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Abstract. It is generally assumed that restoring biodiversity will enhance diversity and
ecosystem functioning. However, to date, it has rarely been evaluated whether and how restora-
tion efforts manage to rebuild biodiversity and multiple ecosystem functions (ecosystem multi-
functionality) simultaneously. Here, we quantified how three restoration methods of increasing
intervention intensity (harvest only < topsoil removal < topsoil removal + propagule addi-
tion) affected grassland ecosystem multifunctionality 22 yr after the restoration event. We
compared restored with intensively managed and targeted seminatural grasslands based on 13
biotic and abiotic, above- and belowground properties. We found that all three restoration
methods improved ecosystem multifunctionality compared to intensively managed grasslands
and developed toward the targeted seminatural grasslands. However, whereas higher levels of
intervention intensity reached ecosystem multifunctionality of targeted seminatural grasslands
after 22 yr, lower intervention missed this target. Moreover, we found that topsoil removal with
and without seed addition accelerated the recovery of biotic and aboveground properties, and
we found no negative long-term effects on abiotic or belowground properties despite removing
the top layer of the soil. We also evaluated which ecosystem properties were the best indicators
for restoration success in terms of accuracy and cost efficiency. Overall, we demonstrated that
low-cost measures explained relatively more variation of ecosystem multifunctionality com-
pared to high-cost measures. Plant species richness was the most accurate individual property
in describing ecosystem multifunctionality, as it accounted for 54% of ecosystem multifunc-
tionality at only 4% of the costs of our comprehensive multifunctionality approach. Plant spe-
cies richness is the property that typically is used in restoration monitoring by conservation
agencies. Vegetation structure, soil carbon storage and water-holding capacity together
explained 70% of ecosystem multifunctionality at only twice the costs (8%) of plant species
richness, which is, in our opinion, worth considering in future restoration monitoring projects.
Hence, our findings provide a guideline for land managers how they could obtain an accurate
estimate of aboveground-belowground ecosystem multifunctionality and restoration success in
a highly cost-efficient way.

Key words: aboveground-belowground properties; biotic-abiotic properties; cost efficiency; long-term
monitoring; nature management techniques; seminatural grasslands.

INTRODUCTION

Seminatural grasslands are an integral part of the
Western and Central European cultural landscape and
result from traditional farming over centuries (Van Dijk

1991, Poschlod and Wallis De Vries 2002, Bobbink et al.
2011). These grasslands are among the most species-rich
ecosystems and represent biodiversity hotspots that har-
bor specialized plant and animal communities with high
numbers of rare and endangered species (Dengler et al.
2014). Seminatural grasslands are characterized by low
productivity and high structural heterogeneity with a
diverse mosaic of ecological niches and microhabitats
(Diacon-Bolli et al. 2012). They are found on oligo- to
mesotrophic soils that are sensitive to eutrophication
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(Bobbink et al. 1998, Bobbink et al. 2011). Maintaining
these grasslands requires low-input agricultural manage-
ment to prevent accumulation of soil nutrients and to
impede reforestation (Poschlod and Wallis De Vries
2002). Seminatural grasslands also provide numerous
ecosystem functions and services. For example, by sup-
porting high abundance and diversity of invertebrates,
they may provide pollination and pest control services
for surrounding agricultural areas (Byrne and delBarco-
Trillo 2019). They can be important for soil and water
protection against pollution (Peciña et al. 2019) and may
act as hydrological buffers (Gimmi et al. 2011). Seminat-
ural grasslands were also found to mitigate droughts or
floods and reduce carbon dioxide emissions due to their
enhanced carbon storage capacities compared to arable
land (Peciña et al. 2019). However, seminatural grass-
lands are under multiple pressures.
Since the late 19th century, seminatural grasslands

have been drastically reduced in their extent and connec-
tivity (Wallis De Vries et al. 2002) as their low productiv-
ity made them prime for conversion into more profitable
high-input agricultural land, or on the contrary, for
complete abandonment (Quétier et al. 2007, Török and
Dengler 2018). In Switzerland, for example, 95% of sem-
inatural grasslands were lost during the course of the
past century (Lachat et al. 2010). As a consequence,
efforts to protect the remaining areas were greatly
enhanced, but their ongoing loss could not be stopped
(Gattlen et al. 2017). Today, these grasslands represent
species-rich islands in a landscape dominated by inten-
sive agriculture. It became evident that sustainable con-
servation has to integrate restoration to actively extend
and reconnect these fragmented remnants and to re-en-
able metapopulation dynamics and genetic exchange of
biotic communities among the isolated patches (Lachat
et al. 2010). Hence, converting adjacent intensively man-
aged grasslands into seminatural grasslands became the
focus of restoration projects (Kardol and Wardle 2010,
Kiehl et al. 2010). Intensively managed grassland gener-
ally represents a highly eutrophic and homogenized
habitat, dominated by only a few competitive generalist
species while habitat specialists are scarce (De Deyn
et al. 2003, Kardol and Wardle 2010). Thus, successful
conversion of such intensively managed grasslands into
nutrient-poor and species-rich communities relies on
overcoming their agricultural legacy, which is preserved
in overabundant soil nutrients as well as poor species
and propagule availability (Bakker and Berendse 1999,
McLauchlan 2006, Brinkman et al. 2017).
Various restoration strategies have been tested over

the past decades. They affect above- and belowground,
biotic and abiotic properties differently depending on
their intervention intensity (e.g., Marrs et al. 1998, Kiehl
and Pfadenhauer 2007, Kardol et al. 2008, Frouz et al.
2009, Suding 2011). Mild interventions, such as cessa-
tion of fertilization and multiple plant biomass harvests,
have been rarely successful in lowering the high availabil-
ity of soil nutrients and reestablishing targeted plant

communities. Conversely, more severe interventions,
such as topsoil removal with and without seed addition,
were found to be highly successful in restoring oligo-
trophic grassland ecosystems (see review in Kiehl et al.
2010). However, removal of the nutrient-rich topsoil,
typically a layer of 20–50 cm, substantially affects
belowground biota and abiotic soil conditions, and is
therefore viewed rather critically (see Geissen et al.
2013).
Yet, to evaluate restoration success, usually only a few

