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Abstract. In nutrient-poor ecosystems high polyphenol concentrations in plant litter have been proposed
to influence soil nutrient availability in benefit of the plants. We addressed the question whether litter
polyphenol concentrations vary across a soil chronosequence of almost identical geology, climate and
plant species composition, but of a wide range in nitrogen (N) and phosphorus (P) availability in the
Hawaiian Islands. Concentrations of total phenolics (TPh) and proanthocyanidins (PA) in leaf litter of
the dominant tree species Metrosideros polymorpha were higher at the oldest, P-limited site compared
to the youngest, N-limited site, with intermediate values at the two relatively fertile sites co-limited by
N and P. Polyphenol concentrations in fine root litter differed considerably from those observed in leaf
litter and varied differently across the soil age gradient. Long-term fertilization did not significantly al-
ter polyphenol concentrations in Metrosideros litter at either site. Moreover, green leaves and leaf litter
of Metrosideros showed similar relative differences among sites when compared between natural popu-
lations and plants from the same populations but grown in a common garden. These results suggest that
polyphenol concentrations inherently vary among populations of the dominant tree species in Hawaiian
montane forests possibly indicating an adaptation to ecosystem properties such as substrate age related
differences in soil fertility. The combined above- and below-ground input rate of TPh ranged from 62.4
to 170.8 g/m2/yr and was significantly higher at the P-limited than at the N-limited site. Root-derived
polyphenols contributed a much higher absolute and relative amount of phenolic input at the N-limited
than at the P-limited site. The differences in amount, quality, and pathways of input might suggest spe-
cific interactions with soil processes and nutrient cycling among the Hawaiian rainforests studied here.

Introduction

Polyphenols are the predominant class of plant secondary metabolites, occurring
widely and often in large quantities in plant tissues (Bate-Smith 1962; Swain 1979;
Haslam 1989; Harborne 1997). The observed high variation of polyphenol concen-
tration among and within species has been discussed in relation to their function as
carbon-based defense compounds against herbivores and pathogens (Coley et al.
1985; Lamb et al. 1989; Herms and Mattson 1992; Hartley and Jones 1997; Karban
and Baldwin 1997). Better-defended tissues in living plants may result in slower
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decomposition rates after senescence, as was suggested by Grime et al. (1996) in a
comparative analysis. Damage to living leaves of poplar trees (Populus deltoides)
caused a higher concentration of polyphenols in leaf litter of these plants, and was
followed by slower decomposition (Findlay et al. 1996). In addition, high polyphe-
nol concentrations in plant litter may be an adaptive response to infertile soils
(Northup et al. (1995b, 1998)) regardless of any functions in living tissues. A num-
ber of experiments indicate that plant-derived polyphenols can affect a variety of
soil processes (see reviews by Horner et al. (1988) and Kuiters (1990), Hätten-
schwiler and Vitousek (2000)), some of which could increase nutrient availability
to plants.

Large responses of polyphenol concentrations to differences in soil N availabil-
ity are well documented for green leaves of a variety of plant species (Gershenzon
1984; Bryant et al. 1987; Ruohomäki et al. 1996; Haukioja et al. 1998; Hätten-
schwiler and Schafellner 1999). These observations are generally in line with the
theoretical predictions of a higher phenolic concentration at lower levels of nutrient
availability, based on either the carbon nutrient balance hypothesis (CNB, Bryant
et al. (1983)) or the more recent protein competition model (PCM, Jones and Hart-
ley (1999)) of phenolic allocation. The variability of polyphenol concentration in
litter is much less studied, but consistent with theory and data on green leaves,
Northup et al. (1995a) found increasing tannin concentration in pine needle litter
along a natural soil fertility gradient of decreasing N availability. Ecosystem-level
interpretations of the observed changes in polyphenol concentrations remains dif-
ficult, however, due in part to limited data on above- and particularly below-ground
inputs of plant-produced polyphenols into the soil. Concentrations of polyphenols
within a single plant species need not correlate with the total amount of polyphe-
nols produced and transferred to the soil per unit ground area, either within that
species or at the community level. Moreover, we do not know of any attempt to
separate phenotypic variation in response to changing nutrient availability from ge-
notypic variation in response to site-specific differences in soil fertility, within the
same plant species. Such distinction, however, is important in an assessment of se-
lection for polyphenol-rich genotypes on infertile soils.

