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Abstract Phosphorus (P) is one of the main nutri-
ents for all plants, including grasses. However,
sources of P fertilizer are not renewable, are not
evenly distributed and overfertilization can lead to
serious environmental degradation. Smart combina-
tions of grasses may be able to more efficiently take
up P from soils through complementarity. In a two-
year field mesocosm experiment, we compared the
performance of Lolium perenne L. and Festuca arun-
dinacea Schreb. in monocultures and in combination,
as well as a mixture of both species with a tetraploid
variety of Lolium perenne L and Phleum pratense L.
Plants were grown in an unfertilized low P soil and in
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P fertilized soil for two growing seasons. We meas-
ured biomass production, root traits, nutrient uptake,
microbial biomass and enzymatic activities. In the
unfertilized plots the combination of Lolium perenne
and Festuca arundinacea generated the highest cumu-
lative yields (25,951 +4059 kg ha™'), relative total
yield (> 1) and P nutrition index (0.79). We related
this to the complementarity found in root traits and
lower intraspecific competition of Festuca arundina-
cea and Lolium perenne diploid. Festuca arundina-
cea produced higher root biomass than Lolium per-
enne diploid at deeper soil layers (98 vs. 44 g m™;
p <0.05). On the other hand, Lolium perenne diploid
had significantly finer roots than Festuca arundinacea
both at topsoil and bottom layers (0.19 vs. 0.22 mm
and 0.19 vs. 0.23 mm at top and bottom layers respec-
tively). The 4 species combination did not result in
higher yields. Our results show that, in low P soils,
combinations of grass species with contrasting root
traits could lead to significantly higher yields than
monocultures.

Keywords Phosphorus - Grassland - Root
morphology - Microorganisms - Complementarity
Introduction

Phosphorus (P) is one of the main nutrients for

plants and therefore essential for grassland pro-
duction (Aydin and Uzun 2005). However, P is a
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non-renewable resource that is concentrated in very
few countries (Penuelas et al. 2023). P has also been
included in the list of critical raw materials by the
European Union because of its uneven distribution
across the globe (Bertrand et al. 2016). At the same
time, overfertilization with P in the past has turned
almost 60% of European grassland soils unresponsive
to P fertilization (Recena et al. 2022) and has caused
eutrophication and degradation of natural ecosystems
(Yuan et al. 2018). It is therefore urgent to reduce the
environmental impacts of P fertilization by reduc-
ing the overall demand for P fertilizers in agriculture
without compromising agricultural production (Gar-
ske et al. 2020).

Seeding mixtures of plants can be an option to
reduce P dependency while increasing plant yields
and nutrient uptake in agricultural systems (Postma
and Lynch 2012; Xue et al. 2016). In situations of P
limitation, complementary root traits and delayed
resource access by different plants could result in
higher yields in mixtures than in monocultures (Bak-
ker et al. 2018; Oram et al. 2018). Moreover, some
grass species can facilitate the uptake of P of the
other species they are grown in combination. This
can be achieved through a change in soil chemical
properties, such as pH, due to the release of root exu-
dates, or by the promotion of soil microbial activity
that could ultimately lead to a higher P availability
(Khan et al. 2009; Xue et al. 2016; Giles et al. 2017).
Research on such mechanisms has focused mostly in
natural and permanent grasslands, yet complementary
use of P in intensively managed grasslands remains
poorly investigated.

In Europe, perennial or English ryegrass (Lolium
perenne L.) is one of the main cultivated grass species
(Rogers et al. 2019; Becker et al. 2020). This grass
species is well adapted to a temperate climate and it
provides high yields and feeding values (Becker et al.
2020). In recent years, the combination of L. perenne
with tall fescue (Festuca arundinacea Schreb.) has
gained interest because of F. arundinacea’s higher
tolerance to drought (Cougnon et al. 2014), provid-
ing a better access to water under drought events.
This quite common combination of L. perenne and
F. arundinacea, however, has received little atten-
tion as a potential way to increase P access to grass-
lands. This combination could be of special interest
in areas of the world where the inputs of P fertilizer
are expected to decline such as north-western Europe.

@ Springer

There are a few challenges related to F. arundinacea
that could inhibit its widespread cultivation in tem-
perate regions. One of its major drawbacks is its low
palatability compared to L. perenne (Cougnon et al.
2014, 2018). Moreover, the high silicon content of the
leaves of F. arundinacea results in low digestibility
(Hartley et al. 2015). To mitigate these disadvantages,
one strategy is to combine F. arundinacea in grass
mixtures with species with a higher palatability.

Here we quantified the P uptake and yield benefits
of introducing F. arundinacea in combination with L.
perenne or in association with other palatable grass
species (timothy (Phleum pratense L.) and a tetra-
ploid variety of L. perenne). We compared perfor-
mance with and without P fertilization, and investi-
gated the relationships between yields and root traits,
soil microbial activity or soil properties. We tested
the general hypothesis that F. arundinacea, with its
deeper rooting system, would facilitate access by
the grassland mixtures to P in the soil and improve
yields in low P conditions, and that this could be
related to a complementarity effect in root traits as
well as an increased P solubilization by the microbial
community.

