal differences in plant communities assembled under con-
trasting climate conditions. Ecological Applications, 33, e2823.
Available from: https://doi.org/10.1002/eap.2823

Fischer, F.M., Chytry, K., Tésitel, J., Danihelka, J. & Chytry, M. (2020)
Weather fluctuations drive short-term dynamics and long-term sta-
bility in plant communities: a 25-year study in a central European
dry grassland. Journal of Vegetation Science, 31, 711-721. Available
from: https://doi.org/10.1111/jvs.12895

Fukami, T. (2015) Historical contingency in community assembly: inte-
grating niches, species pools, and priority effects. Annual Review
of Ecology, Evolution, and Systematics, 46, 1-23. Available from:
https://doi.org/10.1146/annurev-ecolsys-110411-160340

Grman, E., Bassett, T. & Brudvig, L.A. (2013) Confronting contingency
in restoration: management and site history determine outcomes
of assembling prairies, but site characteristics and landscape con-
text have little effect. Journal of Applied Ecology, 50, 1234-1243.
Available from: https://doi.org/10.1111/1365-2664.12135

Hari, V., Rakovec, O., Markonis, Y., Hanel, M. & Kumar, R. (2020)
Increased future occurrences of the exceptional 2018-2019 cen-
tral European drought under global warming. Scientific Reports,
10, 12207. Available from: https://doi.org/10.1038/s41598-020-
68872-9

Hartig, F. (2021) DHARMa: residual diagnostics for hierarchical (multi-
level/mixed) regression models. R package version 0.4.3. www.
CRAN.R-project.org/package=DHARMa

Hautier, Y., Isbell, F., Borer, E.T., Seabloom, E.W., Harpole, W.S., Lind,
E.M. et al. (2018) Local loss and spatial homogenization of plant
diversity reduce ecosystem multifunctionality. Nature Ecology &
Evolution, 2, 50-56. Available from: https://doi.org/10.1038/s4155
9-017-0395-0

Hiers, J.K., Jackson, S.T., Hobbs, R.J., Bernhardt, E.S. & Valentine, L.E.
(2016) The precision problem in conservation and restoration.

L\§ Journal of Vegetation Science Jﬂ
Trends in Ecology & Evolution, 31, 820-830. Available from: https://
doi.org/10.1016/j.tree.2016.08.001

Hillebrand, H., Blasius, B., Borer, E.T., Chase, J.M., Downing, J.A.,
Eriksson, B.K. et al. (2018) Biodiversity change is uncoupled from
species richness trends: consequences for conservation and mon-
itoring. Journal of Applied Ecology, 55, 169-184. Available from:
https://doi.org/10.1111/1365-2664.12959

Hobbs, R.J. (2007) Setting effective and realistic restoration goals: key
directions for research. Restoration Ecology, 15, 354-357. Available
from: https://doi.org/10.1111/j.1526-100X.2007.00225.x

Hodapp, D., Borer, E.T., Harpole, W.S,, Lind, E.M., Seabloom, E.W., Adler,
P.B. et al. (2018) Spatial heterogeneity in species composition con-
strains plant community responses to herbivory and fertilisation.
Ecology Letters, 21, 1364-1371. Available from: https://doi.org/10.
1111/ele.13102

Holl, K.D., Luong, J.C. & Brancalion, P.H.S. (2022) Overcoming biotic
homogenization in ecological restoration. Trends in Ecology &
Evolution, 37, 777-788. Available from: https://doi.org/10.1016/j.
tree.2022.05.002

Husicka, A. (2003) Vegetation, Okologie und Erosionsfestigkeit von
Grasnarben auf Flussdeichen am Beispiel der Rheindeiche in Nordrhein-
Westfalen. Dissertationes botanicae 379. J. Cramer, Berlin-
Stuttgart. ISBN 978-3-443-64292-1.

