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Abstract Coordinated variation has been reported

for leaf structure, composition and function, across and

within species, and theoretically should occur across

populations of a species that span an extensive envi-

ronmental range. We focused on Hawaiian keystone

tree species Metrosideros polymorpha, specifically,

13-year old trees grown (2–4 m tall) in a common

garden (approximately 1 ha field with 2–3 m between

trees) from seeds collected from 14 populations along

an altitude–soil age gradient. We determined the ge-

netic component of relationships among specific leaf

area (SLA), the concentrations of nitrogen (N) and

pigments (chlorophylls, carotenoids, and anthocya-

nins), and photosynthetic light-use efficiency. These

traits showed strong ecotypic variation; SLA declined

35% with increasing source elevation, and area-based

concentrations of N, Chl a + b and Car increased by 50,

109 and 96%, respectively. Concentrations expressed

on a mass basis were not well related to source eleva-

tion. Pigment ratios expressed covariation that sug-

gested an increased capacity for light harvesting at

higher source elevation; Chl/N and Car/Chl increased

with source elevation, whereas Chl a/b declined;

Chl a/b was higher for populations on younger soil,

suggesting optimization for low N supply. Parallel

trends were found for the photosynthetic reactions;

light-saturated quantum yield of photosystem II (FPSII)

and electron transport rate (ETR) increased with

source elevation. Correlations of the concentrations of

photosynthetic pigments, pigment ratios, and photo-

synthetic function across the ecotypes indicated a

stoichiometric coordination of the components of the

light-harvesting antennae and reaction centers.

The constellation of coordinated morphological, bio-

chemical and physiological properties was expressed

in the leaf reflectance and transmittance properties in

the visible and near-infrared wavelength region

(400–950 nm), providing an integrated metric of leaf

status among and between plant phenotypes.

Keywords Light-use efficiency � Leaf mass per area �
Leaf optical properties � Nitrogen allocation �
Photosynthetic pigments

Introduction

Leaf morphology and biochemistry often vary in pre-

dictable ways across environments, apparently to opti-

mize carbon balance over leaf lifetimes in given

conditions. In principle, coordinated variation in leaf

features (structure, composition and function) is typi-

cally strongest across species, while within-species var-

iation is generally constrained, hence limiting species to

particular environmental settings (Field and Mooney

1986; Evans 1989b; Reich et al. 1997; Niinemets 2001;

Wright et al. 2004). Hypothetically, this coordination of

leaf traits should also occur across populations of a

species that span an extensive environmental range to
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maximize net photosynthetic capacity and overall fit-

ness. Metrosideros polymorpha Gaud. (Ohia; Myrta-

ceae), the dominant tree species in Hawaiian

ecosystems, grows across a wide range of environmen-

tal conditions, from warm and wet to cold and dry cli-

mates on young, nutrient-poor lava flows as well as on

older, nutrient-rich volcanic substrates, making it ideal

for studies of within-species variation across environ-

ments (Mueller-Dombois 1987; Kitayama and Mueller-

Dombois 1995; Vitousek 2004). The aim of this work

was to determine the extent of genetic variation in leaf

traits, across populations of M. polymorpha, and the

degree to which in leaf traits is intercorrelated, through

the use of a common garden.

One major locus of variation for leaf traits is specific

leaf area (SLA = leaf area/dry mass). In particular,

foliar concentrations of nitrogen (N) and photosyn-

thetic pigments should be related to SLA, which is

inversely related to leaf thickness and density. At a

given cellular composition, leaves of lower SLA typi-

cally have higher N and pigment concentrations per

area due to the additional thickness of mesophyll tis-

sue; on the other hand, leaves of higher SLA tend to be

less dense, with thinner cell walls, and commonly have

higher N and pigment concentrations per mass (re-

viewed by Evans and Poorter 2001; Wright et al. 2004;

Niinemets and Sack 2006). Thus, when sampled across

environments, a constellation of leaf traits may vary in

concert with SLA.

