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ARTICLE INFO ABSTRACT

Handling Editor: Lixiao Zhang Soils host diverse communities of microorganisms essential for ecosystem functions and soil health. Despite their
importance, microorganisms are not covered by legislation protecting biodiversity or habitats, such as the
Habitats Directive. Advances in molecular methods have caused breakthroughs in microbial community analysis,
and recent studies have shown that parts of the communities are habitat-specific. If distinct microbial commu-
nities are present in the habitat types defined in the Habitats Directive, the Directive may be improved by
including these communities. Thus, monitoring and reporting of biodiversity and conservation status of habitat
types could be based not only on plant communities but also on microbial communities. In the present study,
bacterial and plant communities were examined in six habitat types defined in the Habitats Directive by con-
ducting botanical surveys and collecting soil samples for amplicon sequencing across 19 sites in Denmark.
Furthermore, selected physico-chemical properties expected to differ between habitat types and explain varia-
tions in community composition of bacteria and vegetation were analysed (pH, electrical conductivity (EC), soil
texture, soil water repellency, soil organic carbon content (OC), inorganic nitrogen, and in-situ water content
(SWQ)). Despite some variations within the same habitat type and overlaps between habitat types, habitat-
specific communities were observed for both bacterial and plant communities, but no correlation was
observed between the alpha diversity of vegetation and bacteria. PERMANOVA analysis was used to evaluate the
variables best able to explain variation in the community composition of vegetation and bacteria. Habitat type
alone could explain 46% and 47% of the variation in bacterial and plant communities, respectively. Excluding
habitat type as a variable, the best model (pH, SWC, OC, fine silt, and Shannon’s diversity index for vegetation)
could explain 37% of the variation for bacteria. For vegetation, the best model (pH, EC, ammonium content and
Shannon’s diversity index for bacteria) could explain 25% of the variation. Based on these results, bacterial
communities could be included in the Habitats Directive to improve the monitoring, as microorganisms are more
sensitive to changes in the environment compared to vegetation, which the current monitoring is based on.
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1. Introduction contrast to ‘macro-organisms’, such as plants and animals, little is

known about the trends in microbial biodiversity (Cavicchioli et al.,

Biodiversity is in crisis on a global scale (Ejrnes, 2011; Thaler,
2021). Up to one million animal and plant species are at risk of
extinction within the coming decades. This, along with the loss of nat-
ural habitats, poses a threat to ecosystem services such as pollination,
food production, and air and climate regulation (Bongaarts, 2019). In

2019; Thaler, 2021); nor is it clear whether the trend is an increase or a
decrease in diversity over time (Thaler, 2021). This knowledge gap
contrasts with the fact that terrestrial microorganisms form the
cornerstone of several ecosystem functions at the global level (Chu et al.,
2020; George et al., 2019; Jansson and Hofmockel, 2020) and are
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fundamental in maintaining a healthy soil. Furthermore, predicting the
potential consequences of a changing climate is difficult due to the lack
of baseline knowledge regarding the microbial communities (Kuramae
et al., 2012).

Soils host a vast diversity of microorganisms, but only a small frac-
tion of these microorganisms has been described (Dance, 2020; Delga-
do-Baquerizo et al., 2018). Furthermore, microorganisms are rarely
included in nature protection and management policies (Cavicchioli
et al.,, 2019). This is despite the fact, that belowground diversity is
crucial for the functioning of aboveground diversity (Bardgett & Van Der
Putten, 2014) and, therefore, highly relevant to include.

In the European Union, the Member States are obliged, through the
Habitats Directive, to protect and preserve selected species and habitats.
This must be done through the designation of protected habitats and
continuous monitoring and regular reporting of the state of nature. The
habitat types are listed in the Habitats Directive Annex I and differ with
respect to soil physico-chemical properties, floristic composition, and
diversity.

The current management and monitoring of the habitat types rely
heavily on botanical surveys as well as some soil properties, for example,
PH, soil water content, and carbon/nitrogen-ratio. A set of characteristic
plant species has been defined for each habitat type and the presence of
these is used to identify the habitat types. However, characteristic spe-
cies are not always present, and the boundaries between habitat types
are not always clear-cut, as some habitat types form mosaics with similar
types (Commission, 2013). This complicates the identification of habitat
types and the distinction between different types. Microbial commu-
nities could be used as a supplement to the present monitoring and
assessment if distinct microbial communities are present in the habitat
types. This could assist in the monitoring of habitat types, possibly
resulting in a faster and more precise identification. Furthermore, mi-
crobial communities respond quickly to changes in the surrounding
environment, compared to vegetation (Fierer et al., 2021; Lauber et al.,
2013). Including the microbial community and its relation to a range of
soil physico-chemical properties would therefore make it possible to
detect environmental changes faster and implement activities to miti-
gate possible negative effects. The DNA present in the soil could be used
to characterize microbial communities (Ladin et al., 2021), which would
make it possible to include microorganisms in the current fieldwork
related to the monitoring and assessment of the European habitat types
as well as in similar monitoring programs. While many species of plants
and animals as used as indicators to detect environmental change
(bioindicators) (e.g. Theron et al., 2022; Areco et al., 2021; Grau-Andrés
et al., 2019; Sanchez-Hernandez, 2006), microbial indicators are less
frequently used (Ma et al., 2022).

In the present study, bacteria present in the soil, a part of the soil
microbiome, and vegetation were examined in six habitat types from the
Habitats Directive. Only few studies have examined the bacterial com-
munities in these habitat types and, to the knowledge of the authors, not
with the purpose of using the communities as bioindicators. Plant and
bacterial communities were examined by analysing the alpha diversity
and dissimilarity in community composition (beta diversity) between
habitat types. Alpha diversity describes the diversity at a local scale
(Andermann et al., 2022; Whittaker, 1960) while beta diversity de-
scribes the dissimilarity between species composition at different sites
(Andermann et al., 2022). Furthermore, selected soil physico-chemical
properties were examined. Properties expected to influence the varia-
tion in the biological communities were selected with the purpose of
examining whether they varied between habitat types and which
properties were most important in shaping the biological communities.
The selected soil physico-chemical properties correspond to those
included in the national monitoring of the habitat types, but additional
soil properties were analysed, including soil texture, organic carbon
content (OC), the degree of potential water repellency (WR), in-situ
water content (SWC), and electrical conductivity (EC). Hydrophilic
(readily wettable) soils are characterized by a surface tension higher

Journal of Environmental Management 344 (2023) 118677

than 71.27 mN m™!, while hydrophobic (water repellent) soils exhibit
surface tensions less than 71.27 mN m ™! (Roy and McGill, 2002). A link
has recently been found between WR, soil properties and the diversity of
plants and microorganisms (Seaton et al., 2019). To the knowledge of
the authors, only very few studies have examined the variation in WR
within the European habitat types, but it has been observed in grasslands
and heathlands in previous studies (e.g., Sandor et al., 2021; Seaton
et al., 2019; Martinez-Zavala and Jordan-Lopez, 2009).

