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Abstract Accumulation of P above levels that promote
growth, a common plant response called “luxury consump-
tion”, can be considered as a form of reserve to support
future growth when the nutrient can subsequently be mobi-
lized. However, the eVect of P reserves on regrowth follow-
ing defoliation has not been demonstrated. We tested the
hypothesis that P luxury consumption increases plant toler-
ance to defoliation. We performed two experiments with
four grass species from a continuously grazed temperate
grassland in the Flooding Pampa (Argentina). The Wrst
experiment, aimed at generating P luxury consumption by
fertilization, resulted in one species (Sporobolus indicus)
showing luxury consumption. In this way, we were able to
obtain plants of S. indicus with similar biomass but con-
trasting amounts of P reserves. The second experiment
evaluated the subsequent regrowth following defoliation on
a P-free medium of these plants diVering in P reserves.
Regrowth was larger for plants that had shown P luxury
consumption during a previous period than for plants with
lower levels of P reserves. During regrowth these plants
showed a clear pattern of P remobilization from the stubble,
crown, and root compartments to the regrowing tissue, in
addition to a likely reutilization of P present in leaf-growth
zones. This work is the Wrst showing that high levels of P
reserves can confer tolerance to defoliation by promoting
compensatory growth under P deWciency.

Keywords Compensatory growth · Luxury consumption · 
Mineral nutrition · Storage · Tolerance

Introduction

Accumulation of nutrients above levels that promote
growth, a common plant response called “luxury consump-
tion”, can be considered as a form of reserve to support
future growth when the nutrient can subsequently be mobi-
lized. Luxury consumption of nutrients takes place when
plant growth either does not increase or increases propor-
tionally less than root uptake of nutrients. For example,
shoot growth of Agrostis setacea 6 weeks after germination
was very similar between control plants and those receiving
a tenfold higher rate of P supply; consequently, shoot P
concentration increased up to 9 times in plants receiving the
increased P (Clarkson 1967). This nutrient accumulation
above levels that promote growth occurs because there is
only a limited change in root absorption capacity in com-
pensation for changing plant nutrient status, a common
response of both wild and cultivated plants following
fertilization (Epstein 1972; Chapin 1980; Lipson et al.
1996; Schachtman et al. 1998).

Previously stored elements, such as C and N, may be
later mobilized to support growth. Combining defoliation
experiments with nutrient content monitoring, several
authors quantiWed the contribution of nutrient mobilization
during regrowth following defoliation. Because remobiliza-
tion and uptake are simultaneous, it was necessary to dis-
criminate between both sources. N is remobilized to
support regrowth of the lamina for several weeks, and the
relative contribution of roots, rhizomes, crowns, and stub-
ble as sources of N depends both on species and N supply
(Millard et al. 1990; Thornton et al. 1993; Thornton and
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Millard 1993; Lipson et al. 1996). C is also remobilized and
supports growth for a few days following defoliation, and
the relative importance of that C source is species depen-
dent and seems to be limited compared to N reserves (Rich-
ards and Caldwell 1985; Ourry et al. 1994; Lattanzi et al.
2004).

In contrast, the role of P reserves on plant response to
defoliation is not known. Storage of P during times of lux-
ury consumption occurs primarily as inorganic phosphate
in vacuoles (Chapin 1980), and since it is a mobile chemi-
cal form (Marschner 1998), P may be remobilized to sup-
port regrowth following defoliation, as depletion of P
reserves by defoliation suggests (McNaughton and Chapin
1985; Chapin and McNaughton 1989). Serengeti grass spe-
cies responded more favorably to defoliation under experi-
mental conditions of high P availability (Chapin and
McNaughton 1989). However, due to the lack of stable iso-
topes to monitor P content (Eviner et al. 2000), experiments
involving defoliation and P did not discriminate between
mobilization of reserves and current uptake, which
increased following defoliation (Chapin and Slack 1979).
Could grass species respond less negatively to defoliation
under P limitation if during a previous period they had
accumulated P in their tissues? According to our knowl-
edge, this positive eVect of P reserves on regrowth follow-
ing defoliation has not been demonstrated. P luxury
consumption, as an exacerbated case of nutrient accumula-
tion, is an ideal plant response to test the eVect of P reserves
on regrowth following defoliation.

