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The restoration of hay meadows is one of the major challenges in temperate
Europe, to overcome the drastic loss and degradation of these semi-natural
habitats. Evaluation of restoration success requires the definition of a relevant
reference ecosystem. Historical phytosociological relevés dating from the
1960s-1970s, before large scale agriculture intensification, may be used as the
reference framework for such purposes. However, this reference framework
may no longer be pertinent in our present-day ecological and socio-economic
context. In this study, we assessed the success of three restoration techniques
for lowland hay meadows, based on plant species richness and composition
and functional traits, by comparing the restoration trajectories to historical
and current references. The three restoration techniques, passive restoration
mowing, active fresh hay transfer and active sowing of threshing material, were
implemented depending on the initial level of degradation and the proximity
to well-preserved meadows. The species composition of restored meadows
clearly differed from historical references but converged toward current
references, for both passive and active restoration techniques. Historical
references are characterized by short, stress-tolerant dicotyledonous plant
species with small specific leaf area, indicators of nutrient-poor environments.
The gap observed between plant communities of historical and current
meadows suggests that the historical data are an over-ambitious target for
restoration purposes and can hardly be considered relevant to our present-
day context. Therefore, creation of a new reference framework of lowland hay
meadows is needed for the adequate implementation of restoration projects.
Successful outcomes of active and passive techniques must encourage
practitioners to adapt the choice of the restoration method depending on
the local ecological context, i.e., level of degradation and proximity to well-
preserved habitats.

grassland, restoration success, diaspore transfer, restoration reference, plant
community, hay transfer, mowing

01 frontiersin.org


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2023.1136206﻿&domain=pdf&date_stamp=2023-07-26
https://www.frontiersin.org/articles/10.3389/fevo.2023.1136206/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1136206/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1136206/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1136206/full
mailto:g.mahy@uliege.be
https://doi.org/10.3389/fevo.2023.1136206
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2023.1136206

Dellicour et al.

1. Introduction

Temperate meadows are among the habitats that host the most
diverse fauna and flora in temperate Western Europe (Veen et al.,
2009; Bruchmann and Hobohm, 2010; Wilson et al., 2012; Habel et al.,
2013). The high conservation value of these habitats is the result of
centuries, even millennia, of extensive traditional management
allowing the coexistence of many species in these open environments
(Isselstein et al., 2005). Since the second half of the twentieth century,
changes in agricultural practices were encouraged by the
implementation of the European Common Agricultural Policy (CAP).
Land use changes and intensification of agricultural systems have led
to the decline and degradation of species-rich meadows (Stoate et al.,
2009; Veen et al.,, 2009), and therefore to a significant loss of animal
and plant biodiversity in rural landscapes (Zechmeister et al., 2003;
Marini et al., 2008; Manning et al., 2015; Emmerson et al., 2016).
Specifically, lowland hay meadows are assessed as being in a poor
conservation state over almost all of their range in the EU, which
extends from northern Portugal to southern Sweden with a high
occurrence in Belgium and Germany (Furopean Environment
Agency, 2019, 2020). Hence, ecological restoration of hay meadows is
a major challenge in temperate Europe.

The definition of a clear and relevant reference ecological system is
a central question for the evaluation of restoration success (Holl and
Cairns, 2002; Waldén and Lindborg, 2016; Prach et al., 2019). Reference
information is usually either existing intact sites or historical data
(White and Walker, 1997). In Europe, a large dataset of phytosociological
relevés have been collected historically (1960s-70s). Those relevés,
providing information on plant communities before the major effect of
agriculture intensification, are often used as references for evaluating
the conservation status and restoration success of ecosystems. In
southern Belgium, they have been used to build the regional version of
EUNIS habitat classification (Davies et al., 2004) and are considered to
be the reference framework for evaluating the outcome of EU-funded
restoration programs targeting ecosystem restoration (Dufréne and
Delescaille, 2005). However, this historical reference may no longer
be achievable in our present-day ecological and socio-economic
context. Rapid global environmental changes, mostly climate change
and global eutrophication (Matson et al., 2002), may impose the
reconsideration of the use of historical data as a reference for ecological
restoration (Jackson and Hobbs, 2009; Higgs and Jackson, 2017). When
choosing the reference data for the restoration of agriculture-dependent
ecosystems, the evolution of agro-ecosystem management driven by
socio-economic factors must also be taken into consideration as they
greatly influence farmers’ practices (McGinlay et al., 2017). In this
context, former reference communities imposing very specific species
assemblages may be an over-ambitious target. Despite this question of
the use of historical references for evaluating the restoration of agro-
ecosystems, only a small number of studies compared historical and
contemporary references for evaluating large-scale, ecological
restoration projects (Barak et al., 2015).