The fact that soil physico-chemical properties and the diversity and
type of vegetation differ between the habitat types forms the basis for
the central hypothesis in this study; that the different habitat types
accommodate characteristic bacterial communities. To test this hy-
pothesis, thorough examinations of soil properties and plant and bac-
terial communities were conducted in six habitat types with the aim of
investigating the following objectives:

(i) Whether the selected habitat types differ with respect to specific

soil physico-chemical properties as expected

(i) If there is a correlation between the diversity of vegetation and
bacteria present in the soil within selected habitat types

(iii) Whether bacteria present in the soil show specificity to one of the
six habitat types

(iv) Which combination of variables, including habitat type, soil
physico-chemical properties, and diversity indices, could best
explain the community composition of plants and bacteria,
respectively

The first objective addresses the representativeness of the selected
habitat types and whether the soil properties differ between habitat
types, as expected. Some of the habitat types contain naturally species-
rich plant communities, while others support a lower plant species
richness. This makes it possible to examine whether habitat types with a
high plant species-richness also contain a high bacterial richness and
vice-versa, which is addressed in the second objective. The third
objective is concerned with the habitat specificity of the plant and
bacterial communities. It is examined whether the habitat types are
reflected in the community composition of plants, as expected, and
bacteria. Lastly, the analysis of selected soil physico-chemical properties
makes it possible to investigate the relation between the inherent soil
properties and the biological communities, addressed in the fourth
objective.

2. Materials and methods

To examine if habitat-specific communities exist in the habitat types,
botanical surveys and amplicon sequencing were used to examine plant
and bacterial communities, respectively. This data was used to calculate
alpha and beta diversity. Alpha diversity data was used to examine
objective (ii) and beta diversity to examine objective (iii) and (iv). To
verify that the soil properties differed between habitats as expected
based on the descriptions of the habitat types (objective i), soil samples
were collected, analysed and compared to results from the national
monitoring in Denmark. Furthermore, the results were also used to
examine objective (iv).

2.1. Habitat types and field sampling design

Six different habitat types from the European Habitats Directive were
examined, comprising three types of grasslands and three types of
heathlands (Table 1). In the present study, the term habitat type is used
as an environmental classification and refers to a specific assemblage of
abiotic characteristics and the associated plant communities. A
description of the habitat types can be found in the Interpretation
Manual of European Union Habitats (Commission, 2013).

A total of 19 different locations (three to four locations representing
each habitat type) were examined (Fig. 1A). Within each location, field
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Table 1

Overview of the habitat types examined. The official name of each habitat type
can be found in the first column. In the second column, the abbreviated names
used throughout the present study are given and the NATURA 2000-code for
each habitat type is listed in the third column. Natura 2000-codes and official
names were found in Natura (2016) and European Commission (2013).

Official name Abbreviated NATURA
name 2000-
code”
Species-rich Nardus grasslands, on silicious Calcareous 6210
substrates in mountain areas (and submountain  grassland

areas in Continental Europe)
Semi-natural dry grasslands and scrubland facies
on calcareous substrates (Festuco-Brometalia)
Xeric sand calcareous grasslands

Acidic grassland 6230

Sandy grassland 6120

European dry heaths Dry heath 4030
Northern Atlantic wet heaths with Erica tetralix Wet heath 4010
Decalcified fixed dunes with Empetrum nigrum Fixed dune 2140

& NATURA 2000-codes from Annex I of the Habitats Directive.

surveys were conducted at three different sites (the circles on Fig. 1B) to
cover the variation within each location. Each site consisted of a circle
(Fig. 1C) with a radius of 5 m (= 78.5 mz). A minimum distance of 20 m
was kept between sites (Fig. 1B). Locations were selected based on data
from the ongoing mapping and monitoring of terrestrial habitat types in
Denmark (Nygaard et al., 2016), and the geographical locations were
found on the Danish Environmental Portal’s website (Naturdata, 2020).
In the field, the previous habitat determination was confirmed or denied
using descriptions of the habitats (Buchwald, 2000; Natura, 2016) and
the Habitat Key (Habitatnggle, 2016). Only locations identifiable as one
of the six habitat types were included. In five locations, it was only
possible to examine two sites due to the limited area of the habitat type
in question. All field surveys were conducted in August and September
2020.

2.2. Botanical surveys

Within each site (Fig. 1C), botanical surveys were conducted to
examine species richness and frequency of the individual plant species.
Species richness was determined by identifying all vascular plant species
within each site to species level using selected literature (Faurholdt and
Schou, 2012; Mossberg and Stenberg, 2014; Schou, 2006; Schou et al.,
2010, 2014; Seberg et al., 2012). At three different places within each
site, a pinpoint frame was positioned and used to determine plant spe-
cies frequency (Levy and Madden, 1933). The pinpoint frames were
positioned so they covered the highest diversity as well as the variation
within each site.

2.3. Soil sampling and analysis of soil properties

Soil samples were collected at 0-16 cm depth at the centre of each
pinpoint frame (resulting in three samples per site), after removal of
vegetation and litter, and kept in sealed bags in a cooler box. In the
laboratory, the three soil samples per site were pooled, resulting in a
total of 52 soil samples (one sample per location) and these samples
were each divided into two subsamples: one for amplicon sequencing
and one for analysis of soil properties. The subsamples for sequencing
were kept at —20 °C until analysis.

Samples for analysis of soil properties were kept at 5 °C until the
following day where the in-situ soil-water content (SWC) and inorganic
nitrogen content (NHJ and NO3 + NO3) were measured. The SWC was
measured after oven-drying at 105 °C for 24 h (Danish Standard, DS/EN
ISO 17892). To analyse inorganic nitrogen content, 10 g soil was mixed
with 50 mL 1 M potassium chloride, the solution was centrifuged
(ScanSpeed, 1236, 2000 rpm for 5 min), filtered (fibreglass filter, pore
size 0.7 pm), and finally analysed on an autoanalyzer (Technicon,
TRAACS 800). The remaining soil was dried and sieved to 2 mm prior to
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analysis of pH (in a soil/water suspension of 1:5 (v/v)), electrical con-
ductivity (EC) (determined in a soil/water suspension of 1:10 (v/v)), and
potential soil water repellency (WR). Before WR was measured, the
samples were oven-dried at 60 °C and equilibrated for 48 h at 20 °C as
described in Hermansen et al. (2019). The degree of WR was measured
using the MED test (de Jonge et al., 1999, 2007; King, 1981). Soil OC
was measured with an ELTRA Helios C-analyzer (ELTRA GmbH) after
removal of carbonates by hydrochloric acid. Soil texture was measured
by wet sieving and the pipette method (Gee and Or, 2002) and the
particle size fractions were classified according to the International Soil
Science Society classification system (clay (<0.002 mm), silt
(0.002-0.02 mm) and sand (0.02-2 mm)).

2.4. DNA extraction

DNA was extracted using the DNeasy PowerSoil Pro QIAcube HT Kit,
following the manufacturer’s instructions (Qiagen, 2019), purified using
a QIAcube Connect in an automated setup and finally eluted in 120 pL
buffer. DNA-concentrations were measured using the Qubit dsDNA HS
kit (Invitrogen) and a Tecan Infinite M1000 PRO plate reader (at
485/530 nm).