In addition to SLA-related traits, the composition

and function of the photosynthetic apparatus often

varies across environments (Poorter and Evans 1998;

Niinemets 2001; Walters 2005). Species vary in the

allocation of N within chloroplasts: on average across

species, about half of foliage N is allocated to photo-

synthetic components, with about a third of this pool in

light harvesting components dominated by Chl a and b

and photophosphorylation complexes, and two thirds

in Calvin cycle components, especially Rubisco (Evans

1989b; Evans and Seemann 1989; Warren and Adams

2004). Other pigments that do not contain N are also

important potential determinants of realized photo-

synthetic capacity; carotenoids (Car) aid in light cap-

ture or dissipate excess energy, thus limiting damage to

the photosynthetic apparatus (Björkman and Demmig-

Adams 1995; Demmig-Adams and Adams 1996), and

anthocyanins shield leaves from excess light (Chalker-

Scott 1999). Functional variation in the photosynthetic

apparatus can be assessed with pigment ratios (e.g.,

Young and Britton 1990; Anderson et al. 1995; Evans

and Poorter 2001). The ratio of Chl/N indicates the

proportion of N allocated to light harvesting, whereas

the Chl a/b ratio reflects the proportion of chlorophyll

bound by photosystem II cores relative to light-har-

vesting complexes. Additionally, Car/Chl indicates

acclimation and adaptation to different environmental

conditions, either towards increased light capture (low

value) or excess energy dissipation (high value). Across

species or within a canopy, variation in pigment con-

centration and light-harvesting capacity has been

linked with differences in overall photosynthetic

capacity (Hikosaka 2004; Warren and Adams 2004,

and many others).

We determined the extent to which variation in

leaf traits across populations of M. polymorpha were

governed by genetic differences, rather than by envi-

ronmental forcing, by studying plants in a 13-year-old

common garden experiment located in Volcano, HI,

developed from seeds collected from populations

across an elevation–soil age gradient on the windward

slopes of Mauna Loa volcano (Fig. 1). Previous

studies at the common garden and source sites found

strong genetic variation across the populations in leaf

size, pubescence, SLA, foliar N and photosynthetic

carbon assimilation rates (Kitayama et al. 1997; Cor-

dell et al. 1998). Leaf size decreased with source

elevation, the degree of pubescence increased, SLA

declined, and area-based foliar N concentration and

carbon assimilation rate increased. Variation across

these populations in photosynthetic pigment concen-

trations and light reactions has not been previously

characterized. To build upon previous work, we

determined the genetic variation across source popu-

lations in the concentrations of pigments, FPSII and

ETR in relation to the variation in SLA and N. We

also sought linkages between leaf biochemical and

physiological characteristics and their spectral reflec-

tance and absorption properties, the latter being two

integrative measures of overall leaf functional status.

Previous work has shown that the amount and quality

of visible light reflected from leaves is linked to leaf

structure, N and pigment concentrations (Gates et al.

1965; Curran 1989); indices derived from narrowband

reflectance and transmittance are often correlated

with foliar concentrations of N and Chl (Markwell

et al. 1995; Richardson et al. 2002; Sims and Gamon

2002; Gitelson et al. 2003; le Maire et al. 2004), Car

(including specific xanthophyll pigments) and antho-

cynanin, as well as with the light-use efficiency of

photosynthetic carbon gain (Gitelson et al. 2001, 2002;

Merzlyak et al. 2003). Our study thus included leaf

reflectance and absorption measurements to evaluate

if spectral patterns of light use correlate with leaf

biochemical constituents in a way that is indicative of

photosynthetic capacity across distinct phenotypes of

M. polymorpha.
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Materials and methods

Study site

Our analysis focused on trees from 14 source popula-

tions of M. polymorpha in a common garden at the

Hawai’i Volcano Experimental Station located in

Volcano, HI (1,190 m above sea level). The mean an-

nual precipitation was 4,300 mm year–1, and the photo-

synthetic photon flux density (PFD) varied between

2,100 lmol m–2 s–1 with full sun to 700 lmol m–2 s–1

with moderate cloud cover (Cordell et al. 1998). Plants

were grown from seeds collected in 1991 along the east

slope of Mauna Loa volcano from five elevations and

two substrate ages, and from two varieties with distinct

leaf types, pubescent and glabrous (Fig. 1). Five trees

were selected from each population, as defined by the

original sites’ elevation (meters above sea level), sub-

strate age (young: range 114–140 years; or old: range

2,000–3,200 years), and the leaf type of the parent tree

(pubescent or glabrous; Table 1).

