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The restoration of Nardus grasslands is often hampered by high bioavailability of soil phosphorus and disturbed
soil communities. In order to better understand these bottlenecks, we studied Nardus grassland species grown
together in communities with fast-growing species in 50-liter pots along a gradient of bioavailable phosphorus
with or without inoculated soil biota. These mesocosms allowed the plants to freely interact, including
competition for light and nutrients.
We investigated changes in the plant community composition along the phosphorus gradient using Threshold
Indicator Taxa Analysis (TITAN). We found a negative threshold of 11.5 mg POlsen kg− 1 with six significant
indicator plant species. Above the threshold, a small increase in phosphorus resulted in a disproportionally large
drop in biomass for the indicator species, including four typical Nardus grassland species. The decline in these
‘oligotrophic indicator species’ was also linked to increasing plant community biomass, so we suggest the
oligotrophic indicator species to be outcompeted for light by fast-growing plant species. We did not find an effect
of the soil biota treatment on the biomass of the oligotrophic indicator species, but did observe a positive effect of
inoculation with soil biota on the total biomass of the plant community.
Interestingly, the threshold for the plant communities in the mesocosm experiment was comparable to the
upper bioavailable phosphorus concentrations in remnant Nardus grasslands in northern Belgium. For the
restoration of Nardus grasslands, such phosphorus-poor soil conditions appear to be essential, because the plant
species that typically occur in these grasslands are able to handle nutrient limitation, but not light limitation.

1. Introduction
European species-rich grasslands are hotspots of biodiversity, but
they are threatened by e.g. land-use intensification (Dengler et al., 2014;

Habel et al., 2013). Nardus grasslands (Natura 2000 Code 6230*), a
priority habitat type for both conservation and restoration, are charac
terized by high plant and functional diversity, and, nutrient-poor soil
conditions (Ceulemans et al., 2014; Helsen et al., 2013). Phosphorus-
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limited soil conditions in particular allow rare plant species to thrive and
thus enable high species richness (Ceulemans et al., 2014; Schelfhout
et al., 2017; Schellberg and Hejcman, 2007; van Dobben et al., 2017;
Wassen et al., 2005). The typical Nardus grassland species, e.g. Nardus
stricta, Potentilla erecta and Luzula multiflora (De Saeger and Wouters,
2017), are tolerant to growing in nutrient-poor soils (Diekmann et al.,
2019) and slow-growing (Van Daele et al., 2017). When such nutrientlimited communities with numerous slow-growing species are fertil
ized, they are replaced by communities dominated by a few fast-growing
species, i.e. the plant-plant competition is affected (Harpole and Tilman,
2007; Hautier et al., 2009). The reduction in species richness is generally
caused by a shift from nutrient limitation to light limitation (Hautier
et al., 2009, 2018; DeMalach et al., 2017). Restoration of Nardus
grasslands thus requires reversing this shift by recreating nutrient-poor
soil conditions.
Plant communities are not only shaped by environmental filters, but
also by plant-soil feedback effects, i.e. interactions between plant species
and their (micro)biotic environment (Thakur and Wright, 2017). Fastgrowing plant species appear to be more susceptible to pathogens
(negative plant-soil feedback); slow-growing plant species appear to
benefit more from mutualists, such as mycorrhiza, that help with
nutrient acquisition (positive plant-soil feedback, Lekberg et al., 2018).
The restoration of Nardus grasslands may therefore benefit from
tweaking the soil community in order to discourage fast-growing nontarget species and favour slow-growing target plant species (Brinkman
et al., 2012; Kardol et al., 2006; Torrez et al., 2016).
However, changed environmental filters, caused by e.g. land-use
intensification, not only impact the plant community but also the soil
communities (de Graaff et al., 2019; Wood et al., 2017). Consequently,
changed soil fertility also impacts how plant-soil feedbacks affect plantplant competition (Lekberg et al., 2018). In eutrophic conditions, plantplant competition for light generally outweighs negative plant-soil
feedback effects (e.g. root-feeding nematodes feeding on roots of fastgrowing species); while in oligotrophic conditions, mutualistic plantsoil feedbacks can prevent competitive exclusion and favour slowgrowing plant species (e.g. enhanced germination and growth of oligo
trophic species by mycorrhizal associations; Lekberg et al., 2018).
Restoration efforts should aim at re-establishing both nutrient-limiting
soil conditions (i.e. abiotic restoration; Marrs, 1993; Helsen et al.,
2013) and the specific plant and soil communities (i.e. biotic restoration;
van der Bij et al., 2018; Wubs et al., 2016).
Here, we studied the effects of soil phosphorus availability and soil
biota on communities consisting of both fast- and slow-growing plant
species in a mesocosm experiment that allows competition for light and
nutrients. We initially intended to also study the effect of nitrogen
deposition, but failed to simulate the targeted nitrogen deposition rates.
So, our first objective was to assess the changes in the plant community
along the bioavailable phosphorus gradient. We expected to find a
‘community change point’ at a certain bioavailable phosphorus con
centration representing an environmental threshold. Crossing this
threshold would result in a change in the community composition, more
specifically, in the loss of slow-growing species. Our second objective
was to test the interactive effect of bioavailable phosphorus concentra
tion and soil biota inoculation on the performance of the slow-growing
species. We expected the addition of soil biota from Nardus grasslands to
result in the slow-growing species performing better at higher soil
phosphorus concentration.