2.5. 16 S rRNA gene amplicon sequencing

A two-step PCR cycle was used to first amplify the V4 variable region
of the 16 S rRNA genes and secondly to prepare the amplicons for
sequencing by adding adapters and barcodes. The first reaction used the
515 F (5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG- GTGY-
CAGCMGCCGCGGTAA-3") (Parada et al, 2016) and 806 R
(5-TCGTCGGCAGCGTC
AGATGTGTATAAGAGACAG-GGACTACNVGGGTWTCTAAT-3') (Apprill
etal., 2015) primers with overhangs for the subsequent barcoding. 25 pL
PCR reactions in duplicate were run for each sample using 1X PCRBIO
Ultra Mix (PCR Biosystems), 400 nM of both forward and reverse primer,
and 10 ng template DNA. Samples were diluted with nuclease-free water
if the concentration exceeded 5 ng/pL to avoid PCR inhibition (Karst
etal., 2016). PCR conditions were 95 °C, for 2 min followed by 30 cycles
of 95 °C for 15 s, 55 °C for 15 s, and 72 °C for 50 s, followed by a final
elongation at 72 °C for 5 min. PCR products were purified using 0.8x
AMPure XP beads and eluted in 25 pL nuclease-free water. 2 pL of pu-
rified PCR product from above was used as template for a 25 pL [llumina
barcoding PCR reaction containing 1x PCRBIO Reaction buffer, 1 U
PCRBIO HiFi Polymerase (PCR Biosystems) and 10 pL of Nextera
adaptor mix (Illumina). PCR conditions were 95 °C, for 2 min, 8 cycles of
95 °C for 20 s, 55 °C for 30 s, and 72 °C for 60 s, followed by a final
elongation at 72 °C for 5 min. PCR products were purified using 0.8x
AMPure XP beads and eluted in 25 pL nuclease-free water. DNA con-
centrations were determined as described for the extracted DNA.

The amplicons were pooled in equimolar concentration, and pair-end
sequenced using an Illumina MiSeq (Illumina, USA) and a MiSeq Re-
agent kit v3 (Illumina, USA) aiming at 60,000 reads per sample.

Usearch v.11.0.667 (Edgar, 2010) was used to process the amplicon
data. 16 S rRNA gene V4 forward and reverse reads were filtered to
remove phiX sequences using usearch -filter phix, merged using the
usearch -fastq_mergepairs command, and quality filtered using usearch
-fastq filter with -fastq_minlen 200 and -fastq_maxee 1.0. Dereplication
was performed using -fastx_uniques with -sizeout, unique read with
<60% identity to reference reads in the SILVA 138.1 SSURef NR99
database (Quast et al., 2012) were removed using -usearch_global with
-strand both, -id 0.6, -maxaccepts 1, -maxrejects 8, and -matched.
Amplicon sequence variants (ASVs) were resolved using the usearch
-unoise3 command. An ASV-table was created by mapping the quality
filtered reads to the ASVs using the usearch -otutab command with the
-zotus and -strand plus options. Taxonomy was assigned to ASVs based
on the SILVA 138.1 SSURef NR99 database using the usearch -sintax
command with -strand both and -sintax_cutoff 0.8 options. An overview
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Fig. 1. The geographical position of study areas, i.e. locations (A), illustration of the sampling design within each location, each circle corresponds to a site (B),
illustration of one site (C), and images of the habitat types (D) taken by the first author during fieldwork. Each coloured circle on the map (A) corresponds to one
location. Five of the locations were located too close to show on the map; a colourless circle connects these locations, and the connected locations were in the centre
of the colourless circle. The polygon seen in (B) illustrates a location and corresponds to one of the coloured circles in (A). The three circles within the location seen in
(B) illustrate the three sites where field surveys were conducted. One of these sites is illustrated in (C), where the squares indicate pinpoint frames and x marks where

soil samples were collected.

of the sequencing results and percentage of ASVs assigned to the
different taxonomic levels can be found in Table S1.

2.6. Quality control

A rarefaction curve was generated using the R-package Ampvis2
(Andersen et al., 2018) to examine the quality of the sequencing
(Fig. S1). Based on the rarefaction curve, the sequencing appeared to be
of good quality and most of the bacterial diversity seemed to have been
uncovered during sequencing. Furthermore, ASVs were observed in the
positive control samples and only few or no ASVs were observed in the
negative control samples, further supporting the good quality of the
sequencing.

2.7. Statistical analyses

Prior to any analysis, locations from the habitat type calcareous
grassland were divided into two groups (calcareous grassland and
calcareous acidic grassland) based on soil pH. This division was used
throughout the data analysis and the present study, giving a total of
seven habitat types. The locations in calcareous acidic grassland borders
between acidic and calcareous grassland, as grasslands with a pH below
5 are considered acidic in Denmark (Nygaard et al., 2016). All statistical
analyses were performed in R v.4.2.1, and a significance level of 0.05
was used unless otherwise stated.

2.7.1. Richness and Shannon’s diversity index

Richness was calculated for vegetation and bacteria, as the total
number of plant species found within each circle and the total number of
ASVs in each sample, respectively. Species richness is the simplest



A.-C.S. Danielsen et al.

method for measuring diversity, as it only considers how many species
are present (Kiester, 2013). To take into account not only the presence of
species but also their abundance, Shannon’s diversity index (Shannon,
1948) was calculated as a measure of diversity for vegetation and bac-
teria. Prior to this, plant species abundance from the three pinpoint
frames within each site was summed up. Shannon’s diversity index (H)
was calculated using the formula

1- Zpi'bg(pi) M

where p; is the proportional abundance of species i (or ASV i). Further-
more, Pielou’s Evenness (E) (Pielou, 1966) was calculated using the
formula:

H [log(S) )

where H is Shannon’s diversity index, and S is the total number of
species (or ASVs). Shannon’s diversity index and Pielou’s Evenness were
calculated for each location to compare the alpha diversity between
different habitat types. To account for differences in library size, bac-
terial data was rarefied to 9000 reads prior to alpha diversity analysis
but data was not rarefied prior to the other analysis. The R-packages
Vegan (Oksanen et al., 2013) and Ampvis2 (Andersen et al., 2018) were
used to calculate species/ASV richness, Shannon’s diversity index and
Pielou’s evenness.

2.7.2. Testing for significant differences

To test for significant differences in richness, diversity, and soil
properties between habitat types, the lmer function from the lme4
package (Bates et al., 2015) was used to build mixed linear models for
each variable. Location was considered as a nested factor to avoid
pseudoreplication, and the emmeans package (Lenth et al., 2018) was
used to calculate effect sizes and make post hoc pairwise comparisons. If
necessary, data was transformed prior to analysis. To account for the
multiple pairwise comparisons, Siddk correction was used to adjust the
p-values (Sidak, 1967).

2.7.3. Ordination analysis

Unconstrained ordination analysis was used to examine dissimilarity
in community composition (beta diversity) between samples/sites for
bacteria and vegetation. The R-packages Vegan (Oksanen et al., 2013)
and Ampvis2 (Andersen et al., 2018) were used to perform two types of
ordination analysis: Principal Coordinates Analysis (PCoA) and
non-Metric Multidimensional Scaling Analysis (NMDS) (Legendre and
Legendre, 2012), using the Bray-Curtis distance measure (Bray and
Curtis, 1957). Abundance data was used, including 113 plant species
and 854 ASVs, as ASVs not present in more than 0.1% relative abun-
dance in any sample were removed. No initial data transformation was
applied, but sites from the same location were averaged (and summed
up) to avoid pseudoreplication.

2.7.4. Heatmap

To examine the 25 bacterial genera with the highest relative abun-
dance in the 52 soil samples, a heatmap was generated using the
Ampvis2-package. Samples were grouped by habitat type, and samples
from the same habitat type were merged by calculating the mean rela-
tive abundance.