Leaf nutrients and morphology

Small branches were collected from sunlit-exposed

regions of the canopy and placed in plastic bags on ice

for transport to the lab. Samples (35–75 leaves) were

scanned for leaf area determination and dried at 70 �C

for at least 48 h before weighing for dry mass and SLA

determination (leaf area/dry mass). Dried leaves were

ground in a 20-mesh Wiley mill, and subsets were

analyzed for N concentration using a standard Kjeldahl

sulfuric acid/cupric sulfate digest (using an Alpkem

autoanalyzer; O-I Analytical, College Station, TX,

USA).

Leaf pigments and physiology

Leaf discs were collected for determination of pigment

concentrations. Three discs (0.8–1.1 cm2) were sam-

pled from each of three leaves from each tree, and

were immediately frozen on dry ice in the field, and

then stored at –80 �C until analysis. Frozen discs were

Fig. 1 Topographic map of
Hawai’i Island with 150 m
elevational isolines and
the location of the ‘‘Ohia
Common Garden’’ at
approximately 1,190 m
elevation, as well as the
location of the original
seed sources for the
common garden shown
along with elevations
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ground in 100% acetone with a small amount of quartz

sand and MgCO3 to prevent acidification in a chilled

mortar. Following centrifugation for 3 min at

3,000 rpm, the absorbance of the supernatant was

measured using a dual-beam scanning UV–vis spec-

trophotometer (Lambda 25, PerkinElmer Ltd., Bea-

consfield, UK). Chl a and b and total carotenoid

concentrations were determined using a multiwave-

length analysis at 470, 645, 662 and 710 nm (Lichtent-

haler and Buschmann 2001). The absorption at 529 nm

was used for the determination of anthocyanin con-

centration (Sims and Gamon 2002).

To determine the effective quantum yield of pho-

tosystem II and the light-saturated rate of photosyn-

thetic electron transport, Chl a fluorescence (at

690 nm) was measured on one or two fully expanded,

sunlit leaves per tree on two consecutive sunny days

(PFD > 2,000 lmol m–2 s–1; Mini-PAM, Walz, Effel-

trich, Germany). Leaves were chosen from a similar

canopy location to that used for the other measure-

ments. Measurements were taken between 10:00 and

12:00 (morning) and repeated between 13:00 and

15:00 (afternoon) on similar leaves of the same plants.

PFD was measured inside the measuring field using

the quantum sensor of the Mini-PAM. The effective

quantum yield of PSII (UPSII ¼ DF=F 0m) was calcu-

lated as ðF 0m � FÞ=F 0m, where F is the fluorescence

yield of the light-adapted sample, and F¢m is the

maximum light-adapted fluorescence yield when a

saturating light pulse (intensity ~4,000 lmol m–2 s–1,

0.8 s duration) is superimposed on the current ambi-

ent irradiance (Genty et al. 1989; Schreiber and Bilger

1993). The apparent rate of photosynthetic electron

transport of PSII was calculated as ETR ¼ DF=F 0m�
PFD� 0:5�APAR, where the factor 0.5 assumes

equal excitation of both PSI and PSII, and APAR is

the fraction of solar radiation absorbed by the

photosystems. APAR was measured on each leaf

using a spectroradiometer and integrating sphere (see

following section).

Leaf optical properties

Full-spectrum reflectance measurements were used to

calculate indices that relate to leaf chlorophyll and

carotenoid concentrations. Leaf optical properties

were measured on three leaves per tree from 400 to

800 nm using a field spectrometer with 1.4 nm sam-

pling (Analytical Spectra Devices Inc., Boulder, CO,

USA) and an integrating sphere (LI-COR LI-1800,

Lincoln, NE, USA). Hemispherical reflectance and

transmittance of each sample were measured within

5 min of collection from each tree. The spectra were

calibrated for stray light, and were referenced to a

calibration block in the integrating sphere (Asner

et al. 1998). The spectra were used to calculate three

spectral indices, the simple ratio (SR; R800/R680;

Blackburn et al. 1998), the red–green ratio (R:G;
P

(R600–R699)/
P

(R500–R599); Gamon and Surfus

1999), and the photochemical reflectance index [PRI;

(R531 – R570)/(R531 + R570); Gamon et al. 1990], where

R is the reflectance value at the respective wave-

length. APAR was calculated as the leaf absorption in

the 400–700 nm range (1 – reflectance – transmit-

tance). Total Chl (a + b) concentration was also as-

sessed in situ using a SPAD-502 chlorophyll meter,

using the transmission of light through a leaf at 650

and 920 nm (Minolta Camera Co., Osaka, Japan;

Marquard and Tipton 1987). For each sampled tree,

one leaf was measured; three SPAD measurements

were averaged for the right side of each leaf held

adaxial side up.