aboveground biotic properties, typically plant commu-
nity composition, sometimes the presence/absence of
selected insect species or taxa (e.g., grasshoppers, bee-
tles) are used (e.g., Patzelt et al. 2001, Kardol et al. 2005,
Kiehl and Wagner 2006, Kiehl and Pfadenhauer 2007,
Klimkowska et al. 2007, Verhagen et al. 2008, Neff et al.
2020). More exhaustive evaluations are lacking and only
few studies assessed belowground community composi-
tion and soil properties to determine restoration success
(e.g., Frouz et al. 2009, Kardol et al. 2009b, Wubs et al.
2016, Resch et al. 2019). As restoration methods should
enhance and reestablish biodiversity and ecosystem
functioning both above- and belowground, success
should be evaluated based on a comprehensive assess-
ment of biotic and abiotic, above- and belowground
properties, such as taxonomic and structural diversity,
and soil functions and processes (Havlicek 2012, Greiner
et al. 2018, Gann et al. 2019). Thus, a multifunctional
approach could be highly suitable to validate successful
reestablishment of the targeted species or ecosystem
properties and functions over time (see review in Man-
ning et al. 2018, but also see Meyer et al. 2015, Costan-
tini et al. 2016).
In the present study, we assessed how three restoration

methods of different intervention intensities, i.e., Har-
vest only (biomass removal), Topsoil (topsoil removal),
and Topsoil + Propagules (topsoil removal plus addition
of target plant species), succeeded in restoring ecosystem
multifunctionality. We included 13 properties, namely
aboveground arthropod richness, belowground faunal
and microbial taxon richness, plant species richness, veg-
etation structure, above- and belowground functional
diversity and food-web complexity, soil heterogeneity,
soil carbon (C) storage, water-holding capacity, nutrient
retention capacity and soil net nitrogen (N) mineraliza-
tion in our ecosystem multifunctionality metric.
Restoration success was compared to both intensively
managed grasslands (Initial state) and ancient seminatu-
ral grasslands (Target state). The evaluation took place
22 yr after restoration methods were implemented. To
our knowledge, this is the first long-term study that com-
bined aboveground and belowground ecosystem multi-
functionality to evaluate the recovery of targeted
ecosystem properties after grassland restoration. As
measuring and assessing various ecosystem properties is
cost-intensive, we conducted a “cost-benefit analysis” to
determine which and how many ecosystem properties
are needed to define ecosystem multifunctionality in
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restored grasslands as accurately as possible, but at
affordable costs (effort, infrastructure, expert knowl-
edge). This analysis should help environmental agencies
that supervise restoration programs in their decision-
making process. Overall, we aimed to answer the follow-
ing research questions: (1) Does multifunctionality differ
between intensively managed and seminatural grass-
lands? (2) Are the different restoration methods success-
ful in restoring grassland multifunctionality? (3) How
much do biotic and abiotic, above- and belowground
properties contribute to ecosystem multifunctionality?
(4) Which ecosystem properties are the best indicators to
accurately describe multifunctionality in restored grass-
lands in a cost-effective way?

MATERIAL AND METHODS

Study area

The study was conducted in the Canton of Zurich,
Switzerland, in and around two nature reserves Eigental
and Altläufe der Glatt (47°270 to 47°290 N, 8°370 to
8°320 E, 417 to 572 m above sea level). All studied grass-
lands were located with a radius of approximately 4 km.
Average monthly temperatures range from 0.7° � 2.0°C
(January) to 19.0° � 1.5°C (July), and monthly precipi-
tation range from 60 � 42 mm (January) to
118 � 46 mm (July [maxima]; 1987–2017; MeteoSch-
weiz 2018). The two nature reserves contain small-scale
grassland mosaics differing in their nutrient and water
availability. In our study, we focused on semi-dry and
semi-wet oligo- to mesotrophic grasslands characterized
by high plant species richness and groundwater fluctua-
tions throughout the year (Delarze et al. 2015, see also
Resch et al. 2019).

Experimental design and sampling

A large-scale restoration experiment to expand and
reconnect isolated remnants of species-rich grasslands
was initiated in the nature reserve Eigental in 1990.
Twenty hectares of adjacent intensive grasslands were
chosen for restoration. In 1995, three restoration meth-
ods of increasing intervention intensities were imple-
mented. The goal of all three methods was to lower the
availability of soil nutrients and hence, facilitate ecosys-
tem development toward the targeted nutrient-poor
grasslands. These methods were Harvest only (hay har-
vest twice a year), Topsoil (removal of the nutrient-rich
topsoil), and Topsoil + Propagules (topsoil removal
combined with the application of hay from target vegeta-
tion; further details see Resch et al. 2019). Plant biomass
harvest (once a year in late summer/early autumn) com-
menced in Topsoil and Topsoil + Propagules five years
after the soils were removed and is still ongoing today
(see Appendix S1: Table S1). We measured restoration
success by comparing the three restoration methods with
intensively managed (Initial) and seminatural grasslands

(Target) 22 yr after restoration. Initial grassland sites
share the same agricultural history as the restored sites:
mowing and subsequent fertilizing (manure) up to five
times a year, as well as different tillage regimes (see
Appendix S1: Table S1; Resch et al. 2019). Target sites
were the sites from which hay for seeding the Top-
soil + Propagules sites was collected. Soil conditions
(i.e., soil types, soil texture) were comparable to those
found in the restored grasslands (see Appendix S1:
Table S1; Resch et al. 2019). Additionally, Target sites
were selected to represent a variety of seminatural grass-
lands, including semi-dry to semi-wet conditions. In Tar-
get grasslands, biomass is harvested once a year in late
summer or early autumn. Eleven 5 × 5 m (25 m2) plots
were randomly established in each of the five treatments
(in total 55 plots; for a detailed map see Neff et al.
2020). An additional 2 × 2 m (4 m2) subplot was ran-
domly established at least 2 m away from each 25-m2

plot for destructive sampling. Data sampling took place
between June and September 2017.