in Appendix A). We filled 50-liter pots with 36 kg γ-irradiated (25
KGray) phosphorus-poor sandy soil mixed with an extra 4 kg of inoc
ulum soil for the soil biota treatment with four levels: ‘No biota’ (using
the same γ-irradiated soil), ‘Oligotrophic’, ‘Mesotrophic’ and ‘Eutrophic’
using freshly sampled sandy soil from oligotrophic, mesotrophic and
eutrophic grasslands. We repeated the soil biota inoculation treatment
by using inoculum soil from either of three regions in northern Belgium.
Wasof et al. (2019) describes the vegetation, abiotic soil conditions,
nematode and microbiotic communities of the donor grasslands. The
phosphorus treatment consisted of a one-time phosphorus addition at
the beginning of the experiment. We mixed 0, 3, 5, 6 or 16 g NaH2PO4 in
the 40 kg of soil aiming at bioavailable phosphorus concentrations of
<10, 15, 20, 25 or 60 mg POlsen kg− 1. The nitrogen treatment was per
formed monthly from March until October and consisted of evenly
spreading a 0, 90 or 270 mg NH4NO3 in a demineralized water solution
per mesocosm. We aimed at simulating realistic atmospheric nitrogen
deposition rates, i.e. <5, 20 or 60 kg N ha− 1 y− 1, however, this attempt
failed since the bioavailable nitrogen concentrations were not increased
in accordance with these three treatment levels (Fig. A5b in Appendix
A5). The addition of the inoculum soil (the soil biota treatment) also
added nutrients to the background soil, resulting in a gradient of
bioavailable phosphorus and nitrogen concentrations rather than in the
intended phosphorus and nitrogen levels (see Appendix A5). We did not
succeed in creating the <10 mg POlsen kg− 1 × Eutrophic soil biota
treatment combination in one of the replications due to the unavoidable
addition of nutrients together with the 4 kg of soil inoculum (see Ap
pendix A5, Fig. A5a). On average in June 2018, the bioavailable phos
phorus and nitrogen concentrations in the ‘Eutrophic’ soil biota
treatment were slightly higher than in the ‘No biota’ treatment, though
not significantly for bioavailable phosphorus (see Appendix A5,
Figs. A5c and A5d).
In April 2016, in each mesocosm, we planted 111 seedlings from
nineteen species selected from three different grassland communities
along a historical land-use gradient (cf. Wasof et al., 2019; planting
density: 0.07 plants per cm2). We used seven species typical of Nardus
grasslands (oligotrophic species, slow germination, slow early-growth),
seven species typical of grass-herb mixed grasslands (mesotrophic spe
cies, slow germination, fast early-growth) and five species typical of
grass-dominated Lolium perenne grasslands (eutrophic species, fast
germination, fast early-growth; cf. Van Daele et al., 2017; Fig. 1; Ap
pendix A6). The mesocosms were grown in a greenhouse, with an
average temperature of 17 ◦ C ± 7 SD, a relative air humidity of 71% ±
14 SD and natural light conditions. We cut and removed all aboveground biomass three times per year, once in March to ensure all
plants had the same height at the start of the new season, two further
harvests in June and September coincide with grassland management in
a nature conservation context.
2.2. Data collection
In June 2018, we harvested the aboveground biomass in each mes
ocosm by cutting the vegetation with scissors 4 cm above soil level
(corresponding with grassland management practices). We measured
the total dry biomass and the separate dry biomasses of the most
abundant species of the oligo-, meso- and eutrophic species groups
(Agrostis stolonifera L., Centaurea jacea L., Dactylis glomerata L., Holcus
lanatus L., Nardus stricta L., Plantago lanceolata Hook, Potentilla erecta
Raeusch, Rumex acetosa L., Taraxacum officinale Weber ex F.H. Wigg.)
after drying for 48 h at 70◦ C. For the other ten species (Anthoxanthum
odoratum L., Calluna vulgaris Hull, Carex echinata Murray, Festuca rubra
L., Lolium perenne L., Luzula multiflora Lei., Lychnis flos-cuculi L., Molinia
caerulea Moench, Ranunculus acris L., Succisa pratensis Moench), we
estimated the cover in each mesocosm and used this cover and the total
mesocosm biomass to estimate the species’ biomass (relative biomass
per species shown in Fig. 1).
After the biomass sampling, we took three samples of the 0–5 cm soil