Materials and methods
Experimental setup

We conducted a two-year (2019-2020) field meso-
cosm experiment on the campus of Wageningen Uni-
versity, The Netherlands (51.989° N, 5.657" E). The
climate at the field location is temperate maritime
(Cfb according to Koppen-Geiger classification).
Further detailed climatic information during the two
seasons can be found in the supplementary material
(Supplementary material, Fig. S1). The mesocosms
consisted of wooden boxes (0.75 m widex0.75 m
tall X0.40 m deep) that were installed in the field
(Supplementary material, Fig. S2). The boxes were
then divided in half, so each mesocosm consisted of
two plots with a surface of 0.28 m? each. The meso-
cosms had a weed control fabric on the bottom side
that allowed water to leach out but prevented roots
from exploring the soil outside the wood box, both
downwards and sideways. Two years before the start
of the experiment, the boxes were filled with a pre-
homogenised low P sandy soil from Achterberg, The
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Netherlands (51.593° N, 5.352° E). This soil is clas-
sified as a plaggic podzol (WRB) and was collected
from the top 0-0.25 m from an extensively managed
grassland that had not been fertilized with P for more
than 25 years. This soil had a low CaCl, extractable
P (0.5 mg P kg_') fraction, acidic pH (5.59) and a
cation exchange capacity of 7 cmol kg~!. More infor-
mation about this soil is available in Supplementary
material (Table S1).

L. perenne diploid (Lp2) and F. arundinacea
(Fa) were planted in monocultures and in a 50/50
combination (Lp2Fa). We used the seeding rate rec-
ommended by the seed producer (Barenbrug BV,
Nijmegen, The Netherlands) which was 4 and 6 g
seeds m~2 for Lp2 and Fa respectively. For the Lp2Fa
combination we used 50% of the recommended rate
for each grass species, resulting in 2 and 3 g m™
respectively. In addition, to improve the palatability
of the Lp2Fa grass combination, we studied a 4-spe-
cies combination (4sp) with timothy (P. pratense)
(Pp) and a tetraploid variety of Lolium perenne L.
(Lp4). Both Pp and Lp4 are considered highly pal-
atable (Balocchi and Loépez 2009; Ogle et al. 2010).
The seeding rate for each species in the 4sp treatment
was 25% of the recommended seeding rate for each
species, resulting in 1, 1.5,0.4 and 1.5 g m~2 for Lp2,
Lp4, Pp and Fa respectively. We also grew Pp and
Lp4 in monocultures to calculate the relative yield
total for the 4sp treatment. The experiment resulted in
a randomized block design with 6 plant mixtures rep-
licated 4 times, leading to 24 boxes each split in two
plots (with and without P fertilization on the north-
ern and southern sides respectively, not randomized)
for a total of 48 plots distributed over 4 blocks. Nine
harvests were performed over two growing seasons
(S1 and S2) for the above-ground plant biomass, and
roots and soils were sampled at the last harvest in the
end of the experiment. Specific dates of the harvests
can be found in the Supplementary material (Supple-
mentary material, Table S2).

All plots were fertilized with nitrogen (N) and
potassium (K). N fertilizer was added in the form of
calcium ammonium nitrate (CAN), which was added
before sowing the grasses as well as after each grass
cut, leading to a total application 350 kg N ha~! for
S1 and 311 kg N ha~! for S2. K fertilizer was added
in the form of potassium sulphate, once at the begin-
ning of each growing season, at a rate of 30 kg K ha™!
for S1 and 36 kg K ha™!' for S2. In addition, P

was applied in the form of triple super phosphate
(Ca(H,PO,),-H,0) on the northern half of each box
(P+), at a rate of 22 kg P ha™! for S1 and 50 kg of P
ha™! for S2. We increased the P application in S2 to
ensure alleviation of any P limitation in the P+ plots.
The southern side of each box did not receive any P
fertilizer (P—). Rates were based on the Dutch ferti-
lizer guidelines for grasslands (Schoonvelde et al.
2017). Detailed information on the amount of fer-
tilization treatments and sowing can be found in the
Supplementary material (Table S2). All fertilizers
used were broadcasted uniformly by hand over the
soil surface in solid granular form as provided by the
commercial suppliers.

Plant analyses

Aboveground biomass samples were taken at each
harvest (Supplementary material, Table S2) by cut-
ting grass shoots 0.05 m above soil surface. A metal
frame (0.2x0.2 m) was used as a guide to cut the
grass at the same location at each harvest. The grass
outside the metal frame was also clipped at each har-
vest and discarded. After harvesting, samples were
sorted by grass species and dried for 48 h at 70 °C.
We calculated the relative yields (RY) of the grass
species grown in the mixtures and the relative yield
total (RYT) of the full mixture [1] (de Wit 1960).

RYT = Z Yield mixture, /Mean yield monoculture,
M

where “a” represents the grass species. RY is calcu-
lated similarly but only for one of the species.

Root samples were taken at two different depths
(0-0.15 and 0.15-0.40 m) at the end of the experi-
ment using a soil core with a diameter of 30 mm.
Three cores were taken from each plot and pooled.
Roots were rinsed with water and separated from
soil using a 1 mm mesh sieve. For analyses of root
traits, a subsample of fresh roots was scanned after
being stained with a neutral red solution (0.5 g L™1).
A resolution of 600 dpi on a 0.15%0.25 m tray was
used for scanning. Root length (m) and diameter
(mm) were calculated using the software WinRHIZO
Pro (Regent Instruments, Quebec, Canada) (Ros et al.
2018). Specific root length (SRL) was calculated by
dividing root length by root biomass (m g~'). The
remaining roots were dried at 70 °C for 48 h.

