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Abstract

Excess soil phosphorus often constrains ecological restoration of degraded semi-natural grasslands in Western-Europe. Slow-
growing species, often target of restoration (measures), are at a disadvantage because they are outcompeted by fast-growing
species. Gaining insight into the responses of plant species and communities to soil phosphorus availability will help under-
standing restoration trajectories of grassland ecosystems. We set up two pot experiments using twenty grassland species with
contrasting growth forms (i.e. grasses versus forbs) and nutrient use strategies (i.e. acquisitive versus conservative nutrient
use). We quantified the nutrient use strategy of a species based on the stress-tolerance value of the CSR framework (StrateFy
et al. 2017). We grew these species (1) as monocultures and (2) in mixtures along a soil phosphorus gradient and measured the
aboveground biomass and plant phosphorus concentrations. Plant phosphorus concentration generally increased with soil phos-
phorus supply and biomass increased with soil phosphorus supply only in conservative communities. Forbs had higher plant
phosphorus concentrations compared to grasses both in monocultures and mixtures. The species’ nutrient use strategy had con-
trasting effects on plant tissue phosphorus concentrations, depending on soil phosphorus supply (interaction effect) and vegeta-
tion biomass (dilution effect). Our findings contribute to the knowledge required for successful ecological restoration of
species-rich grasslands. Our results suggest that under specific conditions (i.e. nitrogen limitation, no dispersal limitation, no
light limitation), slow-growing species can survive and even thrive under excess soil phosphorus availability. In the field, com-
petition by fast-growing species may be reduced by increased mowing or grazing management.

© 2022 The Author(s). Published by Elsevier GmbH on behalf of Gesellschaft für Ökologie. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Keywords: Semi-natural grassland; Restoration ecology; Phosphorus; CSR theory; StrateFy; Luxury consumption; Dilution effect
*Corresponding author.
E-mail address: iris.moeneclaey@ugent.be (I. Moeneclaey).

https://doi.org/10.1016/j.baae.2022.03.013
1439-1791/© 2022 The Author(s). Published by Elsevier GmbH on behalf of Ges
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Introduction

Nutrient enrichment is one of the main drivers of the deg-
radation of semi-natural grasslands in Western Europe
(Janssens et al., 1998; Klaus et al., 2011; Pywell et al.,
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2007). Increased soil nutrient availability causes a decline in
plant species richness because it promotes a few fast-grow-
ing species that monopolise light and outcompete slow-
growing species (Hautier et al., 2009) and it reduces niche
dimensionality and thus opportunities for many species to
co-exist (Harpole & Tilman, 2007). Ecological restoration
of degraded grasslands hence involves lowering soil nutrient
availability (Marrs, 1993), often by extracting nutrients with
plant biomass, thereby reinstating a no-fertilisation mowing
management (Walker et al., 2004). For many specialist and
endangered species, limiting phosphorus availability is key
(Ceulemans et al., 2011; Fujita et al., 2014; Janssens et al.,
1998; Wassen et al., 2005). However, phosphorus removal
may take decades as phosphorus is a persistent element in
the soil that represents long-lasting legacies of past fertilisa-
tion (Dupouey et al., 2002; Kepfer-Rojas et al., 2018;
Schelfhout et al., 2017). Insight into the response of plant
species and communities to soil phosphorus availability will
help in understanding restoration trajectories of grassland
ecosystems (Diekmann et al., 2015).