The objective of this paper is to evaluate the eVect of P
reserves acquired by luxury consumption on plant
regrowth. We test the hypothesis that P luxury consumption
increases plant tolerance to defoliation. This hypothesis
predicts that regrowth following defoliation will be larger
for plants that accumulated P during a previous period. We
performed two experiments with four grass species which
are dominant and co-dominant in the Flooding Pampa
grasslands, an area where P luxury consumption is a com-
mon response, both at functional group and individual level
(Ginzo et al. 1982; Rubio and Lavado 1999; Semmartin
et al. 2007). The Wrst experiment, aimed at generating P
luxury consumption by fertilization, resulted in one species
(Sporobolus indicus) showing luxury consumption. In
this way, we tested the mentioned hypothesis only for
S. indicus.

Materials and methods

In a greenhouse, we subjected individual plants of four
perennial grass species to three-level P fertilizations. The
aim of this fertilization was to generate P luxury consump-
tion in aerial and belowground biomass according to the

model of James et al. (2005). Luxury consumption takes
place when plant biomass does not increase while plant P
concentration increases following P fertilization. If these
conditions are satisWed, the P content, as a product between
biomass and concentration, will increase. Other permuta-
tions of biomass and concentration will also increase the P
content but luxury consumption has the advantage of elimi-
nating plant size as a cofactor of P supply. As later shown
in the Results section, only one of the four species showed
P luxury consumption as a response to fertilization. Fertil-
ized and unfertilized plants of that species were subjected
to a subsequent defoliation experiment (control and defoli-
ated plants) on a P-free medium and harvested after a
period of regrowth (Fig. 1). In this way, we were able to
evaluate the eVect of previous P supply on regrowth follow-
ing defoliation.

Plant material

Four perennial grass species of the Flooding Pampa grass-
lands were selected (Soriano 1992): Chaeototropis elongata
(H.B.K.) Björk, Panicum bergii Arech., Panicum gouinii
Fourn. and Sporobolus indicus (L.) R. Br. (nomenclature
follows Cabrera and Zardini 1978). C. elongata is an erect
tussock frequently co-dominant with highest growth rates

Fig. 1 Schematic description of the experimental protocol. The exper-
iment started with planting one tiller per pot Wlled with washed sand.
During the fertilization experiment, treatments were three nutrient
solutions diVering in P concentration [31 P mg l¡1 (P £ 1), 62 mg P l¡1

(P £ 2), and 310 mg P l¡1 (P £ 10)]. At the end of this experiment,
some plants chosen randomly were harvested (Harvest I) to establish if
luxury consumption had occurred according to the conceptual model of
James et al. (2005). During the subsequent defoliation experiment,
plants were transplanted to new pots Wlled with washed sand and wa-
tered with P-free nutrient solutions; treatment factors were defoliation
(defoliated and undefoliated plants) and the nutritional level during the
previous fertilization experiment. Harvest II evaluated the results

Fertilization experiment

Harvest I

Defoliated Harvest II

Undefoliated Harvest II

Defoliation experiment
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during spring and summer. Individuals were obtained from
seeds collected in a humid mesophytic prairie (36°16.8�S,
58°15.8�W), the most conspicuous community in the region
(Burkart et al. 1990; Perelman et al. 2001). P. bergii and S.
indicus are also erect tussocks while P. gouinii is a semi-
erect and rhizomatous species. All of them show their high-
est growth rates during summer and autumn. P. bergii and
P. gouinii are frequently co-dominants and S. indicus is a
dominant species in that community. Individuals were cul-
tivated from asexual multiplication of plants collected in
the same Weld site detailed above. For all species, one tiller
was planted per pot (1.5 l) Wlled with washed sand. Pots
were exposed to semi-controlled conditions in a greenhouse
at the Faculty of Agronomy, Buenos Aires, Argentina
(34°35.4�S, 58°28.8�W), and were periodically rotated and
watered when necessary. The greenhouse was a structure
covered entirely by nylon with a minimum transparency of
90%, thus we did not require the use of artiWcial lights. Cli-
matic conditions at the greenhouse were very similar to the
grassland area where the individuals were collected (see
environmental conditions below). At the time of measure-
ments, all experimental plants were in a vegetative stage.