@ Springer



202

Nutr Cycl Agroecosyst (2024) 128:199-215

N and P content in shoots were measured colori-
metrically in a segmented flow analyser (SFA, Skalar,
SAN™, Breda, The Netherlands) after digestion with
H,SO,/Se (Houba et al. 1995). In short, shoot sam-
ples were placed in digestion tubes with a mixture of
salicylic acid, sulphuric acid and selenium to prevent
loss of N. The sample was incubated for 2 h at room
temperature followed by heating at 100 °C for 2 h.
After the tubes were allowed to cool down, hydrogen
peroxide was added and heated at 330 °C. This step
was repeated twice. Finally, the samples were allowed
to stand overnight before homogenization and meas-
urement. Measurements were done separately for
each of the species in the grass mixtures treatments
(Lp2Fa and 4sp). The N and P content at the treat-
ment level was calculated as the weighted average
of the N and P content present in a given treatment
according to the relative biomass contribution of each
species for that treatment.

We calculated the phosphorus nutrition index
(PND) [2] (Duru and Ducrocq 1996) and the nitrogen
nutrition index (NNI) [3] (Lemaire and Gastal 1997)
in the aboveground biomass as follows:

PNI = P (%)/0.15 + 0.065 X N(%) )

NNI = N(%)/4.8 x Dry matter—"-*? 3)

Values of PNI or NNI> 1 indicate no nutrient limi-
tation and <0.8 show plant growth limitation. These
indexes were calculated on pastures at field level and
are designed to assess the direct and indirect effects
of P and N fertilization on grass growth and nutri-
tional status.

Soil analyses

Soil samples were taken at the end of the experiment
from a depth of 0-0.1 m. Representative samples
were taken using a Grass Plot Sampler (Eijkelkamp,
Giesbeek, The Netherlands) with a diameter of
23 mm. The soil cores were sampled randomly over
the soil surface of the plot and pooled after sampling
c.a. 500 g of fresh soil in each plot. Soil samples were
stored at — 80 °C for biological analyses or dried at
40 °C for 48 h for soil chemical analyses.

Soluble P, dissolved organic nitrogen (DON),
ammonium (NH,), nitrate (NO;), dissolved organic
carbon (DOC) and pH were determined on dried
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samples. For the determination of pH, soil was shaken
with a 0.01 M CaCl, solution for 2 h and measured
with a combined glass electrode. The solution was
then also used for the colorimetric determination of
the beforementioned C, N and P parameters using
a SFA (Skalar, SAN'*, Breda, The Netherlands)
(Houba et al. 2000).

Microbial C, N and P, and enzymatic activities
were measured on fresh or frozen (-80 °C) samples.
Due to technical constraints, we were not able to
measure biological variables in the Pp and Lp4 mono-
culture treatments. Microbial C and N were measured
with the chloroform fumigation/extraction method in
fresh samples (Jenkinson and Powlson 1976). Briefly,
30 g of soil was fumigated under vacuum condi-
tions for 24 h. Subsequently C and N were extracted
with 100 mL of a 0.05 M K,SO, solution for 1 h.
The measurements of C and N were performed in a
TOC analyser (Shimadzu SSM-5000A/TOC-VCSH
Carbon, Shimadzu, Kyoto, Japan). In parallel, unfu-
migated samples were also extracted as the controls.
Microbial C and N were then calculated by subtract-
ing the values of C and N in the control unfumigated
samples from the values in the fumigated samples.
Microbial P was also estimated using the chloroform
fumigation/extraction method (Brookes et al. 1982).
In short, 5 g of fresh soil were fumigated under vac-
uum conditions for 24 h. P was then extracted with
100 mL of a 0.5 M sodium bicarbonate solution at pH
8.5 for 30 min. Similarly, in parallel, P was extracted
from unfumigated samples as controls. P content was
measured colorimetrically by the molybdate blue
method (Murphy and Riley 1962). Microbial P was
calculated by subtracting the values of P in the con-
trol samples from the values in the fumigated sam-
ples. Microbial C, N and P are expressed in mg of C,
N or P kg~!. No correction factors were applied for
microbial C, N or P.

Potential soil enzymatic activities were meas-
ured on frozen soil colorimetrically using a 96-well
microplate technique (ISO 20130:2018) (Chevi-
ron et al. 2021). Enzymes linked to the C, N and P
cycle were analysed. The enzymes that were meas-
ured were p-glucosidase (BGLU; EC: 3.2.1.21),
N-acetyl-glucosaminidase (NAG; EC: 3.2.1.30),
arylamidase (ARYLN; EC: 3.5.1.5), acid phosphatase
(PAC; EC: 3.1.3.1) and alkaline phosphatase (PAK;
EC: 3.1.3.2). In short, 4 g of fresh soil were mixed
with H,O for BGLU and NAG during 10 min. For
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ARYLN, PAC and PAK, a solution of Trizma buffer
(50 mM) at pH 7.5, 5.5 and 11 respectively was used.
Soil solutions were incubated with 4-nitrophenyl
B-D-glucopyranoside 0.05 M for BGLU, 4-N-acetyl-
B-D-glucosaminide 0.01 M for NAG, L-leucine
B-naphthylamide hydrochloride 0.008 M for ARYLN
and 4-nitrophenylphosphate disodium salt hexahy-
drate 0.05 M for PAC and PAK. After incubation,
the reaction was stopped and the coloration revealed
by the addition of 0.5 M CaCl, and 0.1 M Tris at pH
12 for BGLU, NAG, PAC and PAK activities. For
ARYLN, ethanol and p-dimethylaminocinnamal-
dehyde were added (DMCA). The absorbance was
measured on a Varioskan Flash-Thermo microplate
reader (Thermo Fisher Scientific, Waltham, USA) at
405 nm for BGLU, NAG, PAC and PAK and at 540
for ARYLN. Enzymatic activities were expressed in
nmol PNP (paranitrophenol) min~! g™ of dry soil
for BGLU, NAG, PAC and PAK activities and in
B-naphthylamine min~' g~! of dry soil for ARYLN
activities.

