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Abstract

It has been hypothesized that the wide range of forms and complexities of

phosphorus (P) in soil may result in resource partitioning that contributes to

the maintenance of plant species diversity. Here, we test whether the graminoid,

Deschampsia cespitosa, and the ericaceous shrub, Vaccinium vitis-idaea, which

often coexist, display preferences in utilization of P forms, and differ in their

production of extracellular P-degrading enzymes. We provided plants with no

additional P, or P forms with decreasing lability, namely sodium phosphate

(SP), D-glucose 6 phosphate (DG6P), sodium phytate (PASS), and a combina-

tion of SP, DG6P, and PASS. We also tested if preferences for P forms affected

the competitive outcomes between the two species compared between conspe-

cifics, as indicated by shoot biomass and acquisition of nitrogen (N) and P.

Both D. cespitosa and V. vitis-idaea produced the greatest biomass when sup-

plied with a mix of all three forms of P. Of the three forms of P tested alone,

shoot biomass produced by both species was least when supplied with SP.

D. cespitosa performed better when grown with PASS or a mix of all P forms

compared with the performance of V. vitis-idaea on these substrates. This was

reflected by substantially greater phytase activity on the surface of its roots

compared with V. vitis-idaea. In contrast, V. vitis-idaea produced more phos-

phomonoesterase to hydrolyze the simple organic P form, DG6P. Although N

was kept constant in the treatments, the ability of plants to acquire it was

dependent on species identity, competition, and P supply. These findings pro-

vide direct evidence for preferences toward specific forms of P and indicate a

key role played by organic forms of P. The results support the idea that parti-

tioning for soil P is one factor regulating plant competition, and ultimately,

community composition. Our data also highlight the importance of the

interplay between P supply and N acquisition.

Introduction

The availability of phosphorus (P) is increasingly recog-

nized as a key nutrient that limits productivity, either on

its own or in combination with other mineral nutrients

like N (Wassen et al. 2005). In most organic soils, P

availability is often considered to be very low because of

the acidity of many peat soils, which results in precipita-

tion of highly insoluble Fe or Al phosphates, or occlusion

of P in Fe or Al complexes. Between 30% and 65%, but

sometimes >90%, of the total soil, P is found in organic

forms (Harrison 1987) but this pool has traditionally

been considered to be unavailable to plants.

The forms of P found in soils vary in structure and labil-

ity such that their recalcitrance often declines in the order

inositol phosphates, diesters, simple monoesters, and

orthophosphate (Turner et al. 2002a; Turner et al. 2003a,

b). Thus, most soils contain a plethora of P forms, the het-

erogeneity of which gives rise for the potential for niche

complementarity whereby plants may be more adept at

utilizing specific P sources (Turner 2008). The conceptual

model outlined by Turner (2008) is a development of ideas

based on differential utilization and availability of N forms

(McKane et al. 2002) but is so far untested in the context

of P utilization. However, there is considerable circumstan-

tial evidence underpinning the ideas described in the
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model. For example, evidence from laboratory microcosms

containing the grass Agrostis capillaris shows that phytate is

hydrolyzed and taken up by the plant within hours of

exposure to the root systems and thus contributes signifi-

cantly to its nutritional demands (Macklon et al. 1997).

Our understanding of the composition and turnover of

organic P in soil has increased markedly, in many cases

by application of nuclear magnetic resonance (NMR)

imaging, and these advances demonstrate a rich diversity

of P forms. For example, we now know that the relative

proportions of organic forms of P often varies in soil

(Turner et al. 2002b), and correlative-based approaches

suggest that vegetation composition (Cross and Schlesing-

er 2001) may affect this.

Plants respond to P deficiency in a variety of ways,

including changing root morphology, increasing produc-

tion of extracellular phosphatases, upregulating P trans-

porter genes, and forming symbioses with microorganisms,

such as mycorrhizal fungi that have adaptations enabling

them to acquire more P from soil. Plant roots have a

similar capability as many soil microorganisms to secrete

phosphatases, which release inorganic P by hydrolysis of

ester bonds between organic carbon and P (Sahu et al.