The evaluation of below-ground, root-derived polyphenols may be especially
important to understanding how polyphenols influence the availability and uptake
of nutrients by plants, because polyphenols produced by roots are more widely dis-
tributed within the soil, and are more closely related to processes in the rhizosphere,
than polyphenols released from litter deposited on the soil surface. Limited evi-
dence suggests that the phenolic composition of fine roots can differ greatly from
that of leaves within the same plant species (Gallet and Lebreton 1995).

In this study we address how polyphenol concentrations in leaf and root litter of
Hawaiian tropical montane forests vary across a substrate age gradient that includes
sites of a wide range in nitrogen and phosphorus availability. This gradient enabled
us to identify patterns of litter polyphenol concentrations in natural populations of
the same plant species in response to differences in soil fertility. In addition, re-
sponses of litter polyphenol concentrations to long-term fertilization were deter-
mined within three of the sites. Finally, we evaluated phenotypic vs. genotypic re-
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sponses using plants originating from the different study sites, but growing in the
same environment in a common garden.

Material and methods

Study sites

Four montane rainforest sites on the Hawaiian islands from the chronosequence de-
scribed by Crews et al. (1995) were included in this study. Three sites (Thurston,
Laupahoehoe, and Kohala) are located on the island of Hawaii and one site is lo-
cated on the island of Kauai (Kokee). Soils at all sites derived from volcanic tephra
ranging in age from 300 years at the youngest site (Thurston) to 4.1 million years
at the oldest site (Kokee, Table 1). All four sites are characterized by a mean an-
nual precipitation near 2500 mm (Giambelluca et al. 1986) and an altitude near
1200 m, corresponding to a mean annual temperature of 16 °C (Crews et al. 1995).
Each site is covered by similar native forest vegetation (Kitayama and Mueller-
Dombois 1995) that is dominated by the tree species Metrosideros polymorpha;
none appear to have been cleared by humans. Metrosideros constitutes more than
80% of the total community basal area at each site (Table 1). The most common
co-occurring canopy trees are Cheirodendron trigynum and Ilex anomala, while
Coprosma spp., Myrsine spp., Cibotium spp. and Vaccinium calycinum are abun-
dant in the sub-canopy. Cibotium tree ferns are abundant at Thurston, and decrease
in density with increasing substrate age. Cibotium is rarely found at Kokee, but
other ferns, particularly Elaphoglossum spp., dominate the understory.

Total basal area and net primary production (above- and below-ground NPP
combined) are similar at all four sites (Table 1), even though soil nutrient avail-
ability and foliar nutrient concentrations differ markedly (Crews et al. 1995; Vi-
tousek et al. 1995). Nutrient limitation to net primary production has been identi-
fied by long-term factorial fertilization experiments at three of the four sites. These
demonstrated that tree growth and above-ground net primary production (ANPP) is
limited by N alone at the youngest site (Thurston), by P alone at the oldest site
(Kokee), and is co-limited by N and P at the most fertile site of intermediate age
(Laupahoehoe; see Vitousek et al. (1993) and Herbert and Fownes (1995), Vitousek
and Farrington (1997)).

Plant sampling

Above-ground plant litter was collected at all four sites and within each of four
plots of the fertilization treatments (control, N, P, and N+P) in July 1999, Decem-
ber 1999, and May 2000. Six (Laupahoehoe) or 10 (all other sites) litter traps cov-
ering approximately 1% of the total plot area were randomly distributed within each
plot, and litter was collected three days later. If not enough litter accumulated over
three days, the litter traps remained in place for another three days. The relatively
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short period of litter collection was chosen to avoid leaching of polyphenols. The
collected litter was combined across traps within each plot, air-dried in a custom
made dry box, and then sorted into seven fractions: four different categories of
Metrosideros leaves, leaves of other species, twigs, and other material (reproduc-
tive parts and parts too small to be identified). The four Metrosideros leaf fractions
included 1) leaves that were entirely or partially green, 2) leaves that showed ob-
vious signs of herbivory (mainly galls) regardless of leaf color, 3) dark brown
and/or bleached leaves that had remained in the canopy after sensescence and death,
and 4) yellow-brown, newly senesced leaves. In addition to the litter collected in
traps, we also sampled the litter layer and surface soil at each site and within each
plot. Partially decomposed Metrosideros leaf litter was collected from the deepest
litter layer, but only entire leaves of an intact shape were sampled. Surface soil was
collected after removal of the litter layer. These materials were air-dried in the same
way as litter from the traps.

