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Summary

1. Prominent theories of plant defence have predicted that plants growing on nutrient-poor soils

produce more phenolic defence compounds than those on richer soils. Only recently has the Pro-

tein Competition Model (PCM) of phenolic allocation suggested that N and P limitation could

have different effects because the nutrients are involved in different cellular metabolic processes.

2. We extend the prediction of the PCM and hypothesize that N will have a greater influence on

the production of phenolic defensive compounds than P availability, because N limitation

reduces protein production and thus competition for phenylalanine, a precursor of many pheno-

lic compounds. In contrast, P acts as a recyclable cofactor in these reactions, allowing protein

and hence phenolic production to continue under low P conditions.

3. We test this hypothesis by comparing the foliar concentrations of phenolic compounds in (i)

phenotypes of 21 species growing on P-rich alluvial terraces and P-depleted marine terraces in

southern New Zealand, and (ii) 87 species growing under similar climates on comparatively

P-rich soils in New Zealand vs. P-depleted soils in Tasmania.

4. Foliar P concentrations of plants from the marine terraces were about half those of plants

from alluvial soils, and much lower in Tasmania than in New Zealand. However, foliar concen-

trations of N and phenolic compounds were similar across sites in both comparisons, supporting

the hypothesis that N availability is a more important determinant of plant investment in pheno-

lic defensive compounds than P availability. We found no indication that reduced soil P levels

influenced plant concentrations of phenolic compounds. There was wide variation in the foliar N

and P concentrations among species, and those with low foliar nutrient concentrations produced

more phenolics (including condensed tannins).

5. Our study is the first trait comparison extending beyond standard leaf economics to include

secondary metabolites related to defence in forest plants, and emphasizes that N and P have dif-

ferent influences on the production of phenolic defence compounds.

Key-words: carbon-nutrient balance, herbivory, phenolics, plant–herbivore interactions, pro-

tein competition model

Introduction

Herbivores are important drivers of plant community com-

position and structure in many forests around the world,

resulting in strong selective pressure on plants to evolve

suitable defence (Martin & Baltzinger 2002; Côté et al.

2004; Tremblay, Huot & Potvin 2007). Many plants invest

in chemical deterrents that are metabolically costly to both

produce and maintain. The resulting channelling of

resources away from growth may, in the absence of herbi-

vores, decrease the plant’s competitiveness against less

defended neighbours (Herms &Mattson 1992; Strauss et al.

2002). For instance, the presence of large quantities of mon-

oterpenes and other secondary metabolites in leaves reduces

browsing by selective feeders such as Sitka black-tailed deer

(Odocoileus hemionus sitkensis), thus conferring increased*Correspondence author. E-mail: dac18@cam.ac.uk
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herbivore resistance on plants expressing them, but at the

cost of a slower growth rate (Vourc’h et al. 2002). Similarly

nicotine production in Nicotiana attenuata has a fitness cost

in terms of seed production in uneaten plants (Baldwin

1998). Yet plants differ greatly in their foliar concentrations

of secondary compounds, and the reason for this variation

remains poorly understood despite a long history of investi-

gation (Stamp 2003a,b).

The Carbon:Nutrient Balance Hypothesis (CNBH) was an

early framework for understanding variation in concentra-

tions of phenolic compounds (Bryant, Chapin & Klein 1983;

Koricheva et al. 1998). The CNBH predicts that the amount

plants invest in secondary compounds depends on the relative

supply of carbon and nutrients to the sites of metabolism. For

example, the growth of plants on nutrient-poor soils is postu-

lated to be more limited by nutrients than by the carbon sup-

plied by photosynthesis, and as a result carbohydrates

accumulate in the leaves, which are then diverted to form con-

stitutive defences including phenolic compounds such as con-

densed tannins (Bryant, Chapin & Klein 1983). CNBH

predicts that if such plants were providedwithmore nutrients,

then they would accelerate biomass growth and decrease allo-

cation to carbon-based secondarymetabolites through lack of

carbohydrate substratematerials (Koricheva et al. 1998). The

CNBHhasbeensupersededbytheProteinCompetitionModel

(PCM)which is basedonamoremechanistic understandingof

biochemical pathways (Jones & Hartley 1999). Proteins and

phenylpropanoids (phenylalanine-derived phenolic com-

pounds, including lignins and condensed tannins) compete for

a common precursor, phenylalanine, in the shikimate biosyn-

thetic pathway (Haukioja et al. 1998). The PCMpredicts that

under low nutrient conditions, demand for growth proteins

will decrease and the rate of phenylalanine incorporation into

phenolic synthesis will increase, resulting in increased concen-

trationsofphenylpropanoids(Jones&Hartley1999).