A variety of restoration techniques, including active and passive
methods, are commonly used to overcome abiotic, biotic and dispersal
constraints in meadow restoration projects (Sengl et al., 2017). Hay
meadows have been historically managed by mowing with low
fertilization. Adaptation of key management practices (fertilization,
mowing regime) is seen as a passive way to restore meadows (Jones
et al., 2018). Passive restoration is recommended when the habitat is
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slightly degraded, has maintained a great potential for natural self-
repairing and/or is integrated into a propitious landscape context, i.e.,
when surrounded by less impaired and traditionally managed
meadows in which target species remain common (Jones et al., 2018;
Prach et al., 2020). In more degraded landscape contexts and more
strongly altered ecosystems, modification of management alone is
insufficient for restoration. Lack of dispersal of the target species in
time or space, i.e., the dispersal constraint is often identified as a major
barrier (Donath et al., 2003; Holzel et al., 2012; Pywell et al., 2012; Kiss
etal., 2016). In such contexts, active restoration with assisted species
dispersal combined with appropriate management practices is needed.

Plant assemblages are traditionally studied at the species
taxonomic level, which allows for direct reference to a target species
assemblage. Using predictions based on the taxonomic level alone may
not allow the detection of functional differences, and the results
obtained from a list of species in a given context cannot be extended
to all contexts. Trait-based approaches are complementary to help to
identify functional patterns and ecological functions independently of
the studied pool of species (Lavorel and Garnier, 2002; Kahmen and
Poschlod, 2004). Functional traits are useful tools to understand
responses to environmental changes, such as changes in nutrient
availability and disturbances (Lavorel and Garnier, 2002). As these
abiotic conditions are expected to change during meadow restoration
and between historical and current communities, we can also expect
to see changes in functional composition (Fagan et al., 2008).

In this study, we aimed to assess the success of passive (mowing
regime) and active (transfer of fresh seed-containing hay and sowing
of threshing material) restoration of lowland hay meadows by
confronting the restoration trajectories to historical and current
references. We use an in-situ large scale experiment situation provided
by the LIFE project in southern Belgium. We specifically addressed
the following questions:

(1) Does the restoration of degraded meadows correspond to the
recovery of the species and functional composition of historical
and/or current references?

(2) Do passive and active restoration efforts, that were implemented
depending on the initial level of meadow degradation, lead to
equivalent restoration success?

2. Materials and methods
2.1. The restoration project

In southern Belgium, the ecological situation of lowland hay
meadows is particularly unfavorable (Wibail et al., 2014; DEMNA,
2019). Several EU-funded LIFE projects have been launched to restore
hundreds of hectares of lowland hay meadows using a variety of
empirical techniques and offering great in situ experiments to evaluate
restoration success. This study focused on the LIFE project “Prairies
bocageres” (LIFE11 NAT/BE/001059; Goret et al., 2020) in which the
restoration of approximately 200 hectares of lowland hay meadows
was carried out in the Fagne-Famenne bioclimatic region, which is
characterized by Upper Devonian shale geology and loam-rocky to
clay soils. The mean annual temperature is 9.5°C and the mean annual
precipitation is 976 mm (Van der Perre et al., 2015). Restoration
actions were implemented in seven nature reserves with meadows
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presenting different levels of degradation (Figure 1). A large number
of degraded meadows were included in the restoration process each
year from 2013 to 2018. This chronosequence of restoration is of
significant value as it allows us to analyse changes in community
composition over time (Engst et al., 2017; Sullivan et al., 2020).

The habitat targeted by restoration is the Natura 2000 habitat
6,510 protected by the EU Habitats Directive 92/43/EEC (European
Community, 1992 - Annex I “Lowland hay meadows”; code EUNIS
E2.22; phytosociology Arrhenatherion elatioris Koch 1926).
Arrhenatherion hay meadows are permanent grasslands found on
mesic soils at low altitudes (<300 m in Belgium). They are first mowed
in early summer (end of June to early July). Depending on the meadow
productivity and the yearly weather conditions, a second mowing or
low-intensity grazing can occur at the end of summer. No or low
fertilization is applied. When in good conservation status, they are
characterized by oligo- to mesotrophic plant species (see lists 1 and 2,
Supplementary Table S1).