KaulfuR, F., Rosbakh, S. & Reisch, C. (2022) Grassland restoration by
local seed mixtures: new evidence from a practical 15-year resto-
ration study. Applied Vegetation Science, 25, e12652. Available from:
https://doi.org/10.1111/avsc.12652

Kleber-Lerchbaumer, U., Berger, C. & Veit, E. (2017) Gestaltung
und Unterhaltung von Deichen und Deichschutzstreifen unter
Anwendung der Bayerischen Kompensationsverordnung. Beispiel
Donauausbau Straubing und Vilshofen. KW Korrespondenz
Wasserwirtschaft, 10, 596-606.

Legendre, P. (2019) A temporal beta-diversity index to identify sites that
have changed in exceptional ways in space-time surveys. Ecology
and Evolution, 9, 3500-3514. Available from: https://doi.org/10.
1002/ece3.4984

Leibold, M.A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J.M.,
Hoopes, M.F. et al. (2004) The metacommunity concept: a frame-
work for multi-scale community ecology. Ecology Letters, 7, 601-
613. Available from: https://doi.org/10.1111/j.1461-0248.2004.
00608.x

Magurran, A.E., Dornelas, M., Moyes, F. & Henderson, P.A. (2019)
Temporal f diversity—a macroecological perspective. Global
Ecology and Biogeography, 28, 1949-1960. Available from: https://
doi.org/10.1111/geb.13026

Manning, P., van der Plas, F., Soliveres, S., Allan, E., Maestre, F.T., Mace,
G. et al. (2018) Redefining ecosystem multifunctionality. Nature
Ecology & Evolution, 2, 427-436. Available from: https://doi.org/10.
1038/s41559-017-0461-7

Mazalla, L., Diekmann, M. & Dupré, C. (2022) Microclimate shapes
vegetation response to drought in calcareous grasslands. Applied
Vegetation Science, 25, 12672. Available from: https://doi.org/10.
1111/avsc.12672

Mori, A.S., Isbell, F. & Seidl, R. (2018) Beta-diversity, community assem-
bly, and ecosystem functioning. Trends in Ecology & Evolution, 33,
549-564. Available from: https://doi.org/10.1016/j.tree.2018.04.
012

Morrison, L.W. (2016) Observer error in vegetation surveys: a review.
Journal of Plant Ecology, 9, 367-379. Available from: https://doi.org/
10.1093/jpe/rtv077

Oksanen, J., Blanchet, G., Friendly, M., Kindt, R., Legendre, P., McGlinn,
D. et al. (2020) Vegan: community ecology package. R package ver-
sion 2.5-7. https://CRAN.R-project.org/package=vegan

Peres-Neto, P.R., Legendre, P., Dray, S. & Borcard, D. (2006) Variation
partitioning of species data matrices: estimation and comparison of

85U8017 SUOWIWIOD BA1E81D) 8|ceatidde 8y Aq peusenob a2 sjolie YO '8SN J0 S8|nJ 10} AR1q1T 8UIUO AB|IM UO (SUONIPUOD-PUE-SWLRILIOY A8 | 1M Ale.q 1 jBul [Uo//:Sthiy) SUORIPUOD pUe SIS | 81 88S *[¥202/80/70] U0 ARIq1T8UlUO AS|IM * USUOUN A IRISIBAIUN BYISIULDS | - Jored snye |\ AQ £62ET SAITTTT 0T/I0p/woo" A 1m Arelqjput|uoy/sdny wo.y pepeojumoq ‘v '#20z ‘€0TTYS9T