Generating P luxury consumption

The fertilization experiment had three levels that encom-
passed a gradient of P supply without substantially modifying
other nutrients. These three levels of P were combined in a
two-way factorial design with three levels of species (P.
bergii, P. gouinii and S. indicus). The response of C. elong-
ata to P availability was evaluated in a separate experiment.
In order to create the gradient of P availability, the formula-
tion of Hoagland solution no. 2 was modiWed: the salt provid-
ing N and P [(NH4)

3PO4] was substituted by a salt providing
K and P (KH2PO4). Therefore, the nutrient solution at the
“control” level (P £ 1) had (mg l¡1): 274 K, 197 N, 160 Ca,
64 S, 49 Mg, 31 P, 3 Fe, 0.6 Cl, 0.4 B, 0.4 Mn, and less than
0.05 Zn, Mo, Na, Cu and Co. With respect to the Hoagland
no. 2 original formulation, solution P £ 1 had a 12% lower N
concentration, and 17% more K, whilst P and other nutrients
were similar. To generate the other two P-enriched solutions
(P £ 2, P £ 10), this modiWed Hoagland no. 2 solution was
in turn modiWed to reach 62 and 310 mg P l¡1, and 493 and
822 K, respectively (all other nutrients as in P £ 1).

For P. bergii, P. gouinii and S. indicus, 48 individuals
were grown during 95 days, from 3 March to 3 June 2004.
Plants received 350 cm3 of the appropriate solution (P £ 1,
P £ 2 or P £ 10) in seven equal aliquots. Environmental
conditions of the greenhouse, temperature, relative humid-
ity, photoperiod regime and photosynthetic active radiation,
varied between a minimum of 13°C, 71%, 11 h and
3 mol m¡2 day¡1 and a maximum of 26°C, 100%, 12 h and
41 mol m¡2 day¡1, respectively.

For C. elongata, 48 individuals were grown for 30 days,
from 7 November to 6 December 2003. Plants received
250 cm3 of solution (P £ 1, P £ 2 or P £ 10) in Wve equal
aliquots. Environmental conditions of the greenhouse, tem-
perature, relative humidity, photoperiod regime and photo-
synthetic active radiation, varied between a minimum of
15°C, 52%, 13 h and 6 mol m¡2 day¡1 and a maximum of
27°C, 100%, 14 h and 46 mol m¡2 day¡1, respectively.

For each species, 12 randomly chosen plants were har-
vested at the end of the fertilization experiment (see harvest
I in Fig. 1; four replicates per P level). These plants were
defoliated at 4-cm height (it simulates grazing height; Sala
et al. 1986), and roots and rhizomes were washed with
water to remove sand. Then, biomass was separated into
roots (roots plus rhizomes in the case of P. gounii), crown
(except for P. gouinii), and stubble (aerial organs within 0-
to 4-cm height). Stubble was stored in humid conditions in
plastic boxes and leaf area was measured no later than 2 h
after harvest (leaf area meter, model Li-3000; Licor, Neb.).
Dry weight was determined on oven-dried plant material
(75°C for 72 h).