2007). There is evidence that certain plants are capable of

hydrolyzing organic P compounds in P deficient circum-

stances (Felipe et al. 1979; Tarafdar and Claassen 2003) but

that this may differ according to the species of plant, thus

supporting the idea of resource partitioning for P in soil

(Turner 2008). For example, P-degrading enzymes vary

considerably between species and functional type of plants

(Johnson et al. 1999; Phoenix et al. 2004; Venterink 2011),

and it has been suggested that this reflects different affini-

ties for specific components of the heterogeneous soil

organic P pool (Turner 2008). The production of phospha-

tases by Eriophorum vaginatum has been estimated to

account for 69% of its annual P demand (Kroehler and

Linkins 1988). Plantago lanceolata and Rumex acetosella,

both of which are abundant in extensively grazed pastures,

differ markedly in their utilization of soil P fractions (Frans-

son et al. 2003). Similarly, the formation of different types

of mycorrhizas, or possibly colonization by different species

of mycorrhizal fungi, may also promote partitioning of soil

P. For example, ectomycorrhizal fungi are able to access

phosphate esters and inositol phosphates (Antibus et al.

1992), while ericoid mycorrhizal fungi can efficiently use

phosphate diesters (Leake and Miles 1996).

A further factor leading to P partitioning is the potential

of plants to produce different types of P-degrading

enzymes. Phosphomonoesterase is active under both alka-

line and acid conditions (Criquet et al. 2004), and these

enzymes differ in their reaction on different substrates.

Phytase, also known as myo-insitolhexakis phosphate

phosphohydrolase, is a phosphatase that hydrolyzes sodium

phytate, releasing inorganic free orthophosphate (Wyss

et al. 1999). Phytase can be secreted by plant roots (Li et al.

1997), especially when grown in P deficient conditions.

Despite the wide range of data available suggesting that

partitioning of soil P has potential to occur, and the

development of a theoretical model bringing these lines

of evidence together (Turner 2008), there has been no

empirical test of this hypothesis. This lack of evidence is a

major gap in our understanding of what shapes plant

community composition. It also limits our ability to

determine how nutrient availability and acquisition may

affect competition among individuals and species of

plants. For example, the ability of two plants to utilize

different forms of P in soil may alleviate competition and

be a mechanism promoting coexistence.

Here, we grew two species of acid tolerant plants,

Vaccinium vitis-idaea (a dwarf shrub) and Deschampsia

cespitosa (a graminoid), in intra- or interspecific competi-

tion in a P deficient substrate amended with one of three

forms of P and a mixture of all three. We tested the

hypotheses that (1) V. vitis-idaea and D. cespitosa have

preference for P forms leading to partitioning of soil P

resources; (2) the ability to utilize different P forms is

regulated by production of extracellular P-degrading

enzymes; and (3) when plants are grown in interspecific

competition, they acquire more P when a mixture of P

forms are supplied, compared with single forms of P.

Materials and Methods

Growth substrate

The substrate mix was devised to ensure low background P

availability and low pH, yet also to provide a degree of

ecological relevance in terms of soil physical properties and

microbial communities. Pots (6.5 cm diameter 9 7 cm

height) were filled with 36 g acid-washed sand, 2 g vermic-

ulite, and 2 g air-dry peat to give a final pH of 5.4. The peat

was collected from the upper 20 cm of Red Moss National

Nature Reserve, Aberdeenshire (57.23ºN, �2.13ºW). The

reserve is managed by the Scottish Wildlife Trust, and

the most abundant plants species are Calluna vulgaris L.

(Hull), Eriophorum vaginatum L., Eriophorum angustifolium

Honck., Erica tetralix L., Myrica gale L., Ulex europaeus L.,

Juncus effusus L., Betula pendula Roth., Carex spp., Sphag-

num spp., Hypnum jutlandicum Holmen & E.Warncke, and

Polytrichum commune Hedw. (Hulme 2006). The peat

samples were homogenized, and all the roots, plant residue,

and litter together with undecomposed plant materials were

removed. The peat was air-dried, sieved (2 mm), and

stored at 5°C prior to use in the experiments. Seeds of

D. cespitosa (L.) and V. vitis-idaea (L.) were obtained from

Emorsgate Seeds Ltd and Chiltern Seeds Ltd. The seeds
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were surface sterilized with calcium hypochlorite for

20 min and washed with sterile water. The seeds were ger-

minated on water agar for 4–6 days in the laboratory and

transferred to the pots after 14 days.