Plants use phosphorus for growth by building it into
nucleic acids, but species differ in their ability to acquire,
use and conserve nutrients (Reich et al., 2003). Generally,
graminoids have lower tissue phosphorus concentrations
compared to forbs (G€usewell, 2004), because leaf growth in
grasses is localised in the basal meristems, which reduces
phosphorus requirements for nucleic acids in the remaining
part of the leaf (Halsted & Lynch, 1996). The leaf econom-
ics spectrum, which runs from fast to slow return on invest-
ments of nutrients and dry mass in leaves, classifies species
along a resource-acquisition versus resource-conservation
gradient (Díaz et al., 2016; Reich, 2014; Wright et al.,
2004). High leaf nutrient concentrations are associated with
the acquisitive side of the spectrum. Species exhibiting
acquisitive traits, such as fast aboveground growth and
short�lived tissues (i.e., high specific leaf area and low leaf
dry matter content), are assumed to grow best when resour-
ces are abundant. Their high relative growth rate is posi-
tively correlated with a high concentration of phosphorus-
rich ribosomal RNA required for growth, which explains
their high tissue phosphorus concentrations (also referred to
as the ‘growth rate hypothesis’; Elser et al., 2010; White &
Hammond, 2008). On the other side of the spectrum, we
find species with lower potential relative growth rates that
are characterised by structurally tougher tissues (i.e. low
specific leaf area and high leaf dry matter content) contain-
ing less nutrients. The species that exhibit conservative
traits, tend to internally recycle nutrients and dominate in
vegetation on oligotrophic soils (Dayrell et al., 2018; Lam-
bers & Poorter, 1992).

Next to the species characteristics, the amount of phos-
phorus available in the soil may also determine the plant
responses (G€usewell et al., 2005). High soil phosphorus
availability may lead to increased phosphorus uptake by the
plant. Plants can respond with increased biomass produc-
tion, and such growth response leads to a dilution of
phosphorus in the tissue (the ‘dilution effect’, Jarrell & Bev-
erly, 1981). Plants are also able to store a surplus of phos-
phorus in their tissue that they do not need for biomass
production (‘luxury consumption’, Chapin et al., 1990). The
role of this surplus phosphorus is yet debated (A

�
gren, 2008).

In order to understand the plant-ecological basis for the
linkages between soil phosphorus supply, plant tissue phos-
phorus concentrations and aboveground biomass production
in plant species and communities, we set up two pot experi-
ments with twenty grassland species having contrasting
growth forms (i.e., grasses versus forbs) and nutrient use
strategies (i.e., acquisitive versus conservative). We grew
the species as (1) monocultures and (2) in 4-species mixtures
along a soil phosphorus gradient. We hypothesised that plant
phosphorus concentrations and aboveground biomass
increase with increasing soil phosphorus supply, yet depend-
ing on the species’ identity (i.e., growth form and nutrient
use strategy). We expected (1) higher plant phosphorus con-
centrations in forbs compared to grasses and (2) higher plant
phosphorus concentrations in acquisitive species compared
to conservative species (3) higher biomass in acquisitive
species compared to conservative species and (4) a trade-off
between the responses of tissue phosphorus concentration
and aboveground biomass, with species responding with
growth to increasing soil phosphorus supply having lower
tissue phosphorus concentrations because of a dilution
effect.
Materials and methods

Plant species

We selected twenty grassland species naturally occurring
in mesotrophic grasslands (Arrhenaterion grassland, Euro-
pean habitatcode 6510). Species were selected according to
their growth form (10 grasses and 10 forbs) and variation in
nutrient use strategy. We ranked the species along a continu-
ous leaf economy gradient from acquisitive to conservative
nutrient use, using the species’ stress-tolerance (S) value as
a proxy, following the CSR plant strategy scheme (sensu
Grime, 1977). We extracted the species’ stress-tolerance val-
ues (S = 0�67.5) from the StrateFy database (Pierce et al.,
2017), which quantifies CSR plant strategies based on leaf
traits. Species with a high stress-tolerance value represent a
conservative nutrient use strategy, and have a low specific
leaf area and high leaf dry matter content (see supplementary
S4). With this species pool, we established (1) monocultures
and (2) mixtures of four species covering a gradient in nutri-
ent use strategies. The full species list with stress-tolerance
value can be found in the supplementary (see appendix A:
Table 2 and appendix B: Fig. 5).