Total P content was measured in crowns plus stubble (0–
4 cm in height), and roots (and rhizomes in the case of P.
gouinii). Biomass samples were milled and 100-mg sub-
samples digested in a mixed acid solution (100 ml
HNO3 + 10 ml H2SO4 + 34 ml HClO4) at >100°C for 2 h.
Digests were diluted to 10 ml with distilled water and col-
ored following Fiske and Subarrow’s protocol (1925) [1 ml
digest + 1 ml (NH4)6Mo7 + 1 ml hydroquinone + 1 ml
Na2SO3]. Then, colored solutions were diluted to 10 ml
with distilled water and analyzed colorimetrically with a
Xow injection autoanalyzer (Shimadzu, Kyoto). Although
the treatment levels were diVerent supply of P, a superim-
posed supply of K was also generated (see above composi-
tion of nutrient solutions). Thus, total K content was
determined. One-hundred milligram sub-samples of milled
biomass were digested in a mixed acid solution
(HNO3 + HClO4; 2:1) at 235°C for 2 h (Johnson and Ulrich
1959). Digests were diluted to 50 ml with distilled water
and analyzed with a Xow injection autoanalyzer (ICP-AES;
Shimadzu, Kyoto).

Statistical analyses were performed by two-way
ANOVA (P supply £ Species) for the three species grown
simultaneously, and by one-way ANOVA (P supply) for C.
elongata. Comparisons of means between treatments were
analyzed by LSD test.

Evaluating the eVects of luxury consumption 
on regrowth following defoliation

The remaining plants were subjected to a defoliation exper-
iment with an experimental design with two factors: previ-
ous P supply (three previous P fertilization levels; Fig. 1),
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and defoliation (two levels, undefoliated and defoliated
plants at 4 cm in height). The number of replicates was six.
Because, as will be shown in the results section, S. indicus
was the only species that exhibited P luxury consumption in
the fertilization experiment, the experimental details and
results of the defoliation experiment will be given for this
species only. The plants were washed with water to remove
sand. Then, roots were immersed for 2 min in a fungicide
solution of 2 g l¡1 Benlate 50 (Benomyl CASRN 17804-
35-2) to reduce mycorrhizal infection and colonization
(Merryweather and Fitter 1996; Kahiluoto and Vestberg
2000). Washed individuals were transplanted to new pots
(1.5 l) Wlled with washed sand. Pots were exposed to semi-
controlled conditions in a greenhouse during 67 days, from
3 June to 9 August 2004. All plants received 300 cm3 of a
P-free nutrient solution in six equal aliquots. The nutrient
solution had (mg l¡1): 235 K, 197 N, 160 Ca, 64 S, 49 Mg,
3 Fe, 0.6 Cl, 0.4 B, 0.4 Mn, and less than 0.05 Zn, Mo, Na,
Cu and Co. During that period, aerial organs were sprayed
3 times with fungicide (Benlate 50, 2 g l¡1) to reduce
mycorrhization. Temperature, relative humidity, photope-
riod regime and photosynthetic active radiation varied
between a minimum of 10°C, 61%, 10 h and
3 mol m¡2 day¡1 and a maximum of 20°C, 97%, 11 h and
19 mol m¡2 day¡1, respectively. Plants were harvested (see
harvest II in Fig. 1), and leaf area, total dry biomass and
total P content were measured as for harvest I. Statistical
analyses were performed by two-way ANOVA (previous P
supply £ Defoliation) and means between treatments were
analyzed by LSD test.

Results

P luxury consumption

Only S. indicus showed P luxury consumption following P
fertilization. C. elongata responded signiWcantly to the
medium-level fertilization as crowns plus stubble biomass,
root biomass, stubble leaf area, and P concentration in
crowns plus stubble increased (Table 1; Fig. 2). In contrast,
P. bergii and P. gounii did not respond signiWcantly to fer-
tilization as biomass or P concentration were unaVected
(Table 1; Fig. 2). As indicated, S. indicus showed P luxury
consumption: biomass did not increase while plant P con-
centration increased following fertilization (Table 1;
Fig. 2). Total P content for plants below 4-cm height was
not signiWcantly aVected by the P £ 2 treatment but was
signiWcantly increased by the P £ 10 treatment where it tri-
pled (Fig. 3a). P content discriminated by organs showed
the same pattern (Fig. 3a), and the largest eVects were
found in crowns plus stubble (0.9, 1.6 and 2.3 mg in P £ 1,
P £ 2 and P £ 10 treatments, respectively), followed by

roots (0.3, 0.5 and 0.7 mg). K content in S. indicus plants
did not diVer among fertilization levels (P = 0.3; data not
shown).