A key issue considered in the PCM but not in the CNBH is

whether different nutrients have different influences on the

production of phenolic compounds. Here we extend the PCM

prediction that deficiency of either nitrogen or phosphorus

will lead to increased phenolic concentrations, comparing the

effects of these nutrients quantitatively. We argue that N

shortage will have a greater influence than P shortage because

of the different mechanisms by which N and P influence pro-

tein biosynthesis and alter demand for phenylalanine from

the shikimate pathway. Specifically, because N comprises

17%, on average, of protein mass (Elser et al. 1996), N avail-

ability has a direct influence on protein production. Reduced

N availability will decrease the quantity of proteins which can

be produced in existing cells, leading to reduced demand for

phenylalanine and a concomitant increase in production of

phenolic compounds. Biosynthesis of phenolics can continue

under low N conditions as deamination of phenylalanine is

the first committed step, and the resulting amine group can

then be recycled to form more phenylalanine (Jones & Hart-

ley 1999). In contrast, most cellular P is contained in ribo-

somal RNA (Vrede et al. 2004), and is an important

constituent of enzymes involved in protein biosynthesis. We

hypothesize that reduced P availability limits growth primar-

ily through lack of P to form new cells, so the protein produc-

tion capacity and consequent demand for phenylalanine in

existing cells should remain unaffected; overall protein

demandwill remain approximately constant and according to

the PCM, the rate of phenylalanine incorporation into syn-

thesis of phenolic compounds should also remain static.

We assess whether the PCM, that originally focused on

intraspecific responses to local-scale environmental variabil-

ity, can be extended to predict phenolic concentrations

among species at much broader spatial scales. We test our

hypotheses by comparing concentrations of nutrients and

phenolic compounds within two data sets which contrast

plants growing on soils supplying different quantities of phos-

phorus. The first data set is a comparison of 21 species of

woody plant sampled from P-rich alluvial terraces and

adjoining P-depleted marine terraces in southern New Zea-

land (Coomes et al. 2005; Parfitt et al. 2005). The second is a

comparison of 87 species growing in forest communities in

high-rainfall regions of New Zealand and Tasmania; we

anticipated that the highly P-depleted soils of Tasmania

(Grant et al. 1995) would result in lower foliar P concentra-

tions than found in New Zealand. We compare the foliar

traits of plants within New Zealand and Tasmanian forests in

order to address the following questions: (i) Stoichiometry:

Do foliar N : P ratios support the supposition that marine

terraces in New Zealand have less available P than alluvial

terraces and that Tasmanian forests have less available P than

New Zealand forests? (ii) Nutrients and defence compounds:

How are levels of N and P linked to concentrations of

defence-related phenolic compounds? Are concentrations of

phenolic compounds similar in both Tasmanian and New

Zealand plants as predicted under the PCM?When answering

these questions we apply phylogenetically explicit modelling

techniques, because interspecific trait comparisons are fre-

quently influenced by the phylogenetic associations of the

species sampled (Freckleton, Harvey & Pagel 2002; Duncan,

Forsyth & Hone 2007). Finally, we compare our results with

pre-existing global comparative analyses of leaf traits (Wright

et al. 2004), which indicate that the allometric relationships

between nutrient content, photosynthetic and respiratory

capacity, leaf lifespan and specific leaf area are broadly simi-

lar for plants growing in different communities (Dı́az et al.

2004; Wright et al. 2004; Reich, Wright & Lusk 2007). We

assess whether similar cross-community trends extend to con-

centrations of phenolic compounds that have not been

included in global analyses.

Materials and methods

S T U D Y S I T ES , S PE C I E S S E LE C T I ON A N D SA M P L I N G

S C H E M E

The first data set was collected at the Waitutu chronosequence situ-

ated in the Waitutu Ecological Region of Fiordland National Park,

on the south-west coast of the South Island, New Zealand (46Æ4�S,
167Æ2�E) (Coomes et al. 2005; Parfitt et al. 2005). The chronose-
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quence consists of a series of elevated marine terraces intersected by

watercourses flanked with alluvial deposits (Mark et al. 1988). The

alluvial areas are regularly rejuvenated with fresh sediment, whereas

the marine terraces were uplifted from 80 to 290 ky and are highly

depleted in inorganic and organic forms of soil P. Coomes et al.