2.7.5. PERMANOVA analysis

To evaluate the set of variables best able to explain the community
composition of bacteria and vegetation, respectively, the R-package
AICcPerm (Corcoran, 2023) was used for model selection based on
PERMANOVA-analysis. Location was considered a nested factor to avoid
pseudoreplication. The analysis was conducted separately for bacteria
and vegetation, as Shannon’s diversity index for bacteria was included
as a variable in the dataset used to analyse vegetation and vice versa.
The following variables were included in the analysis: habitat type, OC,
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clay content, silt content, sand content, fines (silt + clay content), clay:
OC-ratio, pH, EC, SWC, WR, NH{, NO3 + NO3, and Shannon’s diversity
index (vegetation/bacteria). All possible models were generated using
the full set of variables and Variance Inflation Factor (VIF) was used to
avoid multicollinearity by filtering out models with a VIF >6. The
remaining models were fitted and Akaike’s information criterion with
correction for small sample size (AICc) was calculated for each model.
Models differing with less than 2 AICc from the best model were eval-
uated and the best models including one to five variables were selected
based on AICc. Furthermore, the analysis were repeated with habitat
type excluded as a variable. For vegetation, separate models were made
using presence/absence data and abundance data as more species were
included in the presence/absence dataset, compared to the abundance
dataset, due to differences in sampling area. The analysis of pre-
sence/absence data was based on the Jaccard distance measure (Jac-
card, 1901) while the Bray-Curtis distance measure (Bray and Curtis,
1957) was used for abundance data.

3. Results
3.1. Soil properties in the habitat types

The average soil texture was dominated by sand across the habitat
types except for calcareous grassland, which had the lowest average
sand content (48.53 + 21.79%), followed by wet heath (68.58 +
20.27%) and dry heath (82.36 + 6.31%). Similarly, the highest average
clay content was found in calcareous grassland (18.43 + 8.14%), fol-
lowed by fixed dune (8.13 + 10.79%) and wet heath (7.04 + 6.69%).
Further, calcareous grassland, fixed dune, and wet heath also exhibited
relatively large variations in soil texture compared to the other habitat
types (Table 2). For the soil texture, the post hoc pairwise comparisons
showed a significant difference between the habitat types for the content
of sand (Fg, 17 = 4.52, p = 0.0062) and silt (Fe, 17 = 5.26, p = 0.003).

The OC also differed significantly across the habitat types (Fg, 20 =
10.64, p < 0.001), ranging between 0.27% and 16.61% across all soil
samples. The highest average OC was found in wet heath (8.79 + 5.41%)
and dry heath (7.38 + 3.79%), while the lowest average OC was found
in calcareous acidic grassland (1.56 + 0.62%) and sandy grassland (1.81
+ 1.50%). The clay fraction of soil can stabilize OC through the process
of organo-mineral complexation (Lehmann and Kleber, 2015) and a
clay:OC ratio of 10 (Dexter et al., 2008) is often used as a threshold to
define whether a soil might contain non-complexed amounts of either
clay or OC (e.g. de Jonge et al., 2009; Jensen et al., 2017; Schjgnning
et al., 2012). Almost all the investigated soils had a clay:OC ratio below
10, indicating that they contained non-complexed OC (Fig. 2A).

None of the soil samples from calcareous grassland showed water
repellency (Table 2). In sandy grassland and fixed dune, some soil
samples were water repellent while all samples showed water repellency
in calcareous acidic grassland, acidic grassland, dry heath, and wet
heath. Consequently, WR differed significantly between habitat types
(Fe, 18 =11.86, p < 0.001). A significant relationship was found between
the degree of water repellency and the clay:OC ratio (Fy, 49 = 24.47, p <
0.001) (Fig. 2B). Prior to the analysis, one outlier was removed (see
Fig. S2 for the analysis with all samples included).

The pH differed significantly between habitat types (Fe, 19 = 212.23,
p < 0.001), ranging from 4.03 to 8.77 across all habitat types, with
calcareous and sandy grasslands exhibiting significantly higher pH
values compared to the remaining habitat types. Furthermore, the water
content varied markedly across the habitat types, ranging between
1.43% and 80.87% and exhibiting a significant difference in mean
values (Fg, 20 = 19.47, p < 0.001).

3.2. Alpha diversity of bacteria and vegetation in the habitat types

The highest diversity and richness of bacteria and vegetation was
observed in acidic grassland (Table 3). Apart from this similarity,



Table 2

Mean, standard deviation (SD) and range (minimum-maximum) for the soil properties measured on the 52 soil samples. Samples were collected from 19 locations and within each location, samples were collected from two
to three different sites per location (giving a total of 52 sites). The locations represent seven habitat types (six to nine replicates (sites) per habitat type, indicated in the table). Means not sharing any letter are significantly
different according to the post hoc pairwise comparisons at a significance level of 0.05. For this analysis, location was considered as a nested factor to avoid pseudoreplication. Abbreviations: EC = electrical conductivity,
SWC = water content, WR = potential water repellency of soil samples, NH; = ammonium, NO3 + NO3 = nitrate + nitrite, OC = organic carbon content.

Calc. grass.n =6 Calc. acidicgrass.n=6  Acidic grass.n =8 Sandy grass. n =7 Dry heathn =8 Wet heathn =8 Fixed dunen =9

l\i/lse]e;n [min max] Mean + [min max] Mean [min max] Mean + SD [min Mean + SD [min Mean + SD [min Mean + SD [min
SD +SD max] max] max] max]
Sand (%) 48.53 + 21.79 29.04 90.70 + 3.73 85.06 84.94 + 4.15 78.49 91.72 + 5.40 82.60 82.36 + 6.31 73.61 68.58 + 20.27 40.01 82.88 + 43.38
a 78.08 ab 95.82 ab 91.45 b 97.34 b 90.47 ab 92.55 22.26 ab 98.58

Silt (%) 28.45 + 16.06 9.40 2.73+1.99b  0.00 3.14+1.38b 1.60 1.67 £1.35b 0.20 211+1.75b  0.00 9.23 +11.17 0.70 544 +8.18b 0.00
a 46.10 5.80 6.20 3.70 5.00 ab 23.00 20.10

Clay (%) 18.43 +8.14a 10.10 3.88 + 1.59 2.00 3.46 + 0.76 ab 2.70 3.49 + 2.04 1.60 2.81+1.05b 1.40 7.04 + 6.69 ab 0.60 8.13 +£10.79 0.40
32.80 ab 6.30 4.90 ab 6.70 4.10 15.40 ab 27.00

0OC (%) 266 £1.27 a 1.40 1.56 + 0.62 0.68 4.91 + 2.26 abc 2.16 1.81 +1.50 0.27 7.38 £ 3.79 2.28 879 +541c 2.22 2.06 + 2.60 a 0.35
4.62 ab 2.40 8.24 ab 4.06 be 12.73 16.61 8.02
WR (mN m~1)* 71.27 £ 0.00 a 71.27 50.84 £ 5.17 58.55  46.93 +5.77 56.55 58.62 + 71.27 42.82 + 3.43 49.34 41.94 £6.19¢ 54.80 53.38 £11.96  71.27
71.27 c 4536  be 40.88 10.19 ab 45.36 be 39.65 35.99 be 39.07

pH 8.47 £0.10a 8.33 5.00 £0.18 b 4.68 470 £0.21 b 4.42 819+049a 7.46 4.40£0.30b 4.03 449+0.20b 4.30 4.67 £+0.31b 4.25