Experimental design

To study the ability of plants to use either simple inor-

ganic P or complex organic P, five treatments were estab-

lished; no P addition (control), sodium phosphate (SP; a

simple inorganic P form), D-glucose 6 phosphate (DG6P;

a simple organic P form), phytic acid sodium salt (PASS;

a complex organic P form), and a mix of SP, DG6P, and

PASS (MIX). The pots in all the treatments received the

same amount of P (28.2 mg P�g�1 dwt). This was in

addition to the background P that was already in the

sand, vermiculite and peat growth medium (14.1 mg

P�g�1 dwt), yielding a total of 1.69 g P for each pot. One

day prior to planting, all the P treatments were added

in powder form and mixed together with the growth

substrate. P amendments were made only once.

Each pot received two plants, either as heterospecifics or

conspecifics. Additional macro- and micronutrients were

added to each pot with a solution consisting of

4 mmol�L�1 KNO3, 4 mmol�L�1 Ca(NO3)2, 1.5 mmol�L�1

MgSO4, 0.05 mmol�L�1 EDTA FeNa, 0.001 mmol�L�1

MnSO4, 0.001 mmol�L�1 ZnSO4, 0.001 mmol�L�1 CuSO4,

0.05 mmol�L�1 H3BO3, 0.0005 mmol�L�1 Na2MoO4,

0.1 mmol�L�1 NaCl, and 0.0002 mmol�L�1 Co(NO3)2 to

ensure all the plants received required nutrients at suffi-

cient level for optimal growth. Subsequently, all pots were

watered with 8 mL distilled H2O every day. All pots were

arranged randomly in five 5 blocks, and five replicates

were used for each treatment, which comprised three com-

binations of plant treatments (D. cespitosa 9 D. cespitosa,

V. vitis-idaea 9 V. vitis-idaea and D. cespitosa 9 V. vitis-

idaea) and five P treatments (control, three individual P

forms and a mix of all three) to give a total of 75 pots (five

replicates 9 three plant treatments 9 five P treatments).

The experiment was conducted in a growth chamber for

8 weeks, starting at the middle of November 2011 until the

middle of January 2012. Temperature in the growth cham-

ber was 20 � 1°C during daytime and 15 � 1°C at night,

and the light was set for 16 h daylight and 8 h night. After

8 weeks, all the plants were harvested. About 3–5 g soil was

removed with 0.5 g used for assays of phosphomonoester-

ase and phytase activities. The remaining soil was dried for

48 h at 80°C. Soil adhering to plant roots was removed

using tap water. Shoot and root parts were separated, and

all the shoot samples were dried for at least 48 h at 80°C
before weighing. Some of root samples were cut into small

pieces (ca. 2 cm) for immediate assay of surface phospho-

monoesterase and phytase activities.

Assay of phosphomonoesterase and phytase
activity

To understand the mechanism regulating the differences

observed in plant biomass and nutrition, we measured

phosphomonoesterase and phytase enzyme activity on

V. vitis-idaea and D. cespitosa roots. Phosphomonoesterase

activity was quantified using the substrate p-nitrophenyl

phosphate (p-NPP), which breaks down to produce

p-nitrophenol (p-NP), which is measured spectrophoto-

metrically (Tabatabai and Bremner 1969). Phytase activity

was quantified using the substrate sodium phytate and the

enzyme activity measured according to the concentration

of PO4 released (Li et al. 1997). The subsamples of fresh

roots were cleaned in distilled water with a soft brush and

assayed in 10-mL glass jars containing 4 mL pNPP in

citrate buffer solution at pH 5.4 (the pH of the growth

medium). The samples were placed in an incubator shaker

for 30 min at 37°C after which 0.5 mL of supernatant was

collected and added to 2 mL of 2 mol�L�1 NaOH to stop

the reaction. The absorbance of samples was determined at

405 nm immediately after the reaction was stopped and

compared with a standard curve of pNP.