Fine root litter was collected from the same sites and plots as described above in
December 1999. A total of three soil cores were randomly taken within each plot at
all sites using a 5-cm diameter corer. A sampling depth of 15 cm was chosen be-
cause most of the fine roots are found within this part of the soil profile (Ostertag
2001). The soil cores were pooled within each plot, kept in a cool box in the field
and then stored at 4 °C for a maximum of 4 days until they could be processed.
Processing involved washing soil through a 1-mm sieve and separating roots from
other organic material in a tray of deionized water. The resulting roots were sepa-
rated into 1) live fine roots, 2) dead fine roots, 3) coarse roots, and 4) fern roots,
and then air-dried. Fine roots are defined as < 2-mm diameter and coarse roots as >
2-mm diameter. Live and dead fine roots were distinguished based on color and
texture (Vogt and Persson (1991), R. Ostertag, pers. comm.). Live roots were flex-
ible and friable and were of light color, whereas dead roots were rigid and the stele
often separated from the cortex. Coarse roots and fern roots were not separated into
live and dead material, because they could not easily be distinguished (mainly fern
roots) or because most of them appeared to be alive (coarse roots). Except for fern
roots having a characteristic black color and morphology (uniform diameter and no
lateral roots), we were unable to separate roots by species. However, after removal
of fern roots, it can be assumed that most of the remaining roots were Metrosideros
polymorpha, because of its high dominance at all sites.

In December 1999, we collected green, full-sun leaves of Metrosideros from
small branches at the top of the canopy using either a shotgun or a slingshot. Be-
tween three and five leaves from the oldest leaf cohort were taken from each branch,
and three or more trees were sampled in each site and plot. These leaves were air-
dried in the same way as litter material.

The annual rate of phenolic input was estimated on a ground area basis using
our measurements of polyphenol concentrations and measurements of annual
above-ground litter production by Harrington et al. (2001) and estimates of annual
below-ground litter production by Ostertag (2001). Harrington et al. (2001) col-
lected above-ground litter fall from each plot of all four fertilization treatments at
the Thurston and Kokee sites from June 1997 until June 1998. Root turnover rates
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were determined at the same sites, but only for the fertilization treatments C, N,
and P (Ostertag 2001). Our estimates of total annual polyphenol inputs were re-
stricted to the Thurston and Kokee sites. Below-ground polyphenol input for the
NP treatments were estimated by assuming a similar ratio of above- to below-
ground litter production among the different treatments within each site. Assuming
a minimal turnover and resorption of phenolic compounds during leaf senescence,
we defined the difference between green leaf phenolic production and leaf litter
phenolic input as phenolic input by canopy throughfall.

Common garden plants

In 1996 Metrosideros seedlings were collected at all four sites along the natural
fertility gradient (Treseder and Vitousek 2001). Ten plants from each location were
planted into 8-L plastic pots containing a mixture of vermiculite, soil, and lava
gravel. Potted seedlings were kept in the open at the University of Hawaii Volcano
Experimental Farm in the Olaa Forest Reserve, and were watered regularly to pre-
vent soil desiccation during dry spells (see Treseder and Vitousek (2001)).

We collected fresh-fallen leaf litter from mesh screens underneath each individ-
ual plant every three days until there was enough material (about 5 consecutive
collections) in August 1999 and in May 2000. With a few exceptions (some leaves
with galls) this litter was of the yellow-brown, newly senesced type. Additionally,
five to eight full-sun green leaves from the oldest age class were collected from
each individual plant in December 1999. Due to the relatively small size of the
pots, we did not collect fine roots.