8.59 5.24 4.97 8.77 4.83 4.89 5.10

SWC (%) 31.46 + 17.65 11.11 5.48 + 4.41 1.43 17.85 + 3.74 12.78 5.56 + 3.75 1.96 15.18 + 5.58 7.14 50.48 + 22.96 19.29 8.76 £+ 8.55¢ 1.80
ab 53.47 cd 10.84 abed 23.15 acd 10.46 ad 22.65 b 80.87 22.90

EC (pS/cm) 555.8 + 146.9 375.0 116.7 + 25.4 92.0 165.5 + 44.2 86.0 414.4 + 191.0 184.6 + 65.2 99.0 180.1 £ 86.5b 95.0 116.1 + 89.6 38.0
a 708.0 ab 149.0 ab 204.0 264.0 ab 917.0 b 271.0 362.0 b 294.0

NHj (mg/kg) 54.86 + 42.52 9.85 19.59 + 1.96 115.62 + 29.66 31.95 + 36.46 4.31 13.70 + 2.95 258.40 + 48.35 17.31 + 18.95 1.61
a 108.35 24.62a 64.41 84.53 ab 294.36 a 105.43 12.08 a 40.36 201.11 b 604.33 a 45.05

NO3 + NOz(mg/  411.58 + 0.00 6.22+6.90a 1.37 21.67 + 22.39 0.00 50.85 + 64.15  1.54 0.33+0.92a 0.00 66.95 + 69.92 9.67 3.97 + 3.67 a 0.50

kg) 625.17 a 1476.86 19.08 a 57.47 a 154.00 2.60 a 183.82 9.24

2 The measure of WR is inverse, i.e. the higher the WR, the lower the surface tension. Thus, in Table 2, the highest degree of water repellency is obtained for the wet heath (35.99 mN m™1).
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Fig. 2. Plot of organic carbon content (OC) as a function of clay content for the 52 soil samples (A). The clay-to-OC ratio of 10 is indicated by the clay-to-OC
saturation line. Water repellency (WR) as a function of clay:OC ratio for 51 soil samples (B). Prior to the regression shown on (B), one outlier was excluded.
Samples were collected from 19 locations and within each location, samples were collected from three different sites per location. The locations represent seven
habitat types (six to nine replicates (sites) per habitat type). Samples are coloured according to habitat type.

Table 3

Mean, standard deviation (SD) and range (minimum:maximum) for the species/ASV richness (S/ASV), Shannon’s diversity index (H) and Pielou’s Evenness (E) of the
plant and bacterial communities found in the 52 sites/soil samples. Data originates from botanical surveys conducted in 19 locations and soil samples collected within
the same 19 locations for amplicon sequencing. Botanical surveys and sample collection were conducted in three different sites per location. The locations represent
seven habitat types (six to nine replicates (sites) per habitat type, indicated in the table). Means not sharing any letter are significantly different according to the t-
statistic at a significance level of 0.05. For this analysis, location was considered as a nested factor to avoid pseudoreplication. Abbreviations: S = species richness, H =
Shannons’ diversity index, E = Pielous’ evenness, ASV = Amplicon Sequence Variant-richness.

Calc. grass.n =6 Calc. acidic grass.n ~ Acidic grass.n =8

Sandy grass. n =7

Dry heathn =8 Wet heathn = 8 Fixed dunen = 9

Mean =6

+SD R . . . R R B
[min max] Mean [min Mean [min Mean [min Mean [min Mean [min Mean [min max]

+SD max] +SD max] + SD max] + SD max] + SD max] + SD

Vegetation

S 19 12 14 11 22 20 21 19 12 5 16 8 11 6
+4.22 23 +2.14abc 17 +3abede 27 +1.35 de 23 +8.73 bd 27 +7.75 ce 26 +3.86 a 17
abcde

H 1.90 1.54 1.74 1.46 2.26 1.89 1.80 1.42 1.47 0.66 1.88 1.47 1.23 0.64
+0.26 abc 2.22 +0.25 abc 2.11 +0.23 be 2.55 +0.24 2.09 +2.39 ab 2.26 +0.36 ¢ 2.39 +0.47 a 1.72

abc

E 0.80 0.74 0.79 0.69 0.86 0.79 0.83 0.78 0.73 0.48 0.85 0.75 0.77 0.58
+0.04 a 0.86 +0.05 a 0.81 +0.04 a 0.90 +0.03 a 0.87 +0.14 a 0.87 +0.05a 0.90 +0.12 a 0.88

Bacteria

ASV 1289 785 3933 3431 4741 4237 1566 1325 4312 3645 3507 2116 4027 3495
+277.83 a 1582 +275.49 4177 +285.15 5096 +140.85 1698 +391.01 4902 +874.34 4631 +497.93 4880

be c a c b be

H 6.11 5.47 7.81 7.59 8.11 7.93 6.39 6.10 7.93 7.65 7.52 6.61 7.84 7.63
+0.35a 6.47 +0.12 be 7.90 +0.11¢ 8.26 +0.23 a 6.66 +0.18 ¢ 8.15 +0.51 b 8.06 +0.19 be 8.15

E 0.85 0.82 0.94 0.93 0.96 0.95 0.87 0.84 0.95 0.93 0.92 0.86 0.95 0.93
+0.02 a 0.88 +0.01 b 0.95 +0.01 b 0.97 +0.02 a 0.90 +0.01 b 0.96 +0.03 b 0.95 +0.01 b 0.96

different trends were observed for bacteria and vegetation.

For bacteria, a high diversity and richness was observed in the
habitat types with low pH (Table 3 and Fig. S3). These differed signifi-
cantly from the calcareous and sandy grasslands where a lower diversity
and richness was observed (Table 3). Shannon’s diversity index (Fg, 19 =
47.78, p < 0.001), ASV richness (Fg, 21 = 49.80, p < 0.001) and evenness
(Fe, 16 = 28.69, p < 0.001) differed significantly between habitat types.
A high diversity of bacteria was observed in most soil samples.

For vegetation, the lowest richness was observed in the heathland
habitats (Table 3). The richness was highest in the grasslands, except for
one location of wet heath and dry heath, where a high richness was
observed (Fig. S4). Plant diversity showed the same trends as richness,
but differences among habitat types were less evident due to the high

evenness observed in all habitat types (Table 3). Shannon’s diversity
index (Fp 20 = 9.38, p < 0.001) and species richness (Fg 19 = 15.89, p <
0.001) differed significantly between habitat types, but Pielou’s even-
ness did not (Fe, 17 = 2.48, p = 0.0653).

3.3. Community composition and habitat specificity

Habitat-specific communities were observed for both vegetation
(Fig. 3A and Fig. S5A) and bacteria (Fig. 3B and Fig. S5B), although
some overlaps between habitat types were observed, particularly for
bacteria.

