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Abstract

The phosphorus nutrition index (PNI) method proved to be suitable for diagnosing P nutrition level over a wide range of
grass swards. It is based on relative nutrient concentrations and relies on a critical curve for optimum P concentration which
is a function of sward N concentration. The objectives of this paper were to verify to what extent this method was valid for P
nutrition diagnosis when white clover was present in the sward in view of the fact that white clover N concentration is frequently
reported to be much higher than that of grass and to remain constant whatever the amount of biomass produced.

For this purpose we analysed the effect of N addition on N and P concentrations in white clover and rye grass grown in pure
stands with unlimited P supply in a garden collection and compared it with clover behaviour in a field experiment on a natural
grassland with a similar P status.

Clover displayed a different affinity for P according to whether it grew in a pure or mixed sward. In a pure stand, we
observed a very significant effect of N on N and P concentrations measured in individual organs and whole plants; the highest
N concentrations were measured in clover. This species behaved differently from ryegrass: for a given level of N supply, plant
N concentration decreased when petioles were added to the laminae samples, while P concentrations remained constant; for
rye grass both N and P concentrations decreased when sheaths were added to laminae. Clover in mixed swards had a lower F
nutritional status than when grown in a pure stand, due to its lower capacity to compete with grasses for light capture and P
acquisition.

Analysis of data from the literature demonstrated that differences in response between clover and grass were more pronounced
under limited P supply, when clover displayed a lower ability than grasses to adjust P concentration to that of N due to its lower
capacity to adapt to low P availability. As a consequence it became even less competitive.

We concluded that there are limitations to the use of nutrient diagnosis systems based on relative concentrations when the
herbage contains a large proportion of white clover and proposed that only the non-clover fraction should be used for diagnosis
to avoid excessive P application when PNIs are used for fertiliser recommendations.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Diagnosis; Grassland; Nutrition index; Phosphorus; White clover

1. Introduction

* Corresponding author. Tel#33 561 285020; .
fax: +33 561 735537. In most temperate areas, sustainable management of

E-mail address: cjouany@toulouse.inra.fr (C. Jouany). grassland ecosystems has to deal with evaluation and

1161-0301/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.eja.2004.06.001



274

C. Jouany et al. / Europ. J. Agronomy 21 (2004) 273-285

management of phosphorus (P), which is the secondical curve, expressed in percent. In practice indices

nutrient limiting production after nitrogen (NAEérts
and Chapin, 2000 Within the general context of en-

vironmental and economic concerns, accurate man-

vary between values above 100 (signifying an ade-
guate or excessive P level) to below 60 (indicating se-
vere P deficiency)Duru and Ducrocq (1997gpplied

agement of mineral resources becomes a priority: P this method to diagnose a set of natural swards with

fertilisation is not always required, the aim being to
match the amount of P supplied from the soil with
plant demand, which is mainly governed by the rate of
fertiliser N (Whitehead, 1995 In these situations, ad-
visory services recommend the exploitation of accu-
mulated P in surface soil layers built up over the years
from organic or mineral inputs applied in the seventies
(Tunney et al., 199yinstead of fertiliser application.

severe P deficiency and showed that this index gives
an accurate diagnosis of the P nutrition level during
growth, albeit after the event. In practice, index val-
ues are used by extension services to make fertiliser
recommendationsThélier-Huché et al., 1999

However, the question remains as to what extent this
approach can be used to diagnose P nutrition level for
mixed swards where white clover N concentration is

For this purpose, appropriate diagnostic systems much higher than that of the grass fractidiackay

are needed in order to manage fertilisation accord-
ingly. Methods based on nutrient concentration ra-
tios in plant tissues have been developed for alfalfa
(Walworth et al., 198pand perennial ryegrass swards
(Bailey et al., 1997a, 2000 These approaches are
more reliable than those based on a single critical
concentration, which varies with crop age and with
the concentrations of other nutrientirfkerton and
Randall, 199%as a consequence of mineral dilution in
the process of biomass accumulation. For N, a critical
curve has been proposed which gives the optimum N
concentration for different levels of biomass accumu-
lation in swards and serves for diagnostic purposes:
for a given sward biomass, a nitrogen nutrition index
(NNI) is defined as the ratio of measured N concen-
tration to its respective optimum value obtained from
the critical curve expressed in percent efnaire et
al., 1989.