For phytase activity, the samples were added to 0.1 mL

sodium phytate in 0.4 mL acetate buffer at pH 5.4. The

samples were placed in a shaking incubator for 30 min at

37°C, and the reaction was terminated by addition of

1 mL 10% or 0.4 mmol�L�1 trichloroacetic acid (TCA).

Protein precipitated by TCA was removed by centrifuga-

tion at 10,000 g for 10 min, and the supernatant was ana-

lyzed for liberated PO4 using the ascorbic acid/molybdate

method (Watanabe and Olsen 1965). After both assays,

the fresh weight of all the root samples was determined,

and enzyme activity expressed per unit fresh weight. The

same procedure was followed for the assay of phospho-

monoesterase and phytase activity in 0.5 g samples of

soil.

Measurement of N and P in shoots and soil

Samples were digested at 370°C for 4 h in a salicylic acid/

sulfuric acid mix with a CuSO4/LiSO4 catalyst (Bremner

and Mulvaney 1982) and diluted with distilled water

(1:10). Determination of N and P was undertaken colori-

metrically by auto-analysis (TecatorFIAStar 5010; Foss

UK Ltd, Didcot, Oxfordshire, UK).

Data analysis

The effect of P sources, plant species, competition, and

the interactions between them were tested by general lin-

ear model in Minitab 16 using “pot” as random factor.

A Tukey post hoc multiple comparison test was used to
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determine differences among individual mean values.

Where necessary, data were normalized by either logarith-

mic or square-root transformation. The shoot biomass

data for each of the three P sources and for each plant

species were used to generate predicted shoot biomass

values in response to a mix of all three P sources, assum-

ing equal uptake of each component P source. We under-

took a stratified bootstrapping procedure in R to generate

the distribution of the predicted and observed values for

the mix and their difference. We generated the distribu-

tion of observed means using 100,000 bootstrap samples

for each individual P source and for the mix. At each

iteration, we computed the difference between the mean

for the mix (“observed”) and the mean of the means for

the 3 P sources (“predicted”). A 95% confidence interval

for the distribution of the differences not including zero

indicated a significant difference between the observed

and the predicted shoot biomass.

Results

Overall effects of P additions on shoot
biomass

Generally, shoot biomass of D. cespitosa was stimulated

by P additions, while the treatments had few significant

effects on V. vitis-idaea shoot biomass, although overall

the biomass responses were dependent on the type of P

supplied (Fig. 1). These contrasting responses were

reflected by a significant plant species 9 P treatment

interaction (P < 0.001; F4,149 = 9.71). Shoot biomass of

V. vitis-idaea in control treatments did not differ signifi-

cantly compared with any P addition treatment; however,

following additions of glucose phosphate (DG6P), the

shoot biomass was 2.6 mg dwt, and in the MIX treat-

ment, the shoot biomass was 2.7 mg dwt, representing an

increase of around 75% relative to controls. There was no

effect of additions of SP on the shoot biomass of either

V. vitis-idaea or D. cespitosa (Fig. 1); in fact, the biomass

of V. vitis-idaea was slightly less (but not significantly) in

response to SP compared with controls and significantly

less than the biomass in response to D6GP and MIX. The

shoot biomass of D. cespitosa tended to increase alongside

the complexity of P forms. In the MIX treatment, the

shoot biomass was twice that of the controls, and in

response to PASS, the shoots were 81% greater than con-

trols in response to DG6P; both these differences were

significant (Fig. 1). While not significantly different, the

shoot biomass in response to D6GP was about 50%

greater than the controls. The biomass produced by each

species in response to MIX did not reflect the predicted

responses, which were calculated based on the response to

the P forms individually. In both species, the observed

responses to MIX were the same or slightly greater than

the maximum biomass produced in individual P treat-

ments. For both V. vitis-idaea and D. cespitosa, the pre-

dicted responses were significantly less than the measured

responses (difference with 95% confidence intervals:

0.00134 [0.00069; 0.0029] g dwt for V. vitis-idaea and

0.077 [0.036; 0.120] g dwt for D. cespitosa; Fig. 1).