The LIFE project implemented three restoration techniques:
passive restoration mowing, active restoration with either transfer of
hay containing fresh seed or direct sowing of threshing material. The
restoration technique was adapted depending on the initial
degradation level and the direct vicinity of the meadow following the
decision-making tool of Goret et al. (2021). The techniques used
depended on the initial conservation status (CS) of the meadow to
be restored (Supplementary Table 52). CS was determined using
indicators of plant community integrity following the evaluation grid
of the Department for Nature and Agriculture Study of the Regional
Administration (Supplementary Table S1; A: very good CS; B: good to
medium CS; C: degraded CS; D: not a lowland hay meadow).

A total of 42 restored parcels were selected for this study. If the CS
corresponded to recent degradation (B or C for less than 5years) or a
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degraded meadow (C) with an adjacent seed source (meadow with
very good CS-A), the strategy was to use mowing (passive restoration),
cutting and exporting biomass twice a year: once after June 15 and
once after September 15. The first mowing was delayed by about a
month compared to the regime applied before the restoration (May
15). During the first years of restoration, the first mowing cannot
be too late, even though this is recommended to allow all species to
complete their life cycle, because abiotic conditions first need to
be adequate to favor forb germination and development. Mowing in
mid-June helps to maximize nutrient export and to create sites where
reduced competition for light allows forb seedlings to establish.
Fertilization was proscribed.

If the CS was C (degraded) for more than 5years with no adjacent
grassland in CS-A or if CS was D, the restoration strategy included:
stopping fertilization, soil preparation for seedling establishment
(creation of bare soil strips by two harrow operations or by milling to
a depth of 10cm), assisted seed dispersal by fresh hay transfer or
sowing of threshing material, and a post-restoration mowing regime
similar to passive restoration. For both assisted seed dispersal methods,
plant material was collected directly from a donor site in CS-A, located
as close as possible (less than 10km). Threshing material and fresh hay
were always collected at the end of July, the year of restoration, in order
to maximize the amount of characteristic species that had reached
seed-maturity. Threshing material was collected using a small combine
harvester adjusted to limit the amount of plant residues garnered. The
harvest product was dried for about 48 h and then roughly sorted using
an alveolar pre-sorter in order to not lose seed diversity. Through this
process, less than 10% of plant debris remained in the seed mixture. In
September, 25kg per hectare was sown with a mechanical seeder in
bare soil strips. For fresh hay transfer, the hay was spread on the
degraded site on the same day that the donor site was mowed.
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FIGURE 1

Location of the Fagne-Famenne region and the seven locations where meadow restoration occurred in the vicinity of reference nature reserves.
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TABLE 1 Number of meadow parcels per restoration technique and years since restoration.

1-2 years (2017-18)

3—4 years (2015-16) 5-6 years (2013-14)

Restoration mowing 4 6 4
Transfer of fresh seed-containing hay / 6 6
Threshing material sowing 5 6 5

TABLE 2 Hypotheses defining expected changes in plant community traits of restored meadows.

Attributes Hypotheses

Leaf dry matter content (LDMC)

Increases with soil nutrient depletion (Lavorel et al., 2007). A high LDMC reflects a resource conservation strategy that should

prevail in reference and restored ecosystems (Lavorel and Garnier, 2002)

Specific leaf area (SLA) Decreases with soil nutrient depletion (Lavorel et al., 2007). A low SLA reflects a resource conservation strategy that should
prevail in reference and restored ecosystems (Lavorel and Garnier, 2002)
Height Decreases with soil nutrient depletion and thus with the reduction of competition for light that should prevail in reference and

restored ecosystems (Hautier et al,, 2009)

Raunkiaer’s biological types distribution

Proportion of therophytes increases with restoration due to adaptation of the mowing regime

Life form distribution

Proportion of grasses decreases as proportion of dicotyledonous and legume plants increases with restoration

Ellenberg’s N index

Decreases with soil nutrient depletion which should prevail in reference and restored ecosystems

CSR strategy distribution

(Walker et al., 2004)

Proportion of competitive and ruderal plants decreases while proportion of stress-tolerant plants increases during restoration

2.2. Vegetation sampling

A space-for-time substitution approach was used to characterize
the restoration trajectory based on plant communities. In 2019,
we chose meadows that have been restored for one to 6years
(restoration age) with an equal repartition among three age classes
since restoration: 1-2years, 3-4years and 5-6years (Table 1).
Altogether, the restored meadows covered a total of 58.6 ha.