(2005) describe the chemistry of these soils in detail: the terrace soils

contain much lower concentrations of phosphorus than the alluvial

soils (total P in the FH horizon 372 vs. 733 p.p.m., and in the mineral

soil 189 vs. 862 p.p.m. respectively). In contrast, the terrace soils con-

tain slightly greater quantities of N than the alluvial soils (total N in

organic layers: 1Æ19% vs. 1Æ00% and in the mineral soil 0Æ53% vs.

0Æ32% respectively).

The second data set contrasts species from Tasmania and New

Zealand, remnants of the southern paleo-supercontinent of Gondw-

ana. Wet, cool temperate forests in the west of both landmasses are

dominated by characteristic southern hemisphere taxa of Nothofagus

and Eucalyptus. Despite the present geographical separation of

2000 km, both landmasses share many taxa at both the congeneric

and conspecific levels, attributable to relatively frequent long-distance

dispersal events since separation (Jordan 2001; Knapp et al. 2005;

Perrie & Brownsey 2007; McDowall 2008). Inherently nutrient-poor

rock types, geological inactivity and frequent fires have left Tasmania

with typically P-depleted soils compared toNewZealand, particularly

in the high rainfall areas with quartzite substrates in the West of the

country (Handreck 1997; Read 2001). The types of soils found at our

study sites (underlain by Precambrian quartzite or slate, Ordovician

conglomerate and sandstone or Permian mudstone) typically contain

P concentrations of 38–245 and 14–125 p.p.m. in the organic and

mineral layers, respectively (Grant et al. 1995), much lower than that

found in the Waitutu soils. These soils also contained less N than

those in Waitutu forest, with concentrations of 0Æ10–0Æ28% in the

organic layer and 0Æ03–0Æ07% in themineral layer (Grant et al. 1995).

F I EL D S A M P L I N G A N D T R A I T M E AS U R E M E N T S

We collected leaf samples from 21 species growing on both soil types

in the Waitutu forest, from two to four plants per species on

P-depleted terraces and from the alluvial site (Forsyth, Richardson &

Menchenton 2005; Parfitt et al. 2005). For the interspecific compari-

son we collected leaf samples from 40 species of Tasmanian and 54

species of New Zealand plants from seven and two different rain for-

est sites respectively (see Tables S1 and S2, Supporting Information).

We selected Tasmanian sites which matched most closely the cool,

high rainfall conditions of the Murchison Mountains, where the

majority (45) of the New Zealand species were sampled. Species were

selected to represent the dominant vegetation in the forest understo-

reys of each landmass. The majority of samples were taken under

closed canopies, and from <1Æ5 m above ground level in order to

eliminate the confounding effects of different light environments on

concentrations of photoprotective phenolic compounds (Close et al.

2003). We sampled up to 20 individuals of each species, collecting

1–10 leaves from each individual (mean = 8 leaves) depending on the

size of the plant. One frond was sampled from individual tree ferns.

Leaves were air dried in the field and then oven dried at 45 �C to

prevent loss of the more volatile phenolic compounds. Leaves were

pooled by species (New Zealand within sites and Tasmania between

sites), ground and sent for chemical analysis at an internationally

accredited laboratory (Landcare Research Environmental Chemistry

Laboratory, Palmerston North, New Zealand). Nitrogen and phos-

phorus concentrations weremeasured using colorimetricmethods fol-

lowing a Kjeldahl digest. Total fibre (comprising cellulose,

hemicellulose and lignin), cellulose and lignin concentrations were

determined using acid detergent fibre methods. Concentrations of

total phenolics were determined as tannic acid equivalents and the

subset of condensed tannins as catechin equivalents. Six species were

sampled twice at separate sites in New Zealand, for which we calcu-

lated trait means for use in all further comparisons.

S T A T I S T I C AL A N A L YS I S

Comparisons of bivariate scaling relationships between our data set

and the GLOPNET global data base of plant traits (Wright et al.