2. Materials and methods
2.1. Experiment design
In March-April 2016, we manipulated soil communities and
bioavailable soil phosphorus concentrations in 110 mesocosms, i.e.
medium-sized plant communities, and (unsuccessfully) simulated
different levels of atmospheric nitrogen deposition (full design and setup
2
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above the threshold.
Second, for the oligotrophic indicator species (i.e. oligotrophic spe
cies identified as sensitive to soil phosphorus by TITAN) we calculated
per mesocosm their combined dry biomass and divided it by the total dry
biomass of the mesocosm (‘relative biomass’). We fitted a generalized
least squares model to study the effects of the bioavailable phosphorus
concentration (continuous), the soil biota treatment (categorical, 4
levels), and their interaction on the relative biomass of the oligotrophic
indicator species (function gls, nlme package), allowing a different
variance per soil biota level (weights = varIdent(form=~1|Biota)) and
accounting for the position of the mesocosms in the greenhouse (corre
lation = corAR1(form=~1|block)). In the full model, we also included
the total biomass in each mesocosm (continuous) and the bioavailable
nitrogen concentration in the soil (continuous) as covariates to control
for variation across the mesocosms. The relative biomass contained a
significant proportion of zeros (17%), which were true zero observa
tions. We visually inspected the residuals as described in Zuur et al.
(2009) and used maximum likelihood (ML) stepwise model selection
(function stepAIC, MASS package, Venables and Ripley, 2002) to select
the most optimal model. The final model was refitted using REML. The
cumulative absolute biomass of the oligotrophic indicator species below
the 11.5 mg POlsen kg− 1 threshold was compared with the biomass above
the threshold with a Wilcoxon rank sum test (function wilcox.test of the
package stats; R-Core-Team, 2016). All analyses were performed in R (RCore-Team, 2016); non-TITAN graphs were made with ggplot2 (Wick
ham, 2009).

Fig. 1. The biomass of the oligotrophic, mesotrophic and eutrophic plant
species relative to the biomass of the entire community in the 110 mesocosms in
the third growing season of the experiment (June 2018).