For P however,Duru and Thélier-Huché (1997)
demonstrated that there is no single critical curve as
found for N, since the variation in optimum P con-
centration during sward growth is dependent on the N
application rate. So the critical P concentration of the
plant cannot be determined independently from its N
concentration. Consequentluru and Thélier-Huché
(1997)proposed the following relationship: R¥amum
= 0.15+ 0.065 N%easuregWhich provides at a given
time, the minimal P concentration in sward needed to
produce maximum dry matter as a function of its N
concentration. This relationship remains linear within

the range of N and P concentrations observed in grass-

lands.Duru and Ducrocq (1997alculated phospho-
rus nutrition index (PNI) as the ratio of R%asuredn
the given sward to P3gtimum Obtained with the crit-

etal., 199%and remains constant whatever the amount
of biomass produced{nclair et al., 1995 In order to
answer this question, we verified under non-limiting
P supply first for pure stands then for a mixed sward,
whether or not white clover is able to adjust P concen-
tration to its N concentration with the same relation-
ship as for grasses. Lots of references exist on mixed
swards containing white clover, but few data are avail-
able on clover itself in pure or mixed swards.

Our objectives were: (i) to evaluate, under
non-limiting P supply, the effect of N addition on N
and P concentrations of clover and rye grass grown
in pure stands. For this purpose analyses have been
performed on separate organs (laminae and petioles,
laminae and sheaths); (ii) to analyse white clover re-
sponse to N in mixed swards and compare it with data
obtained from pure stands; (iii) to evaluate the valid-
ity of the PNI method in the presence of white clover,
by comparing indices measured on mixed swards and
those obtained for clover-free stands, within a wide
range of clover contents.

This work relied on two experimental fields: a gar-
den collection and a long term field experiment set up
on a natural grassland, where fertilisation treatments
have differentiated a wide range of white clover con-
tents.

2. Materials and methods
2.1. Pure stands

The garden collection was set up on an experi-
mental field located in Auzeville, France °dBE,
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43*5'N). The altitude is 150m above sea level; an- and autumn and the field had received no mineral
nual mean precipitation is 700 mm and temperature fertiliser for the last 10 years.

13°C. The soil, a clayey loam is a fluvisol devel- At the outset of the experiment in 1998, white clover
oped on molasse sediments, a tertiary deposit comingestimated with the quadrat points methdsrdwn,
from the Pyrénées. Its pldwer (0-10cm) was 8.0; 1954, represented 7.9% of the total species present in

organic matter content 16 mgkésoil; total N con- the grassland.

centration 1.0 mg kgtsoil; available P concentration The experimental design was chosen to study
50 mg kg !soil (Olsen et al., 195¢and total P con-  under frequent defoliation, the effects of N and P
centration 0.65 g kg! soil. supplied as 4 treatments, NOPO, NOP1, N1PO and

Rye grass and clover pure stands were sown in N1P1, where 0: nil, P1: 50kghda~! supplied as
November 2000. The experimental design was chosenmonocalcium phosphate at the beginning of spring
to study the effects of N supplied as two treatments growth; N1=100kghala! and 50kghalat,
with a non-limiting P supply: NOP1 and N1P1, where supplied as NBNOs, for spring growth and sum-
0: nil and N1: 100 kg hal a1, supplied as NENOs mer re-growth, respectively. A uniform application
for the first and second growth cycles; an ample supply of 400kgK ha'a™!, supplied as KCI, and 1000 kg
of P was provided, 250 kg hd a1, as monocalcium  CaOhala~! was given to all plots in order to main-
phosphate at the beginning of spring growth, as well tain unlimited K supply to the sward and prevent
as K (250 kg hal a1, as potassium chloride). Ample acidification of the soil. The plots (4 5m) were
water was provided through irrigation. The plots (1m arranged in four randomised blocks; each data value
x 1m) were arranged in three randomised blocks; is the mean of four replications.
each data value represents the mean of three replica- Plots were cut three times a year for the four treat-
tions. ments; an extra NOPO treatment was added with dif-