2004) were made using StandardizedMajor Axis regressions (Warton

et al. 2006). To account for phylogenetic associations (Rohlf 2001;

Freckleton, Harvey & Pagel 2002), we performed phylogenetic gener-

alized least-squares (PGLS) regressions comparing both single trait

means and each bivariate trait combination, to determine whether

site-level differences were being driven by higher order taxonomic

interactions, i.e. whether responses of species are more heavily

affected by taxon than the site in which they were sampled (Wright,

Westoby & Reich 2002). All traits except lignin and condensed tan-

nins had lognormal species distributions according to the Shapiro–

Wilk test and were log10-transformed for further analysis. We gener-

ated a phylogeny (Fig. S1, Supporting Information) based on the

order and family-level classifications of the Angiosperm Phylogeny

Group (APGII, 2003). Genus-level classifications and those for gym-

nosperms and ferns were collected from recently published cladistic

trees and unpublished taxonomies of relevant groups (see Fig. S1).

Branch lengths for this composite phylogeny were estimated accord-

ing to the method of Grafen (1989) using the APE package in R (Par-

adis, Claude & Strimmer 2004; R Development Core Team, 2008).

We set the height of each node equal to the number of daughter taxa

minus 1 and calculating branch lengths as the difference in height

between upper and lower nodes. Phylogenetic covariance matrices

calculated under a Brownian model of evolution were then incorpo-

rated into generalized least-squares regressions following Duncan,

Forsyth & Hone (2007). We obtained maximum likelihood estimates

(MLE) of k, a measure of phylogenetic correlation associated with a

given tree, for each comparison. Traits that are phylogenetically inde-

pendent have k values approaching zero whereas those that covary in

proportion to their level of relatedness have k values close to one

(Freckleton, Harvey & Pagel 2002). Estimates of k remained essen-

tially constant for several candidate trees in which polytomies were

resolved at random, indicating that k is robust to taxonomic uncer-

tainties. We fitted linear models at the MLE of k, which removes the

covariance associated with phylogenetic relatedness, leaving only the

effects of country in the comparison of mean trait values, in a process

analogous to ANCOVA. We also compared pairs of traits by this

method. The resulting slope and intercept parameter estimates for

each country were compared using t-tests, and the strength of bivari-

ate trait relationships within countries was tested using Pearson corre-

lation r values. As PGLS parameters differ depending on the

direction of the model (regressing X on Y as opposed to Y on X), we

compared all trait combinations in both directions and, to be conser-

vative, plotted only those lines whichwere supported under both.

Results

S T O I C H I OM E T R Y A N D L E A F E C O N O M I C S P E C T R U M

Mean foliar-N concentrations in plants growing on alluvial

soils in Waitutu forest were not significantly different from

conspecifics growing on the marine terraces (PGLS single
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trait model: t = )0Æ76, P = 0Æ45). In contrast, mean foliar-P

concentrations were 50% lower on the marine terraces

(Fig. 1), contributing towards higher foliar N : P ratios

(11Æ0 ± 0Æ67) than on the alluvial soils (6Æ39 ± 0Æ43,
t = 5Æ76, P < 0Æ001). There was a common positive correla-

tion between N and P across both soil types inWaitutu forest

(Table 1, Fig. 2). Interspecific comparisons of Tasmanian

and New Zealand species revealed similar patterns; mean

foliar-P concentrations were 35% lower in Tasmania than in

New Zealand (Fig. 3), with a narrower range of values (Tas-

mania: 0Æ35–2Æ47 mg g)1; New Zealand: 0Æ40–5Æ30 mg g)1).

In contrast, foliar-N concentrations varied sevenfold among

species but the mean concentration (12Æ7 ± 0Æ50 mg g)1) did

not differ between the landmasses (PGLS single trait model:

t = 0Æ40, P = 0Æ69). Consequently foliar N : P ratios were

higher in Tasmania (15Æ8 ± 0Æ67) compared to New Zealand

(10Æ7 ± 0Æ58, t = 5Æ99, P < 0Æ001). N and P concentrations

were positively correlated in both countries, although the

slope of the log–log scaling relationship (i.e. the scaling expo-

nent) was greater in New Zealand (1Æ29, 95% confidence
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Fig. 1. Mean (±SEM) trait values of 21 species of forest plants sampled on alluvial (Al) and marine terraces (Te) in Waitutu forest, New

Zealand. Intraspecificmeans compared using paired t-tests; ***P < 0Æ001. Lambda values indicate phylogenetic independence of trait.