We purchased seeds via Rieger-Hofmann GmbH (Germany)
and Cruydt-Hoeck (the Netherlands) and germinated them on
watered glass beads in a climate chamber, with the temperature
and light regime optimised for each species’ requirements (see
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Grime et al., 1981). We sowed slow and irregular germinators
earlier than fast germinators to have equally sized seedlings for
all species at the time of planting.
Phosphorus treatment

We filled pots (5l, 23 £ 17 cm) with a potting medium
consisting of 1/5 coarse Rhine sand and 4/5 phosphorus
poor sandy loamy soil (bioavailable phosphorus ca. 7 mg/kg
soil). At the bottom of the pot, we placed a small piece of
cloth to prevent plant roots from escaping and soil from
leaking out and a small layer of lightweight expanded clay
aggregate to ensure proper drainage (see Appendix A:
Fig. 1). We added different amounts of NaH2PO4 to the soil
to create a phosphorus gradient. The soil phosphorus supply
levels (P0 to P4) ranged from no phosphorus supply, aiming
to have soil phosphorus limitation, to an excess supply of
phosphorus, with small intervals between levels at the begin-
ning of the gradient and larger intervals at the end, i.e., add-
ing 0, 25, 41, 145, 303 mg P/kg soil. Since not all of the soil
phosphorus added to the pots will be available for plant
growth, we also measured the bioavailable fraction as Olsen
P in each pot at the end of the experiments (Table S1.7).
Experimental setup

For the monocultures, we replicated each species two times
per phosphorus supply level (5 P levels x 20 species x 2 repli-
cates = 200 pots). We planted the monocultures in May 2019.
Seedlings were planted in a regular pattern and at equal distan-
ces to one another (see Fig. S1.2), so that plant density was
equal across pots. For the mixtures, we created 40 communities
representing different species compositions (5 P levels x 40
communities = 200 pots). For creating the 40 communities, we
used the following principles: (1) each community contained
two grasses and two forbs, (2) species were selected to maxi-
mise variation in the community-level stress-tolerance value,
(3) all species were equally represented across communities.
We had communities with only species with low stress toler-
ance values, communities mixing species with low and high
stress tolerance values, and communities with only species
with high stress tolerance values (range of mean S across the
communities = 1.4�55.9). We planted the mixtures in June
2019 using the same planting density as the monocultures (Fig.
S1.2). We planted each of the four species in two patches of
four seedlings and assured that every species neighboured all
the other species and was equally present in the middle of the
pot as at the borders compared to the other species.
Maintenance: irrigation and fertilisation

The mortality of seedlings was low; any dead individuals
were replaced within the first month after planting. Pots
were placed randomly on tables in the greenhouse and
watered ad libitum with a combination of irrigation and
hand watering (i.e. checked two times a week, combination
of minimum irrigation and hand watering for the most evap-
orating species/communities). The plants received an opti-
mal light regime prior to harvest. Since the focus of our
study is on the phosphorus treatment, the pots received
rather conservative nitrogen and potassium fertilisation treat-
ments (NH4NO3 and KNO3 - 50 kg N/ha). The monocul-
tures received this fertilisation one time and the mixtures
three times prior to the biomass harvests (see supplementary
Table S1.6). This conservative fertilisation treatment lead to
nitrogen limitation in the four highest phosphorus supply
levels (P1-P4) as indicated by the N:P ratio that was lower
than 10 (G€usewell, 2004) (see Appendix C: Fig. 1).
Measurements

The biomass harvest took place at peak biomass (Novem-
ber 2019 for the monocultures, June 2020 for the mixtures,
see supplementary S1.6). For each pot, all aboveground bio-
mass was cut at 2�3 cm above the soil surface, dried to con-
stant weight at 70 °C for 48 h, weighed and then ground.
We measured the total aboveground biomass (g dry mass)
per pot for the monocultures and separately measured the
biomass of each of the four species in a mixture pot. Plant
phosphorus concentration (%) was measured at the pot level
in both monocultures and mixtures. Plant phosphorus con-
centration was obtained after digesting 100 mg of the sample
with 0.4 ml HClO4 (65%) and 2 ml HNO3 (70%) in Teflon
bombs at 140 °C for 4 h. Phosphorus was measured colori-
metrically according to the malachite green procedure
(Lajtha et al., 1999).
Data analyses