Rye grass and white clover were hand-harvested ferent cutting regimes: two cuts per year, the first cut
during the second cycle, on 10 May 2003; for rye for spring growth being omitted.
grass biomass harvested on 02 mas sorted be- The data analysed were obtained on the spring
tween laminae and sheaths, for white clover 25 growth and summer re-growth, representing at least
laminae and their petioles were sampled per plot. 70% of the total annual production for the years 1998,
Laminae and petioles, as well as sheaths and laminae1999 and 2000. For 1999 and 2000, the first cut took
were separated with a blade; clover stolons were not place in late April or early May, with another 6 weeks

sampled. later. Dry matter yield was measured on each plot by
cutting the sward within a 0.25m 0.75m quadrat
2.2. Mixed stands with edging shears.

In 1998, autumn re-growth showed significant

The field trial was established on a permanent white clover invasion, so biomass samples taken after
pasture located in the southern Massif Central at this were sorted into two fractions: non-white clover
Gramond, France (23E°; 44°14'N). The altitude is and white clover. For clover, stolons were always
607 m above sea level, average annual precipitation isabsent from the biomass harvested. Bulk samples or
960 mm and annual mean temperature is°6.9The fractions were oven dried at 8C for 48 h; white
soil, a sandy loam, is a luvisol developed on mica clover contribution to the total biomass was calcu-
schist. Its pHiater (0-10cm) was 5.3; organic mat- lated and expressed as a percentage on a weight
ter content 47.1mgkdt soil; total N concentration  basis.
2.53 mg kg !soil; extractable P 44 mg kdsoil (Olsen
et al., 1953 and total P concentration 0.8gkh 2.3. Measurements
soil. This soil exhibits features characteristic of a
permanent grassland, with high organic matter and Total P concentration was determined on oven
N contents and large P reserves ascribed to frequentdried (80°C) ground milled herbage (0.5 mm) after
basic slag inputs in the 1970s. Before the experiment wet digestion in HSO;—H20O, using the malachite
started, two hay cuts were taken each year in spring green method\an Veldhoven and Mannaerts, 1987
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Total N concentration was determined with a CN 3. Results
gas analyser (LECO Corporation, St. Joseph, M,
USA). 3.1. N and P concentrations in pure stands
For pure stand samples, analysis were performed _ o
on separated organs: folioles and petioles for clover, \We noticed avery significant effect_of _N_SUPPW on
laminae and sheaths for ryegrass. For Gramond sam-N and P concentrations measured for individual organs
ples, total N and P concentrations were measured on@s Well as whole plant$X(< 0.001). Those concentra-
both fractions (clover and non-clover) at all dates for tions are higher for plots receiving Ngbles 1 and p
NO treatments and only two dates out of five for plots We also observed a very significant effect of the organ
given N, since the amount of clover was too low for analysed on N concentrations measured on separated
measuring both N and P concentrations. parts, and of species when concentrations were cal-
Phosphorus and N concentrations were measuredculated for whole plantsH < 0.001). Whatever the
on each organ or fraction separately then weighted by treatment, highest N concentrations were measured

the relative contributions of each biomass to the total On clover plants; within one species and treatment,
for calculating N and P concentrations of the whole owest N concentrations were measured on sheaths

plants or mixed swards. and petioles. There was no effect of organ or species
Ducrocq (1997)with the following relation: whole plants. IrFig. 1, P concentrations were plotted