Table 1. Bivariate trait comparisons of forest plants growing on alluvial and marine terraces in Waitutu forest, New Zealand, by phylogenetic

generalized least squares regressions. Measure of phylogenetic correlation, k. Coefficients and standard errors of log10-transformed traits.

Significance of coefficients (t-tests) indicated: ***P < 0Æ001; **P < 0Æ01; *P < 0Æ05. Significance of alluvial terrace intercepts and slopes is

tested for heterogeneity from zero. Marine terrace intercepts and slopes are tested for heterogeneity from alluvial terrace intercepts and slopes

respectively

Traits k

Alluvial soils Terrace soils

Intercept (±SE) Slope (±SE) Intercept (±SE) Slope (±SE)

Phosphorus–nitrogen 0Æ68 )0Æ86 ± 0Æ17*** 1Æ07 ± 0Æ14*** 0Æ15 ± 0Æ19 )0Æ37 ± 0Æ18*
N : P–nitrogen 0Æ68 0Æ86 ± 0Æ17*** )0Æ07 ± 0Æ14 )0Æ15 ± 0Æ19 0Æ37 ± 0Æ18*
Fibre–nitrogen 0Æ95 2Æ80 ± 0Æ13*** )0Æ11 ± 0Æ08 )0Æ00 ± 0Æ10 )0Æ02 ± 0Æ09
Phenolics–nitrogen 1 2Æ13 ± 0Æ48*** )0Æ71 ± 0Æ21** )0Æ32 ± 0Æ24 0Æ37 ± 0Æ23
Tannins–nitrogen 0 2Æ88 ± 0Æ83** )1Æ99 ± 0Æ75* )0Æ32 ± 1Æ15 0Æ32 ± 1Æ07
N : P–phosphorus 0 0Æ90 ± 0Æ04*** )0Æ39 ± 0Æ11** 0Æ13 ± 0Æ05* 0Æ21 ± 0Æ20
Fibre–phosphorus 0Æ95 2Æ70 ± 0Æ10*** )0Æ08 ± 0Æ06 )0Æ04 ± 0Æ02 )0Æ03 ± 0Æ09
Phenolics–phosphorus 1 1Æ55 ± 0Æ39*** )0Æ65 ± 0Æ15*** )0Æ08 ± 0Æ05 )0Æ09 ± 0Æ20
Tannins–phosphorus 0Æ01 1Æ32 ± 0Æ21*** )2Æ00 ± 0Æ54*** )0Æ46 ± 0Æ24 0Æ01 ± 0Æ94
Fibre–N : P 0Æ98 2Æ70 ± 0Æ14*** )0Æ04 ± 0Æ10 0Æ07 ± 0Æ12 )0Æ08 ± 0Æ13
Phenolics–N : P 1 1Æ06 ± 0Æ51* 0Æ36 ± 0Æ29 )0Æ26 ± 0Æ34 0Æ26 ± 0Æ36
Tannins–N : P 0Æ98 )0Æ55 ± 1Æ07 1Æ54 ± 0Æ77 2Æ38 ± 0Æ92* )2Æ59 ± 0Æ97*
Phenolics–fibre 1 0Æ41 ± 1Æ69 0Æ35 ± 0Æ61 1Æ55 ± 0Æ84 )0Æ55 ± 0Æ32
Tannins–fibre 0Æ11 )3Æ79 ± 3Æ57 1Æ70 ± 1Æ34 0Æ13 ± 4Æ09 0Æ00 ± 1Æ55
Tannins–phenolics 0Æ54 )1Æ44 ± 0Æ48** 1Æ57 ± 0Æ29*** 0Æ14 ± 0Æ50 )0Æ13 ± 0Æ34
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interval = 1Æ01, 1Æ56) than in Tasmania (0Æ89 [0Æ54, 1Æ24])
(Table 2, Fig. 4). The correlation between these traits was lar-

gely independent of phylogeny (k = 0Æ13).

N U T R I E N T S A N D D E F E N C E C O M P O U N D S

Conspecific comparisons across soil types indicated that the

mean concentrations of fibre, cellulose, lignin, total phenolics

and condensed tannins were similar on marine and alluvial

sites inWaitutu forest despite very large differences in foliar P

concentrations (PGLS single trait models: fibre t = )1Æ46;
cellulose t = )1Æ76; lignins t = )0Æ25; total phenolics

t = 1Æ71; condensed tannins t = 1Æ18; all tests P > 0Æ05,
Fig. 1). On both the alluvial and marine terraces N and P

were negatively correlated across species with both condensed

tannins and total phenolics (Fig. 2). There were no systematic
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differences in these trait correlations between soil types

(PGLS bivariate trait models,P < 0Æ05, Table 1, Fig. 2).