A complete botanical survey of each meadow was undertaken
before the restoration (initial state) and once at the end of the project
in 2019 (restored state). These surveys were conducted from mid-May
to the end of June and were carried out by walking the entire meadow,
avoiding edges. The cover of all herbaceous species encountered at the
parcel scale was visually estimated using the Braun-Blanquet scale
(r=one individual, +=<1%, 1=1-5%, 2=5-25%, 3=25-50%,
4=50-75%, 5 =>75%). Braun-Blanquet scale was chosen to use the
same method and precision of abundance estimation as historical
references. The list was considered exhaustive if no other species was
found after a walk of approximately 10min in the meadow. The
nomenclature used in this study follows the flora of Lambinon and
Verloove (2015).

2.3. Reference data

Community recovery trajectories were evaluated against two
types of reference data representing Arrhenatherion meadows in
favorable CS: (1) six meadows in nature reserves of Fagne-Famenne
region that were meadows in the best conservation status in the region
(as defined in Supplementary Table S1; hereafter current references).
Floristic composition of the six current references was surveyed
following the same protocol as described above for restored parcels
and (2) 36 historical surveys recorded from 1955 to 1963, and one
recorded in 1996, in the Fagne-Famenne region (hereafter historical
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references). Historical surveys were taken from the data used for the
phytosociological description of the EUNIS typology in southern
Belgium which served to define the very good conservation state of
meadows (CS-A). For the historical references, one relevé per meadow
was realized with sampling area varying from 50 to 200 m>.

2.4. Functional traits

Seven functional traits were retained to characterize the functional
differences between reference, restored and degraded plant
communities. Each trait was selected because it is expected to change
with restoration according to predetermined hypotheses (Table 2).

Information on leaf attributes (leaf dry matter content LDMC and
specific leaf area SLA) and canopy height of species was extracted from
the LEDA database (Kleyer et al., 2008). For traits where several values
per species were given, the average of the values from countries close
to Belgium (Germany, Netherlands, United Kingdom, France) was
calculated. If no height data was provided for a species, the maximum
height given in the flora of Lambinon and Verloove (2015) was used.
Raunkiaer’s biological types were taken from Lambinon and Verloove
(2015). When two biological types were mentioned, the first cited was
retained. Life forms (grass, legume and other dicotyledonous plant)
were also included in the analysis. The N-Ellenberg’s index classifying
species according to their nutrient requirements was taken from the
Baseflor database (Julve, 1998). Grime’s CSR values of each survey were
calculated using the electronic spreadsheet-based tool of Hunt et al.
(2004) which relies on the CSR types of 1,000 European species
identified by Hodgson et al. (1999). The calculation of CSR positions
in this spreadsheet is based on the relative abundance of species in the
survey. If a species was not present in the spreadsheet, the CSR type in
the BiolFlor database (Kithn and Klotz, 2002) was used.

For the analysis of changes in plant community functional traits
between the historical reference and the current system (current
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reference and restored meadows), we proceeded to the following
calculations. (1) Nominal traits (Raunkiaer’s biological types and life
forms) were transformed to as many binary traits as there were values
for the trait. We then computed trait relative abundance as the
proportion of total cover occupied by species sharing the trait. Only
therophyte and hemicryptophyte were retained as binary traits for
Raunkiaer’s biological types as other types were too sparse in this
habitat and (2) For numeric attributes (LDMC, SLA, canopy height,
Ellenberg index), we calculated the community weighted mean
(CWM; Violle et al., 2007; Lavorel et al., 2008) taking species cover as
weight. Cover values were derived from the van der Maarel coefficients
using the median cover (Supplementary Table S3). CWM of LDMC
was only computed for grass species (hereafter LDMCgrass) in order
to avoid effects due to changes in the proportion of life forms; the
different life forms have contrasting ranges of LDMC (Cruz et al., 2002;
Al Haj Khaled et al., 2005). Before any further calculations, the square
root transformation was applied to variables when necessary in order
to improve normality. This was done for the relative abundances of
legumes, hemicryptophytes and therophytes, and S and R values.

2.5. Statistical analysis

Prior to data analysis, the Braun-Blanquet scale was transformed
into van der Maarel (1979; Supplementary Table S3). All analyses were
conducted using R statistical software (R Core Team, 2021).

To determine whether the restoration of degraded meadows
corresponds to the recovery of the species composition of historical
and/or current references, we used a principal coordinate analysis
(PCoA) based on Bray-Curtis dissimilarity (Legendre and Legendre,
2012). In order to visualize the global trajectory and to explore the
variation in species composition between historical and current
references, the PCoA was first run using the entire dataset (historical
references included). Because we observed differences between
historical references and other situations, we used the multipatt()
function of the “indicspecies” package with the IndVal index to
identify species characteristics of the historical reference, current
references and restored meadows (func="“IndVal.g”’; De Caceres et al.,
2010; De Caceres, 2020). This function was used because it allows the
identification of indicator species of combinations of groups.