All variables were expressed at the pot level: the two con-
tinuous response variables, i.e., plant phosphorus concentra-
tion (%) and plant biomass (g), the two design variables,
i.e., soil phosphorus supply (mg P / kg soil) and the stress
tolerance value expressing the species’ or mixture’s ecologi-
cal resource-use strategy. Soil phosphorus supply, i.e., the
amount of phosphorus added to a pot, was treated as a con-
tinuous variable. For the monocultures, the pot-level stress
tolerance value was simply the stress tolerance value of the
species growing in the pot. For the mixtures, we calculated
the community-weighted mean stress tolerance value per pot
by using the biomass of each species in the pot as weighting
factor, i.e. multiplying each species’ proportional biomass
(biomass of the species divided by the biomass of the total
mixture) with the species’ stress tolerance value and calcu-
late the mean of these stress tolerance values of all four spe-
cies present in the community. In addition, we calculated the
proportion of grasses (% grasses) in each mixture to
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differentiate between forb-dominated vs. grass-dominated
communities by dividing the biomass of the grasses by the
total biomass of the mixture.

All analyses were done separately for the monoculture pot
experiment and for the mixture pot experiment due to the
differences in setup and harvest dates. Hence, we fitted sepa-
rate models for monocultures and mixtures. To check for the
effect of growth form (grass vs. forb), we fitted separate
models for grass and forb monocultures (n = 100 pots for
grasses, n = 100 pots for forbs) and included the proportion
of grasses in the models for the mixtures when analysing the
mixtures (n = 200 pots). The design variables were included
as explanatory variables in the models. For the models with
plant phosphorus concentration as a response variable, we
included soil phosphorus supply as a linear and a quadratic
term because we expected plant phosphorus concentration
to saturate at higher soil phosphorus levels. For the biomass
response models, soil phosphorus supply was fitted as a lin-
ear term as we did not expect a saturating relationship. To
check for an effect of biomass on plant phosphorus concen-
tration, i.e., a dilution effect, we fitted and compared the
plant phosphorus response model with and without plant
biomass as a covariate. We show the models with plant bio-
mass in the Results section as these models yielded the high-
est fit (see Appendix D: Table 2). We also included a two-
way interaction between soil phosphorus supply and S value
to test whether the rate of change in plant phosphorus con-
centration with soil phosphorus varied with S value. To
account for the non-independence between pots containing
the same species or community, we included the identity of
the species (n = 20) or community (n = 40) as random effects
in the monoculture or mixture models. We applied linear
mixed-effects models (Zuur et al., 2009) using the function
lmer in the package lme4 (Bates et al., 2015). Model predic-
tions were made with the function effect in the package
effects (Fox & Weisberg, 2019).

In the end, we fitted six models, i.e., a model for each of
the two response variables (plant phosphorus concentration
and plant biomass) and for grass monocultures, forb mono-
cultures and mixtures. We determined the model fits by cal-
culating the coefficient of determination (R2), the proportion
of variance explained by the fixed effects (marginal R2) and
both fixed and random effects (conditional R2). The R-syn-
tax for all models can be found in the supplementary infor-
mation (Table S3.1). All data analysis was done in R
version 4.0.4 (R Core Team, 2021); graphs were made with
ggplot 2.0 (Wickham, 2016). To gain insight into the model-
ling results, we visualised the raw data together with model
predictions for particular contrasting communities, i.e. com-
posed of species with opposing growth forms or nutrient use
strategies. We chose to show the contrast between a grass-
dominated community (75% grasses) and a forb-dominated
community (25% grasses), and a conservative community
(S = 60) versus an acquisitive community (S = 0).