3. Results
A negative environmental threshold of 11.5 mg POlsen kg− 1 and a
positive environmental threshold of 8.3 mg POlsen kg− 1 were identified
by the changes in the mesocosm communities (Fig. 2a: negative and
positive community change points in red and grey). The peak in the
negative sum(z) scores (Fig. 2a: filled dots) and the cumulative fre
quency curve (Fig. 2a: black full line) are sharp, which provides strong
evidence for a sharp, synchronous change in community composition
along the phosphorus gradient. In contrast, the peak in the positive sum
(z) scores (Fig. 2a: open dots) and the cumulative frequency curve
(Fig. 2a: black dashed line) are broad, which implies a more gradual
change in the species’ biomass along the phosphorus gradient. Around
the negative threshold, six significant indicator species were observed
with sharply declining responses to higher bioavailable phosphorus
concentrations in the soil (Fig. 2b; Appendix B). Four of the significant
indicator species were oligotrophic (L. multiflora, N. stricta, M. caerulea
and P. erecta); two were mesotrophic (A. odoratum and R. acetosa). The
three other oligotrophic species planted in the mesocosms were not
considered ‘reliable’ species (S. pratensis, reliability score 0.94) or had
too few occurrences in 2018 due to low survival (C. vulgaris and
C. echinata; Appendix B, Table B1), and were hence excluded from
further statistical analyses. The negative community threshold is sur
rounded by an asymmetric confidence interval (Fig. 2a); this is caused
by the variation in the sensitivity and contribution of the significant
indicator species (Baker and King, 2010). The community composition
begins to change at very low phosphorus concentrations (Fig. 2a: the left
dashed line at 5.1 mg POlsen kg− 1), due two significant indicator species
(L. multiflora and N. stricta; Fig. 2b). Since the z scores of these two
species were not very large (depicted by the small size of the circles in
Fig. 2b), the negative community change point is surrounded by an
asymmetric confidence interval. Three other significant indicator spe
cies (M. caerulea, P. erecta and A. odoratum; Fig. 2b) decreased around
the negative change point of 11.5 mg POlsen kg− 1. Molinia caerulea also
had a large z score (Fig. 2b: depicted by the large size of the circle) and,
hence, had a greater influence on the community change point. The
species-specific threshold of R. acetosa was located at a higher POlsen
concentration (23.0 mg POlsen kg− 1; Fig. 2b), but due to the low z score,
this species does not increase the 95th percentile. The negative species-

layer with a 1 cm diameter auger in each mesocosm and combined them
in a pooled soil sample per mesocosm. A subsample of 5 g sieved fresh
soil was analysed for bioavailable nitrogen (NNH4NO3; extraction with
potassium chloride according to ISO/TS 14256-1:2003, colorimetric
measurement of ammonium and nitrate according to ISO 14256-2:2005
on an auto-analyser (AA3, Bran Luebbbe, Germany), the ammoniumnitrogen and nitrate-nitrogen concentrations were summed). Another
subsample was dried (48 h, 40 ◦ C) and analyzed for bioavailable phos
phorus (POlsen; extraction with sodium bicarbonate according ISO
11263:1994, colorimetric measurement with the malachite green pro
cedure of Lajtha et al. (1999).
2.3. Data analysis
We did not use the categorical treatment levels of phosphorus and
nitrogen (see Section 2.1) in the analysis. Instead, we used the
bioavailable phosphorus and nitrogen concentrations in the soil at the
time of the summer biomass harvest (see Section 2.2).
First, using the species’ biomass data, we looked for ‘change points’
along the phosphorus gradient using Threshold Indicator Taxa Analysis
(TITAN, Baker and King, 2010; function titan, TITAN2 package, Baker
et al., 2015). A change point, or ecological threshold, is a point at which
a small increase in an environmental variable results in a dispropor
tionally large change in community composition (Baker and King,
2010). TITAN uses rescaled indicator value scores from indicator species
analyses (z scores), which are sensitive to changes in the occurrence and
abundance of rare species along the studied gradient. If a synchronous
change occurs in the biomass of a subset of species at a particular con
centration of phosphorus along the gradient, this phosphorus concen
tration is identified as a community change point. TITAN fits the
biomass of individual species along the studied gradient and combines
the abrupt changes of ‘pure’ and ‘reliable’ species (i.e. indicator species,
species that consistently show a significant change for >95% of the 999
bootstrapped runs) into a positive and a negative community threshold.
A positive community threshold implies the biomass of the positive in
dicator species increase above this threshold, and a negative community
threshold implies the biomass of negative indicator species decrease
3
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Fig. 2. (a) The negative (red) and positive (grey) change point of community composition in the 110 mesocosms (dashed and dotted lines: 5th and 95th percentiles).
The dots represent the sum of the negative (filled) and positive (empty) z scores at a candidate community-level change point of bioavailable phosphorus con
centration; the highest sum z dot indicates the most abrupt change in community composition along the phosphorus gradient. The black curves represent the cu
mulative frequency distribution of change points among the 999 bootstrap replicates (full: negative; dashed: positive). (b) The negative community threshold (red;
5th and 95th percentiles dashed) and the negative species-specific thresholds for the significant indicator species along the studied gradient in bioavailable phos
phorus (TITAN: purity ≥0.95; reliability ≥0.95; p < 0.05). Symbol size represents the magnitude of the response (z scores); black dashed lines represent the 5th and
95th percentiles among the bootstrap replicates. The positive indicator and other species are shown in Appendix B.