against N concentrations for folioles and laminae and
0 whole leaves, i.e. folioleg- petioles and laminag-
PNI = (Wﬁ x 100, with sheaths.
fptimum For rye grass, whatever the treatment or fraction
P%optimum = 0.15+ 0.065N%neasured analysed, points were positioned above the critical
curve, indicating non limiting P supply during growth.
Statistical analysis was performed witBtatistix The graph showed that ryegrass was able to adjust P
(1996) and comparison of means were carried out uptake to N uptake when N supply increased between
with Bonferroni-test. NO and N1 treatments; co-dilution of P and N took
P%ptimum = 0.15+ 0.065 N%neasured which pro- place.
vides at a given time, the minimal P concentration  For white clover when folioles only were analysed,
in sward needed to produce maximum dry matter as the points did not lie on the critical curve, the separa-
a function of its N concentration. This relationship  tion being maximum for the NO treatment. When peti-
remains linear within the range of N and P concen- oles were added, the experimental points moved closer
trations observed in grassland3uru and Ducrocq  but remained below the critical curve. This species
(1997) calculated phosphorus nutrition index as the showed different behaviour from ryegrass: for a given
ratio of P%neasuredn the given sward to PYtimum- level of N supply, N concentration decreased when

Table 1
Nitrogen concentration (mgg dry matter) measured in white clover and ryegrass organs and whole plants

Treatment Rye grass White clover Ryegrass whole plant White clover whole plant

Sheaths Laminae Petioles Folioles

NOP1 93 a 16.3 a,b 22 a 46.2 b 149 a 375b
N1P1 242 b 386 ¢C 336 a 54 b 336 b 469 b
N effect ok ok N effect o
Organ effect  *** o Species effect ***

Figures within one species followed by the same letter are not significantly different by BonferronRi-+te$t.001. Significance of N,
organ and species effect.
** P < 0.001.
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Table 2
Phosphorus concentrations (mglgdry matter) measured in white clover and ryegrass whole plants

Treatment Rye grass White clover Ryegrass whole plant White clover whole plant

Sheaths Laminae Petioles Folioles

NOP1 2.8 3.0 3.4 3.4 3.0 3.4
N1P1 4.0 4.2 45 4.3 4.1 4.3
N effect ok o N effect o

Organ effect NS NS Species effect NS

Figures within one species followed by the same letter are not significantly different by BonferronRi+te€.001. Significance of N,
organ and species effect.
% P < 0.001; NS: not significant.

petioles were added to the leaf samples, while P con- summer re-growth 1999. By the 2000 harvests, white

centrations remained constant. clover had totally disappeared from plots supplied
White clover laminae as well as whole plants (lam- with N as well as from plots managed with late cuts

inae+ petioles) were able to adjust their P concentra- (Table 3).

tions when N supply increased from NO to N1, but not ~ Nitrogen and P concentrations determined on white

to the same extent as for ryegrass. These results sug-<clover and non-white clover fractions are shown in

gest that white clover was less capable than grasses toTables 4 and 5. Results indicate a very significant ef-

adjust P uptake to its N concentration. fect of the fraction analysed on N concentration for
the four dates (P < 0.001) and a significant effect
3.2. N and P concentrations in mixed swards of added N at the first harvest. For a given date and

treatment, the N concentration measured on the white

Within mixed swards, white clover content de- clover fraction was always higher than that of the one

creased under mineral N application and cutting without clover; the differences were very significant
regime; maximum contents were observed for the (P < 0.001).

P concentration (mg g™)
6.0 -

Critical curve

5.0 1

4.0 A

3.0 1

2.0

1.0

0- O T T T T T 1
0 10 20 30 40 50 60

N concentration (mg g

Fig. 1. Relationship between P and N concentrations measured on pure stands for ryegrass laminae (O, ®) and laminae + sheaths (¢, #)
white clover folioles (A, A) and folioles + petioles (T, m) for NO (open symbol) and N1 (solid symbol) treatments (mgg~2); (mean & SE.,
n = 3). The critical curve indicates the optimum P concentration: PY%gptimum = 0.15 + 0.065 N%measured (Duru and Thélier-Huché, 1997).
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Table 3
Proportion of white clover in dry matter
Treatment Number 1998 1999 2000
of cuts Autumn SE.  Spring SE.  Summer SE. Spring SE.  Summer SE.
per year re-growth growth re-growth (%) growth re-growth
NO
PO 2 6.3 (09) NA 8.7 (36) NA NA
PO 3 17.8 (27 174 (36) 244 (34) 171 (25) 123 4.2
P1 3 271 41 241 (2.3) 433 (2.7) 164 (2.6) 16.9 33
N1
PO 3 47 1.4 07 02) 65 (25) NA NA
P1 3 41 23 17 0.7) 44 (1.3) NA NA

SE: standard error of mean (n = 4); NA: clover absent.