Likewise, mean values for these traits were not significantly

different when comparing plants from New Zealand and

Tasmania at the interspecific level (PGLS single trait models:

fibre t = 0Æ07; cellulose t = )0Æ98; lignins t = 0Æ31; total
phenolics t = 0Æ70; condensed tannins t = 0Æ71; all tests

P > 0Æ05, Fig. 3). When data were pooled across both coun-

tries, N and P were both negatively correlated with both total

phenolics and condensed tannins (N–phenolics, r = )0Æ42,
t = )4Æ46, P < 0Æ001; P–phenolics, r = )0Æ49, t = )5Æ43,
P < 0Æ001; N – tannins, r = )0Æ33, t = )3Æ35, P < 0Æ001;
P–tannins, r = )0Æ39, t = )4Æ02, P < 0Æ001). PGLS analy-

sis of these trait correlations did not reveal any systematic

differences between countries (Figs 4 and 6). There were no

significant correlations between fibre concentration and

eitherN or P.

CO MP A R IS ON W I TH GL O B AL L E AF T R AI T D AT A BA S E

The scaling slope of the relationship between N and P for our

species (pooling all data) was not significantly different from

the slope of the GLOPNET data set [likelihood ratio tests,

P = 0Æ63; common slope and 95% confidence inter-

val = 1Æ51 (1Æ46, 1Æ57)]. This correspondence with patterns

found at the global scale (Fig. 5) indicates that our sample

was large enough to reveal general patterns and that the scal-

ing relationships with respect to the leaf economics spectrum

are similar (Wright et al. 2005). The foliar N concentrations

that we observed are mainly within the lower third on the glo-

bal scale. Our samples had higher P, on average, at a given

concentration of N than species recorded in the GLOPNET

data set (Wald test: v2 = 51Æ0, P < 0Æ001, Fig. 5). This may

be due to differential leaching rates of N and P under the high

rainfall conditions of our study sites, with N being leached

Table 2. Bivariate trait comparisons of New Zealand and Tasmanian forest plants by phylogenetic generalized least squares regressions.

Measure of phylogenetic correlation, k. Coefficients and standard errors of log10-transformed traits. Significance of coefficients (t-tests)

indicated: ***P < 0Æ001; **P < 0Æ01; *P < 0Æ05. Significance of New Zealand intercepts and slopes is tested for heterogeneity from zero.

Tasmanian intercepts and slopes are tested for heterogeneity fromNewZealand intercepts and slopes respectively

Traits k

New Zealand Tasmania

Intercept (±SE) Slope (±SE) Intercept (±SE) Slope (±SE)