Vegetation properties.—All plant species were identified
within the 25-m2 plots (nomenclature: Lauber and Wag-
ner 1996) in mid-June 2017 (in total 250 species). Vegeta-
tion structure and plant biomass were assessed
diagonally on a transect of 2 m × 10 cm within the 25-
m2 plot in early July 2017. We measured the maximum
and mean height of the vegetation at the start, middle,
and end of the transect and calculated the standard devi-
ation of these measures to describe vegetation structural
heterogeneity (Schuldt et al. 2019). Thereafter, biomass
was clipped on the entire transect to 1 cm height, sorted
into five functional groups (graminoids, forbs, legumes,
litter, and woody species; see Data availability , dried at
60°C for 48 h, and weighed (Meyer et al. 2015).

Aboveground arthropods.—Aboveground arthropods
were sampled at two locations in each 25-m2 plot in early
July 2017 (see also Neff et al. 2020). Briefly, two cylindri-
cal baskets (50 cm diameter, 67 cm height; woven fabric)
were thrown simultaneously from outside the plot into
two opposite corners. A closable mosquito mesh sleeve
was mounted to the top of the baskets and an integrated
metal ring at the bottom was fixed to the ground with
metal stakes to assure that insects could not escape. A
suction sampler (Vortis, Burkard Manufacturing, Hert-
fordshire, UK) was then inserted into one of the baskets
through the opening of the sleeve and the plot was “vac-
uumed" twice for 105 s with a 30-s break. The collected
animals were immediately transferred into 70% ethanol.
Arthropods were sorted and assigned to 23 taxonomic
groups (Appendix S1: Table S3; see Data availability).
Holometabolic larvae were lumped into one category
while hemimetabolic larvae were grouped separately
from adults in the respective taxonomic rank. We used
mean values of individuals per plot for total abundance.
Aboveground arthropod richness was defined by the
number of different taxa to lowest taxonomic level (in
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total 23 taxa). All taxa were assigned to one of five
trophic levels: (1) primary producers, (2) primary con-
sumers, (3) secondary consumers, (4) tertiary consumers,
and (5) quaternary consumers (Appendix S1: Table S3).

Belowground fauna.—Sampling of all belowground
fauna took place in mid-July 2017. Earthworms were
sampled in two 30 cm × 30 cm × 20 cm soil monoliths
at two opposite corners of the 25-m2 plot (opposite to
aboveground arthropod sampling). The excavated soil
monolith was broken by hand, all earthworms collected
and immediately transferred in a 4% formaldehyde solu-
tion. Thereafter, earthworm individuals were identified
to species level (in total 10 taxa; Christian and Zicsi
1999) and species assigned to three functional groups
(Appendix S1: Table S3; see Data availability; Bouché
1977).
To assess soil arthropod communities, we randomly

collected one undisturbed soil core (5 cm diameter,
12 cm depth) in each 4-m2 subplot with a slide hammer
corer lined with a plastic sleeve (AMS Samplers, Ameri-
can Falls, Idaho, USA). Soil arthropods were extracted
using Berlese-Tullgren funnels (3 mm mesh), starting the
day of sampling and lasting 14 d. Individuals were
stored in 70% ethanol. Soil arthropods were assigned to
41 taxonomic groups and 4 feeding types (Appendix S1:
Table S3; see Data availability). Holometabolic and
hemimetabolic larvae were treated as previously
described for aboveground arthropods. Belowground
arthropod richness refers to the 41 taxonomic groups.
For soil nematode sampling, we randomly collected

eight soil cores of 2.2 cm diameter (Giddings Machine
Company, Windsor, Colorado, USA) within each 4-m2

subplot to a depth of 12 cm. The eight cores were com-
bined, gently homogenized, placed in coolers, kept at
4°C and transported to the laboratory at NIOO in
Wageningen (Netherlands) within one week after collec-
tion. Free-living nematodes were extracted from 200 g of
fresh soil using Oostenbrink elutriator (Oostenbrink
1960) and prepared for morphological identification and
quantification as described by Resch et al. (2019).
Nematodes were identified to family level (39 taxa)
according to Bongers (1988), assigned to 17 functional
groups, 5 feeding types, and 5 colonizer-persister (C-P)
classes (Appendix S1: Table S3; see Data availability;
Yeates et al. 1993, Bongers 1990, Resch et al. 2019).
We randomly collected two more soil cores (2.2 cm

diameter × 12 cm depth) within each 4-m2 subplot to
determine soil microbial communities. Again, the soil
cores were combined, homogenized, placed in coolers
and transported to the laboratory at WSL in Birmens-
dorf (Switzerland) where the metagenomic DNA was
extracted from 8 g sieved soil (2 mm) using the DNeasy
PowerMax Soil Kit (Qiagen, Hilden, NRW, Germany)
according to the manufacturer`s instructions. PCR
amplification of the V3–V4 region of the prokaryotic
small-subunit (16S) and the ribosomal internal tran-
scribed spacer region (ITS2) of eukaryotes was

performed with 1 ng of template DNA utilizing PCR
primers and conditions as previously described (Frey
et al. 2016). PCRs were run in triplicates and pooled.
The pooled amplicons were sent to the Genome Quebec
Innovation Centre (Montreal, Quebec, Canada) for bar-
coding using the Fluidigm Access Array technology
(Fluidigm) and paired-end sequencing on the Illumina
MiSeq v3 platform (Illumina, San Diego, California,
USA). Quality filtering, clustering into operational taxo-
nomic units (OTUs) and taxonomic assignment were
performed as described by Frey et al. (2016) and Adam-
czyk et al. (2019). We used a customized pipeline largely
based on UPARSE (Edgar 2013) implemented in
USEARCH v. 9.2 (Edgar 2010). After discarding single-
tons of dereplicated sequences, clustering into OTUs
with 97% sequence similarity was performed (Edgar
2013). Quality-filtered reads were mapped on the filtered
set of centroid sequences. Taxonomic classification of
prokaryotic and fungal sequences was conducted query-
ing against most recent versions of SILVA (v.132; Quast
et al. 2013) and UNITE (v.8; Nilsson et al. 2018). Only
taxonomic assignments with confidence rankings equal
or higher than 0.8 were accepted (assignments below 0.8
set to unclassified). Prokaryotic OTUs assigned to mito-
chondria or chloroplasts as well as eukaryotic OTUs
assigned other than fungi were removed prior to data
analysis. In addition, prokaryotic and fungal data sets
were filtered to discard singletons and doubletons.
Thereafter, OTU abundance matrices were rarefied to
the lowest number of sequences per community, to nor-
malize the total number of reads and achieve parity
between samples (Prokaryota: 29,843 reads; Fungi:
26,690 reads). Finally, prokaryotic and fungal observed
richness (number of OTUs) were estimated (Prokaryota:
14,010 OTUs; Fungi: 5,813 OTUs). For prokaryotes, we
distinguished five and for fungi six functional types
based on lowest taxonomic resolution (Appendix S1:
Table S3; see Data availability; Nguyen et al. 2016, Ted-
ersoo et al. 2014). Belowground taxon richness was
defined by the total number of earthworm, arthropod,
nematode, fungi, and prokaryote taxa assigned to lowest
taxonomic level. Finally, all belowground taxa were
assigned to the same five trophic levels as the above-
ground arthropods (Appendix S1: Table S3; see Data
availability).