Effect of intra- and interspecific
competition, and its interaction with P
supply on growth and nutrition of plants

Vaccinium vitis-idaea produced two orders of magnitude

less biomass than D. cespitosa (Fig. 2). There was a signif-

icant (F1,74 = 6.8; P = 0.01) overall effect of competition

on shoot biomass of V. vitis-idaea but no interaction with

P form. When analyzed across all P treatments, plants

grown in competition with D. cespitosa produced 46%

less biomass than when grown with conspecifics. PASS

Figure 1. Mean (+SEM) shoot biomass of Vaccinium vitis-idaea and

Deschampsia cespitosa in response to zero additions of P (background

P) and addition of sodium phosphate (SP), D-glucose 6 phosphate

(DG6P), phytic acid sodium salt (PASS), and a mixture of SP, DG6P,

and PASS (Mix measured). Mix (predicted) is the mean biomass from

the three single P form treatments. Bars sharing a letter are not

significantly different (P > 0.05).
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was the only P treatment where there was no measurable

difference in shoot biomass of V. vitis-idaea when grown

under intra- or interspecific competition. There was a sig-

nificant interaction between P addition and competition

type (F4,74 = 2.5; P = 0.049) on the biomass of D. cespito-

sa shoots (Fig. 2). The biomass response to P supply and

competition was largely opposite to those observed for

V. vitis-idaea. In controls, PASS and MIX, D. cespitosa

tended to produce more biomass when grown with

V. vitis-idaea compared with conspecifics, although this

was only significant in the MIX treatment. In contrast,

the responses of D. cespitosa in interspecific competition

to DG6P and SP were neutral.

The concentration of P in shoots of both V. vitis-idaea

and D. cespitosa was dependent on significant interactions

between competition and P addition (for V. vitis-idaea:

F4,74 = 4.4; P = 0.003. For D. cespitosa: F4,74 = 6.3;

P < 0.001; Fig. 3). V. vitis-idaea had overall greater shoot

P concentrations when supplied with SP, but these tended

to be elevated when grown in interspecific competition.

An even stronger significant effect of competition was

seen in response to DG6P; here, plants had 2.5-times

greater concentrations when grown with D. cespitosa com-

pared with conspecifics. The concentration of P in D. ces-

pitosa shoots that were provided with no additional P was

around 0.5 mg�g�1, which was significantly less compared

with all other treatments. Addition of SP resulted in plant

shoots with approximately 20-times greater shoot P con-

centrations than the controls, although there was no effect

of intra- versus interspecific competition in this treat-

ment. In contrast, when DG6P was provided, shoot P

concentrations significantly increased from 1.2 mg�g�1 in

intraspecific competition to 2.9 mg�g�1 when grown with

V. vitis-idaea; both concentrations being significantly

greater than controls. When supplied with a mixture of P

forms, there was no effect of competition on shoot P con-

centrations of both D. cespitosa and V. vitis-idaea.

The quantity of P in V. vitis-idaea shoots was affected by

a significant interaction between P addition and competi-

tion (F4,74 = 3.1; P = 0.021; Fig. 3). Compared with con-

trols, the amount of P was significantly greater when plants

were grown in interspecific competition and supplied with

SP, and when grown in intraspecific competition when

supplied with a mixture of P forms. For D. cespitosa, there

were only significant main effects of P addition and compe-

tition type. Compared with controls, plant shoots con-

tained significantly more P regardless of P addition, while

plants grown in interspecific competition also contained

more P than when grown with conspecifics.