specific thresholds for the typical Nardus grassland species in our mes
ocosms ranged from 3.6 mg POlsen kg− 1 for L. multiflora to 10.8 mg POlsen
kg− 1 for P. erecta. The two mesotrophic indicator species appeared to
have (marginally) higher negative species-specific responses for
increasing bioavailable phosphorus concentrations (A. odoratum: 11.8
mg POlsen kg− 1, R. acetosa: 23 mg POlsen kg− 1). One eutrophic species,
D. glomerata, responded significantly positively towards increasing soil
phosphorus concentrations (Appendix B).
The cumulative relative biomass of the oligotrophic indicator species
was negatively affected by the bioavailable phosphorus concentration
(p < 0.001; Table 1; Fig. 3a) and total plant community biomass (p <
0.001; Table 1; Fig. 3b), but not by the bioavailable nitrogen concen
tration. The proportion of light at ground level was significantly lower in
mesocosms with high total biomass (p < 0.01) and in mesocosms with
low cumulative relative biomass of the oligotrophic indicator species (p
< 0.001; Appendix C). The cumulative absolute biomass of the oligo
trophic indicator species was almost three times higher in mesocosms
below the 11.5 mg POlsen kg− 1 threshold (1.6 g ± 1.3 SD) than in mes
ocosms above the threshold (0.6 g ± 0.8 SD; p < 0.001). The soil biota
treatment did not affect the relative biomass of the oligotrophic indi
cator species. However, we did find a positive effect of inoculation with
soil biota on the total plant community biomass (Appendix D; p <
0.001): the mesocosms inoculated with soil biota had a significantly
higher total biomass (161 g ± 116 SD) than the mesocosms without soil
biota inoculation (56 g ± 49 SD). There was no significant difference
between the ‘Oligotrophic’, ‘Mesotrophic’ and ‘Eutrophic’ soil biota
treatment levels. This biomass gain appeared to be caused by the
dominance of two mesotrophic species: C. jacea and by P. lanceolata. The
cumulative relative biomass of these two species was on average 79% ±

23 SD in the inoculated mesocosms (average for ‘Oligotrophic’, ‘Meso
trophic’ and ‘Eutrophic’ soil biota treatment levels), compared to 27% ±
33 SD in the mesocosms without inoculation of soil biota (‘No biota’
treatment level). We also found a significant positive relation between
the total plant community biomass and the bioavailable nitrogen con
centration (p < 0.001; Appendix D, Table D1).
4. Discussion
After three growing seasons in our mesocosm experiment, we eval
uated plant communities with fast- and slow-growing species across a
gradient in bioavailable phosphorus concentrations, an unsuccessful
gradient of atmospheric nitrogen deposition, and with or without
inoculation of soil biota of different provenances (oligo-, meso- and
eutrophic grasslands). We focused on the performance of seven Nardus
grassland species, which are typically slow-growing oligotrophic plant
species. The controlled nature of our greenhouse mesocosm experiment
enabled us to investigate how the interaction of soil phosphorus con
centration and soil biota affected the competitive exclusion of the
typical Nardus grassland species. The context dependency of plant
community responses to manipulated soil communities was rarely
investigated (Hoeksema et al., 2010; but see De Deyn et al., 2004).
We found a negative community threshold for bioavailable phos
phorus of 11.5 mg POlsen kg− 1. This threshold represents the bioavailable
phosphorus concentration above which a small increase in phosphorus
concentration results in a disproportionally large negative response of
the six significant indicator species. Both the sharp peak in the negative
sum(z) score and narrow confidence interval (5.1–11.8 mg POlsen kg− 1)
provide strong evidence for a synchronous change in community
composition along the phosphorus gradient (Baker and King, 2010). In
contrast, the peak in positive sum(z) scores was broad and lower, which
indicates a weaker response by the positive indicator species towards
increasing phosphorus concentrations. The asymmetric confidence in
terval around the negative community threshold was caused by varia
tion among the significant indicator species’ sensitivity towards the soil
phosphorus concentrations and by variation in the indicator species’
contribution to the sum(z) score.
Four significant negative indicator species were oligotrophic
(L. multiflora, N. stricta, M. caerulea and P. erecta) and their biomass
dropped sharply in mesocosms with soil phosphorus concentrations
exceeding the threshold. Also in the ‘Rengen Grassland Experiment’, a
long-term fertilizer experiment, oligotrophic species (including our
oligotrophic indicator species N. stricta, P. erecta and L. multiflora)
responded negatively to phosphorus fertilization (Hejcman et al., 2007).
The threshold in our artificial mesocosms was interestingly comparable