Soil chemical and physical properties, soil nitrogen miner-
alization.—We randomly collected three 5 cm diame-
ter × 12 cm depth soil samples in each 4-m2 subplot
with a slide hammer corer (AMS Samplers, American
Falls, Idaho, USA), pooled them and then made two
subsamples. One was field fresh and stored at 3°C until
analysis, the other was dried for 48 h at 60°C and passed
through a 4-mm mesh. From the dried sample, we mea-
sured soil pH potentiometrically in 0.01 mol/L CaCl2
(soil : solution ratio = 1:2; 30-minute equilibration
time). Total and organic carbon content were measured
on fine-ground samples (≤0.5 mm) by dry combustion
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using a CN analyzer NC 2500 (CE Instruments, Wigan,
UK). Inorganic carbon of samples with a pH > 6.5 was
removed with acid vapor prior to analysis of organic car-
bon (Walthert et al. 2010). We calculated total soil car-
bon (C) storage after correcting its content for soil
depth, stone content, and density of fine earth.
Exchangeable cations were determined on another 5 g
dry soil sample with 50 mL unbuffered 1 mol/L NH4Cl
solution (soil : solution ratio = 1:10, end-over-end sha-
ker for 1.5 h) and measured by an ICP-OES (Optima
7300 DV, Perkin-Elmer, Waltham, Massachusetts,
USA). Thereafter, cation exchange capacity (CEC) was
calculated as the sum of exchangeable cations and pro-
tons (and expressed as mmolc per 1 kg soil) and used to
describe nutrient retention capacity in our plots. Con-
centrations of exchangeable protons were calculated as
the difference between total and Al-induced exchange-
able acidity as determined by the KCl-method (Thomas
1982).
Ammonium (NHþ

4 ) and nitrate (NO�
3 ) were extracted

from a 20 g fresh subsample with 80 mL 1mol/L KCl for
1.5 h on an end-over-end shaker and filtered through
ashless folded filter paper (DF 5895 150, ALBET LabS-
cience, Hahnemühle FineArt GmbH, Dassel, Germany).
concentrations were determined colorimetrically by
automated flow injection analysis (FIAS 300, Perkin-
Elmer, Waltham, Massachusetts, USA). NO�

3 concentra-
tions were measured colorimetrically according to Nor-
man and Stucki (1981). Potential soil net nitrogen (N)
mineralization was assessed during an 8-week incuba-
tion period under controlled moisture (60% of field
capacity), temperature (20°C) and light conditions
(dark) in the laboratory. We weighed duplicate samples
of fresh soil equivalent to 8 g dry soil (24 h at 104°C)
into 50-mL Falcon tubes. Soil samples were extracted
for NHþ

4 and NO�
3 at the beginning and after eight

weeks as previously described. Soil net N mineralization
was calculated as the difference between the inorganic
nitrogen (NHþ

4 and NO�
3 ) before and after the incuba-

tion (Hart et al. 1994), corrected for the total incubation
time and represented per day values expressed as mg
N�kg soil−1�d−1.
To assess soil physical properties, we randomly col-

lected one undisturbed soil core per 4-m2 subplot (5 cm
diameter, 12 cm depth) in a steel cylinder that fit into
the slide hammer (AMS Samplers, American Falls,
Idaho, USA). The cylinder was capped in the field to
avoid disturbance. We then measured field capacity in
the laboratory. For this purpose, the cylinder and soil
therein were saturated in a water bath and drained on a
sand/silt-bed with a suction corresponding to 60 cm
hydrostatic head. The moist soil was dried at 105°C to
constant mass. Field capacity was calculated by dividing
the mass of water by the total mass of wet soil contained
at 60-cm hydrostatic head and used to describe water-
holding capacity. Thereafter, samples were passed
through a 4-mm mesh. Fine-earth and skeleton fractions
were weighed separately to assess bulk soil density (fine-

earth plus skeleton), density of fine earth, and propor-
tion of skeleton. Particle density was determined with
the pycnometer method (Blake and Hartge 1986), and
total porosity and proportion of fine pores were calcu-
lated (Danielson and Sutherland 1986). Clay, silt, and
sand contents were quantified with the sediment method
(Gee and Bauder 1986).
Surface and soil temperature (12 cm depth, water-re-

sistant digital pocket thermometer; IP65, H-B Instru-
ment, Trappe, Pennsylvania, USA) as well as volumetric
soil moisture content (12 cm depth, time domain reflec-
tometry; Field-Scout TDR 300, Spectrum Technologies,
Aurora, Illinois, USA) were measured at five random
locations within the 4-m2 subplots every month from
June to September. We calculated the standard deviation
of each temperature and moisture measure over four
months to describe seasonal variations. Slope inclination
was determined at plot level via GPS measurements
(GPS 1200, Leica Geosystem, Heerbrugg, Switzerland)
and categorized into slope gradient classes according to
FAO standards (1990). Thickness of the topsoil horizon
(equivalent to Ah or Aa horizon) was determined at one
soil monolith (30 × 30 × 30 cm3) per 4-m2 subplot in
centimeters and rounded to next integer.