Statistical analyses

Statistical analyses and figures were done using the
software RStudio v1.4.1717 (R Core Team 2022).
Figures were made using the R package “ggplot2”
(Wickham 2016).

The effect of plant species and time on yields,
nutrient content in the leaf, PNI and NNI were ana-
lysed by conducting a linear mixed effect model,
with the plot’s ID nested within blocks as a random
factor using the R package “Ilme4” separately on
P— and P+ plots (Bates et al. 2015). When the effect
of the plant species was significant (p <0.05) we con-
ducted Tukey’s post-hoc test using the R package
“emmeans” (Lenth 2023). When the interaction of the
model is significant, it is not possible to interpret the
effect of the plant species, as it depends on the time of
observation. In this situation, we performed Tukey’s
post-hoc test on single main effects after estimating
marginal means using the R package “emmeans”.
This allows to test the effect of factor accounting for
the interaction effect.

The effects of plant species on root morphology,
soil chemical variables and soil biological variables
were analysed using one-way analyses of variance
(ANOVA) separately on P— and P+plots including
block as a random effect using the package “lme4”

separately on P+and P— plots. When the ANOVA
showed statistical differences, p <0.05, we conducted
Tukey’s HSD post-hoc test to reveal pairwise differ-
ences between plant treatments using the R package
“emmeans”. We also performed one way ANOVAs
at a plant species level within the mixtures to under-
stand which of the grass species within the mixture
was driving P uptake or increased yields at a given
harvest. One-way ANOVA models residuals were
examined for normality, homogeneity and heterosce-
dasticity assumptions.

Over- or underyielding of the grass species grown
in mixture were tested by performing a one tailed
t-test on the RY of each species. When the RY of
Lp2 or Fa grown in the Lp2Fa mixture were signifi-
cantly (p <0.05) higher or lower than 0.5 overyield-
ing or underperformance respectively is assumed. For
the grasses grown in the 4sp mixture, over- or unde-
ryielding was assumed when Fa or Pp’s RY was sig-
nificantly higher or lower than 0.25. The distinction
between Lp2 and Lp4 in the 4sp mixture is not possi-
ble, for this reason, overyielding or underperformance
was assumed when Lp’s RY was significantly higher
or lower than 0.5.

Raw data is available at ZENODO online reposi-
tory (Velasco-Sanchez et al. 2023).

Results
Aboveground biomass and yields

The results of the mixed linear model showed
a significant effect of grass species on cumula-
tive yields (p=0.03) and a significant interaction
of grass species and harvest date (p <0.01) in the
plots that received no P fertilization (P—). After
examination of single main effects we observed
that Lp2Fa mixture showed significantly higher
cumulative yields than any other treatment, includ-
ing Lp2 (L. perenne) and Fa (F. arundinacea) in
monoculture (p <0.05) at months 14, 16 and 18
after sowing (Fig. 1). On average, Lp2Fa produced
25,950+8117 kg ha~! (mean+standard error,
n=4) of dry biomass over two growing seasons,
a 69% increase compared to the mean of all other
treatments combined (15,333 + 924, n=20). No sta-
tistical differences in cumulative yields were found
between plant treatments in the P+plots (Fig. 1).

@ Springer
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Fig. 1 Cumulative bi(?mass 30000
production of P unferti-

lized (P—) and fertilized

plots (P+) for the different

grass species mixtures. 20000
Lp2=_Lolium perenne

L. diploid, Fa=Festuca

arundinacea Schreb., 10000
Pp=Phleum pratense L.,
Lp4 =Lolium perenne L.

|
tetraploid, Lp2Fa=Lp2 2 - Lp2
and Fa combination and > 05 Fa
4sp=Lp2, Lp4, Fa and Pp @ - Eg4
combination. Bars indicate ®© 30000 P+ ~ Lp2Fa
standard errors of the mean, g = 4sp
m

n=4. Asterisks indicate
Tukey’s significant differ- 20000
ences of single main effects.

Months indicate months

after sowing 10000

The cumulative yields were also, on average, the
highest in the Lp2Fa mixture in the P- plots at the
end of season 1 (10,720 + 1242 kg ha_l) and season
2 (15,231 42882 kg ha™') yet the differences were
not significant.

The RYT was, generally, higher than 1 in all the
harvests of the P— plots for the Lp2Fa treatment but
not the 4sp treatment (Fig. 2). In the P+ plots, neither
the Lp2Fa nor the 4sp mixture resulted in consistent
RYT values above 1. The highly variable RYT values
in the P+and P— plots in June of season 1 (first har-
vest) are associated with the low yields at the first cut
of the experiment.

In the P- plots, Lp2 dominated the harvests of
season 1 and Fa dominated the ones of season 2
(Table 1). Lp2 produced significantly (p<0.05)
higher relative yields (RY > 0.5, overyielding) in the
Lp2Fa mixture than in monoculture throughout the
grass harvests of the first season (July, August, Sep-
tember and October). Conversely, Fa overyielded sig-
nificantly throughout the second season (June, August
and October). In the 4sp mixture, Lp overyielded in
the harvest of May, June and August of season 2.
Fa overyielded in the first cut of season 1, yet it sig-
nificantly underyielded (RY <0.25) in the harvest of
August, September and October in season 1 and in
May in season 2. Pp (P. pratense) also significantly

@ Springer

8 10 12 14 16 18
Months

underyielded in the 4sp mixture in the last cut of sea-
son 2.