EVects of luxury consumption on post-defoliation regrowth

Post-defoliation regrowth of S. indicus plants was increased
by previous P fertilization at a P £ 10 rate. Total produc-
tion of undefoliated plants was very similar across the three
previous fertilization treatments (Fig. 3b). In contrast, total
production of defoliated plants, which includes Wnal live
and clipped oV biomass, was signiWcantly aVected by previ-
ous fertilization: it was higher in plants that had been previ-
ously fertilized at a P £ 10 rate (Fig. 3b), and, as a
consequence, had 3 times more P at the beginning of
regrowth (Fig. 3a). Total leaf area showed the same pattern
as total production (data not shown).

S. indicus plants that had been fertilized at a P £ 10 rate
showed a clear pattern of P remobilization from the stubble,
crown, and root compartments to the regrowing tissue. Dur-
ing regrowth, the P content of stubble, crown, and root tis-
sue of plants previously fertilized at a P £ 10 rate dropped
from 3.06 mg (Fig. 3a) to 0.7 mg (Fig. 3c). Therefore, dur-
ing the regrowth after defoliation these plants remobilized
on average 2.36 mg of P from the initial biomass, i.e., 79%
of the accumulated P. This was a consequence of a sharp
decrease in the P concentration in these organs during the
regrowth period, from 0.15 to 0.20% (harvest I; Table 1) to
0.03–0.04% (harvest II).

Regrowth of plants previously fertilized at a P £ 2 rate
did not signiWcantly diVer from control, P £ 1 plants
(Fig. 3b), although the diVerence between initial and Wnal
total P content, a measure of the P remobilization, was
higher in plants previously fertilized at a P £ 2 than P £ 1
rate (1.7 and 0.6 mg, respectively; Fig. 3a–c).

Discussion

Luxury consumption of P during a previous period
increased the post-defoliation regrowth of S. indicus plants
growing in a P-free medium (Figs. 2, 3). During the
regrowth these plants showed a clear pattern of P remobili-
zation from the stubble, crown, and root compartments to
the regrowing tissue, in addition to a likely reutilization of
P present in leaf-growth zones. This remobilization may
have originated from sheaths present in the stubble, crowns,
and roots (i.e., true remobilization), or from leaf blades and
leaf-growth zones in emerging new leaves that were also
present in the stubble at the time of defoliation (i.e., reutili-
zation). However, leaf blades were a minor component of
the stubble at harvest I (Table 1; 23 cm2 of leaf area repre-
sents about 0.08–0.15 g, which in turn accounts for 5–9%
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of total biomass). This strongly suggests that most P for
regrowth was remobilized from sheaths present in the stub-
ble, crowns, or roots. Total P reserves remaining in crowns
and roots of Serengeti grasses were strongly depleted by
defoliation, while absorption capacity was stimulated,
unaVected or reduced by defoliation depending on species
(McNaughton and Chapin 1985; Chapin and McNaughton
1989). Although suggestive, previous studies did not isolate
the eVect of reserves from the eVect of uptake on regrowth
after defoliation (Chapin and Slack 1979; McNaughton and
Chapin 1985; Chapin and McNaughton 1989). Our work
then shows that high levels of P reserves confer greater
postdefoliation regrowth. Low levels of P reserves as
shown by plants previously fertilized at a medium rate (P
£ 2), although they were remobilized (Fig. 3a–c), did not
increase post-defoliation regrowth. This pattern suggests
that the eVect of P reserves on regrowth depends on the
level of reserves, as shown for N reserves (Hamilton et al.
1998).