The concentration of N in D. cespitosa and V. vitis-

idaea tissues also differed after addition of various P

forms (Fig. 4). In general, N concentrations in V. vitis-

idaea shoots approximately doubled in response to P

additions, although these effects were only significantly

different from controls in SP, D6GP, and PASS. D. cespi-

tosa shoots had significantly (F4,74 = 41.4; P < 0.001)

smaller concentrations of N when they were supplied with

P, regardless of the form. For example, in the MIX treat-

ment, the concentration of N was nearly half that of the

controls. The total amount of N in V. vitis-idaea shoots

was dependent on a significant interaction between P

addition and competition (F4,71 = 3.1; P = 0.050). This

effect was largely driven by plants grown in intraspecific

competition having substantially more N in shoots when

supplied with D6GP and a mixture of P forms compared

with controls. Less distinct effects were seen in the

amount of N in D. cespitosa shoots, although plants in

interspecific competition tended to contain more N than

when grown with conspecifics. In addition, N content

was significantly (F4,74 = 5.5; P < 0.001) greater in con-

trol plants and plants supplied with PASS and a mixture

of P forms compared with those supplied with only SP.

Figure 2. Mean (+SEM) above-ground biomass of Vaccinium vitis-

idaea and Deschampsia cespitosa in response to P additions when

grown in intra- (open) or interspecific (hatched) competition (see

Fig. 1 for details of P treatments). Bars sharing a letter are not

significantly different (P > 0.05). There was no significant P

form 9 competition type interaction for V. vitis-idaea.
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Activity of root surface enzymes and indices
of competitiveness

Phytase activity on the root surface of D. cespitosa was 22-

fold higher (T = 8.32; df = 18; P < 0.001) than V. vitis-idaea

when grown with PASS (Fig. 5). In contrast, phosphomono-

esterase activity in response to DG6P was significantly

(T =�4.31; df = 18, P < 0.001) greater (approximately 200

lmol�g�fwt�1�s�1) on the root surface of V. vitis-idaea than

D. cespitosa (approximately 8.5 lmol�g�fwt�1�s�1). These

results indicate that D. cespitosa is more effective at using

refractory organic P as a P source, and that V. vitis-idaea

preferentially uses the simple labile organic form, DG6P.

Discussion

We provide the first empirical test of partitioning for soil P

by two plant species commonly found in P deficient ombro-

trophic peatlands. In agreement with our first hypothesis

and with the model proposed by Turner (2008), we found

that the growth of both V. vitis-idaea and D. cespitosa

responded differently depending on the form of P supplied

to the growth medium. D. cespitosa, which is a relatively fast

growing graminoid compared with V. vitis-idaea, was able

to effectively use the organic P compound phytic acid

(PASS), which is the least biological available of those used

in the experiment. There was a tendency for V. vitis-idaea

to produce the greatest shoot biomass in response to addi-

tions of DG6P. D. cespitosa seemed to acquire P from the

stabilized and strongly sorbed PASS through the synthesis of

phytase enzymes released from its root system, whereas pro-

duction of phosphomonoesterases was negligible (Fig. 5).

The production of solubilizing agents such as organic acids

from D. cespitosa root exudates may also help promote phy-

tase activity. For example, the combination of phytase and

organic acids has been found to interact to affect plant utili-

(A) (B)

(C) (D)

Figure 3. Mean (+SEM) shoot P concentration (A) and content (B) in Vaccinium vitis-idaea, and shoot P concentration (C) and content (D) in

Deschampsia cespitosa in response to P additions when grown in intra- (open) or interspecific (hatched) competition (See Fig. 1 for details of P

treatments). Within a panel, bars sharing a letter are not significantly different (P > 0.05). There was no significant P addition 9 competition

interaction on shoot P content of D. cespitosa.
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zation of inositol phosphate (Hayes et al. 2000; George et al.

2004). In contrast to D. cespitosa, the slower growing

V. vitis-idaea had significantly more phosphomonoesterase

on its root surfaces and produced virtually no phytase, that

may have facilitated access the simple phosphate monoester,

DG6P. DG6P is weakly sorbed and considered among the

most abundant and available of organic P forms in soil

(Condron et al. 2005). These data therefore suggest that P

partitioning by these plants is regulated, at least in part, by

production of root surface phosphatase enzymes and pro-

vides support for our second hypothesis. Thus, gaining a

better understanding of the factors that regulate production,

release, and activity of these enzymes is crucial for under-

standing plant community composition and its interactions

with biogeochemical cycling. The findings corroborate past

work showing that root surface enzymes contribute

substantially to plant nutrition (Kroehler and Linkins 1988).