There was a significant effect of P supply on P con-
centration for both cutsin 2000. For each harvest date
we observed a significant effect of the fraction anal-
ysed; average P concentrations measured on the white
clover fraction were always|ower than those measured
on the one without clover. Phosphorus supply resulted
inincreased herbage P concentration but had no effect
on dry matter production.

In Fig. 2, P concentration was plotted against N
concentration for both fractions. There was a linear
rel ationship between N and P concentrations measured
onthenon-clover fraction, indicating that P uptake was
regulated by N uptake; al the points were well above
thecritical curve. Thisresult confirmed that non-clover

Table 4
Nitrogen concentration (mgg~! dry matter)

speciesreceived an excessive P supply, which resulted
in luxury consumption.

Meanwhile, al but two of the experimental points
for white clover were located below the critical curve,
suggesting that this species grew under a more limited
P supply than did the grasses.

In practice, an increased white clover fractionin the
sward resulted in a higher herbage N concentration
and a decrease in P concentration.

3.3. Phosphorus nutrition indices (PNI)

Data collected on Gramond field were used to eval-
uate the validity of the PNI method, by comparing

Treatments ~ Autumn re-growth Spring growth Summer re-growth Spring growth Summer re-growth
1998 1999 1999 2000 2000
White Non-white ~ White Non-white ~ White Non-white ~ White Non-white ~ White Non-white
clover clover clover clover clover clover clover clover clover clover
NO
PO 382ab 323b 36.2 a 236 b 324 a 219b 426 a 247 b 326 a 166 b
P1 40 ab 34.2 ab 366a 230b 3l.7a 216b 428a 242b 304a 159b
N1
PO 42.7a 34.1ab NA NA 331la 230b NA NA NA NA
P1 418 a 37.1ab NA NA 338a 222b NA NA NA NA
N effect * NA NS NA NA
P effect NS NS NS NS NS

Figures within one cut followed by the same letter are not significantly different by Bonferronni-test P < 0.001. Significance of N, P and

fraction effect.
* P < 0.1; (NS: not significant); NA: clover absent.
** P < 0.001.
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Treatments  Autumn re-growth Spring growth Summer re-growth Spring growth Summer re-growth
1998 1999 1999 2000 2000
White Non-white ~ White Non-white ~ White Non-white ~ White Non-white ~ White Non-white
clover clover clover clover clover clover clover clover clover clover
NO
PO 25c 4.9 ab 37a 41 a 29a 35a 33b 39 ab 23b 33ab
P1 24c 4.8 ab 41 a 43 a 3la 41 a 44 a 44 a 2.6 ab 35a
N1
PO 26¢C 54 a NA NA 29a 35a NA NA NA NA
P1 3.1 bc 53a NA NA 28a 37a NA NA NA NA
N effect * NA NS NA NA
P effect NS NS NS R *
FI’aCtIOI’] kkk ek skkk * skokok

Figures within one cut followed by the same letter are not significantly different by Bonferronni-test P < 0.001. Significance of N. P and

fraction effect NA: clover absent.
* NS: not significant P < 0.1.
** P < 0.01.
P < 0.001.

indices calculated for mixed swards or clover free
stands, within a wide range of clover contents.
Phosphorus nutrition indices calculated for the
mixed sward and the non-clover fraction are presented
in Table 6. N supply affected PNI values at the first
harvest; P supply affected the PNI values at three out