Previous works had shown that plant tolerance to defoli-
ation depends on species, C and N reserves, recovery con-
ditions, soil nutrient levels, tissue N level, evolutionary
mechanisms, and light environment (Chapin and

McNaughton 1989; Georgiadis et al. 1989; McNaughton
1992; Ourry et al. 1994; Oesterheld and McNaughton 1988;
Volenec et al. 1996; Hamilton et al. 1998; Ferraro and
Oesterheld 2002). Under P deWciency, total biomass yield
of grazing-adapted grasses from the Serengeti Plains was
reduced by defoliation (Chapin and McNaughton 1989). In
contrast, the growth of these same species was maintained
or enhanced by defoliation under adequate nutrient supply
(McNaughton et al. 1983). Our work suggests that plant
tolerance to defoliation of S. indicus also depends on P
reserves and that reutilization and remobilization confer
tolerance to defoliation by promoting compensatory growth
under P deWciency.

P luxury consumption is a common plant response with
potential multiple eVects at diVerent levels. At the individ-
ual level, species that show luxury consumption during
nutrient Xushes may use these reserves to support growth
after soil reserves are exhausted (Chapin 1980) and/or to
buVer the impact of adverse conditions such as defoliation
events (our work). Previous work suggested that compensa-
tory growth was not a viable strategy in P-deWcient envi-
ronments because plant production was decreased by
defoliation (Chapin and McNaughton 1989). Our work

Table 1 Response variables measured in four selected species at harvest I (Fig. 1)

Mean values § SE (n = 4). SigniWcant diVerences between P-enriched nutrient solutions are shown by diVerent letters (P · 0.05). P £ 1 31 mg P
l¡1, P £ 2 62 mg P l¡1, P £ 10 310 mg P l¡1

Species Response variable Nutrient solution

P £ 1 P £ 2 P £ 10

Chaeototropis elongata Crowns plus stubble biomass (g) 0.44 § 0.07 a 0.71 § 0.1 b 0.65 § 0.04 ab

Root biomass (g) 0.37 § 0.06 a 1.20 § 0.39 b 0.53 § 0.06 ab

Stubble leaf area (cm2) 11.5 § 1.92 a 16.8 § 1.02 b 15.1 § 0.59 ab

P concentration in crowns plus stubble (%) 0.14 § 0.01 a 0.21 § 0.02 b 0.16 § 0.02 ab

P concentration in roots (%) 0.09 § 0.02 a 0.19 § 0.05 a 0.18 § 0.03 a

Panicum bergii Crowns plus stubble biomass (g) 0.76 § 0.2 a 0.88 § 0.23 a 0.75 § 0.25 a

Root biomass (g) 0.14 § 0.02 a 0.33 § 0.09 a 0.22 § 0.09 a

Stubble leaf area (cm2) 21.5 § 4.18 a 22.6 § 5.09 a 15.98 § 3.66 a

P concentration in crowns plus stubble (%) 0.17 § 0.02 a 0.17 § 0.03 a 0.2 § 0.02 a

P concentration in roots (%) 0.15 § 0.01 a 0.12 § 0.01 a 0.12 § 0.04 a

Panicum gouinii Stubble biomass (g) 0.27 § 0.03 a 0.34 § 0.06 a 0.37 § 0.05 a

Root and rhizome biomass (g) 3.88 § 0.64 a 4.13 § 0.56 a 5.16 § 0.85 a

Stubble leaf area (cm2) 19.6 § 1.64 a 28 § 5.6 a 26.6 § 4.75 a

P concentration in stubble (%) 0.11 § 0.0 a 0.08 § 0.01 a 0.12 § 0.01 a

P concentration in roots and rhizomes (%) 0.10 § 0.02 a 0.12 § 0.02 a 0.13 § 0.03 a

Sporobolus indicus Crowns plus stubble biomass (g) 0.90 § 0.13 a 0.77 § 0.24 a 1.22 § 0.26 a

Root biomass (g) 0.50 § 0.11 a 0.33 § 0.13 a 0.5 § 0.16 a

Stubble leaf area (cm2) 17 § 2.49 a 14.9 § 4.7 a 23.1 § 4.29 a

P concentration in crowns plus stubble (%) 0.10 § 0.01 a 0.21 § 0.02 b 0.20 § 0.03 b

P concentration in roots (%) 0.08 § 0.01 a 0.15 § 0.03 b 0.15 § 0.02 b
123
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suggests that under P deWciency, plant growth could be
stimulated by defoliation if plants accumulate P during a
previous period. Interestingly, total production of

undefoliated plants was very similar across the three
previous fertilization treatments (Fig. 3b). It suggests that
previous luxury consumption of P only conferred an
advantage on withdrawal of the P supply when plants were
defoliated (Fig. 3b), similarly to N mobilization (Volenec
et al. 1996).