Analyses of polyphenols

Air-dried material from all collections was ground and subsequently used for all
phenolic analyses. Phenolic compounds were extracted from a 20- to 40-mg sample
with 10 mL of 50% ethanol during two hours, shaking every 15 minutes. This pro-
cedure was found to be most suitable after initial comparisons among different sol-
vents (methanol, ethanol and acetone), and between different concentrations (50:50
solvent:water, 70:30 solvent:water) and different time spans of extraction (2 h and
24 h). The extract was then filtered through a Whatman glass microfibre filter using
a vacuum filtration unit. The filtrate was analyzed for phenolic compounds using
two analytical approaches. We measured total phenolics (TPh) using the Folin-De-
nis method as a general phenolic assay (Swain and Hillis 1959) that does not dis-
criminate between tannin and non-tannin phenolics. With the acid butanol method
(Porter et al. 1986) which is a specific functional group assay, we measured proan-
thocyanidins (syn. condensed tannins). The Folin-Denis assay is based on a redox
reaction, and it thus measures not only phenolics but also other easily oxidized,
non-phenolic material such as ascorbic acid (Hagerman et al. 1997). Commercially
available tannic acid (CAS 1401-55-4) was used to standardize the Folin-Denis as-
say.
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The acid butanol method is suitable for selective determination of proanthocya-
nidins (Hagerman and Butler 1989; Hagerman et al. 1997). The assay depends on
the specific molecular structure of the proanthocyanidin, so we prepared a standard
by purifying tannin from green, air-dried Metrosideros leaves (Hagerman and But-
ler 1980). Ground leaf material was extracted four times with 50% acetone (4 × 50
mL per 10 g leaf material) for 15 minutes each time. The collected extract was
evaporated under reduced pressure (rotary evaporated) to remove acetone. The
aqueous solution was thoroughly extracted with diethyl ether to remove most of
non-polar compounds (mainly chlorophyll) using a separatory funnel. This step was
repeated six times before the aqueous fraction again was evaporated under reduced
pressure to remove small amounts of ether and to reduce the total volume. The re-
maining extract was diluted with absolute ethanol and then applied to Sephadex
LH20 equilibrated in ethanol to chromatographically separate tannin from nontan-
nin phenolics. After washing the Sephadex with absolute ethanol until the eluate
was free of phenolics (based on absorbance at 280 nm), the tannin adsorbed to the
chromatographic support was eluted with 50% aqueous acetone. The acetone was
removed from the eluate by evaporation under reduced pressure, and the samples
were then lyophilized to yield a light-brown powder.

The anthocyanidins produced by reaction of the purified Metrosideros tannin
with acid butanol had a broad absorbance peak with a maximum absorbance at 553
nm, suggesting that the Metrosideros tannin is a mixed polymer of catechin (yields
cyanidin with maximum absorbance at 547 nm) and gallocatechin (yields delphini-
din with maximum absorbance at 557 nm). Metrosideros tannin did not release any
galloyl groups on hydrolysis, suggesting that it is pure proanthocyanidin (condensed
tannin) with no hydrolyzable tannins.

Although the Folin-Denis assay yields an estimate of the total concentration of
all phenolics, including proanthocyanidins (PA), the estimate of PA from the acid
butanol assay is usually not simply a subset of the total phenolics estimate. This is
because the chemical reactions differ considerably between the two methods and
the comparability of their yields depends on the structure of the specific phenolic
analyte (Hagerman and Butler 1989).

Data analyses

Polyphenol concentrations of the various materials analyzed were compared among
unfertilized control plots at the four sites along the long substrate age gradient, or
among the fertilization treatments within each of the three sites with long-term fer-
tilization experiments, with one-way ANOVA. To evaluate possible differences in
fertilization effects among sites, we performed two-way ANOVA with site and fer-
tilization treatment as fixed factors. Results of post-hoc multiple comparisons (Fish-
er’s LSD test) are reported at � = 0.05. In all analyses, the plots at each site were
treated as replicates (n = 4). Whenever necessary, data were arc sin square root
transformed to homogenize variances. Differences in polyphenol concentration be-
tween dead and live plant tissues taken from the same plots were compared using a
paired t-test. All data were analyzed using SYSTAT (SYSTAT 1992).
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Results

Metrosideros leaf litter comprised more than 55% of the total above-ground litter
collected in the litter traps, when averaged across sites and dates of collection. Up
to 75% of that Metrosideros leaf litter was of the yellow-brown, newly senesced
type. The other three Metrosideros leaf litter fractions comprised roughly equal
amounts of the remaining Metrosideros leaf litter. The concentrations of polyphe-
nols did not differ among dates of collection, so we report data from the most ex-
tensive (December 1999) collections, unless otherwise noted.