Because historical references were found to be different from
current references in their species and functional composition,
we focused the analysis of restoration trajectories on current
references. A PCoA was performed on a restricted dataset excluding
the historical references but with current references, in order to better
examine variation in species composition between the initial and final
states of restored parcels. The latter allowed the restoration trajectory
of each meadow and technique-dependent trajectories to be visualized.
PCoA were performed using the “vegan” package (Oksanen et al.,
2020) and the cmdscale() command in the “stats” package.

Species richness of each survey was calculated as the number of
observed species. In order to evaluate whether active and passive
restoration led to changes in species composition, similarity with
current references was calculated for all initial states and restored
states at different periods. We first calculated the average current
reference by computing the mean of species abundance across the six
current references, and then we computed the Bray-Curtis distance
between all restored sites and this average reference. Similarity was

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1136206

calculated as 1 Bray-Curtis distance. To determine whether species
richness and similarity significantly increase with the age of
restoration, linear regressions were computed separately for the three
restoration techniques. To test for significant differences in slopes and
intercepts, analysis of covariance (ANCOVA) was performed using
the anova_test() command in the “rstatix” package (Kassambara,
2021) with species richness or similarity as the dependent variable,
restoration technique as the grouping variable and restoration age as
the covariate. Post-hoc tests were carried out using the emmeans_test()
command of the “rstatix” package with a Bonferroni correction for
multiple comparisons. To examine whether species richness of
5-6year old restored parcels was similar to that of current references,
analysis of variance (ANOVA) followed by a Dunnett test was
performed. The glht() function of the “multcomp” package (Hothorn
et al., 2021) was used for the Dunnett test. To evaluate whether the
species composition of restored parcels was similar to that of current
references, we compared similarities between restorations and current
references with similarity found within current targets. Plots were
visualized using the “ggplot2” package (Wickham et al., 2020).

3. Results

3.1. Restoration success against historical
targets

The first two dimensions of the PCoA performed on the entire
dataset (historical references included) explained 18.22% of the existing
floristic variation (12.92 and 5.30%, respectively for the first two PCoA
axes; Figure 2). The third dimension explained 4.69% of the variation but
did not show any meaningful pattern. The species composition of the
historical references (HR) clearly differed from all other floristic surveys
(the six current references (CR), the initial state of restored meadows, the
final states of restored meadows whatever the age of restoration), with the
historical references exclusively positioned on the negative values of the
first axis and others mainly situated on the positive values. The ordination
on the second axis revealed a global trajectory where the plant
communities of restored meadows become more distant from their
initial degraded states over time. Correlations between plant attributes
and PCoA scores showed that plant communities of historical references
were more stress-tolerant (S) and had a higher proportion of
dicotyledonous and legume species compared to current reference and
restored parcels (Figure 2). In contrast, current plant communities
(reference and restoration parcels) had a higher proportion of grasses and
had a more competitive (C) and eutrophic (Ellenberg N) character. They
were also characterized by a higher SLA and height. Plant communities
of initial degraded states in restored meadows presented a higher ruderal
strategy (R) and were more tolerant of frequent disturbances, showing
the effect of the intensive mowing regime on degraded meadows. Initial
states of restored meadows had a higher proportion of hemicryptophytes
compared to final states of restoration and current references. Restored
plant communities had a higher proportion of therophytes,
dicotyledonous and legume species and a higher LDMCgrass.

We found seven significant exclusive indicator species of historical
references that were not found in current references nor in restored
meadows, and we identified eight other significant exclusive indicator
species of historical references that were found at low frequency in
current references and in restored meadows (Figure 3). Moreover, four
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species from the list of rare, threatened and protected spermatophyte
species of the Walloon Region (Saintenoy-Simon et al., 2006) were
only found in a very small number of historical references (Alchemilla
filicaulis, Alchemilla glaucescens, Festuca ovina, Ophioglossum
vulgatum). Inversely, nine significant exclusive indicators of current
references were never found in historical references (e.g., Myosotis
arvensis, Elymus repens). The complete list of all recorded species is
provided in the Supplementary Table 54 as well as the value of p
associated with their indicator status and their frequency in
each group.