In the P+ plots, the trends were more erratic. Over-
yielding was found for Lp2 in the Lp2Fa mixture only
in the cut of August in season 1 and underyielded in
the cut of October in season 2 (Table 1). Fa grown in
the Lp2Fa mixture overyielded in the harvests of July
of season 1 and in the harvests of May and October of
season 2. Grass species generally underyielded in the
4sp mixture grown in the P+ plots, Fa underyielded
throughout the first season (July, August, September
and October) and also in the cut of June in season 2.
Similarly, Pp underyielded in the cut of October in
season 2. Only Lp (not possible to differentiate Lp2
from Lp4 in the 4sp mixture) overyielded (RY >0.5)
in the cut of October in season 2.

Results of the mixed linear model showed a sig-
nificant effect of grass species on P nutrition (N
P~! and PNI) and a significant interaction between
grass species and season (S1 vs. S2) (p<0.01) in
the P— plots (Fig. 3). No differences were observed
between grass species at the end of S1 in P— plots,
the average N P! value was 13.49+0.36, n=4 and
the PNI values at the end of S1 were close to the 0.8
threshold for P limitation (Fig. 3, panels A and B).
At the end of S2, in the P— plots, the N P! ratio
increased significantly (p<0.05) in the Lp2, Lp4
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Jun-S1 Jul-S1 Aug-S1 Sep-S1

P+

Relative Yield Total (RYT)

Jun-S1 Jul-81 Aug-S1 Sep-S1

Fig. 2 Relative yield total (RYT) of the LpFa and 4sp com-
binations in the P fertilized (P+) and P unfertilized (P-)
plots at each harvest. S1=First season, S2=Second season,
Lp2Fa=Lolium perenne L. diploid and Festuca arundinacea
Schreb. combination and 4sp=_Lolium perenne L. diploid,

and 4sp mixtures compared to S1. Likewise, PNI
decreased significantly at the end of S2 compared to
S1 for Lp2 and the 4sp mixture in the P- plots. The
N P! ratios were significantly higher in the Lp2,
Lp4 and 4sp treatments, followed by Pp, Lp2Fa
and Fa in the P- plots (Fig. 3, panel A) and the PNI
values indicated near adequate P levels (0.8) in the
Lp2Fa and Fa treatments and strong P limitation in
the Lp2, Lp4 and 4sp combinations (Fig. 3, panel
B) at the end of S2. In P+ plots, no statistical dif-
ferences were found among grass species on N P~
or PNI and these values did not change across sea-
sons (Fig. 3, panels C and D). The PNI values in the
P+ plots were close to 0.8 in both S1 and S2, sug-
gesting adequate P nutrition (Fig. 3, panel D).

Oct-S1

Oct-S1
Harvests

Jun-S2

Oct-S2

May-S2 Aug-S2

Lp2Fa
4sp

Jun-S2

Oct-S2

May-S2 Aug-S2

Lolium perenne L. tetraploid, Festuca arundinacea Schreb. and
Phleum pratense L. combination. Bars indicate standard error,
n=4. Values of RYT > 1 indicate higher yields than monocul-
ture

When examining the differences in P nutrition at a
species level within the mixtures we observed no sig-
nificant differences in N P~! ratios of PNI by the end
of S1 and S2 in the P— and P+ plots (Supplementary
material, Table S3). In the P+ plots, the PNI values
were close to the 0.8 threshold, indicating no strong P
limitation (Supplementary material, Table S3).

We did not find strong N limitation in either
P— and P+ plots as shown by the high nitrogen nutri-
tion index (NNI) values, which were on average
higher than 0.8 (Supplementary material, Table S4).
We observed that the 4sp was the mixture with the
lowest NNI values both in the P4-and P— plots at S1
and S2 (Supplementary material, Table S4). Detailed
information on N and P nutrition as well as NNI and
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Lp2 Fa Pp Lp4 Lp2Fa 4sp

Fig. 3 Averaged nutrient uptake in P unfertilized (P—) (panels
A and B) and P fertilized (P+) (panels C and D) plots at last
harvest of season 1 (S1) and season 2 (S2). PNI=Phosphorus
nutrition index. Lp2 = Lolium perenne L. diploid, Fa= Festuca
arundinacea Schreb., Pp=Phleum pratense L., Lp4=Lolium
perenne L. tetraploid, Lp2Fa=combination of Lp2 and Fa and

PNI indexes can be found in Supplementary material,
Table S4.

Root morphology

Root biomass showed no statistical differences
between plant treatments in the P— and P+ plots in
the top soil layer (0-0.15 m) (Fig. 4, panels A and
D). SRL was found significantly lowest for Fa in
both P— and P+ plots (141 +8 and 148+ 15 m g~' for
P— and P+respectively). Root diameter was found
the highest for Fa in both P— and P+ with an average
diameter of 0.23+0.01 and 0.22+0.01 mm respec-
tively (Fig. 4, panels C and F).

In the deeper soil layers (0.15-0.40 m) we
observed significantly (p <0.05) higher root biomass

| —
a a a
_ ab
, _
[ b Z 087t
- b o
10
0.4
0 | 0.0

81 82 81 82 81 82 S1 82 S1 S2 81 82

P+ (D)

1.2

81 82 S1 82 81 82 S1 82 S1 82 81 82

Lp2 Fa Pp Lp4 Lp2Fa 4sp

4sp=combination of Lp2, Lp4, Fa and Pp. Letters indicate
significant differences among grass species after single main
effect evaluation (Tukey test, p <0.05). Brackets and asterisks
indicate significant differences between S1 and S2 (p <0.05).
Horizontal line at 0.8 in panels B and D shows threshold for
adequate PNI. Bars show standard errors, n=4

and diameter for Fa (Fig. 5, panels A, C, D and F).
The average root biomass of Fa at the deeper soil
layers was 98.14+18.61 g m~2 for the P- plots and
93.9+24.69 for the P+plots g m™2, n=4 (Fig. 5,
panels A and D). Root diameter was highest in the
Fa monoculture and lowest in the Pp monoculture in
both P— and P+ plots (Fig. 5, panels C and F). SRL
was also significantly lower in the Fa compared to the
rest of plant treatments in the P+ plots. In the P- plots,
no statistically significant differences between species
were found, yet Fa also showed, on average, the low-
est SRL (Fig. 5, panels B and E).