One particularly important factor in regulating root surface

P-solubilizing enzymes is deposition of atmospheric reactive

N, which has been shown to stimulate enzyme activity to

different extents depending on species identity (Johnson

et al. 1999; Phoenix et al. 2004; Phuyal et al. 2007) and

functionality (i.e., whether they are able to fix atmospheric

N; Venterink 2011).

One further explanation of the contrasting activities of

phosphatase enzymes found in the current experiment

might be the different types of mycorrhizal fungi sup-

ported by the plants used; V. vitis-idaea forms ericoid

mycorrhizas, and D. cespitosa forms arbuscular mycorrhi-

zas (Harley and Harley 1987). The role of arbuscular

mycorrhizal fungi in acquiring P via production of extra-

cellular phosphatases is uncertain. One study estimated

that utilization of P from phytic acid and subsequent

translocation of P to Trifolium repens by external

mycelium in a calcareous soil only contributed to around

3% of plant P nutrition (Feng et al. 2003). Our results

(A) (B)

(C) (D)

Figure 4. Mean (+SEM) shoot N concentration (A) and content (B) in Vaccinium vitis-idaea, and shoot N concentration (C) and content (D) in

Deschampsia cespitosa in response to P additions when grown in intra- (open) or interspecific (hatched) competition (See Fig. 1 for details of P

treatments). There was a significant P addition 9 competition interaction only for shoot N content of V. vitis-idaea. Within a panel, bars sharing a

letter are not significantly different (P > 0.05).
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from V. vitis-idaea generally support past work, which

showed ericoid mycorrhizal fungi can utilize organic P

sources by releasing a suite of phosphatases (although

thus far phytase has yet to be tested), and could transport

P back to host plants (Leake and Miles 1996; Myers and

Leake 1996). The plant community found at our study

site comprises a number of species with other root adap-

tations that enable them to acquire P efficiently, notably

M. gale (cluster roots) and Carex spp. (dauciform roots;

Playsted et al. 2006). However, these adaptations usually

are nonspecific in terms of P acquisition. Instead, they

enable plants to release organic acids and mobilize P in

the rhizosphere, which can have significant positive effects

on the growth and nutrition of neighboring co-occurring

species without such adaptations (Johnson et al. 2004).

We found that the performance (biomass) of plants

differed when supplied with a mixture of P forms

compared with what would be predicted based on the

assumption of equal utilization of P from each compound

when applied separately. For V. vitis-idaea, the biomass

when given a mix of three different P compounds was

similar to the biomass produced in response to additions

of DG6P only, that is, very positive. This suggests that the

modest amount of P supplied in DG6P in the mixture

(which was one-third of that applied when this com-

pound was added on its own) was enough to satisfy plant

P demand to the extent that other P forms in the mixture

were not utilized. This finding is important because it

provides evidence of an active foraging strategy whereby

apparently more mobile forms of P (e.g., SP) are ignored

in preference for DG6P. The response of D. cespitosa to

mixed P sources differed to that of V. vitis-idaea in that

it produced more biomass when given a mixture of P

sources compared with all other single additions. This

suggests that this species has preferences for P sources, as

indicated in the model proposed by Turner (2008), rather

than absolute specificity, as appears to be the case for

V. vitis-idaea. In nature, plants are exposed to a vast

diversity of P forms simultaneously, and so the approach

we took in this experiment, where this “choice” was to a

certain extent simulated gives confidence in our conclu-

sion that resource partitioning for P likely occurs under

field conditions. Nevertheless, it is important to also con-

sider that the availability of the P forms, and not just

their chemical composition, are likely to have differed in

the experiment. It is also a possibility that the addition of

one P form could have affected the availability of another

when they were supplied in mixture. Further work is

required to determine the relative importance of P avail-

ability and P chemical composition in driving competitive

interactions in plant communities.