Ecosystem properties and multifunctionality
(Research question 1–3)

In total, we used 13 ecosystem properties that repre-
sented four major ecosystem attributes, namely biodiver-
sity (plant species richness, aboveground arthropod
richness, belowground taxon richness), structural diver-
sity (vegetation structure, soil heterogeneity, above- and
belowground functional diversity, above- and below-
ground food-web complexity), soil functions (soil C stor-
age, water-holding capacity, nutrient retention capacity),
and soil processes (soil net N mineralization;
Appendix S1: Table S2).
Selection of the 13 properties was based on suggested

international principles and standards on ecological
restoration of the Society for Ecological Restoration
(SER), and thus, included standardized indicators of
restoration success (McDonald et al. 2016, Gann et al.
2019). We used individual properties that were shown to
increase ecosystem functioning and invasion resistance,
i.e., ecosystem stability, two major goals in ecological
restoration (details on rationales see Appendix S1:
Table S2). Thus, we assumed that restoring these proper-
ties and increasing their values is mandatory to meet the
primary objective of a restoration project, namely restor-
ing high levels of ecosystem functioning and strengthen-
ing of ecosystem stability (Gann et al. 2019).
Soil heterogeneity was calculated based on 20 soil

properties (soil pH, organic C content, NO�
3 and NHþ

4
concentrations, concentrations of exchangeable cations
[Ca, K, Mg, Na, Mn], bulk density, texture, proportion
of skeleton and fine pores, thickness of topsoil horizon,
slope class, seasonal variation in surface and soil
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temperature as well as soil moisture). We z-transformed
the 20 properties and then calculated multivariate Eucli-
dean distances for all pairwise between- and within-
group combinations for each treatment. We then used
differences in group homogeneities based on group dis-
persion variances, i.e., distance of single plot to its corre-
sponding group centroid to obtain soil heterogeneity
(betadisper function of the vegan package; Alsterberg
et al. 2017, Oksanen et al. 2019).
We calculated functional diversity for plants using

shoot biomass of plant functional groups and for faunal
and microbial communities by assigning all taxonomic
levels to functional groups. In total, 46 functional groups
were defined based on lowest taxonomic resolution for
each biotic community (see Appendix S1: Table S3; see
Data availability). We calculated multivariate Euclidean
distances on z-transformed functional groups (relative
abundances) for all pairwise combinations of treatments
and defined functional diversity above- and below-
ground using differences in group homogeneities based
on group dispersion variances.
Food-web complexity for faunal and microbial func-

tional groups was based on life-history traits. For each
functional group, we assigned (1) feeding type, (2)
trophic level, and (3) sensitivity to stress and/or distur-
bance and recolonization ability (SD level), based on
well-established bioindicative methods (Bongers 1990,
Parisi et al. 2005). For this study, we extended these
methods to also address aboveground arthropods, earth-
worms, prokaryotes, and fungi. The ecomorphological
index concept of soil microarthropods (Parisi et al.
2005) was adopted for aboveground arthropods. For
earthworms, we ranked the sensitivity according to the
r- and K-strategy (Römbke et al. 2005): sensitivity was
ranked lowest for epigeic species (1), followed by endo-
geic (5), and highest for anecic species (9). The prokary-
otic community was classified based on copiotrophic-
oligotrophic characteristic (for a review, see Ho et al.
2017): copiotrophic and undefined bacteria received
lowest (1), oligotrophic bacteria highest (9) rank. The
fungal community was ranked based on the copi-
otrophic-oligotrophic concept only if known (for a
review, also see Ho et al. 2017): copiotrophic sapro-
trophs, pathotrophs (excluding animal), and undefined
fungi were ranked lowest (1); symbiotrophs, biotrophs,
animal pathogens, and oligotrophic saprotrophs
received the highest ranking (9); saprotrophs (excluding
oligo- or copiotrophs) and others received an interme-
diate ranking (5). We then defined the trait-based fac-
tor as follows: (1) the digit before the comma was
defined by the feeding type and trophic level (ranging
from 1 to 5), (2) the digit after the comma corre-
sponded to stress/disturbance sensitivity and recolo-
nization ability (ranging from 1 to 9). Higher values of
the trait-based factor indicated higher food-web com-
plexity (see Appendix S1: Table S3). We calculated
weighted abundance per functional group by multiply-
ing relative abundance per functional group with its

corresponding trait-based factor. Thereafter, food-web
complexity was defined as the standardized community
weighted mean for the above- and belowground com-
munities separately.
We calculated five different multifunctionality mea-

sures using the averaging approach (Hooper and Vitou-
sek 1998). Ecosystem multifunctionality included all 13
ecosystem properties. We also calculated aboveground
multifunctionality (plant richness and vegetation struc-
ture, aboveground arthropod richness, functional diver-
sity, food-web complexity), belowground
multifunctionality (belowground taxon richness, func-
tional diversity, food-web complexity, soil heterogeneity,
soil C storage, water-holding capacity, nutrient retention
capacity, soil net N mineralization), biotic multifunc-
tionality (aboveground arthropod richness, belowground
taxon richness, plant richness, vegetation structure,
above- and belowground functional diversity, food-web
complexity), and abiotic multifunctionality (soil hetero-
geneity, soil C storage, water-holding capacity, nutrient
retention capacity, and soil net N mineralization). We
did not use the threshold approach (Gamfeldt et al.
2008), as we were not interested in assessing the number
of properties performing above a certain threshold, but
in comparing levels of multifunctionality in restored sys-
tems with those of our targeted seminatural grasslands.
The availability of a real-world target rather than any
arbitrarily chosen threshold justifies the use of the aver-
aging approach (Byrnes et al. 2014, Gamfeldt and Roger
2017).
All five multifunctionality measures were calculated

after standardizing each ecosystem property (Delgado-
Baquerizo et al. 2019). For belowground taxon richness,
functional diversity and food-web complexity, standard-
ization was applied within each faunal and microbial
group before averaging to counteract overrepresentation
of microbial taxa. All ecosystem properties were
weighted equally for multifunctionality calculations.
Potential collinearity between all pairs of individual
ecosystem properties was assessed using Pearson correla-
tions to ensure that no highly correlated variables (r > |
0.7|) were included, and that no opposing performance
(i.e., strong negative correlations) among the individual
ecosystem properties was present (Dormann et al. 2013;
Appendix S1: Fig. S1).
Treatment differences (explanatory variable) in multi-

functionality measures and the 13 ecosystem properties
(dependent variables) were assessed using beta regres-
sion on standardized values (Ferrari and Cribari-Neto
2004). As beta regression models do only allow for val-
ues between 0 and 1 but not both extremes (relevant only
for individual properties), we transformed our data
accordingly (Smithson and Verkuilen 2006). Significant
differences between treatments were identified using like-
lihood ratio tests (lrtest function of the lmtest R pack-
age, Zeileis and Hothorn 2002). Post hoc pairwise
comparisons were adjusted for multiple testing using the
Bonferroni correction method in combination with the
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false-discovery-rate approach (cld function of the mult-
comp R package; Hothorn et al. 2008).