Phosphorus–nitrogen 0Æ13 )1Æ29 ± 0Æ15*** 1Æ29 ± 0Æ14*** 0Æ25 ± 0Æ20 )0Æ40 ± 0Æ18*
Fibre–nitrogen 0Æ22 2Æ76 ± 0Æ12*** )0Æ19 ± 0Æ11 )0Æ03 ± 0Æ16 0Æ03 ± 0Æ15
Tannins–nitrogen 0Æ35 2Æ39 ± 0Æ74** )1Æ40 ± 0Æ65* 0Æ81 ± 0Æ95 )0Æ56 ± 0Æ88
Phenolics–nitrogen 0Æ77 2Æ67 ± 0Æ38*** )1Æ03 ± 0Æ28*** )0Æ12 ± 0Æ39 0Æ21 ± 0Æ36
N : P–nitrogen 0Æ13 1Æ29 ± 0Æ15*** )0Æ29 ± 0Æ14* )0Æ25 ± 0Æ20 0Æ40 ± 0Æ18*
Fibre–phosphorus 0Æ26 2Æ57 ± 0Æ04*** )0Æ10 ± 0Æ07 )0Æ02 ± 0Æ03 )0Æ00 ± 0Æ11
Tannins–phosphorus 0Æ39 1Æ02 ± 0Æ27*** )1Æ38 ± 0Æ38*** )0Æ09 ± 0Æ14 )0Æ30 ± 0Æ60
Phenolics–phosphorus 0Æ81 1Æ66 ± 0Æ24*** )0Æ77 ± 0Æ16*** )0Æ04 ± 0Æ06 0Æ00 ± 0Æ24
N : P–phosphorus 0 1Æ04 ± 0Æ01*** )0Æ54 ± 0Æ06*** 0Æ11 ± 0Æ02*** 0Æ20 ± 0Æ09*
Tannins–fibre 0Æ44 )6Æ54 ± 2Æ10** 2Æ92 ± 0Æ81*** 4Æ36 ± 2Æ74 )1Æ63 ± 1Æ08
Phenolics–fibre 0Æ93 2Æ62 ± 0Æ99** )0Æ40 ± 0Æ35 )0Æ04 ± 1Æ06 0Æ05 ± 0Æ42
Tannins–phenolics 0Æ3 )0Æ79 ± 0Æ40 1Æ07 ± 0Æ22*** )0Æ06 ± 0Æ60 0Æ08 ± 0Æ36
Fibre–N : P 0Æ21 2Æ51 ± 0Æ11*** 0Æ05 ± 0Æ10 0Æ10 ± 0Æ20 )0Æ09 ± 0Æ17
Tannins–N : P 0Æ49 )0Æ94 ± 0Æ67 1Æ91 ± 0Æ60** 1Æ26 ± 1Æ11 )1Æ21 ± 0Æ98
Phenolics–N : P 0Æ88 0Æ87 ± 0Æ40* 0Æ75 ± 0Æ25** 0Æ28 ± 0Æ45 )0Æ27 ± 0Æ40
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Fig. 4. Bivariate comparisons of foliar concentrations of (a) N and P, (b) N and total phenolic compounds, (c) P and phenolic compounds for all

species sampled in New Zealand (open circles) and Tasmania (filled circles). A single PGLS regression line is plotted when relationships were

indistinguishable between landmasses, whereas dashed line = New Zealand and solid line = Tasmania when significant differences were

observed.
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faster than P as leaves age (Chapin 1980), an effect which

would be less pronounced in the lower rainfall areas which

form the majority of the global survey (Wright et al. 2004).

Discussion

I N F LU E N C E S O F F O L I A R N I T R O G E N A N D P H O S P H OR U S

C O N C E N T R A T I O N S O N I N V E S T M E N T I N P H E N OL I C

C O M P O U N D S

Plants growing on relatively P-rich soils had similar concen-

trations of phenolics and condensed tannins to those growing

on P-depleted soils: this was true when comparing alluvial vs.

marine terrace sites in southern New Zealand (Fig. 1) and

New Zealand vs. Tasmanian sites (Fig. 3). These results sup-

port our hypothesis that the availability of phosphorus to

plants has little, or no, influence on the production of pheno-

lic compounds. Our premise was that N availability greatly

influences protein biosynthesis because N comprises a large

proportion of the substrate, whereas the major role of P is to

form recyclable cofactors in the intermediate stages. There is

strong evidence that plant growth is P rather than N limited

on the Waitutu marine terraces with soil P depletion on the

marine terraces but similar soil N concentrations across both

soil types (Coomes et al. 2005; Coomes et al. 2009). Foliar N

and P concentrations reflected N and P availability; plants

growing on the marine terraces had only half the foliar P con-

centrations of conspecific plants growing on nearby alluvial

sites, but there was no significant difference in foliar N con-

centrations. Although it proved impossible to distinguish the

influences of foliar N and P concentrations on phenolic pro-

duction within sites – because N and P concentrations were

closely correlated among species (Figs 2, 4 and 6) – the lack

of influence of P in cross-site comparisons suggests that it is

N, and not P, availability that is responsible for within-site

relationships between phenolics and foliar nutrient concen-

trations (Figs 2, 4 and 6).

High concentrations of tannins in the leaves of species asso-

ciated with phosphorus-impoverished soils have strong influ-

ences on microbial decomposition of litter and nutrient

cycling. There is a general trend towards higher foliar tannin

concentrations in forest plants growing on less fertile soils

(Kraus, Dahlgren & Zasoski 2003), with trees on tropical

white sands leaching large quantities of tannins into blackwa-

ter rivers (Janzen 1974). Western Tasmanian waters are

known to have similarly high tannin contents (Bowling, Ste-

ane & Tyler 1986). The accumulation of foliar tannins in

plants growing on less fertile sites can act to regulate nutrient

cycling, with reduced rates of decomposition and N minerali-

zation being associated with high tannin concentrations in

leaf litter (Kraus, Dahlgren & Zasoski 2003; Schweitzer et al.