As we are principally interested in general patterns related to
species nutrient use strategy, we only show how plant
phosphorus concentration and plant biomass vary with S values
in the main text and not how individual species or communities
differ. However, we also explored species-specific responses
(i.e. plant phosphorus concentration and plant biomass) to soil
phosphorus supply in the monocultures. We modelled these
relationships with generalised additive models (GAM) as we
expected different forms of non-linearity in these relations,
depending on the species (see Appendix C: Fig. 2).
Results

Plant phosphorus (P) concentration response

Overall model fit was high (R2c = 0.86, 0.82 and 0.86 for
grass monocultures, forb monocultures and mixtures, see
Appendix D: Table 3). In both monocultures and mixtures,
plant P concentration increased with increasing soil P supply,
and this relation saturated at higher soil P supply levels
(Figs. 1A and 2AB). Forbs had higher plant P concentrations
than grasses (Fig. 1A and Appendix C: Fig. 3), and forb-domi-
nated mixtures had higher plant P concentrations than grass-
dominated mixtures (Fig. 2B). In both the grass and forb
monocultures, the S value and soil P supply interactively
affected plant P concentration (Appendix D: Table 3). At low
and high soil P levels, all grasses had similar plant P concentra-
tions. At intermediate P levels, acquisitive grasses (with low S)
had the highest plant P concentration (Fig. 1A left). Conserva-
tive forbs (with high S) showed a stronger increase in plant P
concentrations with increasing soil P supply than acquisitive
forbs (with low S; Fig. 1A right). In the mixtures, no such inter-
active effect between the community-weighted mean S value
and soil P supply was found (Fig. 2B). Adding biomass as a
covariate increased the model fits substantially (Appendix D:
Table 2). Plant biomass was found to have a highly significant
and negative effect on plant P concentration, i.e. species or
mixtures with high biomass had lower plant P concentrations
(Appendix D: Table 3).
Plant biomass response

In general, grasses had a higher biomass than forbs
(Fig. 1B and appendix C: Fig. 3), and grass-dominated mix-
tures had a higher total biomass than forb-dominated mix-
tures (Fig. 2B). Monoculture biomass showed no relation
with soil P supply or species’ S value (Fig. 1B); almost all
variation in monoculture biomass was explained by species
identity, for grasses (R2m = 0.02 and R2c = 0.85) as well as
forbs (R2m = 0.01 and R2c = 0.80; see Appendix D: Table
3). The mixture biomass response to soil P supply depended
on the community-weighted mean S value; mixtures with a
high S value had a higher total biomass at high soil P levels
compared to communities with a low S value (Fig. 2B). Yet,
the overall model fit was relatively low (R2m = 0.24 and
R2c = 0.31) Fig. 1 Monocultures and Fig. 2 Mixtures.



Fig. 1. MONOCULTURES - Effect of soil phosphorus supply on plant phosphorus concentration (A) and plant biomass (B). Jittered dots represent the observed data; lines represent model
predictions for an acquisitive (S = 0) versus a conservative species (S = 60) of average biomass; ribbons represent the 95% prediction intervals. The full model specifications and the esti-
mates can be found in the appendix (Appendix D: Tables 1 and 3).
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Fig. 2. MIXTURES - Effect of soil phosphorus supply on plant phosphorus concentration (A, B) and plant biomass (C, D). Jittered dots represent the observed data, lines represent model
predictions for acquisitive (S = 0) versus conservative communities (S = 60) (A,C) and communities dominated by forbs (25% grasses) or grasses (75% grasses) (B,D). All other explanatory
variables of the model were kept average when making the model predictions (i.e.; mean biomass, 50% grasses or mean community S value). Note that the observed data are the same for the
left and right panels (with small variation due to the jitter); only the predictions differ. Ribbons represent the 95% prediction interval. The full model specifications and the estimates can be
found in the appendix (Appendix D: Tables 1 and 3).
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Discussion

Variation in tissue nutrient concentrations and above-
ground biomass is expected to be determined by a combina-
tion of soil nutrient availability and species-specific
differences in growth form, physiology and life history
(Aerts & Chapin, 1999). Here, we studied how different
types of species and communities respond to soil phospho-
rus supply in regard to tissue phosphorus concentrations and
aboveground biomass. Plant phosphorus concentration con-
sistently increased with increasing soil phosphorus supply,
in both monocultures and mixtures. No parallel increase in
aboveground biomass occurred, except for the conservative
communities. In accordance with our initial expectations,
forbs growing in monoculture and communities dominated
by forbs had higher tissue phosphorus concentrations com-
pared to grasses growing in monoculture and communities
dominated by grasses. The species’ nutrient use strategy had
contrasting effects on plant tissue phosphorus concentra-
tions, depending on the amount of phosphorus supply (inter-
action effect) and the biomass of the vegetation (dilution
effect).
Increase in plant phosphorus concentration and a
limited biomass response