For bacteria, the largest difference was found between the habitats
with high (calcareous grassland and sandy grassland) and low pH
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Fig. 3. non-Metric Multidimensional Scaling Analysis (NMDS) based on the Bray-Curtis distance measure (Bray and Curtis, 1957) of (A) 113 plant species and (B)
854 ASVs. Prior to the analysis of (B), ASVs that were not present in more than 0.1% relative abundance in any sample were removed. Data originates from botanical
surveys conducted in 19 locations and soil samples collected within the same 19 locations for amplicon sequencing. Botanical surveys and sample collection were
conducted in three different sites per location. The locations represent seven habitat types. Six to nine replicates were included per habitat type, but sites from the
same location were averaged (and summed up) to avoid pseudoreplication (giving two to three replicates per habitat type). No initial data transformation was

applied for either (A) or (B). Samples are coloured according to habitat type.

(calcareous acidic grassland, acidic grassland, dry heath, wet heath, and
fixed dune), respectively (Fig. 3B). Similarities in community composi-
tion were observed between some habitat types, particularly between
dry heath and fixed dune (Fig. 3B and Fig. S5B). This was also observed
for vegetation (Fig. 3A). For vegetation, the largest difference was
observed between the grassland and heathland habitats. Locations from
the same habitat type generally clustered (Fig. 3A and Fig. S5A), with
two exceptions: One location from sandy grassland was more like

locations from the two types of calcareous grassland one location from
dry heath was more similar to the locations from acidic grassland
(Fig. 3A).

The difference between the bacterial communities in the habitat
types with high and low pH, was also evident among the 25 most
abundant bacterial genera (Fig. 4). The most abundant genera in the
habitat types with low pH, Acidothermus, Subgroup 2, and Roseiarcus,
were not observed in the habitat types with high pH. Similarly, the most

Calc.
Calc. acidic Acidic Sandy Dry
grass. grass. grass. grass. heath
Actinobacteriota; Acidothermus- 0 86 | 98 0 EEEN
Acidobacteriota; Subgroup_2- 0 5] 5.8 0 8.7
Proteobacteria; Roseiarcus - 0 Z2 2.6 0 813
Verrucomicrobiota; Candidatus_Xiphinematobacter- 1.8 7 3.8 1.6 6.9
Actinobacteriota; Conexibacter- 0.5 581 4 1.1 2
WPS-2; WPS-2- 0 33 4.6 0 SHl
Proteobacteria; Bradyrhizobium- 1.9 52 4.1 25 1) ! ]
Actinobacteriota; Mycobacterium- 2.6 2.3 15 3.6 2.2 il 3
Verrucomicrobiota; Candidatus_Udaeobacter- 1 46 4.4 25l 1.8 0.9 0.7
Chloroflexi; KD4-96- | 7.5 0.6 0.2 2 0.3 0 0.1
RCP2-54; RCP2-54 - 0 0.6 1.3 0 3 4.4 3.2
Chloroflexi; AD3- 0 Z5) 1.6 0 2.8 0.7 4
Acidobacteriota; Vicinamibacteraceae- | 6.4 0 0 3.8 0.3 0 0
Actinobacteriota; Solirubrobacter- 2.9 0.1 0 6 0.1 0 0
Proteobacteria; Acidibacter- 0.2 1.4 177 0.2 1.1 0.9 0.9
Acidobacteriota; Occallatibacter - 0 0.7 0.6 0 0.7 i3 2.4
Proteobacteria; WD260 - 0 15 14 0 i 0.7 5!
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Fig. 4. Heatmap showing the 25 bacterial genera with the highest relative abundance in the 52 soil samples. Data originates amplicon sequencing of soil samples
collected within the 19 locations. Within each location, samples were collected from three different sites. The locations represent seven habitat types (six to nine
replicates (sites) per habitat type). Each column shows the sequencing result for the samples within one of the seven habitat types. The identity of bacteria is given as
phylum and genera, separated by a semicolon. The numbers show the relative abundance of the bacteria in percentage based on V4 amplicon data (average of all
samples within the same habitat type), also indicated with the colour intensity. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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abundant genera in the samples from the habitat types with high pH
were either not observed in the habitat types with low pH or only found
in low abundance. Generally, bacterial communities consisted of few
genera with high abundance, while most genera were low-abundant.

3.4. Models explaining community composition

The abundance of vegetation could best be explained by a model
including habitat type and EC, but only differed little in AICc compared
to the model including habitat type as the only variable (Table 4).
Habitat type alone could explain 47% of the variation in community
composition (results available here) and was selected as a variable in all
models, if not excluded. Excluding habitat type, the model best able to
explain plant community composition could explain 25% of the varia-
tion and included pH, EC, ammonium content and Shannon’s Diversity
Index for bacteria (Table 4). pH was included in all models excluding
habitat type.

As previously mentioned, separate analyses were conducted for
vegetation, using abundance and presence/absence data, respectively.
Only the results based on abundance data are shown here. Results based
on presence/absence data can be found in Supplementary Materials
(Table S2).

Bacterial abundance could best be explained by a model including
habitat type and OC, but as seen for vegetation, this model differed little
in AICc compared to the model only including habitat type (Table 5).
Habitat type alone could explain 46% of the variation in community
composition (results available here) and habitat type was included in all
models if not excluded, as seen for vegetation. If habitat type was
excluded, the best model could explain 37% of the variation and
included pH, SWC, OC, and Shannon’s diversity index for vegetation

Table 4

The best models explaining the community composition of vegetation (abun-
dance) including or excluding habitat type as a variable. The results are based on
a PERMANOVA-analysis where the best models were selected by AICc. The
models best explaining community composition using one through five variables
are shown. The full set of variables included in the analysis were: habitat type,
OC, clay content, silt content, sand content, fines (silt + clay content), clay:OC-
ratio, pH, EC, SWC, WR, NHj, NO3 + NO3, and Shannon’s diversity index for
bacteria. All possible models were generated using the full set of variables and
Variance Inflation Factor (VIF) was used to avoid multicollinearity by filtering
out models with a VIF >6. Data originates from botanical surveys conducted in
19 locations. Furthermore, soil samples were collected within the same 19 lo-
cations for amplicon sequencing (to calculate the diversity of bacteria) and
analysis of soil properties. Botanical surveys and sample collection were con-
ducted in three different sites per location. The locations represent seven habitat
types (six to nine replicates (sites) per habitat type, indicated in the table).
Location was considered a nested factor to avoid pseudoreplication. Abbrevia-
tions: EC = electrical conductivity, AICc = Akaike’s information criterion with
correction for small sample size, NH{f = ammonium content, Hy,. = Shannon’s
diversity index, bacteria.

Number of Vegetation, abundance

:;gz:izs Including habitat type Excluding habitat type
Best model using AlCc Best model using AlCc
the number of the number of
variables variables

1 Bray Curtis -75.690 - -
distance ~ Habitat
type

2 Bray Curtis —75.760  Bray Curtis —59.392
distance ~ Habitat distance ~ pH +
type + EC Hpac

3 Bray Curtis —74.463  Bray Curtis —60.196
distance ~ Habitat distance ~ pH +
type + EC + NHj EC + Hpac

4 - - Bray Curtis —60.587

distance ~ pH +
EC 4 NH{ + Hpae
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Table 5

The best models explaining the community composition of bacteria (abundance)
including or excluding habitat type as a variable. The results are based on a
PERMANOVA-analysis where the best models were selected by AICc. The
models best explaining community composition using one through five variables
are shown. The full set of variables included in the analysis were: habitat type,
OC, clay content, silt content, sand content, fines (silt + clay content), clay:OC-
ratio, pH, EC, SWC, WR, NHJ, NO3 + NO3, and Shannon’s diversity index for
vegetation. All possible models were generated using the full set of variables and
Variance Inflation Factor (VIF) was used to avoid multicollinearity by filtering
out models with a VIF >6. Data originates from soil samples collected within 19
locations for amplicon sequencing and analysis of soil properties. Furthermore,
data from botanical surveys conducted in the same 19 locations were used to
calculate the diversity of vegetation. Sample collection and botanical surveys
were conducted in three different sites per location. The locations represent
seven habitat types (six to nine replicates (sites) per habitat type, indicated in the
table). Location was considered a nested factor to avoid pseudoreplication.
Abbreviations: OC = organic carbon content, SWC = soil water content, AICc =
Akaike’s information criterion with correction for small sample size, Hyeg =
Shannon’s diversity index, vegetation.