Most cost-effective ways to describe multifunctionality
(Research question 4)

We assessed which ecosystem property or which com-
bination of ecosystem properties explained the highest
amount of ecosystem multifunctionality at the lowest
possible costs. For this purpose, we calculated 8,190
alternative models using linear regression as imple-
mented in an exhaustive search approach (regsubsets
function of the leaps R package; Lumley 2020). These
models contained all possible combinations of 13
ecosystem properties, hence we obtained a series of mod-
els that included 12 properties (all in EMF.12), a series
of models that included 11 properties (EMF.11), and so
forth. In a first step, we compared how much variation
of ecosystem multifunctionality each of these alternative
models explained, using the Bayesian information crite-
rion (ΔBIC > 2, Table 1; Kassambra 2018). We then
selected the best models with 12, 11, 10, etc. variables.
We estimated costs to each ecosystem property by

approximating costs for effort, infrastructure, and expert
knowledge that are necessary to collect each of our 13
ecosystem properties (Appendix S1: Tables S4–S7). Costs
were classified into coarse categories, represented by pluses
(+) and where higher costs equated to more +. We then
assigned these costs to each alternative model described
above by summing the costs of all ecosystem properties
included in the respective models. We selected the models
with 12, 11, 10, etc. variables with the lowest costs (Table 2).
Thus, we were able to evaluate how much an alternative
model explained and how much it would roughly cost to
collect the data contained in it. A complete list of all alterna-
tive models calculated is shown in Data S1: List S1.
All statistical analyses and graphical outputs were per-

formed in Rversion 3.6.0 (RCore Team 2019). A full list
of all packages used can be found in Appendix S1:
Table S8.

RESULTS

Ecosystem multifunctionality was higher in all three
restored treatments than in Initial, but only Topsoil and
Topsoil + Propagules reached Target levels (Fig. 1a).
Treatment differences in ecosystem multifunctionality
were mainly associated to differences in aboveground
(Fig. 1b) and biotic (Fig. 1d) multifunctionality, with
the two topsoil removal treatments reaching higher
levels than Harvest only. Interestingly, the two topsoil
removal treatments resulted in even higher aboveground
and biotic multifunctionality than Target (Fig. 1b, d).
Belowground (Fig. 1c) as well as abiotic (Fig. 1e) multi-
functionality did not differ among the three restoration
methods, but were significantly higher than in Initial
and significantly lower than in Target (exception: below-
ground multifunctionality in Topsoil). Aboveground,

belowground, biotic and abiotic multifunctionality were
positively correlated with ecosystem multifunctionality
(Appendix S1: Figs. S2a–d).
Seven out of the 13 ecosystem properties contributed

significantly to both explaining ecosystem multifunc-
tionality and discriminating among the five treatments:
plant species richness, vegetation structure, soil hetero-
geneity, belowground functional diversity, aboveground
food-web complexity, soil C storage, and soil net N min-
eralization (Fig. 2, Table 1).
Including more variables into our model explained

more variation in ecosystem multifunctionality. Yet, nat-
urally, this also increases the costs of collecting the data.
The model including all 13 ecosystem properties equals
100% ecosystem multifunctionality and would cost the
most (77+). Interestingly, we found negative relation-
ships between explained variation in ecosystem multi-
functionality and costs for each group of models that
included the same number of variables (Fig. 3). This
means that low-cost measures explained relatively more
variation of ecosystem multifunctionality compared to
high-cost measures within a model cluster (Fig. 3,
Table 1 and 2). Models with two or more properties
included were able to explain ≥70% of ecosystem multi-
functionality, however, the costs were 10+ and up
(Table 2). The “cheapest” model was based on vegeta-
tion structure (1+), but explained only 48.8% of ecosys-
tem multifunctionality (Table 1). Plant species richness
accounted for 53.5% of ecosystem multifunctionality at
roughly 4 % (3+) of the cost of the model including all
13 properties (77+) and represented the best individual
indicator of all 13 ecosystem properties (Table 1). Plant
species richness, in addition, discriminated significantly
among the treatments (Fig. 2, Table 1).
Vegetation structure, soil C storage, and water-holding

capacity together explained 70.1% of ecosystem multi-
functionality at the costs of roughly 8% (6+) of what it
took to obtain all 13 variables. On the contrary, by using
vegetation structure, soil C storage, and water-holding
capacity, we increased the costs by roughly 17% com-
pared to when we only used vegetation structure alone,
but we gained 21.3% of explained variation of ecosystem
multifunctionality (Table 1). Hence, this model can be
considered the most cost effective while describing a
high amount of ecosystem multifunctionality (Table 2).

DISCUSSION

Restoring grassland multifunctionality

Ecosystem multifunctionality was significantly higher
in seminatural grasslands compared to intensively man-
aged grasslands (research question 1). This is in line with
studies showing that intensive agriculture decreases mul-
tifunctionality by homogenizing plant and faunal com-
munities and soil properties (e.g., Birkhofer et al. 2012,
Gossner et al. 2016, Soliveres et al. 2016), and reducing
functional diversity at local and landscape scales (Allan
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et al. 2015, Neff et al. 2019). In contrast, traditionally
managed seminatural grasslands are characterized by
high taxonomic and structural heterogeneity above- and
belowground (Lachat et al. 2010, Diacon-Bolli et al.
2012, Byrne and delBarco-Trillo 2019, Peciña et al.
2019), thereby supporting multiple functions and ser-
vices simultaneously.
For all three restoration methods, we found higher

ecosystem multifunctionality than in intensively man-
aged grasslands, but only the two topsoil removal treat-
ments reached Target levels within 22 yr (research
question 2). Thus, these restoration methods allow
rebuilding multifunctionality comparable to the targeted
seminatural grasslands over decadal time frames, which
has already been reported from peatlands (Strobl et al.
2019). We also provide strong evidence that topsoil
removal not only promoted the restoration of grassland
multifunctionality, but also successfully reestablished
ecosystem multifunctionality comparable to the targeted
seminatural grasslands. Similar results have been
reported for Mediterranean forests, where the long-term
recovery of forest multifunctionality depended on the