3.2. Recovery of species richness and
species composition against current
references

Species richness significantly increased with time for the three
restoration techniques (mowing: F=13.94, p<0.001, threshing
material sowing: F=10.49, p=0.003, and hay transfer: F=19.1,
p<0.001; Figure 4). The slopes of the three regression lines were not
significantly different according to the ANCOVA (p=0.972) and each
restoration trajectory gained on average 2.4 species per year. However,
intercepts were significantly different (p=0.003), in line with the fact
that initial states differed among the meadows restored with the
different techniques. Post-hoc tests showed that initial species richness
of parcels restored with fresh hay transfer was significantly lower than
that of parcels restored only by mowing (p-ajd =0.002) but was not
significantly different from that of parcels restored by threshing
material sowing (p-adj=0.190). The initial species richness was not
significantly different for the latter two (p-ajd=0.207). ANOVA and
Dunnett tests revealed a significantly lower final species richness of
parcels restored with fresh hay transfer (5-6years after restoration)
compared to species richness of current references. Other restoration

Frontiers in Ecology and Evolution 06

methods led to similar species richness to current references (46.7
species) with for mowing: 45.5 species, t=—0.264, p=0.988, threshing
material sowing: 36.4 species, t=—2.479, p=0.062, and fresh hay
transfer: 33.5 species, t=—3.335, p=0.011.

Similarity of restored plant communities to the average species
composition of current references significantly increased with time
from restoration for the three restoration techniques (mowing:
F=12.18, p=0.002, threshing material sowing: F=25.86, p<0.001, and
hay transfer: F=10.17, p=0.004; Figure 5). The slopes and intercepts
of the three regression lines were not significantly different from one
another (slopes: p=0.605, intercepts: p=0.803). Each restoration
trajectory gained on average 2.37% similarity to current references per
year. Similarity between final states of restored plant communities and
current references was close to the mean similarity observed among
current references (mean similarity among current references: 0.52,
mean similarity between final states and current references: 0.51 for
mowing, 0.50 for fresh hay transfer, 0.52 for sowing; Figure 5). This
result indicates restoration success since the recovery of species
composition attained the level of similarity found within references.

3.3. Restoration trajectories for restoration
methods

The first two axes of the ordination performed on the restricted
dataset excluding the historical references explained 16.55% of the
floristic variation (PCoA1: 9.93%, PCoA2: 6.62%; Figure 6). In order to
visualize the parcels’ individual trajectories, each initial state was linked
to its final state. Most of the individual trajectories converged towards
current references, even when species composition was initially far from
that of current references. In some cases, final states reached current
references (Figure 6A). The initial states of the restored meadows
covered a wide range of floristic variation, which is in accordance with
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FIGURE 3

Frequency of significant exclusive indicator species (identified by the
multipatt function) observed in historical references, current
references, initial and final states of restored meadows. Species
abbreviations: Pla.med, Plantago media; Bri.med, Briza media; Car.
car, Carex caryophyllea; Vio.hir, Viola hirta; Pot.ste, Potentilla sterilis;
Hie.pil, Hieracium pilosella; Ran.bul, Ranunculus bulbosus; Gle.hed,
Glechoma hederacea; Leo.his, Leotondon hispidus; Alc.xan,
Alchemilla xanthochlora; Ave.pub, Avenula pubescens; Gal.ver,
Galium verum; Col.aut, Colchicum autumnale; Lys.num, Lysimachia
nummularia.

the different initial conservation status for meadows restored with
passive (mowing) and active (hay transfer and sowing) restoration
techniques. However, most of them differed from the other surveys in
their position on the positive values of the first axis (Figure 6A).

In order to examine technique-dependent ecological trajectories,
this PCoA was then presented with a dissociation of the initial and
final states of the three restoration techniques (Figure 6B). This
representation allowed clear differences to be observed between the
initial states (IS) of communities restored by the different restoration
techniques. Initial states of meadows restored by transfer of fresh seed-
containing hay (Ha) and by threshing material sowing (So) were
clearly more distant from current references than those of meadows
restored by restoration mowing (Mo). This representation also showed
that, regardless of the restoration technique, the final states (FS) of
plant communities converged in the direction of current references.
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FIGURE 4

Box-plots of species richness variation for initial state of restored
meadows (year 0), species richness of restored meadows at different
restoration ages and current references (CR). Lines represent linear
regression models between restored meadow species richness and
time since restoration began for the three restoration methods. Hay:
fresh hay transfer, Sowing: sowing of threshing material, Mowing:
passive restoration by mowing regime adaptation (Mowing: F=13.94,
p<0.001, Sowing: F=10.49, p=0.003, Hay: F=19.1, p<0.001).
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FIGURE 5

Linear regression models showing significant relationships between
species composition similarity (1 Bray-Curtis distance) with the
average species composition of current references (CR) and time
since restoration began for the three restoration methods. Hay: fresh
hay transfer, Sowing: sowing of threshing material, Mowing: passive
restoration by mowing regime adaptation (Mowing: F=12.18,
p=0.002, Sowing: F=25.86, p<0.001, Hay: F=10.17, p=0.004). Within
CR=average similarity within current references. Slopes and
intercepts of the three regression lines are not significantly different
(slopes: p=0.605, intercepts: p=0.803).