P concentration (mg g™)
6.0 -

y =0.096x + 1.8
5.0 A
4.0 A
3.0

2.0 A

O NOPO @ N1PO

ONOP1L mN1P1L

1.0 A

0.0 T T

of five harvest dates. For a given treatment and frac-
tion analysed, PNIs were higher for plots supplied
with P except for 1998 autumn re-growth.
Irrespective of the fraction analysed and harvest
date, the indices were quite high and consistent with
soil P availability levels; they indicated non-limiting

Critical curve

0 10 20

30 40 50 60

N concentration (mg g'l)

Fig. 2. Relationship between P and N concentrations measured for clover and non clover fractions in mixed swards under different N and
P supply regimes (mgg~1). The critical curve indicates the optimum P concentration: P%optimum = 0.15 + 0.065 N%measured (Duru and

Thélier-Huchg, 1997).
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Table 6

Phosphorus nutrition index calculated for mixed sward and non-clover fraction

Treatments  Autumn re-growth Spring growth Summer re-growth Spring growth Summer re-growth
1998 1999 1999 2000 2000
Mixed Non-clover Mixed Non-clover Mixed Non-clover  Mixed Non-clover  Mixed Non-clover
sward fraction sward fraction sward fraction sward fraction sward fraction
NO
PO 122 ab 137 ab 126 a 134 a 110 b 120 ab 114 b 125 ab 113 b 128 ab
P1 109 b 129 ab 131a 142a 115ab 140 a 135ab 144 a 122 ab 135a
N1
PO 140 a 144 a NA NA 113 b 115 ab NA NA NA NA
P1 132ab 135ab NA NA 123ab 126 ab NA NA NA NA
N effect *** NA NS NA NA
P effect ** NS * o NS
Fraction KKk * * * *k

Figures within one cut followed by the same letter are not significantly different by Bonferronni-test P < 0.001. Significance of N, P and

fraction effect.
* P < 0.1; (NS: not significant); NA: clover absent.
** P < 0.01.
% P < 0.001.

P supply for the sward: plants were never deficient in
P. However, for each harvest date and treatment, we
observed a significant effect of the fraction considered
for the index calculation. The average PNIs calcu-
lated on the non-clover fraction were always higher
than those obtained for the mixed one. For a given
sward, when we calculated the difference between

40 -

30 -

20 -

10 -

PNI nonclover fraction —PNI mixed sward

PNI for non clover fraction and PNI for mixed sward,
we observed that this value increased with the clover
content of the sward (Fig. 3). Consequently, PNI
calculated from mixed sward concentrations resulted
in an underestimation of the sward P nutrition level
when the clover contribution to the sward was more
than 20%.

y =054 x + 147
R*=0.76

30 40 50

Clover (%)

Fig. 3. Difference between the PNI calculated for non-clover fraction and that calculated for mixed sward as related to the sward clover

percentage.
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4. Discussion

The results will be discussed depending on whether
Pislimiting or not, and whether species grow in pure
stand or mixed swards.

4.1. Sward response with an unlimited P supply

With an ample supply of P, results showed that the
ability of rye grass to adjust P uptake to N concentra-
tion is the same whatever the organs taken for analy-
sis: laminae alone or laminae + sheaths.

On the other hand, white clover’s ability to adjust
P uptake to its N concentration varied according to
the organ considered. For agiven level of N supply, N
concentration decreased when petioles were added to
the leaf samples. These results are in accordance with
those of Soussana and Arregui (1995), who demon-
strated that foliar N concentration for white clover
varies with the mass ratio foliole/petiole. Meanwhile
P concentrations remained constant, suggesting that
clover folioles accumulated N and P in different pro-
portions from those of grass leaves.

This result can be explained from morphological
differences between species. For grasses, laminae
show a continuity with sheaths in their tissue compo-
sition; they are both metabolic and structural tissues.
When both tissues are collected and analysed, the
contribution of organs with a low mineral content to
the dry weight increases relative to those with a high
content and leads to N and P dilution with biomass
accumulation (Salette and Huché, 1991). For clover
however, allocation of functions between folioles and
petioles is much more pronounced, the former being
composed almost exclusively of metabolic tissues
and the latter of sclerenchyma. As a consequence, in
pure swards when no competition takes place, clover
accumulates N in folioles, the photosynthetic organs,
without accumulating a proportional amount of P.