intervention intensity of the restoration methods used
(natural regeneration vs. active planting; Cruz-Alonso
et al. 2019).
We assessed 13 different biotic and abiotic, above- and

belowground ecosystem properties that represented key
attributes of the targeted ecosystem. We specifically
focused on integrating belowground ecosystem proper-
ties and functions as their recovery during restoration
has been suggested essential for evaluation (see Bardgett
et al. 2005, Meyer et al. 2015), especially for restoration
methods that strongly affect the soil, such as topsoil
removal. This comprehensive assessment allowed us to
also identify the contribution of the different ecosystem
components to multifunctionality of restored grasslands
(research question 3). Thereby, we demonstrated that
topsoil removal clearly accelerated the recovery of biotic
and aboveground multifunctionality while it had no neg-
ative long-term effects on abiotic or belowground multi-
functionality compared to low intervention methods.
Topsoil removal even led to a higher biotic multifunc-
tionality compared to the Target, indicating that our
measures succeeded in creating species-rich and

TABLE 1. Statistical analyses for all 13 ecosystem properties that we used to calculate ecosystem multifunctionality, and to
discriminate among our restored, intensively managed and seminatural grasslands (overall, pairwise comparison).

Ecosystem property Ecosystem multifunctionality Treatment

No. Name Cost r2 χ2 P BIC ΔBIC χ2 P I H Ts TsP T

Biodiversity
1 Arthropod

richness AG
7+ 0.351 23.657 <0.001 −15.7 18.4 7.504 0.112 a a a a a

2 Taxon richness BG 9+ 0.001 0.034 0.853 8.0 42.1 3.174 0.529 a a a a a
3 Plant species richness 3+ 0.535 42.380 <0.001 −34.1 – 63.530 <0.001 c b a a a

Structural
diversity
4 Vegetation structure 1+ 0.488 36.012 <0.001 −28.8 5.3 34.128 <0.001 c c b a b
5 Soil heterogeneity 8+ 0.074 4.045 0.044 3.8 37.9 9.786 0.044 ab b ab ab a
6 Functional

diversity AG
8+ 0.005 0.227 0.634 7.8 41.9 15.554 0.004 ab b b a b

7 Functional
diversity BG

10+ 0.138 8.140 0.004 −0.2 34.0 17.196 0.002 b b a b b

8 Food-web
complexity AG

8+ 0.323 21.404 <0.001 −13.4 20.7 24.769 <0.001 c bc b a bc

9 Food-web
complexity BG

10+ 0.015 0.861 0.354 7.2 41.3 4.790 0.310 a a a a a

Soil
functions
10 Soil C storage 2+ 0.140 8.802 0.003 −0.3 33.8 15.126 0.004 c ab ab bc a
11 Water-holding

capacity
3+ 0.209 12.999 <0.001 −4.9 29.2 8.798 0.066 a a a a a

12 Nutrient retention
capacity

3+ 0.179 11.416 <0.001 −2.9 31.3 9.245 0.055 a a a a a

Soil
process
13 Soil net

N mineralization
5+ 0.420 29.864 <0.001 −21.9 12.2 49.884 <0.001 d c b b a

Notes: Model comparison was based on the explained variation of ecosystem multifunctionality (r2) and on the Bayesian infor-
mation criterion (BIC). Ecosystem properties are sorted by ecosystem attribute and consecutively numbered (No.). Cost is cost cat-
egorization according to effort, infrastructure, and expert knowledge needed for assessment (see Appendix S1: Table S4); r2, pseudo
r2; χ2, chi squared value; ΔBIC, difference in BIC units to the lowest ranked property (lowest BIC is plant species richness); I, Ini-
tial; H, Harvest only; Ts, Topsoil; TsP, Topsoil + Propagules; T, Target; AG, aboveground; BG, belowground. Different lowercase
letters indicate significant differences between treatments. Bold numbers indicate significance at 5% level.
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functional systems, which are, however, slightly different
from our Target sites. Furthermore, our results also
revealed that abiotic multifunctionality in all three
restoration methods did not reach target levels, even
22 yr after treatment implementation. Thus, the long-
term recovery of abiotic soil properties lags behind
aboveground properties. This is in line with short-term
studies reporting time lags in the response of biotic
aboveground and belowground communities to changed
soil conditions (see Bardgett et al. 2005, Kardol et al.
2005, 2009a). The apparent failure in recreating soils
with an equivalent level of abiotic multifunctionality
compared to target systems, therefore, underlines that
protection and conservation efforts are most urgently
needed to minimize degradation and loss of biodiversity
and ecosystem functioning (e.g., United Nations 2015:
Sustainable Development Goal 15, Pe’er et al. 2020).
Although particular standards for ecological restora-

tion urged the need for comprehensive assessments (see
Gann et al. 2019), long-term multifunctionality studies
in grassland ecosystems have so far been lacking. In
addition, studies assessing the long-term recovery of
multiple biotic and abiotic belowground properties after
topsoil removal are scarce and primarily focused on indi-
vidual properties (e.g., Frouz et al. 2009, Wubs et al.
2016, Resch et al. 2019). Here, we show that long-term
studies that incorporate multiple above- and below-
ground ecosystem components are important as the
evaluation of restoration success strongly depends on
the number and identity of the indicators used (e.g.,
Montoya et al. 2012, Wortley et al. 2013). Thus, we
strongly recommend integrating biotic and abiotic,
above- and belowground properties in long-term

TABLE 2. Comparison of top alternative models based on highest explained variation of ecosystem multifunctionality (EMF) or
lowest cost.