4. Discussion

Our results highlight a strong floristic difference between historical
references, based on historical phytosociological data (1960s-70s) of
lowland meadows, and current references based on existing meadows
with the best conservation status in the studied region, toward which
the final states of restoration converged. Historical meadows differed
from current references and restored meadows by being mostly short,
stress-tolerant dicotyledonous plant communities with small SLA. Such
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(n=16), So.FS: final state of sowing (n=16), current reference targets (n=6).

PCoA2

PCoA1

Principal coordinate analysis (PCoA) performed on species composition for restored meadows and current references. The first two axes explained
16.55% of the floristic variation (PCoAl: 9.93%, PCoA2: 6.62%). (A) Arrows link the initial state and final state of each restored meadow to show
individual ecological trajectories. Initial states (n=42), final states (n=42), current target references (n=6). (B) PCoA with dissociation of the initial and
final states of the three restoration techniques to display technique-dependent ecological trajectories. Mo.IS: initial states of mowing (n=14), Mo.FS:
final states of mowing (n=14), Ha. IS: initial state of fresh hay transfer (n=12), Ha.FS: final state of fresh hay transfer (n=12), So.IS: initial state of sowing

a functional composition indicates a prevailing resource conservation
strategy in historical references compared to restored meadows and
current references. This was confirmed by the detection of indicator
species of historical references that are known to grow in low nutrient
environments. In contrast, restored meadows and current references
were characterized by a more important contribution of tall, long-lived
and competitive graminoids with high SLA, and a set of indicator
species that preferentially develop in more nutrient-rich environments
(e.g., Elymus repens, Geranium pyrenaicum, Lapsana communis). Those
results provide relevant information about community changes
between the historical and contemporary states of ecosystems (Barak
etal, 2015; Higgs and Jackson, 2017) and show that significant changes
occurred over a time span of ca. 65 years (between 1955 and 2020). This
pattern is in accordance with overall plant community changes induced
by anthropogenic drivers (Timmermann et al., 2015), specifically
nitrogen deposition induced by anthropogenic activities in the 20th
century, which is recognized as one of the major threats to plant
biodiversity in European herbaceous ecosystems (Stevens et al., 2004;
Bobbink et al., 2010; Stevens et al., 2018).

The gap observed between historical and current meadows with
very good conservation status suggests that the historical data based on
phytosociological surveys dating from ~60years ago, and being the basis
for the European habitat typology in Belgium, may be an over-ambitious
target for restoration purposes in the current global environmental and
socio-economic context. As often mentioned in the ecological
restoration literature, the desire to reach, at all costs, a static reference
state of the past in the current context of rapid and unprecedented global
changes is most likely to be in vain (Harris et al.,, 2006; Choi et al., 2008;
Allison, 2017). Achievable and sustainable outcomes cannot be reached
with a target that may satisfy a nostalgic need but is inconsistent with
the future (Harris et al., 2006). The expected future reduction in nitrogen
deposition is unlikely to induce significant species recovery (Payne et al.,
2017). In addition to historical global eutrophication which has already
impacted grassland ecosystems in the temperate regions, climate change
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and increasingly frequent climate extremes are expected to cause long-
term shifts in plant community composition (Gornish and Tylianalkis,
2013; Shietal., 2015). Also, societal expectations may prevent the return
to the historical reference because it no longer matches a socially and
economically acceptable goal for agriculture-dependent meadows
(Choi, 2007; McNellie et al., 2020). For these reasons, history should not
serve as a target but rather as a guide for restoration (Harris et al., 2006;
Higgs et al., 2014). Achieving a specific taxon-based assemblage is no
longer absolutely sought, but rather a set of functions, ecological
processes and ecosystem services that restore ecosystem health (SER,
2004; Choi et al., 2008) and allow biodiversity restoration on a larger
scale than that of the phytosociological survey, i.e., at the landscape or
ecosystem scale (Choi, 2007). In the same line, the historical targets
included plant community composition described by surveys following
the Zurich-Montpellier method, i.e., a non-random and subjective
sampling method where the most typical and representative sampling
points of the studied phytosociological association were used (Becking,
1957). They are therefore the most biologically valuable representation
of the Arrhenatherion association at the time, which has probably
accentuated the contrast observed with current floristic communities.
In addition, the number of current references was limited in this study
because of the restricted availability of such meadows in current
European temperate agricultural landscapes. Thus, there is an important
need to create a well-defined reference framework of lowland hay
meadows for the different essential steps of a restoration project;
identification of objectives, monitoring and assessment. Future
restoration evaluations of lowland hay meadows in temperate Europe
will need adapted reference frameworks that would be more consistent
with the current regional ecological and socio-economic context. To
build a better reference framework, future research should improve the
representativeness of Arrhenatherion meadows under conservation
management by increasing their number and extending sampling to
meadows outside nature reserves, i.e, meadows under an agri-
environment scheme and Natura 2000 sites. It will also be a great
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opportunity to include baseline values of multiple ecosystem services
(Wortley et al., 2013).