In apure sward and for a given N concentration, P
concentrations measured on wholerye grass plantsfall
above the critical curve, whereas for clover plants the
P concentrations are dightly below. Asthese datawere
obtained without inter-specific competition, two hy-
potheses can be suggested: either clover experienced
P limitation, since it is less able than grasses to take
up P under similar levels of P availability, or clover
grew under an unlimited P supply and its critical curve

is different from that of grasses. In that case clover
would display higher phosphorus use efficiency than
grasses. Severa arguments favour the second hypothe-
sis. Since alarge dose of P (250 kg) was supplied each
year, the level of soil available P was well above criti-
cal levels used for fertiliser recommendation (Poulton
et a., 1997), and P concentrations were always above
3.0mgg1, the critical P concentration given in liter-
ature for white clover (Mackay et al., 1995). However,
we cannot really decide between the two hypotheses
since we do not have the critical curve for P in pure
clover stands.

Dataobtained in Gramond under unlimited P supply
and inter-specific competition showed that responses
to treatments were not as significant as they were in
pure stands (Tables 1-3). Our results indicate that un-
der mixed swards and for a given tissue fraction, P
concentration was not affected by treatments except
for the clover fraction on summer growth 2000. For a
given cut, the clover fraction always had an average
P concentration lower than that measured on grasses
as reported by Acufia and Wilman (1993). Measured
P concentrations were always above the optimum:
28mgg1! for rye grass (Bailey et a., 1997b) and
3.0mgg~? for white clover (Rangeley and Newbould,
1985).

However, when the experimental points are close
to the critical curve (Fig. 2), the data show that the
non-clover fraction experienced unlimited P supply
and luxury consumption of P, whereas clover was sub-
jected to alimited P supply, its concentrations falling
well below the critical curve. These results confirmed
that, although ample P was provided, white clover in
mixed swards grew under conditions of higher com-
petition than it did in pure stands since it is less com-
petitive than grasses for light capture and nutrient ac-
quisition (Mouat, 1983).

4.2. Sward response under limited P supply

The question remained, however, as to whether
clover displays the same behaviour under limited P
supply. Results in the literature show that when P is
limiting, clover becomes less competitive for N fix-
ation through limited nodule growth and No-fixation
activity (Haynes and Ludecke, 1981; Hggh-Jensen
et al., 2002). Moreover, it is not able to react to
P deficiency by modifying root growth and root
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Fig. 4. Relationship between P and N concentrations measured on rye grass whole plants (¢, 4) and white clover folioles (A, A), folioles
+ petioles (01, W) folioles + petioles + stolons (@, O) in pure stand (solid symbols) and mixed swards (open symbols), re-calculation of
data from Hegh-Jensen et al. (2001); (mgg~1); (mean & S.E., n = 5). The critical curve indicates the optimum P concentration: PY%optimum

= 0.15 + 0.065 N%measured (Duru and Thélier-Huche, 1997).

surface charge as grasses do (Mouat, 1983). On a soil
with low to moderate P status, Hggh-Jensen et al.
(2001) demonstrated that white clover P concentra-
tion in organs declined following P application to the
mixed sward, whereas in pure swards of rye grass
and white clover, P concentration did not increase
following P application. The relationship between
N and P concentrations measured on their control
treatment is presented in Fig. 4. We observe that
for both rye grass and white clover monocultures,
points fall below the critical curve, indicating that
both species experienced limited P supply during
growth, as expected. For clover, when petioles and
stolons are taken into account together with foli-
oles, N and P dilution accompanies biomass accumu-
lation.

When points for species growing in mixed swards
are plotted on the graph, ryegrass moved above the
critical curve, indicating that it grew under ample P
supply. Meanwhile, clover is positioned below the
curve; more so than for the pure sward, indicating that
aless favourable P nutrition level was provided in the
mixed sward than in the pure stand. In the mixed sward
the contrast between rye grass and clover behaviour is
more pronounced.