http://www.dwd.de/
https://doi.org/10.1111/jvs.12727
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1365-2745.2009.01605.x
https://doi.org/10.1111/ele.13242
https://cran.r-project.org/package=adespatial
https://cran.r-project.org/package=adespatial
https://doi.org/10.1016/j.ecolmodel.2006.02.015
https://doi.org/10.1111/2041-210X.13159
https://doi.org/10.1111/2041-210X.13159
https://doi.org/10.1002/eap.2823
https://doi.org/10.1111/jvs.12895
https://doi.org/10.1146/annurev-ecolsys-110411-160340
https://doi.org/10.1111/1365-2664.12135
https://doi.org/10.1038/s41598-020-68872-9
https://doi.org/10.1038/s41598-020-68872-9
http://www.cran.r-project.org/package=DHARMa
http://www.cran.r-project.org/package=DHARMa
https://doi.org/10.1038/s41559-017-0395-0
https://doi.org/10.1038/s41559-017-0395-0
https://doi.org/10.1016/j.tree.2016.08.001
https://doi.org/10.1016/j.tree.2016.08.001
https://doi.org/10.1111/1365-2664.12959
https://doi.org/10.1111/j.1526-100X.2007.00225.x
https://doi.org/10.1111/ele.13102
https://doi.org/10.1111/ele.13102
https://doi.org/10.1016/j.tree.2022.05.002
https://doi.org/10.1016/j.tree.2022.05.002
https://doi.org/10.1111/avsc.12652
https://doi.org/10.1002/ece3.4984
https://doi.org/10.1002/ece3.4984
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1111/j.1461-0248.2004.00608.x
https://doi.org/10.1111/geb.13026
https://doi.org/10.1111/geb.13026
https://doi.org/10.1038/s41559-017-0461-7
https://doi.org/10.1038/s41559-017-0461-7
https://doi.org/10.1111/avsc.12672
https://doi.org/10.1111/avsc.12672
https://doi.org/10.1016/j.tree.2018.04.012
https://doi.org/10.1016/j.tree.2018.04.012
https://doi.org/10.1093/jpe/rtv077
https://doi.org/10.1093/jpe/rtv077
https://cran.r-project.org/package=vegan

BAUER ET AL.

120f 12 )
4|— Journal of Vegetation Science \\}t

fractions. Ecology, 87, 2614-2625. Available from: https://doi.org/
10.1890/0012-9658(2006)87[2614:VPOSDM]2.0.CO;2

Ploughe, L.W., Jacobs, E.M., Frank, G.S., Greenler, S.M., Smith, M.D.
& Dukes, J.S. (2019) Community response to extreme drought
(CRED): a framework for drought-induced shifts in plant-plant in-
teractions. New Phytologist, 222, 52-69. Available from: https://doi.
org/10.1111/nph.15595

R Core Team. (2022) R: A language and environment for statistical com-
puting. www.R-project.org

Shackelford, N., Dudney, J., Stueber, M.M., Temperton, V.M. & Suding,
K.N. (2021) Measuring at all scales: sourcing data for more flexible
restoration references. Restoration Ecology, 20, e13541. Available
from: https://doi.org/10.1111/rec.13541

Socolar, J.B., Gilroy, J.J., Kunin, W.E. & Edwards, D.P. (2016) How should
beta-diversity inform biodiversity conservation? Trends in Ecology
& Evolution, 31, 67-80. Available from: https://doi.org/10.1016/j.
tree.2015.11.005

Soininen, J., Heino, J. & Wang, J. (2018) A meta-analysis of nestedness
and turnover components of beta diversity across organisms and
ecosystems. Global Ecology and Biogeography, 27, 96-109. Available
from: https://doi.org/10.1111/geb.12660

Stuble, K.L., Fick, S.E. & Young, T.P. (2017) Every restoration is unique:
testing year effects and site effects as drivers of initial restoration
trajectories. Journal of Applied Ecology, 54, 1051-1057. Available
from: https://doi.org/10.1111/1365-2664.12861

Suding, K.N. (2011) Toward an era of restoration in ecology: successes,
failures, and opportunities ahead. Annual Review of Ecology,
Evolution, and Systematics, 42, 465-487. Available from: https://doi.
org/10.1146/annurev-ecolsys-102710-145115

Teixeira, L.H., Bauer, M., Moosner, M. & Kollmann, J. (2023) River dike grass-
lands can reconcile biodiversity and different ecosystem services to
provide multifunctionality. Basic and Applied Ecology, 666, 22-30.
Available from: https://doi.org/10.1016/j.baae.2022.12.001

Tredennick, A.T., Adler, P.B. & Adler, F.R. (2017) The relationship be-
tween species richness and ecosystem variability is shaped by the
mechanism of coexistence. Ecology Letters, 20, 958-968. Available
from: https://doi.org/10.1111/ele.12793