Root traits were also significantly correlated with
P nutrition values (Table 2). In P— plots, we observed
that PNI and P uptake were positively correlated
with top root diameter, deep root biomass and deep
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Fig. 4 Root traits in P unfertilized (P—) (panels A, B and C)
and P fertilized (P+) (panels D, E and F) plots at last harvest
in the top soil (0-0.15 m). Lp2=Lolium perenne L. diploid,
Fa=Festuca arundinacea Schreb., Pp=Phleum pratense L.,
Lp4=_Lolium perenne L. tetraploid, Lp2Fa=combination of
Lp2 and Fa and 4sp=combination of Lp2, Lp4, Fa and Pp,

root diameter. PNI was also negatively correlated
with top and deep SRL. P concentration was not cor-
related with any of the root traits in the P— plots. In
the P+ plots, P concentration and PNI were positively
correlated with top and deep SRL. Moreover, P con-
centration was negatively correlated with top and
deep root diameter and total root biomass.

Soil chemical and biological differences

No statistical differences were found between the
plant treatments for most of the soil chemical vari-
ables analysed (readily available P, DOC, DON, NH,,
NO; and pH) (Supplementary material, Table S5).
Fertilization with P roughly doubled the levels of
readily available P (CaCl, extractable P); on average
soluble P was 0.02+0.01 mg kg™! of dry soil for the

@ Springer

SRL =Specific root length. Letters are displayed when ANO-
VA’s p<0.05 and indicate statistically significant differences
between plants based on Tukey’s HSD test. Boxes describe
interquartile range, whiskers represent first and fourth quar-
tiles, the horizontal line shows the median and dots show
observations outside of the first and fourth quartiles

P- plots and 0.05+0.01 mg kg™' for the P+plots.
Plant available P (Olsen P) was also increased in the
fertilized plots, 9.76 +£0.42 versus 20.63 +0.75 mg P
kg~!. The pH of the soil was unaffected by the plant
treatments, the pH of the P— plots was 5.23+0.03
and 5.26+0.04 in the P+plots, n=24. On aver-
age, the 4sp treatment had the highest DOC values
(6.43+0.16 mg C kg™!, n=24) in the P- plots, yet the
differences were found non-significant (p =0.096).
Similarly to soil chemical variables, the effect of
the different plant treatments was non-significant
in most of the soil biological variables measured
(microbial C, microbial N, microbial P, N-acetyl-
glucosaminidase (NAG), arylamidase (ARYLN),
acid phosphatase (PAC) and alkaline phosphatase
(PAK)) with the exception of p-glucosidase (BGLU)
(Table 3). BGLU potential activity in the P- plots was
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Fig. 5 Root traits in P unfertilized (P—) (panels A, B and C)
and P fertilized (P+) (panels D, E and F) plots at last harvest
in the deeper layers of the soil (0.15-0.40 m). Lp2=_Lolium
perenne L. diploid, Fa=Festuca arundinacea Schreb.,
Pp=Phleum pratense L., Lp4=Lolium perenne L. tetraploid,
Lp2Fa=combination of Lp2 and Fa and 4sp=combination of

Lp2, Lp4, Fa and Pp. SRL=_Specific root length. Letters are
displayed when ANOVA’s p<0.05 and indicate statistically
significant differences between plants based on Tukey’s HSD
test. Boxes describe interquartile range, whiskers represent first
and fourth quartiles, the horizontal line shows the median and
dots show observations outside of the first and fourth quartiles

Table 2 Correlations between P nutrition in grasses and root morphology

Top root Top SRL (mg™!)  Top root Deep root Deep SRL Deep root Total root
biomass (g diameter biomass (g (mg™h diameter biomass (g
m~?) (mm) m~2) (mm) m~?)
P—
P (%) -0.11 -0.07 0.14 0.32 -0.27 0.13 -0.01
P uptake (kg P ha™!) 0.21 -0.40 0.56 0.57 -0.29 0.42 0.34
PNI 0.07 -047 0.49 0.58 -0.52 0.44 0.21
P+
P (%) -0.35 0.48 -0.53 -0.32 0.50 -0.52 -0.40
P uptake (kg Pha™!) -0.36 -0.12 0.19 0.41 -0.24 0.16 -0.10
PNI -0.29 0.46 -0.53 -0.24 0.46 -0.50 -0.32

Top root: 0-0.15 m, deep root: 0.15-0.40 m, PNI: Phosphorus nutrition index, SRL: Specific Root Length. Values indicate Pearson’s
correlation coefficients, highlighted in bold are statistically significant correlations (p <0.05)
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Table 3 Average values of soil biological variables measured at the end of the experiment in P (P+) fertilized and P (P—) unferti-
lized plots