4.3. Consequences for P diagnosis in mixed
grassands

Our data show that the presence of white clover can
lead to an underestimation of sward P status (Fig. 3).
For fields such as Gramond, which have high P levels
diagnosed by PNIs > 100, the consegquences are lim-
ited since no P would be recommended whatever the
calculation method used for PNI. However data ob-
tained for limited P supply (Fig. 4) suggest that larger
errors could be made when P is limiting since white
clover keeps accumulating N without accumulating a
proportional fraction of P, so PNIswould be more se-
riously underestimated.

As a conseguence when the priority is to opti-
mise dry matter production, in situations with low to
moderate P status we recommend calculating PNIs
from mineral contents measured on the non-clover
fraction alone, and suggest discarding the white
clover fraction before the herbage is prepared for
the laboratory; this procedure will prevent over-
fertilisation.

From data presented in Fig. 1, it can be stated that
the risk of underestimating sward P status will be
greater for diagnoses performed on mixed swards of
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low bulk and alarge foliole contribution to the clover
biomass, such as grazed fields.

When the objectiveisto maintain or increase clover
within the herbage in situations with moderate to high
P statusfor grasses, our resultsreveal practicesthat en-
courage clover growth (Table 1). Low residual heights,
a frequent cutting regime and absence of N fertilisa
tion are practices frequently reported to maintain or in-
crease clover content in mixed swards (Barthramet al.,
1992). These practices will be more efficient than P
fertiliser since there is a risk that P supply promotes
grasses which are more competitive and this resultsin
the disappearance of the clover. Finaly, where P sta-
tus is low, in order to make enough P available for
clover, we have to accept P luxury consumption for
the grasses.

Similar consequences of the presence of white
clover are expected when calculating N:P ratios as
proposed by Koerselman and Meuleman (1996) to
indicate the nature of nutrient limitation (N vs. P)
a community levels (Olde Venterink et a., 2001;
Oelmann and Broll, 2002). We used our data to com-
pare N:P ratios calculated on mixed swards and those
of the non-clover fraction. We observed that the pres-
ence of white clover in the fraction analysed increased
the mixed sward N:P ratio. For a given sward, when
we calculated the difference between N:P for mixed
sward and N:P for non clover fraction, we observed
that this value increased with the proportion of white

clover in the sward (Fig. 5). As an example, the
threshold values 16 and 14 proposed by Koerselman
and Meuleman (1996) to diagnose P limitation (N:P
> 16), N and P co-limitation (14 < N:P < 16) and N
limitation (N:P < 14) on clover-free swards, would
become 18 and 16 with 40% of white clover in the
sward, resulting in misinterpretation of the nature of
the nutrient limitation.

Finaly, one can expect that similar resultswould be
obtained for K unless clover can compete with grasses
for K better than for P (Hagh-Jensen et al., 2001).

The question remains as to what extent variations
observed in the presence of white clover can be ex-
trapolated to other legumes which often occur with
grasses in natural or sown grasslands.

5. Conclusions

With an unlimited P supply, in pure swards and
when folioles and petioles are analysed together,
clover nutritional status differs little from that of
grasses. When clover is present in a natural sward, it
experiences a lower nutritional P status than the grass
fraction since it has a lower capacity for light capture
and P acquisition than the companion species.

With a limited P supply, differences in response
pattern between clover and grass are more pronounced
for pure stands as well as for mixed swards. Clover is
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less able to adjust its P concentration to that of N due
to its smaller capacity to adapt to low P availability.
As a consequence it becomes even less competitive.

These results imply limitations in the use of diag-
nostic systems based on relative concentrations when
the herbage contains alarge proportion of white clover.
Whatever the index used for diagnosis (PNI or N:P
ratio), mineral contents measured on mixed swards
could lead to a substantial underestimation of sward P
status. Therefore, we suggest basing diagnosis on the
non-clover fraction to avoid excessive P recommen-
dations when PNIs are used.
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