Natural soil fertility gradient

Most of the measured litter materials differed significantly in their polyphenol con-
centrations along the soil chronosequence (Table 2). The concentration of TPh in
newly senesced (yellow-brown) Metrosideros leaf litter was 65% higher at the old-
est, phosphorus limited site (Kokee) compared to the youngest, nitrogen limited site
at Thurston; the relatively fertile sites Laupahoehoe and Kohala showed interme-
diate concentrations (Figure 1). Litter from Thurston also had the lowest proantho-
cyanidin concentration, but the differences were much smaller than those observed
for TPh.

Fine root litter generally had a lower concentration of TPh than leaf litter. More-
over, the relative differences among sites were different from those seen in leaf lit-
ter (Figure 1), with the lowest concentrations in fine root litter from Laupahoehoe
and the highest concentrations at Thurston. Laupahoehoe also had the lowest con-
centration of proanthocyanidin. Polyphenol concentrations in fine roots generally
did not correlate with those in leaves, regardless of whether live or dead tissues
were considered (Figure 2).

The differences in polyphenol concentration among sites were less pronounced
for all litter fractions combined than for newly senesced Metrosideros leaf litter
alone (Table 2). Twig litter had relatively low polyphenol concentrations and par-
tially decomposed Metrosideros leaves were essentially free of polyphenols at ei-
ther site (Table 2). Absolutely no polyphenols could be extracted from topsoils at
either site (data not shown).

Effects of long-term fertilization

Long-term fertilization with N, P, or both at Thurston, Laupahoehoe and Kokee did
not significantly alter polyphenol concentrations in Metrosideros litter (Table 2). A
significant response to fertilization, however, was observed in the tree fern Cibot-
ium (Figure 3). Results of two-way ANOVAs showed a significant negative effect
of fertilization on the concentrations of TPh (F = 3.99; P = 0.021) and PA (F =
7.27; P = 0.0013) in Cibotium leaf litter. This fertilization effect was due primarily
to P additions, and was more pronounced at the N-limited site at Thurston than at
the relatively fertile site at Laupahoehoe. Proanthocyanidin concentrations in tree
fern litter from control plots at Laupahoehoe and Kohala were lower than that from
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control plots at Thurston, but similar to the concentrations measured in fertilized
plots at Thurston (Figure 3). Because Cibotium was sparse at Kokee, a different
fern species, Elaphoglossum, was sampled. Neither roots nor leaf litter of Elapho-
glossum were affected by fertilization (data not shown).

The response of Cibotium roots to fertilization was generally weaker than that
of leaf litter. Cibotium roots at Thurston had similar concentrations of TPh and PA
among the different fertilization treatments, and those grown at Laupahoehoe
showed a trend for lower concentrations with fertilization.

Figure 1. Concentrations of total phenolics (top panel) and proanthocyanidins (bottom panel) in Metro-
sideros leaf litter and fine root litter collected at four different sites across the long substrate age gradi-
ent (T: Thurston [0.3 kyr], L: Laupahoehoe [20 kyr], H: Kohala [150 kyr], K: Kokee [4100 kyr]). Mean
values pooled across 4 different fertilization treatments (T, L, K; no significant fertilization effects) or 4
control plots (Kohala) are shown (± SE, in % of air-dry mass). Different letters indicate significant dif-
ferences among sites within each measurement of phenolic compounds and within each tissue type at P
< 0.05 using Fisher LSD post hoc contrasts.
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Comparisons with common garden plants

Comparisons of polyphenol concentrations in leaves of Metrosideros between natu-
ral populations and plants from the same populations but grown under identical
conditions in a common garden are shown in Figure 4. Total phenolics in green
leaves and in newly senesced leaf litter had significantly higher concentrations in
common garden plants than in leaves from the natural populations. Despite these
differences in absolute concentrations, the relative differences among sites were al-
most identical for plants grown either in the common garden or at the natural lo-
cation, in particular for green leaves. The non significant location × site interac-
tions (Table 3) also indicate that the concentrations of TPh in green leaves and leaf
litter vary similarly across sites of origin, regardless where the plants grew.

The concentration of PA in green leaves and in leaf litter was similar in com-
mon garden plants and in plants grown at the natural locations (Figure 4, Table 3).
However, the location × site interaction term explained relatively more variation in
leaf litter than in green leaves.