Microbial C Microbial N Microbial P BGLU NAG ARYLN PAC PAK

j

ANOVA p=0.454 p=0.146 p=0.120 p=0.004 p=0.279 p=0.166 p=0.358 p=0.199
Lp2 25426+16.1  6.56+0.63 0.42+0.30 12.31+0.87b 6.15+0.77 048+0.14 64.28+392 13.11+1.44
Fa 279.04+16.41 8.88+1.56 094+0.23 13.70+0.99b 6.21+048 0.68+0.11 61.69+3.15 15.33+2.14
Lp2Fa 281.19+15.55 9.56+1.21 0.74+0.17 14.09+0.82b 522+0.87 0.72+0.07 5249+5.06 15.34+0.66
4sp 287.07+11.25 9.63+1.45 1.22+0.16 1892+1.86a 6.25+048 0.80+0.15 68.84+10.70 18.04+1.46
P+

ANOVA p=0.881 p=0.972 p=0.529 p=0.515 p=0.497 p=0.144 p=0.325 p=0.952
Lp2 280.04+15.56 8.68+3.03  0.77+0.72  13.92+0.99 6.09+1.05 0.46+0.08 56.85+3.30 14.66+3.05
Fa 281.57+6.25 934+1.66 042+031 1349+1.11 543+0.46 0.65+0.06 56.95+2.83 13.74+0.97
Lp2Fa 284.16+12.14 10.02+1.12 1.53+0.72 15.44+0.52 6.56+0.71 0.67+0.03 64.36+3.21 15.48 +0.63
4sp 271.39+16.86 9.85+248 0.48+048 15.11+1.37 5.17+0.29 0.65+0.09 63.83+4.99 14.19+3.05

Microbial biomass expressed in mg kg~! of dry soil, BGLU, NAG, PAC and PAK are expressed in PNP min~! g~! of dry soil and
ARYLN is expressed in f-naphthylamine min~! g=! of dry. In bold, significant effect (p <0.05) of the plant treatment, ANOVA. Dif-
ferent letters indicate significant differences among plants (Tukey’s HSD post-hoc test). Values indicate mean + standard error, n=4.
Lp2=Lolium perenne L. diploid, Fa=Festuca arundinacea Schreb., Lp2Fa=combination of Lp2 and Fa and 4sp =combination of

Lp2, Fa, Phleum pratense L. and Lolium perenne L. tetraploid

BGLU B-glucosidase, NAG N-acetyl-glucosaminidase, ARYLN arylamidase, PAC acid phosphatase, PAK alkaline phosphatase

the highest for the 4sp treatment (18.92+1.86 PNP
min~! g7! of dry soil, n=4). The 4sp treatment also
showed the highest average of microbial C, N and P
biomass and highest NAG, ARYLN, PAC and PAK,
yet these differences were found non-significant.

Discussion

Root traits and reduced intraspecific competition
improve P nutrition

The aim of this experiment was to evaluate the intro-
duction of F. arundinacea (Fa) in grass mixtures
with L. perenne (Lp) alone or with other grass spe-
cies (tetraploid variety of Lp and P. pratense (Pp)) to
improve P acquisition and therefore reduce depend-
ency on P fertilisers. We hypothesized that Fa,
because of its deeper root system, could potentially
explore and make use of more stocks of P compared
to other grass species. Our results confirm our initial
hypothesis showing a significantly higher cumula-
tive biomass production in the Lp2Fa treatment com-
pared to the Lp2 or Fa monocultures (Fig. 1) and a
RYT consistently greater than 1 in the plots with no P

@ Springer

fertilisation (P—), indicating overyielding (Fig. 2 and
Table 1).

The increased cumulative yields and RYT of the
Lp2Fa combination can be explained by a comple-
mentary use of resources over time and space and
lower intraspecific competition. During the first sea-
son Lp2 grown in the Lp2Fa mixture significantly
overyielded compared to the monoculture, whereas,
in the second season, Fa was the species that ove-
ryielded (Table 1). During the first season, Lp2, a
faster-growing grass (Finn et al. 2013), possibly ben-
efited from more available P, as shown by the ideal
PNI values (Fig. 3, panels B and D). Lp2 also could
have benefited from a lower intraspecific competition,
as the seeding rate was reduced in the Lp2Fa com-
pared to the monoculture (2 vs. 4 g m~2). Conversely,
at the end of the second season, Fa, a slower-grow-
ing grass (Gastal et al. 2010), caught up and started
to benefit from its distinct root traits and associated
increased access to more nutrients (Cougnon et al.
2014) (Table 2). Likewise, Fa could also have ben-
efitted from a lower intraspecific competition, as the
seeding rate in the mixture was also reduced com-
pared to the monoculture (3 vs. 6 g m™2).

We argue that the Lp2Fa mixture benefited from
the niche complementarity of Lp2 and Fa, which
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ultimately also facilitated P nutrition. By the end
of the experiment, irrespective of the P fertilization
regime, Lp2 in monoculture had consistently and sig-
nificantly finer roots than Fa (Figs. 4, panels C and F
and 5, panels C and F) and Fa had significantly more
root biomass at deeper soil layers (Fig. 5, panels A
and D). Finer roots because of an associated higher
specific root length (Eissenstat 1992; Tshewang et al.
2022) and deeper root biomass because of increased
access to nutrient pools (Ros et al. 2018) have been
suggested as relevant for P uptake in grass mix-
tures. Our results are in line with previous research
in which Fa was shown to have higher root biomass
at deeper soil layers (Cougnon et al. 2014, 2017; Ros
et al. 2018) and relatively thick roots (Cougnon et al.
2017). The higher root biomass in the deeper soil lay-
ers potentially allowed Fa to keep up P uptake under
limiting conditions in both monoculture and when
grown in the Lp2Fa mixture (Fig. 3 and Table 2).
This was not the case for Lp2 in monoculture, which
was strongly P limited as shown by the PNI and N P~!
values at the end of season 2 (Fig. 3, panels A and B).
In this case, the higher intraspecific competition in
the monoculture could have resulted in a decrease in
P acquisition, as also shown in global meta-analyses
(Adler et al. 2018; Zhu et al. 2023).