Number of Bacteria, abundance

;]r?cr;sg:is Including habitat type Excluding habitat type
Best model using AlCc Best model using AlCc
the number of the number of
variables variables

1 Bray Curtis —85.730 - -
distance ~ Habitat
type

2 Bray Curtis —86.086  Bray Curtis —81.083
distance ~ Habitat distance ~ pH +
type + OC SWC

3 Bray Curtis —85.789  Bray Curtis —81.568
distance ~ Habitat distance ~ pH +
type + OC + Hyeg SWC + Hyeg

4 - - Bray Curtis —-82.119

distance ~ pH +
SWC + OC + Hyeg

(Table 5). As for vegetation, pH was included in all models where habitat
type was excluded.

Including habitat type as a variable generally improved the models,
seen by a decrease in the AICc, for both vegetation (Table 4) and bacteria
(Table 5).

4. Discussion
4.1. Representativity of the habitat types and differences in soil properties

In general, the habitat types in the present study were found to be
representative as the meassured soil properties were in line with the
national average (Nygaard et al., 2016) and the natural variation in the
descriptions of the habitat types (Commission, 2013; Natura, 2016).
Compared to the average pH values for the habitat types in Denmark
(Nygaard et al., 2016), the pH values in the present study were generally
higher but still within the expected range. As expected, the highest water
content was found in wet heath, but surprisingly, this was not signifi-
cantly different from the water content measured in calcareous or acidic
grasslands. While the high water content of the calcareous grasslands
may be attributed to their relatively fine-grained particle size distribu-
tion, the high water content of the coarse-grained acidic grasslands is
probably a reflection of precipitation during the sampling period (Zheng
et al., 2015) or a wetter moisture regime.

The clay fraction of soil can stabilize OC through the process of
organo-mineral complexation (Lehmann and Kleber, 2015). While the
capacity of clay to form organo-mineral complexes depends on, e.g., the
type of OC, the clay mineralogy, and the specific surface area (Kleber
et al., 2015), Dexter et al. (2008) found that 8-10 g of clay has the ca-
pacity to complex 1 g of OC. Consequently, a clay:OC ratio of 10 is often
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used as a threshold to define whether a soil might contain
non-complexed amounts of either clay or OC (e.g. de Jonge et al., 2009;
Jensen et al., 2017; Schjgnning et al., 2012). Almost all the investigated
soils had a clay:OC ratio below 10, indicating that they contained
non-complexed OC available for the bacterial communities. The clay:0C
ratio of the specific soil samples, could to some degree explain that some
soil samples were water repellent and others were not, as Weber et al.
(2021) found that water repellency after 60 °C pre-treatment ceased at
clay:OC ratios above 2. Water repellency is often associated with
negative effects on crop production, flood risk, etc. (Dekker and Rit-
sema, 1994; Doerr et al., 2000), but in a study by Seaton et al. (2019),
water repellency is suggested to be a response to stress and increase the
resilience of ecosystems. Further studies examining this response are
necessary, as it is still debated whether water repellency is driven by the
biological community structure or vice versa (Lozano et al., 2014; Sea-
ton et al., 2019). As water repellency was observed in most habitat types
in the present study, it could be an interesting parameter to include in
the future monitoring of the European habitat types. This is further
emphasized by the findings by Seaton et al. (2019), as water repellency
may mitigate the negative effects of water stress on biological
communities.

4.2. Differences in alpha diversity of bacteria and vegetation

A high diversity of bacteria was expected as soil samples generally
contain a high diversity of microorganisms, including bacteria
(Thompson et al., 2017), which has been shown in surveys covering
multiple environments worldwide (e.g., Tedersoo et al., 2014; Davison
et al.,, 2015; Delgado-Baquerizo et al., 2018). The high diversity
observed in the grassland habitat types in the present study, is in line
with other studies examining grasslands, for example the study by
Delgado-Baquerizo and Eldridge (2019) where the highest diversity of
bacteria was found in samples from grassland, compared to forests
(Delgado-Baquerizo and Eldridge, 2019). In a study by George et al.
(2019), a significantly lower diversity of bacteria was observed in
heathland compared to acidic grassland. This contrasts with the obser-
vations in the present study, but different types of heathlands were
grouped together in the study by George et al. (2019), making direct
comparisons to the present study difficult. Several studies have shown
that bacterial richness is affected by pH (Delgado-Baquerizo and
Eldridge, 2019; Fierer and Jackson, 2006; Kaiser et al., 2016; Lauber
et al., 2009). Richness is highest at pH-values close to neutral, while it
declines as the soil turns more acidic or alkaline (Delgado-Baquerizo and
Eldridge, 2019; Fierer and Jackson, 2006; Thompson et al., 2017; Wu
et al., 2017). This partially contrast with the result from the present
study, as the highest richness was found in samples with low pH
compared to the samples with a pH-value close to neutral. A possible
explanation for this could be that other properties than pH affects the
bacterial communities. In sandy grassland a possible explanation could
be the dry conditions, as this is a xeric habitat type and therefore a
stressful environment. The opposite could explain the low richness
observed in some of the samples from wet heath. Bacteria present in the
soil are affected by the soil water content (Bahram et al., 2018; Bickel
et al., 2019; Bickel and Or, 2020) as this influences available micro-
habitats, the mobility of the bacteria and thereby interactions (Bickel
et al., 2019; Bickel and Or, 2020). Based on the results in this paper, the
habitat types with a high or low water content and/or high pH seem to
represent stressful environments and may therefore support a lower
diversity than the other habitat types.

Differences in plant species richness and diversity were expected
based on the descriptions of the habitat types (Commission, 2013;
Habitatnggle, 2016; Natura, 2016). The habitat types comprise naturally
species-rich and species-poor plant communities, which was also
observed in the present study: the highest plant diversity was observed
in the grasslands, while the heathlands were less diverse. In general, the
variation in plant diversity was in line with the natural variation in the
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descriptions of the habitat types (Commission, 2013; Natura, 2016). The
diversity of vegetation is presumed to affect the diversity of soil living
bacteria, as a higher plant diversity leads to a more diverse mix of ex-
udates and litter, thereby increasing the diversity of resources available
for bacteria (Hooper et al., 2000; Van Der Putten, 2017; Wardle, 2006).
This was not reflected in the results in the present study, as no clear-cut
correlation between the diversity of vegetation and bacteria was
observed in the present paper. Several studies found positive correla-
tions between the diversity of vegetation and bacteria (Eisenhauer et al.,
2011; Liu et al., 2020; Milcu et al., 2013), but conflicting results have
been reported as well (Millard and Singh, 2010; Prober et al., 2015;
Wardle, 2006).