Annual input rates of polyphenols from above-and below-ground litter

The total above- and below-ground input of phenolic compounds ranged from 62.4
to 170.8 g per square meter of ground per year for TPh and from 47.1 to 112.3
g/m2/yr for PA (Figure 5). These numbers include an estimated contribution of
canopy throughfall that makes up an average of 28% and 10% of the total input of
TPh and PA. On average the input rates were significantly higher at Kokee than at
Thurston for both TPh (F = 16.42; P = 0.0005) and PA (F = 10.98; P = 0.0029). In

Figure 2. Polyphenol concentration (total phenolics: open circles, proanthocyanidins: black diamonds)
in fine roots as a function of polyphenol concentration in leaves for either live tissues (left) or dead
tissues (right) of Metrosideros. Each symbol represents the values of one plot from each of four fertili-
zation treatments (except Kohala) from each of four sites across the long substrate age gradient. All
values are in % of air-dry mass.
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addition, the two sites differed considerably in the relative contribution of below-
ground inputs (Figure 5). The input of TPh from root turnover accounted for 28%
of the total amount at Thurston compared to only 11% at Kokee (F = 191.15; P <
0.0001). Likewise, PA from root litter contributed 40% at Thurston and 23% at Ko-
kee to the total above- and below-ground proanthocyanidin input (F = 46.73; P <
0.0001). Despite having lower overall polyphenol input rates, Thurston showed
significantly higher absolute rates of below-ground polyphenol inputs (both TPh
and PA) than Kokee.

Discussion

Variation in litter polyphenol concentrations across a soil fertility gradient

Polyphenol concentrations in leaf litter and fine root litter varied independently
across the soil age gradient, to the extent that they were uncorrelated, regardless
whether live or dead tissues were considered. These results suggest that phenolic
allocation to leaves and roots is affected differently by changing soil fertility. It is

Figure 3. Concentrations of total phenolics (top) and proanthocyanidins (bottom) in leaf litter and fine
roots (not distinguished between alive and dead) of Cibotium spp. grown at three different sites across
the long substrate age gradient (Cibotium was too rare at Kokee) under four different long-term fertili-
zation treatments (no fertilization at Kohala). Mean values of 4 different plots are shown (± SE, in % of
air-dry mass). Different letters indicate significant differences among sites and fertilization treatments
within each measurement of phenolic compounds and within each tissue type at P < 0.05 using Fisher
LSD post hoc contrasts.
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difficult to fit these findings to existing conceptual models designed to predict and
understand the variability in plant polyphenol concentrations, such as the carbon
nutrient balance (CNB) hypothesis (Bryant et al. 1983), the growth differentiation
model (Herms and Mattson 1992), or the recent protein competition model (PCM,
Jones and Hartley (1999)). While different in some important details, all of these
models essentially operate at the physiological level of resource use and allocation
by the plant, and generally predict higher phenolic allocation when nutrients are
growth limiting. Increasing concentrations of total phenolics (TPh) and – to a lesser
extent – of proanthocyanidins (PA) in Metrosideros leaf litter with increasing P
limitation are in line with these predictions. However, our results are opposite the
expected pattern based on N availability, in that the lowest polyphenol concentra-
tions were found at the most N-limited site. It is tempting to speculate that N limi-
tation is severe enough to constrain C gain and so synthesis of phenolics in the
N-limited Thurston site, while P limitation constrains growth more than it does C
gain. However, below-ground we observed the highest concentration of TPh from
the N-limited site at Thurston and the lowest concentrations of both TPh and PA
from the relatively fertile site at Laupahoehoe – a pattern consistent with model
predictions. The contrasting patterns observed for leaves and fine roots suggest dis-
tinct underlying processes determining polyphenol concentrations in different or-
gans of the same plant species, and question the general application of model pre-
dictions at the whole plant level.

Table 3. Analysis of variance of polyphenol concentration in green leaves and leaf litter of Metrosid-
eros to test for effects of location (common garden vs. natural location), site of origin (T, L, H, K) and
their interactions.