We also hypothesized that an increased comple-
mentarity between roots would result in a higher P
uptake and yields under P limitation in the mixture
with 4 species (Bi et al. 2019). However, when we
introduced Fa in the more palatable 4sp mixture, we
did not observe any increased yield or RYT com-
pared to the monocultures (Figs. 1 and 2). In fact, we
observed underyielding for some of the species in
the mixture at many of the harvests, particularly for
Fa (Table 1). Other studies have also demonstrated
that increasing the number of species in a grass mix-
ture does not necessarily result in increased yields
(Mangan et al. 2011; Roscher et al. 2011) and that
high interspecific competition could result in lower P
uptake in grasslands (Guiz et al. 2018).

The adaptation of Fa in different types of soils
should be considered. In our mesocosms, we used a
homogeneous sandy soil with a low P content. It is
unknown how different grasses would react in soils
with a finer texture or different P availability dis-
tribution, as these variables are important for root
traits and plant growth (Becker et al. 2020). Moreo-
ver, we found contrasting correlations for the P+and

P— plots, suggesting different root pathways of P
acquisition depending on soil P status (Table 2). Like-
wise, previous studies have proposed that different
root traits, such as root diameter and length, are influ-
enced by soil P availability (Ros et al. 2018; Kumar
et al. 2019), aligning with the observed differences
in correlations presented in Table 2. Lastly, concerns
of Fa palatability should be taken into considera-
tion when examining the higher yields of the Lp2Fa
mixture under P limitation. Nevertheless, newer vari-
eties of Fa are considerably improved in palatabil-
ity (Becker et al. 2020; Kindiger 2021). Moreover,
post-harvest techniques, such as silage, are known to
increase the nutritional value of harvested grass (Per-
atoner et al. 2011). In this sense, Lp2Fa could be an
interesting grass mixture in situations of P limitation.

Contribution of soil microorganisms towards P
nutrition

Soil microorganisms are able to solubilize poorly
soluble forms of P and eventually increase the plant
available pool of P (Khan et al. 2009; Richardson and
Simpson 2011). As such, we hypothesized that soil
microorganisms could improve the uptake of P by
grasses in situations of P limitation. However, we did
not observe any relationship between microbial activ-
ities (enzyme activities) or microbial biomass with P
uptake in both P+and P— plots. Our results indicate
that none of the species studied contributed to signifi-
cantly change the microbial community of the soil in
a way that resulted in higher yield or P mobilization.
We did observe that, in the P— plots, the 4sp treat-
ment resulted in significantly higher BGLU activities.
There was also a trend for increased microbial C, N
and P biomass and increased ARYLN, NAG, PAC
and PAK activities compared to Lp2, albeit non-sig-
nificant. This might be related to an increased inter-
specific competition between grass species in the 4sp
treatment (Bybee-Finley et al. 2022). For example,
the Pp species was well established in the 4sp mix
early in the experiment, with an initial RY of 0.49,
indicating neither over nor under-yielding. At the
end of the second season, however, at the time of soil
sampling, Pp had almost entirely been outcompeted,
and had therefore likely provided additional biomass
available for microbial degradation. So, higher turno-
ver of organic material because of a higher competi-
tion among species could have caused the increased
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microbial activities and biomass (Schofield et al.
2019; Sun et al. 2021). Moreover, a higher species
diversity could have resulted in a higher exudation of
organic compounds that might have stimulated micro-
bial activities (Steinauer et al. 2016).

Measuring soil microbial activities and biomass
throughout the growing season might have yielded
different results as the activities of soil microorgan-
isms could be time-dependent (Gao et al. 2021).
Other P related enzymes, such as phytase, could
have also dominated the P release from poorly solu-
ble P forms (Rizwanuddin et al. 2023) and their
effects might have been different depending on the
most abundant poorly soluble P species in the soil
(Velasco-Sanchez et al. 2024). Activities could also
have been markedly different at deeper soil layers,
where the root biomass was dominated by Fa (Fair-
banks et al. 2020). Similarly, measuring arbuscular
mycorrhiza fungi (AMF) colonization could have
also explained the differences between grass species,
yet preliminary measurements during the first season
showed no statistical differences.

Conclusion

We tested grass mixture combinations containing F.
arundinacea as a way to reduce the inputs of P ferti-
lizer in intensively managed grasslands. We hypoth-
esized that F. arundinacea, because of its deeper root
system would be able to access more P than other
grass species. We also postulated that in a situation of
P limitation soil microorganisms would be of impor-
tance to achieve high yields. Our results showed that
the combination of L. perenne diploid and F. arun-
dinacea resulted in significantly higher yields than
the monocultures possibly because of the contrasting
root systems of L. perenne diploid and F. arundina-
cea and the ability of F. arundinacea to withstand P
limitation. On the other hand, we did not observe any
contribution of the soil microbial community towards
higher yields or P mobilization.

More research is needed on the combination of
L. perenne diploid and F. arundinacea to allow
its widespread use as a P limitation tolerant grass
mixture. In particular, further experiments should
aim to better understand the palatability issues of
Fa, potentially including grazing animals in their

@ Springer

experimental design. Moreover, experiments con-
ducted on different soils that account for verti-
cal heterogeneity of soil properties. Lastly, further
experiments should also focus on exploring the
role of soil microorganisms on P cycling at the
deeper soil layers where F. arundinacea was pre-
dominant. We conclude that a combination of L.
perenne and F. arundinacea species in intensively
managed grassland could lead to the alleviation of
P limitation and higher yields in situations of low P
availability.
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