Vadasz, C., Maté, A., Kun, R. & Vadasz-Besnydi, V. (2016) Quantifying
the diversifying potential of conservation management systems:
an evidence-based conceptual model for managing species-rich
grasslands. Agriculture, Ecosystems & Environment, 234, 134-141.
Available from: https://doi.org/10.1016/j.agee.2016.03.044

Wang, S., Loreau, M., Mazancourt, C.d., Isbell, F., Beierkuhnlein, C.,
Connolly, J. et al. (2021) Biotic homogenization destabilizes

ecosystem functioning by decreasing spatial asynchrony. Ecology,
102, e03332. Available from: https://doi.org/10.1002/ecy.3332

Werner, C.M., Stuble, K.L., Groves, A.M. & Young, T.P. (2020) Year ef-
fects: interannual variation as a driver of community assembly dy-
namics. Ecology, 101, e03104. Available from: https://doi.org/10.
1002/ecy.3104

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

Appendix S1. Interactive map of the dike grasslands.

Appendix S2. Target vegetation and specialist species.

Appendix S3. Soil measurements.

Appendix S4. Table of Principal Component Analysis (PCA) of soil
samples.

Appendix S5. Table of Principal Component Analysis (PCA) of
climate data during grassland establishment.

Appendix Sé. Table of habitat classes.

Appendix S7. Figure of temporal change of habitat types.

Appendix S8. Figure of temporal turnover calculated only with
specialist species.

Appendix S9. Covariables of Figure 4.

Appendix S10. Figure of directional development 2017-2021.
Appendix S11. Table about climate and floods.

Appendix S12. Bivariate plot of temporal beta-diversity index (TBI;
D,,, ~ D, in the dike grasslands.

How to cite this article: Bauer, M., Huber, J.K. & Kollmann, J.
(2024) Beta diversity of restored river dike grasslands is
strongly influenced by uncontrolled spatio-temporal
variability. Journal of Vegetation Science, 35, e13293.
Available from: https://doi.org/10.1111/jvs.13293

85U8017 SUOWIWIOD BA1E81D) 8|ceatidde 8y Aq peusenob a2 sjolie YO '8SN J0 S8|nJ 10} AR1q1T 8UIUO AB|IM UO (SUONIPUOD-PUE-SWLRILIOY A8 | 1M Ale.q 1 jBul [Uo//:Sthiy) SUORIPUOD pUe SIS | 81 88S *[¥202/80/70] U0 ARIq1T8UlUO AS|IM * USUOUN A IRISIBAIUN BYISIULDS | - Jored snye |\ AQ £62ET SAITTTT 0T/I0p/woo" A 1m Arelqjput|uoy/sdny wo.y pepeojumoq ‘v '#20z ‘€0TTYS9T


https://doi.org/10.1890/0012-9658(2006)87%5B2614:VPOSDM%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B2614:VPOSDM%5D2.0.CO;2
https://doi.org/10.1111/nph.15595
https://doi.org/10.1111/nph.15595
http://www.r-project.org
https://doi.org/10.1111/rec.13541
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1016/j.tree.2015.11.005
https://doi.org/10.1111/geb.12660
https://doi.org/10.1111/1365-2664.12861
https://doi.org/10.1146/annurev-ecolsys-102710-145115
https://doi.org/10.1146/annurev-ecolsys-102710-145115
https://doi.org/10.1016/j.baae.2022.12.001
https://doi.org/10.1111/ele.12793
https://doi.org/10.1016/j.agee.2016.03.044
https://doi.org/10.1002/ecy.3332
https://doi.org/10.1002/ecy.3104
https://doi.org/10.1002/ecy.3104
https://doi.org/10.1111/jvs.13293

	Beta diversity of restored river dike grasslands is strongly influenced by uncontrolled spatio-­temporal variability
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Species composition data
	2.3|Local, historical, space, and time variables
	2.4|Data analysis

	3|RESULTS
	3.1|Target habitat types, spatial variation and temporal turnover
	3.2|Drivers of beta diversity

	4|DISCUSSION
	4.1|High temporal turnover and spatial variation in restoration outcomes
	4.2|Dominance of replacement and balanced temporal turnover
	4.3|Responses of communities to space, time, and local site characteristics

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