Contrary to what we expected, our study species did not
show an overall biomass response when we substantially
increased the availability of an important nutrient, from con-
centrations that are generally limiting (ca. 7 mg /kg Olsen P)
to levels that are 4.5 times as high (ca. 32 mg/kg). We espe-
cially expected the acquisitive, fast-growing species to show
a strong biomass response to increased soil phosphorus sup-
ply as these species are assumed to grow best when resour-
ces are abundant and fast aboveground growth is one of
their main attributes. One possible explanation for the lack
of biomass response in our study could be nitrogen limita-
tion, despite the fertilisation. The observation that only the
conservative communities showed a biomass response to
soil phosphorus supply, is consistent with this idea. Commu-
nities consisting of species exhibiting conservative nutrient
use may have overcome the nitrogen limitation because they
are able to access alternative forms of nitrogen (e.g., organic
nitrogen; N€asholm et al., 2009; Weigelt et al., 2005) or do
not need that much nitrogen because of internal reuse (i.e.,
conservative use of nitrogen; Hayes et al., 2014). An alterna-
tive explanation is related to the timing of biomass harvest
as our results represent only a snapshot in the growing sea-
son of the community and not the productivity of the com-
munity over the entire growing season. The data in the
present study are from the second cut of the growing season,
in June 2020 (the first maintenance cut occurred in April
2020). It is possible that the acquisitive species had used rel-
atively more of the resources for the first spring growth com-
pared to the conservative species (we saw several of the
acquisitive species having flowers and even seeds in early
April). In contrast, conservative species had a better
regrowth, because they may have had more belowground
biomass sustaining vital regrowth, similar observations were
reported in other pot experiments (reviewed by G€usewell,
2004). Here, we did not quantify belowground plant
responses as we did not want to perform destructive meas-
urements on the experiments. However, it would be highly
interesting if follow-up studies would quantify root biomass
(and root-shoot ratios), as plants are known to increase their
biomass allocation to roots at low nutrient supply (Poorter &
Nagel, 2000).

Although our plants showed no biomass response with
increasing phosphorus supply, we did observe an increase in
plant phosphorus concentration in all study species and com-
munities, which means that plants took up more phosphorus
than they actually used to grow. The storage of a surplus in
nutrients, in excess of immediate need for growth, is often
referred to as luxury consumption (Chapin et al., 1990) or
the more neutral term excess uptake (A

�
gren, 2008). In gen-

eral, luxury consumption is mostly found in slow-growing,
conservative plant species, as fast-growing, acquisitive spe-
cies principally use the available nutrients for immediate
growth (Chapin, 1980). However, here, all study species
showed excess uptake in response to excess phosphorus sup-
plied (see Appendix C: Fig. 2). The surplus nutrients can act
as a bet hedging strategy against potential future shortage
(Chapin et al., 1990) or play a role in functions other than
(future) growth such as plant defence (A

�
gren, 2008). Luxury

consumption can provide competitive advantage when spe-
cies monopolise the available nutrients to the detriment of
their competitors, a theory gaining empirical (see Van Wijk
et al., 2003) and theoretical support (see de Mazancourt &
Schwartz, 2012). The luxury consumption in our study is
probably a side effect of the nitrogen limitation that
restricted plant growth, which caused the excess phosphorus
to pile up in the tissue (especially for the acquisitive spe-
cies).
Low phosphorus concentrations in grasses