Table 1
Optimal generalized least squares model for the cumulative relative biomass of
the oligotrophic indicator species in the mesocosms (n = 110).
Parameter
estimatea

t

pb

Relative biomass (%) of oligotrophic indicator
species per mesocosmc
Intercept
4.52 (0.38)
12.01
***
− 0.38 (0.07)
− 5.62
***
log POlsen
log total
− 0.57 (0.07)
− 8.33
***
biomass
a
b
c

dftotal,
dfresidual

Residual
standard
error

R2

110, 107

0.77

52%

Standard error between brackets.
*** p < 0.001.
The response variable was square root transformed.
4
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Fig. 3. The cumulative relative biomass (%)
of the four oligotrophic indicator species in
each of the 110 mesocosms versus (a) the
bioavailable phosphorus (POlsen) concentra
tion and (b) the total aboveground plant
biomass per mesocosm. The black lines show
the relationship (y ~ log x) between the
variables with the grey shades the 90% con
fidence intervals (a – R2adj = 0.11, p < 0.001;
b – R2adj = 0.35, p < 0.001). The red dotted
line in (a) indicates the negative community
threshold; the colours and symbols in (a) and
(b) show the soil biota treatments.

to the threshold found in remnant Nardus grasslands (95th percentile:
12 mg POlsen kg− 1, 34 plots in northern Belgium, Schelfhout et al., 2017).
Remarkably, a comparable threshold can be derived from belowground
biota as well (TITAN on arbuscular mycorrhizal fungal communities:
7.2 mg POlsen kg− 1, 120 acidic Nardus and calcareous grassland plots in
eight European countries, Ceulemans et al., 2019).
Apart from A. odoratum and R. acetosa (negative species-specific
thresholds 11.8 and 23 mg POlsen kg− 1), neither of the other mesotro
phic species nor any eutrophic species was identified as significant
negative indicator species for increasing bioavailable phosphorus con
centrations. In field experiments there were similar negative responses
to phosphorus fertilization for A. odoratum (Duffková et al., 2015;
Hejcman et al., 2014, 2007), but a contrasting positive (Duffková et al.,
2015; Hejcman et al., 2007) or neutral (Hejcman et al., 2014) response
for R. acetosa and a negative response for P. lanceolata (Duffková et al.,
2015; Hejcman et al., 2007), for which we found no significant response
in our mesocosms. Eutrophic plant species responded positively
(including H. lanatus, T. officinale and D. glomerata; Duffková et al.,
2015; Hejcman et al., 2014, 2007). In our experiment, the positive
community threshold of 8.3 mg POlsen kg− 1 was caused by D. glomerata;
the only species with a significant positive response to increasing soil
phosphorus concentration.
The oligotrophic indicator species’ biomass was also negatively
correlated with the total plant community biomass, which indicates the
oligotrophic indicator species performed poorly under increased plantplant competition for light with the other, more fast-growing, species.
Contrary to our expectation that the addition of soil biota from Nardus
grasslands would result in the oligotrophic plant species to perform
better in mesocosms with higher phosphorus concentrations, we did not
find such an effect. We did, however, observe a positive effect of soil
biota inoculation on the total biomass in the mesocosms, apparently
mainly benefiting two fast-growing mesotrophic plant species: C. jacea
and P. lanceolata, even in phosphorus-poor mesocosms. The biomassenhancing effect of adding soil biota may have been the result of posi
tive plant-soil feedback effects, as a result of certain plant species
acquiring more nutrients in phosphorus-poor soil conditions (cf. Lekberg
et al., 2018). In contrast to fast-growing species, slow-growing typical
Nardus grassland species are known to be unable to switch from a
growth strategy aimed at acquiring enough nutrients to a growth
strategy of producing more biomass (Van Daele et al., 2017). Small in
creases in nutrient availability in nutrient-poor soils can, hence, lead to
the loss of slow-growing species specialized at surviving under severe
phosphorus limitation (Roeling et al., 2018).
Phosphorus limitation seems to be the most important prerequisite
for high (rare) plant species richness in grasslands (Ceulemans et al.,