Polyphenols Source of variance df Sum of Squares Mean Square F-value P-value

Green leaves
Total phenolics Location 1 33.13 33.13 9.47 0.0038

Site of origin 3 78.66 26.22 7.49 0.0004

Loc × Site 3 0.89 0.30 0.08 0.97

Error 40 139.95 3.50

Proanthocyanidin Location 1 0.38 0.38 0.08 0.78

Site of origin 3 14.61 4.87 1.02 0.40

Loc × Site 3 8.99 2.99 0.63 0.60

Error 34 162.52 4.78

Leaf litter
Total phenolics Location 1 167.16 167.16 76.67 0.0000

Site of origin 3 151.44 50.48 23.15 0.0000

Loc × Site 3 13.44 4.48 2.05 0.13

Error 34 73.97 2.18

Proanthocyanidin Location 1 0.50 0.50 0.26 0.62

Site of origin 3 11.85 3.95 2.01 0.13

Loc × Site 3 15.22 5.07 2.58 0.07

Error 34 66.47 1.96
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Phenotypic versus genotypic variation

How can the observed differences in polyphenol concentrations in Metrosideros
among sites be explained? An important step towards answering this question is to
distinguish between phenotypic and genotypic controls. Our results strongly sug-
gest that polyphenol concentrations inherently vary among Metrosideros popula-
tions, rather than being directly affected by nutrient availability at the level of the
phenotype. Polyphenol concentrations in both live and dead leaves and fine roots
did not change in response to long-term fertilization at either site, despite consid-

Figure 4. Concentrations of total phenolics (top) and proanthocyanidins (bottom) in green leaves (old-
est leaf cohort) and leaf litter of Metrosideros grown either at the four different sites (open circles) or in
a common garden (black diamonds). Symbols (± SE) represent mean values of n = 4 fertilization treat-
ments (natural populations) or n = 8 individual trees (common garden). Different letters indicate signif-
icant differences among sites (T: Thurston [0.3 kyr], L: Laupahoehoe [20 kyr], H: Kohala [150 kyr], K:
Kokee [4100 kyr]) within natural populations and within common garden plants at P < 0.05 using Fisher
LSD post hoc contrasts.
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erable increases in plant growth and NPP in response to N and P fertilization in the
Thurston and Kokee sites, respectively (Vitousek et al. 1993; Herbert and Fownes
1995; Vitousek and Farrington 1997; Harrington et al. 2001; Ostertag 2001). This
result contrasts with the predictions of the phenotypic PCM variant (Jones and
Hartley 1999) and to previous studies reporting altered phenolic concentrations in
green leaves after fertilization (e.g. Gershenzon (1984) and Bryant et al. (1987),
Haukioja et al. (1998)). Proanthocyanidins in particular can respond strongly (Bry-
ant et al. 1987; Keinänen et al. 1999), while nontannin phenolics might be less re-
sponsive (Keinänen et al. 1999). In contrast to Metrosideros, the dominant under-
story tree fern Cibotium, showed significantly reduced polyphenol concentrations
under fertilization. Interestingly, P application reduced TPh and PA more than N
fertilization, even when growth was limited more by N than by P.

Phenotypic responses that have been observed elsewhere also include phenolic
production following herbivore attack (Karban and Baldwin 1997). We do not think
that herbivory explains our results, at least not above-ground. The most abundant
leaf herbivore on Metrosideros is a gall-forming psyllid, and there is no significant
difference in gall abundance among our study sites (D. Gruner, personal commu-
nication). Moreover, newly senesced leaf litter with galls covering more than 50%
of the leaf surface did not differ in polyphenol concentrations than similar leaves
without any signs of herbivore damage (unpublished data). Overall, polyphenols in
Metrosideros responded little to changes in abiotic and biotic factors. The lack of
change in response to long-term fertilization, in particular, suggests that the control
of polyphenol synthesis occurs at a level beyond short-term physiological processes
that are shaped by resource availability.

The comparisons between natural populations of Metrosideros and common
garden plants also suggest that the observed differences in litter polyphenol con-

Figure 5. Estimated above- and below-ground annual input rates of total phenolics (left) and proan-
thocyanidins (right) in Metrosideros dominated Hawaiian montane forests at Thurston (N-limited) and
Kokee (P-limited) under long-term fertilization (mean ± SE, n = 4). Throughfall is calculated as the
difference in total production of phenolics based on green leaf phenolic concentration and that based on
leaf litter concentration. Different letters indicate significant differences among sites and fertilization
treatments at P < 0.05 using Fisher LSD post hoc contrasts.
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centrations have a strong genetic component. Even though the absolute concentra-
tions differed between field and garden for TPh, the relative differences among sites
of origin were essentially the same in both. Similarly, a highly specific phenolic
composition was demonstrated among genotypes of silver birch (Betula pendula)
that also showed different phenolic responses to fertilization and defoliation
(Keinänen et al. 1999). They suggested that genetic variation in the expression of
phenolic composition and concentration may reduce the incidence of herbivore at-
tack within a population of silver birch. We interpret our results as indicating ge-
notypic adaptation to site-specific ecosystem properties. Since climate, altitude, and
species composition are essentially the same among study sites, substrate age-re-
lated differences in soil fertility remains as the most likely selection force. How-
ever, it cannot be ruled out that some other unknown selection pressures were in-
volved in the past, or that polyphenol concentrations co-vary with other plant traits
that has been selected for.