Grass monocultures and grass-dominated communities
had lower tissue phosphorus concentrations compared to
forb monocultures and forb-dominated communities, consis-
tent with previous empirical work (reviewed by
G€usewell, 2004). There are several possible mechanisms
that may explain this finding. First, grasses and forbs differ
physiologically: (1) leaf growth in grasses is localised in the
basal meristems, reducing phosphorus requirements for
nucleic acids in the remaining part of the leaf (Halsted &
Lynch, 1996) and (2) the cation exchange sites of plant cell
walls that regulate nutrient acquisition are less abundant in
grasses compared to forbs (Haynes, 1980), which leads to
lower concentrations of some nutrients in grasses compared
with legumes and herbs (Marschner, 1995; Pirhofer-
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Walzl et al., 2011). Second, the grass monocultures and
grass-dominated communities had a higher aboveground
biomass than the forb monocultures and forb-dominated
communities in our study. When plants grow and dry matter
accumulation increases at a faster rate than phosphorus accu-
mulation, phosphorus gets diluted in the tissue leading to
lower tissue phosphorus concentration; the dilution effect
(Jarrell & Beverly, 1981). The presence of this dilution
effect may also partly explain the lower phosphorus concen-
tration in grasses and is confirmed by the clear negative
effect of plant biomass on plant phosphorus concentration in
both monocultures and mixtures. This dilution effect has
been described in several other studies (Blondeel et al.,
2019; Hejcman et al., 2010) and occurred independently of
the soil phosphorus supply gradient in our experiments.
Contrasting effects of nutrient use strategies

The species’ or community’s nutrient use strategy had no
effect on plant phosphorus concentration when soil phos-
phorus supply was limiting. However, at high phosphorus
supply, the plant phosphorus concentration responses in our
study differed amongst species’ nutrient use strategies.
Hayes et al. (2014) also found an interaction between soil
phosphorus and species’ ecological strategy, with bigger dif-
ferences in plant phosphorus concentrations between species
of opposing nutrient-acquisition strategies when soil phos-
phorus is available in excess compared to when soil phos-
phorus is limiting.

In the monocultures, we found acquisitive grasses to have
the highest tissue phosphorus concentrations at intermediate
soil phosphorus supply, which is consistent with the growth
rate hypothesis that states that leaves of acquisitive species
contain more phosphorus-rich ribosomal RNA necessary for
growth. High tissue phosphorus concentrations are an inevi-
table consequence of fast growth as growth rate is deter-
mined by the rate of protein synthesis. Nucleic acids can
contain 30% of the total phosphorus content of a plant when
the phosphorus supply is limiting. When phosphorus is sup-
plied in excess, nutrient allocation patterns shift towards
storage and metabolically inactive tissue may play a bigger
role in explaining the measured plant phosphorus concentra-
tions ((Kerkhoff, 2006); Veneklaas et al., 2012). Plants
grown at high soil phosphorus supply may accumulate inor-
ganic phosphorus in the vacuoles (Hidaka &
Kitayama, 2011). This storage effect may be greater in
slow-growing species compared to fast-growing ones (Cha-
pin, 1980), which may explain our observation of conserva-
tive forbs having higher tissue phosphorus concentrations
compared with acquisitive forbs. On top of that, the way we
harvested our species may have contributed to this observa-
tion. We cut the aboveground biomass mimicking real-
world harvesting in a mowing management; i.e. ca. 2 cm
above ground level to allow vegetation regrowth, similar to
most other (field) studies. For grasses, this implies that we
mostly harvested the leaves (i.e., metabolically active tissue)
while for the forbs, we harvested the whole plant including
the structural tissue parts (i.e., the stems). This difference in
the type of tissue that was harvested may, at least partly,
explain the difference in the effect of nutrient use strategy
on plant phosphorus concentration response between growth
forms.