2008). Subsequent formation of polyphenol–protein com-

plexes in the soil can help to retain inorganic cations by sorp-

tion (Hättenschwiler & Vitousek 2000). Increased tannin

production may therefore represent a conservative strategy

by which plants reduce nutrient losses to the microbial com-

munity, although the significance of such processes at the eco-

system level remains to be determined (Hättenschwiler &

Vitousek 2000).

The PCM was originally formulated to predict phenotypic

variation in phenolic compound concentrations, focusing on

the way a plant responds to changes in a single environmental

variable, implicitly limiting predictions to relatively homoge-

neous habitats at local spatial scales. Our results suggest that

the PCM provides a useful framework for understanding

how phenolic concentrations vary among species at the

national scale in response to variation in N availability. In

order to predict responses to P limitation, the contrasting

roles of N and P in protein synthesis must be considered.

Studies of phenotypic variation support our findings: Kori-

cheva et al. (1998) conducted a meta-analysis of 147 experi-

mental studies which investigated how N and P fertilization

influenced concentrations of various classes of carbon-based

secondary compounds, including phenylpropanoids. These

experiments indicated that foliar concentrations of phenolic

compounds were generally unaffected by P addition, but were

strongly affected by N addition (Koricheva et al. 1998),

although the reasons for this discrepancy were not explored.

Low organismal N : P ratios are closely linked to high inher-

ent growth rates (Niklas et al. 2005), and manipulation of

nutrient availability has been shown to affect community

composition and ecosystem processes in amanner predictable

using models of the stoichiometry of RNA and protein

(Vrede et al. 2004).

S T O I C H I OM E T R Y A N D L E A F E C O N O M I C S P E C T R U M

The existence of differing growth strategies may contribute

towards the high variability which we observed in phenolic

and tannin concentrations within sites (eightfold and 30-fold

variation in phenolic concentrations in Tasmania and New

Zealand respectively). Interspecific variation in foliar P
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Fig. 5. Scaling relationships between foliar N and P concentrations

across New Zealand and Tasmania (black points, solid line) and a

global data base of leaf traits [GLOPNET: (Wright et al. 2004), grey

points, dashed line].
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concentrations increased with N concentration (Fig. 4), indi-

cating that species adopt a variety of stoichiometric strategies

under similar nutrient regimes. Supporting this conclusion,

dominant New Zealand tree species differ in their responses

to nutrient supply, with some species maximizing photosyn-

thetic rates under high N situations regardless of P availabil-

ity, whereas others prefer high N, low P soils (Carswell et al.

2005). Likewise, tropical trees exhibit high variation in inter-

specific N : P ratios within communities, signalling greater

diversity of growth strategies in response to edaphic condi-

tions than temperate species (Townsend et al. 2007).

Increased sclerophylly is one strategy by which plants may

sustain high growth rates under low P (Handreck 1997), but

we found little indication of increased sclerophylly in Tasma-

nia, as the species that we sampled had similar concentrations

of fibre and lignin to those in New Zealand. Plants may form

mycorrhizal associations or dense root mats exuding organic

acids to extract the maximum amount of P from all soil layers

(Lambers et al. 2008). Plants may also adopt highly conserva-

tive nutrient cycling strategies to retain P, with long leaf life-

span and efficient resorption of P from senescing leaves

(Denton et al. 2007).

Conclusions

Our comparison of traits extends the standard list of traits

used to develop the leaf-economic spectrum theory to include

phenolic compounds related to defence in forest plants.

Accounting for the effects of phylogenetic association, we

show that plants with low foliar nutrient concentrations

invest more in total phenolics and the subset of condensed

tannins, in agreement with the protein competition model of

plant defences. Across very large spatial scales and at both

the intra- and inter-specific levels of comparison, N appears

to be a more important determinant of plant investment in

carbon-based defensive compounds than P.
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Table S2. Forest plant species sampled in New Zealand and Tasma-

nia for foliar trait comparisons.

Figure S1. Phylogeny hypothesis for New Zealand and Tasmanian

forest plants used in trait analyses.
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