Fate of polyphenols and functional implications

What is the fate and function of polyphenols within the soil, and how could they
drive natural selection for polyphenol-rich plant genotypes on infertile soils? It has
been found repeatedly that TPh and tannins are leached rapidly from litter, because
essentially gone within the first two months after litterfall (Kuiters and Sarink 1986;
Schofield et al. 1998). In line with these two studies, partially decomposed Metro-
sideros leaf litter measured here contained less than 1% of TPh and PA. At the same
time, essentially no polyphenols could be extracted from the topsoil – in accor-
dance with observations by Schofield et al. (1998). Because only a subset of some
low molecular weight phenolics can be metabolized readily by soil microorganisms,
most polyphenols are likely complexed with proteins and other organic compounds,
and held in a form where they cannot be detected with the usual analytical proce-
dures.

Polyphenol-protein complexes (PPC) make organically bound nitrogen less ac-
cessible for microbial mineralization. Although this may reduce N availability to
some plants, it has been reported that some mycorrhizae have the capability to break
down such polyphenol-protein complexes (PPC) transferring nitrogen from these
complexes to their host plant (Bending and Read 1995). In addition, Northup et al.
(1995b) observed that increasing amounts of dissolved organic nitrogen and de-
creasing amounts of mineral nitrogen were produced from decomposing pine needle
litter with increasing polyphenol concentration. They suggested that polyphenol-
rich litter might be an adaptation to N-limited soils that works by short-circuiting
the microbial mineralization step and increasing plant uptake of organic N (see also
Chapin (1995)). Based on this hypothesis the highest polyphenol concentrations
would be expected at Thurston, the most N-limited site. While leaf litter at Thur-
ston actually had the lowest concentrations, fine root litter had the highest TPh
concentration of all the sites, and had a higher PA concentration than was found at
the relatively fertile site at Laupahoehoe. Moreover, the absolute input rate of root-
derived polyphenols per unit ground area was significantly higher at Thurston than
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at Kokee, even though the total amount of phenolic input (above- and below-
ground) was considerably lower at Thurston. These results suggest that the distinct
functional importance of leaf- and root-derived polyphenols might be further ac-
centuated by their completely different spatial distribution within the soil profile.
Below-ground phenolic input provides a comparatively even distribution of
polyphenols across the soil profile with a high probability to bind proteins from the
microbe-rich rhizosphere, a mechanism which might support the hypothesis of
Northup et al. (1995b, 1998). However, the mechanisms linking plant polyphenol
production, soil processes and plant fitness first need to be elaborated more thor-
oughly, before firm conclusions about soil fertility driven natural selection for
polyphenol-rich plant genotypes can be drawn (Hättenschwiler and Vitousek 2000).

For the interpretation of ecosystem-level processes, the actual rate of polyphe-
nol production per unit ground area is more informative than just the concentra-
tions in litter. We estimated a total phenolic input of 83.0 g and 122.4 g of TPh,
and 58.5 g and 77.0 g of PA per square meter and per year (mean across fertiliza-
tion treatments) at Thurston and Kokee, respectively. These numbers probably are
overestimates because 10% (PA) to 28% (TPh) of this amount is contributed by
“throughfall” which is not actually measured, but calculated as the difference be-
tween polyphenol content in the oldest age class of green leaves and leaf litter. In
the other published study of phenolic input we located, it was estimated that the
total phenolic input was 20.4 g/m2/yr in a sugar maple dominated temperate forest
ecosystem (McClaugherty 1983). This estimate includes only the above-ground leaf
litter contribution, in our study it compares to an average (across both the Thurston
and Kokee sites) of 55.6 g/m2/yr of total phenolics. The nearly threefold higher
phenolic input in our study is consistent with the notion that tropical montane for-
ests have a particularly high phenolic production compared to other forest ecosys-
tems (Bruijnzeel and Veneklaas 1998).
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