EMF
model

Highest explanatory power Lowest cost

EMF
(%) Cost Properties considered

EMF
(%) Cost Properties considered

EMF.12 99.5 67+ 1 + 2 + 3 + 4 + 5 + 6 + 7 + 8 + 10 + 11 + 12 + 13 99.5 67+ 1 + 2 + 3 + 4 + 5 + 6 + 7 + 8 + 10 + 11 + 12 + 13
EMF.11 98.8 58+ 1 + 3 + 4 + 5 + 6 + 7 + 8 + 10 + 11 + 12 + 13 97.5 57+ 1 + 2 + 3 + 4 + 5 + 6 + 8 + 10 + 11 + 12 + 13
EMF.10 98.1 55+ 1 + 3 + 4 + 5 + 6 + 7 + 8 + 10 + 11 + 13 97.2 48+ 1 + 3 + 4 + 5 + 6 + 8 + 10 + 11 + 12 + 13
EMF.9 97.2 50+ 1 + 3 + 4 + 5 + 6 + 7 + 8 + 10 + 11 96.2 40+ 1 + 3 + 4 + 5 + 8 + 10 + 11 + 12 + 13
EMF.8 96.3 42+ 1 + 3 + 4 + 5 + 7 + 8 + 10 + 11 92.5 32+ 1 + 3 + 4 + 8 + 10 + 11 + 12 + 13
EMF.7 95.4 36+ 1 + 3 + 5 + 8 + 10 + 11 + 13 85.6 24+ 1 + 3 + 4 + 10 + 11 + 12 + 13
EMF.6 94.4 31+ 1 + 3 + 5 + 8 + 10 + 11 80.2 17+ 3 + 4 + 10 + 11 + 12 + 13
EMF.5 89.8 23+ 1 + 3 + 8 + 10 + 11 78.3 12+ 3 + 4 + 10 + 11 + 12
EMF.4 87.5 21+ 1 + 3 + 8 + 11 77.9 9+ 3 + 4 + 10 + 11
EMF.3 80.4 14+ 3 + 8 + 11 70.1 6+ 4 + 10 + 11
EMF.2 70.8 10+ 1 + 3 57.8 3+ 4 + 10
EMF.1 53.5 3+ 3 48.8 1+ 4

Notes: Alternative ecosystem multifunctionality models were clustered according to the number of ecosystem properties included
in the calculations (EMF.1–12). Alternative models for highest explanatory power were compared based on the Bayesian informa-
tion criteria (BIC) and considered different when the difference in ΔBIC was > 2 (Kassambra 2018; Data S1: List S1). This was
done for each cluster separately. EMF (%) is the percentage of ecosystem multifunctionality explained; Cost is total costs for a
specific model (Table 1; Appendix S1: Table S4; Data S1: List S1); Properties considered is the list of ecosystem properties included,
numbers correspond to Table 1 (No.).

FIG. 1. Treatment effects on (a) ecosystem, (b) above-
ground, (c) belowground, (d) biotic, and (e) abiotic multifunc-
tionality (including mean � SE). All five multifunctionality
measures represent weighted average values of standardized
properties (y-axis: scaled between 0 and 1). I, Initial; H, Har-
vest only; Ts, Topsoil; TsP, Topsoil + Propagules; T, Target.
Different lowercase letters indicate significant differences
between treatments.
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monitoring programs to appropriately represent the
entire ecosystem.

Revealing ecosystem multifunctionality in a most cost-
efficient way

We used 13 ecosystem properties to calculate ecosystem
multifunctionality, which was highly resource-intensive.
Monitoring the success of restoration projects is normally
resource limited, only allowing for the collection of a
restricted set of properties (Montoya et al. 2012, Gann
et al. 2019). To explore which of our 13 properties (alone
or in combination) would be best suited to describe
ecosystem multifunctionality with relative high accuracy,
but at low costs, we conducted a “cost-benefit analysis”
(research question 4). Plant species richness was found to
be the most accurate individual indicator successfully
describing ecosystem multifunctionality (53.5%), which
supports its supremacy as the most commonly used biotic
indicator for conservation agencies conducting such

restoration monitoring (Kiehl et al. 2010). Vegetation
structure would be the cheapest individual property, but
still described quite a high amount of ecosystem multi-
functionality (48.8%), hence, could be used instead of
plant species richness if funding is limited or experts are
scarce, but long-term restoration monitoring is stipulated
by statutory regulations. However, vegetation structure
complemented with two low-cost belowground properties,
i.e., soil C storage and water-holding capacity, would
allow for a highly cost-effective monitoring of ecosystem
multifunctionality. Such a combination provides land
managers or nature protection agencies with an accurate
measure to monitor how ecosystem multifunctionality is
restored over decadal time frames.

CONCLUSIONS

Long-term monitoring of restoration projects is indis-
pensable to implement adaptive management strategies
if necessary and assess restoration success. This is of

FIG. 2. Treatment effects on standardized ecosystem properties (mean � SE; 1–13, see Table 1). AG, aboveground; BG, below-
ground; I, Initial; H, Harvest only; Ts, Topsoil; TsP, Topsoil + Propagules; T, Target. Different lowercase letters indicate significant
differences between treatments.
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major importance for industries (e.g., mining compa-
nies), governments, communities, and land managers
ultimately responsible for implementing enforced statu-
tory regulations and the subsequent evaluation of
restoration activities in the long term. Practical stan-
dards to monitor and evaluate restoration have already
been proposed. Nevertheless, long-term studies combin-
ing aboveground and belowground ecosystem multifunc-
tionality assessments to evaluate the recovery of targeted
ecosystem properties were lacking. Therefore, the find-
ings of our study can serve as a guideline to monitor and
evaluate long-term grassland restoration, using a com-
prehensive, multifunctional approach.
In the advent of the United Nations Decade on

Ecosystem Restoration (2021–2030) multiple priorities
need to be set to foster the cumulative gains of restora-
tion actions across the globe. Hence, new restoration ini-
tiatives should not only focus on defining which specific
types of ecosystems or global regions should be priori-
tized for restoration activities, but also on promoting
and implementing cost-efficient properties to accurately
assess entire ecosystems and their recovery following
restoration. In this study, we showed that for our grass-
land systems assessing vegetation structure, soil C stor-
age, and water-holding capacity allows for a highly cost-
effective long-term monitoring of ecosystem multifunc-
tionality. As this is one of the first studies considering a
multifunctionality approach, further evidence from
other ecosystems is needed to validate the generality of
our results. Nevertheless, we are highly confident that
our findings can serve as a baseline to help overcome
funding limitations within restoration projects, often

prevalent in less developed countries where restoration
activities are especially needed.
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