At the community level, luxury consumption could mod-
ify plant interactions. For slow-growing species, luxury
consumption in aboveground organs could be advantageous
to limit nutrient availability to other competitive fast-grow-
ing species, as seen in arctic and alpine vegetation
responses to N fertilization (Lipson et al. 1996; Wijk et al.
2003). At the ecosystem level, P luxury consumption could
modify the risk of herbivory, similarly to the signiWcantly
higher browse rates on saplings with luxury N (Tripler et al.
2002).

Grazing by livestock in a context of spatial and tempo-
ral variation of soil P availability is common in Flooding
Pampa grasslands. During the last two centuries, grazing
by introduced herbivores has been a common disturbance
in the region, and has modiWed both the structure and
functioning of grasslands by promoting changes in can-
opy structure, species richness and above-ground primary
production (Sala et al. 1986; Rusch and Oesterheld
1997). Other common disturbances such as fertilizations
and natural Xooding events increase soil P availability
(Ginzo et al. 1982; Rubio et al. 1997; García et al. 2002;
Semmartin et al. 2007). Thus, in this system, accumula-
tion of P reserves during nutrient Xuxes likely represents
an ecological advantage when considering frequent defo-
liation by herbivores. S. indicus is considered a grazing-
tolerant species since it is the only grass species increas-
ing its importance under grazing (Hidalgo and Cauhépé
1991). Its response to increases in soil P availability may
be one factor responsible for this tolerance to grazing.
Thus, our results should be carefully interpreted because
the greater tolerance conferred by P reserves could be
oVset if plants with higher P content were consumed to a
greater extent.

Although we did not demonstrate P remobilization by
tracing stable isotopes, as is possible for C and N (Avice
et al. 1996; De Visser et al. 1997; Meuriot et al. 2004), we
used a reliable experimental protocol that indicates that
high levels of P reserves acquired by luxury consumption
confer greater post-defoliation regrowth under P deWciency.
Analogously, the etiolated technique is often used to exam-
ine soluble carbohydrate mobilization by quantifying
regrowth in the absence of current photosynthesis (Rich-
ards and Caldwell 1985). We used the same logic to sepa-
rate current P uptake eVects from remobilization eVects
because in our defoliation experiment plants grew in a
medium without P. Our protocol could be a solution to the

Fig. 2 Relative changes in biomass (y-axis) and relative changes in
plant P concentration (x-axis) (n = 4) for the four selected species at
harvest I (see Fig. 1). Left-hand panels show crowns plus stubble (0–
4 cm in height), and right-hand panels show roots, except for Panicum
gouinii (left-hand panel stubble, right-hand panel roots plus rhi-
zomes). Relative changes were calculated as (treated ¡ control)/
control £ 100. Vectors show direction and magnitude of changes gen-
erated by each P fertilization rate (P £ 2 and P £ 10) with respect to
control (standard nutrient solution; P £ 1; Wlled point at origin). See
Table 1 for absolute values and statistical diVerences. For abbrevia-
tions, see Fig. 1

0

100

200

C
ha

ng
e 

in
 b

io
m

as
s 

(%
)

0

100

200

C
ha

ng
e 

in
 b

io
m

as
s 

(%
)

0

100

200

C
ha

ng
e 

in
 b

io
m

as
s 

(%
)

0 100

0

100

200

Change in [P] (%)

C
ha

ng
e 

in
 b

io
m

as
s 

(%
)

0 100

Change in [P] (%)

S. indicus

C. elongata

P. bergii

Px2
Nutritive Sn.

Px10

P. gouinii
123



Oecologia
problem posed by the lack of stable isotopes for monitoring
P content (Eviner et al. 2000).
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