Both passive and active restoration efforts led to convergence in
species richness, species composition and functional traits towards
current targets, despite different pre-restoration states. Species richness
increased at the same rate through time (2.4 species per year) in
restored meadows whatever the restoration technique, and meadows
restored with passive and sowing methods reached species richness
similar to current references. The final species richness of meadows
restored by hay transfer did not reach that of current references because
of lower richness in initial states. Thus, having started with a lower
number of species, meadows restored by fresh hay transfer may need
more time to reach current reference species richness. All techniques
showed successful restoration of species composition. Also, despite
current and restored meadow flora indicating a richer nutrient context
than historical meadows, restoration led to changes in functional
composition. Observed patterns of changes are complex and may
suggest that functional composition of restored meadow is not yet
stabilized after 6years. In contrast to pre-restoration communities
dominated by mow-tolerant, long-lived grass with high SLA, restored
short-lived
dicotyledonous species, indicating fast resource-acquisition strategy,

communities showed higher contributions of
and grasses with higher LDMC, indicating a more conservative
resource-acquisition strategy. These results demonstrate that adapting
the restoration technique depending on the initial degradation state
and the direct vicinity of the meadow is relevant. Our study highlights
the efficiency of soil preparation and transfer of seed-containing plant
material for restoring more impaired meadow sites. This is consistent
with the outcomes of several studies that have tested the effectiveness
of species introduction to restore lowland hay meadows or alluvial
meadows (Edwards et al., 2007; Schmiede et al., 2012; Baasch et al.,
2016; Harvolk-Schoning et al., 2020). Success of passive recovery also
attests to the efficiency of management extensification as a means of
restoring slightly degraded meadows with target species possibly
remaining in the seed bank. This is congruent with the results of
previous studies that reported a positive effect on species richness after
cessation of fertilization and implementation of extensive management
through mowing or grazing (Pallett et al., 2016; Van Vooren et al.,
2018). In slightly altered landscapes that provide seed sources, stopping
disturbance alone is a good tool to proceed successfully towards
valuable meadow habitats and achieve restoration goals (Ruprecht,
2006). Postponing mowing from spring to summer was shown to
be effective in promoting plant and invertebrate diversity in European
meadows (Humbert et al., 2012). Similarly, a twice-a-year defoliation
frequency was shown to be efficient in enhancing plant and insect
richness and increasing export of potassium in meadow ecosystems
(Uchida and Ushimaru, 2014; Piqueray et al., 2019). Before any
restoration intervention, restoration practitioners should explore the
local ecological conditions in order to decide which type of restoration
action is most likely to succeed (Prach et al., 2020; Goret et al,, 2021).
Passive restoration should be favoured in mildly impaired sites, with
low environmental stress and intermediate productivity, located in
more natural and well-preserved landscapes (Prach et al., 2020).
Financial and practical factors must also be considered. Passive
recovery naturally requires lower costs than seed transfer, while fresh
hay spreading additionally imposes organizational constraints. Fresh
hay has to be transferred immediately to the receptor site after cutting,
as storage would compromise seed viability due to rapid fermentation,

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1136206

and the large volume of fresh hay to be transferred requires proximity
between donor and receptor sites, but compared to threshing, green
haymaking is less time-consuming, requires only standard machinery
(Blakesley and Buckley, 2016) and produces a more efficient seed
harvest yield (Scotton and Sevéikova, 2017). The hay layer on the
receptor site can also favor seedling establishment (Loydi et al., 2013).
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