We hypothesized that competition between species

would be dependent on the forms of P supplied to plants,

and this hypothesis was partially supported by the results.

The experimental design and duration were such that

competition for above-ground resources (light) was unli-

kely to be a factor in determining competitive outcomes.

If P supply had no role in mediating competitive out-

comes, we would expect patterns in, for example, biomass

to be similar under all P addition treatments. Yet, this

was not the case; for example, with no added P, D. cespi-

tosa tended to produce more biomass and acquire more

N when grown with V. vitis-idaea compared when grown

with a conspecific, while the reverse was the case for

V. vitis-idaea. When provided with a mix of P sources,

D. cespitosa produced significantly more biomass when

grown with V. vitis-idaea than a conspecific. When

supplied with PASS, V. vitis-idaea produced the same

amount of biomass and acquired similar amounts of N

when grown with conspecifics compared with heterospe-

cifics. The ability of V. vitis-idaea to acquire P from

DG6P, and the apparent poor ability of D. cespitosa to

use this compound as a source of P resulted in the

biomass of D. cespitosa being equal when grown with

conspecifics or heterospecifics. Although V. vitis-idaea

biomass and N acquisition remained less when grown

with D. cespitosa compared with conspecifics under this P

supply treatment, the competitive effect was lowest and

competitive response the greatest in this treatment. It is

of further interest that when given mixtures of P, the

effects of competition were as predicted, with D. cespitosa

producing more biomass and acquiring more N when

grown with V. vitis-idaea and vice versa. Collectively,

these findings suggest that while resource partitioning for

P has a role in mediating competitive outcomes, other

factors remain important. We now need to test whether

Figure 5. Mean (�SEM) root surface phosphomonoesterase and

phytase activity of Vaccinium vitis-idaea and D. cespitosa in response

to additions of D-glucose 6 phosphate (DG6P) and sodium phytate

(PASS). Asterisks indicate significant (P < 0.001) differences between

plant species within each P form.
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preferential utilization of P forms regulates competitive

outcomes in a greater range of species.

Although N was kept constant in the treatments, it was

clear that the ability of plants to acquire it was dependent

on species identity, competition, and P supply. For

V. vitis-idaea, the N concentration in shoots tended to be

greater in treatments receiving P, whereas the N concen-

tration of D. cespitosa shoots was significantly reduced by

P additions, indicating contrasting responses to the

stoichiometry of soil mineral nutrient status. This result

suggests that the interplay between the availability and

mechanisms of uptake of N and P is likely to be critical

for determining the relative contributions of these two

species to plant community structure.

This study provides evidence of the ability of two peat-

land plant species to use different forms of soil P, thus

supporting the hypothesis that resource partitioning for

soil P is an important process. Although this is the first

direct evidence of resource partitioning of soil P, how

these findings can be applied to natural communities and

their management requires more work. Firstly, we used

just two plant species, whereas most natural peatland

communities have a greater number of species represent-

ing broad functional and taxonomic groups (Hulme

2006). Greater species diversity could be reflected by even

wider abilities to access and utilize P forms in peatlands.

Secondly, we used only three P forms (plus the mix),

which may not represent fully the complex P pool in

many ecosystems. In peatland, P storage can range

between 0.2 and 0.5 g�m�2 (Whigham et al. 2002) and

comprises numerous organic P forms including inositol

phosphate, orthophosphate diester, pyrophosphate, phos-

phonates (Turner et al. 2004), phospholipids, nucleotides,

sugar phosphate (Tisdale et al. 1985) phytates, nucleic

acids, phosphate ester, and adenosine phosphates (Jaya-

chandran et al. 1992; Marschner 1995). Finally, we grew

plants for just 8 weeks; therefore, in this study, we only

focussed on the early stages of below-ground competition

between D. cespitosa and V. vitis-idaea, and recent evi-

dence suggests growth and nutrient capture by competing

plants is highly dynamic throughout their life span (Trin-

der et al. 2012). Despite these uncertainties, it is clear that

resource partitioning of soil inorganic and organic P is a

crucial but understudied process that can have profound

effects on plant productivity, growth, and competition.
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