4.3. Habitat-specific community composition and explanatory variables

The variations in plant community composition within the same
habitat type seen in the present study align with previous studies of the
Danish grassland vegetation (Bruun and Ejrnes, 2000). Differences in
management and geographical location could explain variations in
community composition within the same habitat type.

Habitat specificity was less evident for bacteria compared to vege-
tation. Despite this, some degree of habitat specificity was still observed
for bacteria as samples from the same habitat type formed clusters. In a
meta-analysis by Tripathi et al. (2018), a more homogeneous composi-
tion of bacterial communities was seen in soil samples with extremely
high or low pH values, because the extreme environmental conditions
meant that the composition of the bacterial communities was less
random (Tripathi et al., 2018). This may explain the small variation
within the bacterial communities observed in samples from sandy
grassland and calcareous grassland, as these bacterial communities may
consist of ASVs adapted to the stressful conditions of high pH and low
water content. Furthermore, it could explain the similarities in bacterial
communities found in the two habitat types.

One of the dry heath locations differed from the other locations of
that habitat type. For vegetation, this is in line with observations made
during the fieldwork, as a low cover of dwarf shrubs and a higher cover
of grasses/herbs was observed in this location compared to the other
locations of the same habitat type. This can explain why the plant
communities in this location were more like those found in acidic
grassland. Interestingly, the same could be observed for the bacterial
community in the same location, which could indicate that the plant
community influences the bacterial community. This was also observed
in a study by Boeddinghaus et al. (2019), who concluded that changes in
the plant community had an impact on the microbial communities on
both the long and short term (Boeddinghaus et al., 2019). Furthermore,
the results in the present paper are in line with the findings of Prober
et al. (2015), who found a correlation between the beta diversity of
vegetation and bacteria, but not the alpha diversity.

As observed in other studies (Delgado-Baquerizo et al., 2018; Jans-
sen, 2006), the bacterial communities were dominated by few genera
with a high abundance. Proteobacteria, Actinobacteria and Acid-
obacteriota were found to be abundant in the studies by Delgado-Ba-
querizo et al. (2018) and George et al. (2019), across ecosystems and
continents. To the knowledge of the authors, little is known about the
microbial communities in the habitat types examined in the present
study. This is partly because only a small fraction of the microbial
communities in soil has been described (Dance, 2020; Delgado-Ba-
querizo et al., 2018) but also because most studies examining the soil
microbiome have used coarser resolutions of habitat types. The findings
in the present paper emphasizes the need for national and international
projects to increase the current knowledge of terrestrial bacterial com-
munities using a finer resolution of habitat types.

For vegetation, it was not surprising that habitat type was selected at
the best explanatory variables, as the habitat types are defined based on
the plant communities (Commission, 2013). But the fact that habitat
type was the variable best able to explain the variation in community
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composition of bacteria suggests that the habitat types feature different
combinations of soil properties that shapes the bacterial communities in
the habitat types differently. Furthermore, this also suggests that bac-
terial communities could be implemented in the current monitoring of
habitat types. That pH and water content are important variables if
habitat type is excluded, is in line with previous studies showing that soil
properties, especially pH, shape the bacterial communities (e.g., Chu
et al., 2020; Delgado-Baquerizo et al., 2018; George et al., 2019).

4.4. Microbial communities in monitoring and management

Additional studies examining the habitat specificity of bacteria will
be necessary, considering the number of samples and habitat types in the
present study, but the results presented here are promising. The habitat
types do not constitute fully defined units. As Bruun and Ejrnzs (2000)
emphasized, a natural variation in plant communities within the defined
habitat types is to be expected (Bruun and Ejrnas, 2000). Based on the
results from the present study, this also applies to bacterial communities.
This variation does not necessarily make the habitat types less valid. The
definition of habitat types is needed in relation to the legislation,
monitoring, and management of natural areas (Chytry et al., 2020; Jung
et al., 2020; Kallimanis et al., 2013), of which the Habitats Directive is
an example.

Except for forest ecosystems (Xu et al., 2020; Dhyani et al., 2019),
limited research has been made into including the microbial commu-
nities as indicators in management or monitoring. There has been a
growing interest in using microbial communities as indicators of
pollution, soil health or ecosystems (Ma et al., 2022). Despite this in-
terest, no previous studies have, to the knowledge of the authors,
examined the possibility of using a part of the soil microbiome as in-
dicators of habitat types or in monitoring at the fine resolution of habitat
types used in the present paper, as similar types of habitats, for example
different types of grasslands, are often grouped. One of the few studies
examining the possibility of implementing microbial communities into
an existing survey based on vegetation and soil properties was carried
out by Khassali et al. (2020). In this study, significant differences in the
microbial communities were found when comparing two carob habitats,
which differed according to plant composition, diversity, and soil
properties. The microbial community was shown to be a relevant
addition to current surveys, only focusing on soil properties and vege-
tation (Khassali et al., 2020). Considering the global biodiversity crisis,
it is highly relevant to include both ‘micro’ and ‘macro’ organisms in
legislation aiming to protect and preserve natural areas as well as in the
management of these areas (Cameron et al., 2019; Parker, 2010). Mi-
croorganisms should be included, as they are essential for several
ecosystem functions at the global level (Chu et al., 2020; George et al.,
2019; Jansson and Hofmockel, 2020) and in maintaining a healthy soil.
The need to include microbial communities is further supported by the
fact that belowground diversity is crucial for the functioning of above-
ground diversity (Bardgett & Van Der Putten, 2014). By not including
the microorganisms, we could be overlooking important drivers of
change in the habitat types. Furthermore, changes in the microbial
community composition are not possible to detect if no baseline
knowledge is available. This emphasizes the need for national and in-
ternational projects to increase the current knowledge and improve the
current databases. Additionally, microorganisms respond faster to
changes in the environment compared to vegetation (Fierer et al., 2021;
Lauber et al., 2013) which makes them ideal to include in the moni-
toring and assessment of habitat types.

5. Conclusion

e The habitat types in the present study were found to be representa-
tive as the soil properties were in line with the national average and
the natural variation in the descriptions of the habitat types.
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No clear-cut correlation was found between the alpha diversity of
vegetation and bacteria.

Habitat-specific communities were observed for both vegetation and
bacteria: For vegetation, the difference between grassland and
heathland was most evident, while the largest difference was found
between the habitats with high and low pH for bacteria.

Habitat type alone could explain 46% of the variation in community
composition for bacteria and 47% for vegetation.

There is a need for baseline knowledge about the bacterial commu-
nity composition in the habitat types, as little is known about this.
Bacteria could possibly be included in the Habitats Directive. This
could aid the identification of habitat types and improve the
assessment.

The results from the present study show that it could be possible to
include bacteria in the habitats directive. Further work is needed to
verify the results of this study. Firstly, the results should be verified
using larger datasets due to the small number of samples in the present
study. Future studies should also include locations from several coun-
tries to see if the results can be upscaled to a larger geographical scale.
Furthermore, only a fraction of the habitat types included in the Habitats
Directive were examined in the present study, and further studies should
examine if the results from the present study are also reflected in other
habitat types. Finally, the present study only included bacteria, but
future studies should explore the possibility of including a larger part of
the microbial community such as fungi and protozoa.
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