In the mixtures, we found no effect of the community’s
nutrient use strategy on plant phosphorus concentration at
any of the phosphorus supply levels. Apparently, if species
grow together in communities, the mean ecological strategy
of the present species does not influence the vegetation tis-
sue phosphorus concentration. We initially expected acquisi-
tive communities to have higher tissue phosphorus
concentrations compared to conservative communities, cor-
responding to the growth rate hypothesis. As the conserva-
tive communities in our study showed an increase in
biomass with soil phosphorus supply, dilution of the present
phosphorus in the tissue at higher soil phosphorus supply
levels may have been responsible for the similarity in plant
phosphorus concentration in acquisitive and conservative
communities.
Leaf economy gradient as proxy for nutrient use
strategy

Plant species vary in their ability to acquire, use and con-
serve nutrients (Reich et al., 2003). We used the stress toler-
ance value; i.e. S value, from the global StrateFy database of
Pierce et al. (2017) as a proxy for a species’ nutrient use
strategy. This S value is based on variation in three leaf traits
(i.e. leaf area, specific leaf area and leaf dry matter content)
and hence, represents a leaf economy gradient. The focus on
leaf traits in our study comes with a few points of attention.

First, root traits were not included in our assessment.
Pierce et al. (2017) found leaf area, specific leaf area and
leaf dry matter content to be representative for whole-plant
functional variation as described by the multivariate space
of a set of fourteen whole-plant, leaf, flowering and seed
traits. Yet, all traits considered by Pierce et al. (2017) were
aboveground traits. Complementing the leaf economy gradi-
ent with root traits such as root tissue density or root nitro-
gen content may be valuable. The conservation gradient of
the root economics spectrum ranges from roots with high
root tissue density that show a slow resource return on
investment but are long-lived and well-protected, to roots
with a high nitrogen content for fast resource return on
investment but a short life span (Bergmann et al., 2020). In
our study, we assumed that aboveground strategies may
serve as a proxy for belowground strategies. Bergmann et al.
(2020) suggested that below- and aboveground plant strate-
gies concerning resource conservation may be similar, when
not considering the collaboration gradient of the root eco-
nomics spectrum (i.e. mycorrhiza). In the context of our
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study, with plants growing for a short term in an ex-situ sub-
strate, we do not expect mycorrhizal effects to be of major
importance in explaining between-species patterns.

Second, we did not cover the entire S gradient from 0 to
100 (only 0�67.5) as a consequence of our species selec-
tion, i.e. we selected species occurring with medium to high
cover in mesotrophic grassland (see also Appendix A on
species selection). Our focus on the prevalent species ruled
out the most conservative grassland specialists. However,
our study species do represent distinct ecological profiles,
showing considerable variation in leaf traits (Appendix A:
Fig. 2 and Table 2). Specific leaf area and leaf dry matter
content are both good predictors for a species’ relative
growth rate and ecological strategy (Gross et al., 2007) and
form the backbone of our leaf economy gradient.
Implications

Due to the widespread and continued eutrophication of
ecosystems worldwide, species with conservative nutrient
use strategies are now at a disadvantage. They have become
rare and endangered and are hence target species for restora-
tion. We showed that species exhibiting a conservative nutri-
ent use strategy may survive and even thrive in a situation of
excess soil phosphorus availability. This finding is encour-
aging in the light of ecological restoration since our study
mimics to some extent the restoration context of many grass-
lands in Western Europe, i.e. having excess stocks of soil
phosphorus from agricultural legacy and nitrogen limitation
due to continued mowing or grazing management. It is,
however, difficult to translate the findings from artificial
experimental conditions to the field, amongst other things
because establishment limitation was overcome by introduc-
tion of the species as equally-sized seedlings and because
our pots did not allow for light competition. In a real-world
setting, also microbial phosphorus stocks and the interplay
between management and soil biota can play a major role in
determining phosphorus cycling (Oelmann et al., 2021). It is
well-known that in eutrophic soils, fast-growing species
generally outcompete slow-growing species due to light lim-
itation (Hautier et al., 2009). Limitation by light may be
minimised in the field with regular biomass removal
(Jones et al., 2017). For example, a recent field study
showed persistence of specialist plant species in high-phos-
phorus grasslands under a continued grazing management
(Plue & Baeten, 2021).
Conclusion

We found that species exhibiting different ecological
strategies responded differently to soil phosphorus supply,
namely, in their tissue phosphorus concentrations and
aboveground biomass. Adopting a trait-based approach
enabled us to link findings from comparative ecological
studies with insights from (eco)physiological research. Our
findings contribute to the knowledge required for successful
ecological restoration of species-rich grasslands.
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