2013, 2014; Wassen et al., 2005). Nevertheless, both soil phosphorus
concentration and atmospheric nitrogen deposition rate distinctly affect
the vegetation (Ceulemans et al., 2013). Increased nitrogen deposition
has clear negative effects on Nardus grasslands: generally decreasing
typical and total plant species richness, but also increasing dominance
by graminoids (Stevens et al., 2004, 2011). Graminoid species were
rarely dominant in our mesocosm experiment, possibly because our ni
trogen additions were too low. Due to a methodological problem, we
failed to simulate the entire range of the intended atmospheric nitrogen
deposition rates (<5, 20 or 60 kg N ha− 1 y− 1; see Section 2.1). The ni
trogen deposition rate (converted from bioavailable nitrogen measure
ments) stayed below 16 kg N ha− 1 y− 1 in the large majority of the
mesocosms, i.e. close to the critical threshold of 12 kg ha− 1 y− 1 for
Nardus grasslands (defined with vegetation and bryophyte data; van
Dobben et al., 2012). Changes may have occurred in the mesocosms’ soil
community, e.g. in the arbuscular mycorrhizal fungal community, which
is sensitive to increased nitrogen deposition rates (negative TITAN
community change point of 7.7 kg N ha− 1 y− 1, Ceulemans et al., 2019);
but this would require an assessment of the mesocosms’ soil community.
The phosphorus-poor soil conditions typical of remnant Nardus
grasslands were essential for the survival of the oligotrophic indicator
species amongst more competitive species in our mesocosms. In many of
the mesocosms with soil phosphorus concentrations well above the
community threshold, the oligotrophic indicator species were absent or
had low biomass, independent of the soil biota treatment. In resourcerich conditions, negative plant-soil feedback effects can be outweighed
by aboveground plant-plant competition (i.e. light limitation), as
already shown by Lekberg et al. (2018). We found this in the
phosphorus-rich mesocosms, where the fast-growing meso- and eutro
phic species probably outcompeted and overgrew the slow-growing
oligotrophic indicator species, as demonstrated by Hautier et al.
(2009). In the mesocosms with a bioavailable phosphorus concentration
below the threshold, the absolute biomass of the oligotrophic indicator
species was almost three times as high as in the mescosms with high
phosphorus availability. In these phosphorus-poor mesocosms, plantplant competition was probably lower, which enabled the oligotrophic
indicator species to survive and grow.
5. Conclusions
Phosphorus-poor soil conditions (<11.5 mg POlsen kg− 1) were
essential for most typical Nardus grassland species in our mesocosm
experiment. The upper limits of bioavailable soil phosphorus concen
trations in remnant Nardus grasslands were confirmed to be upper limits
under mesocosm conditions. Above the threshold of 11.5 mg POlsen kg− 1,
5
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the four oligotrophic indicator species’ relative biomass decreased,
probably due to competition for light by the fast-growing plant species.
We did not find an effect by the soil biota treatment on the relative
biomass of the oligotrophic indicator species, but this could have been
masked by the positive effect of soil biota inoculation on the fastgrowing plant species. We initially intended to also study the effect of
nitrogen deposition, but failed to simulate the targeted nitrogen depo
sition rates.
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