Statistical analysis

Morphological, biochemical and biophysical mea-

surements were averaged by population. One-way

analyses of variance (ANOVA; Zar 1999) were used

to test for differences in leaf traits between pubescent

and glabrous forms from the same source elevation

(sites included in this analysis: young substrate, 700

Table 1 M. polymorpha
populations measured in the
‘‘Ohia Common Garden’’
(Volcano, HI), as defined by
leaf type, elevation and
substrate age of mother trees,
with number of trees sampled
for this study in parentheses
and mean annual temperature
and precipitation given for
original sites

Elevation (m) Young
substrate
(114–140 years)

Old substrate
(2,000–3,200 years)

Mean annual
temperature
(�C)

Mean annual
precipitation
(mm)

100 – Glabrous (4) 23.0 3,600
Pubescent (5) Pubescent (4)

700 Glabrous (5) Glabrous (4) 19.3 5,676
Pubescent (5) –

1,280 Glabrous (5) Glabrous (5) 15.5 4,272
Pubescent (4) Pubescent (6)

1,980 Pubescent (6) Pubescent (5) 12.0 2,000
2,470 Pubescent (4) Pubescent (5) 10.0 1,500
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and 1,280 m; old substrate 100 and 1,280 m), and to

test for differences between pubescent populations

from lower (100–1,280 m) versus higher elevations

(1,980 and 2,470 m). For populations with the

pubescent form, which were available from sources

across the full matrix of elevations and substrate ages,

an ANOVA was used for each measured trait to test

for differences between source elevations and sub-

strate ages, and any interaction. This analysis was not

performed for the glabrous populations, as these were

not available for higher source elevations (Table 1).

Relationships between leaf traits were evaluated

using Pearson correlations and Spearman rank cor-

relations (Abuzar and Al-Ghunaim 1997) and

regression analyses.

Results

Leaf composition and chlorophyll fluorescence

Leaf pigment concentrations and SLA differed sub-

stantially between pubescent and glabrous leaf types;

the pubescent leaves had a 31% lower SLA, and 48%

higher Chl and 43% higher Car concentration per area

(p < 0.05; Fig. 2; Table 2). Mass-based pigment con-

centrations showed similar trends, but varied less

strongly (Table 2). Pigment ratios also varied between

leaf types: pubescent leaves had 31% higher Chl/N, 8%

lower Car/Chl and 9% lower Chl a/b ratios than glabrous

leaves (p < 0.05; Fig. 3; Table 2). In contrast, mass-

and area-based N and anthocyanin concentrations, and

Fig. 2A–D Genetic variation
across M. polymorpha
populations from sources
varying in elevation and soil
substrate ages: in A specific
leaf area, B foliar N
concentration per area (and
inset per mass), C total
chlorophyll (a + b)
concentration per area (and
inset per mass), and D
morning electron transport
rate (ETR; inset morning
effective quantum yield of
PSII (FPSII)). Symbols
represent mean
values ± standard error for
pubescent (closed symbols)
and glabrous (open symbols)
leaf-types, from young
(triangles) and old (circles)
source substrates
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FPSII and ETR were similar between pubescent and

glabrous leaves (Table 2).

Area-based foliar concentrations of N and pig-

ments increased with increasing source elevation,

indicating increasing allocation to photosynthetic

capacity per area at higher source elevations, con-

currently with the decrease in SLA (Fig. 2A–C).

Populations with pubescent leaves displayed the most

variation in all traits, and could be analyzed in detail

for differences across the full range of source eleva-

tions and substrate ages. For pubescent populations,

SLA decreased from the lowest to highest elevation

(100–2,470 m) by 35% on average, from 44.2 ± 1.8 to

28.7 ± 1.2 cm2 g–1 (mean ± SE), while area-based N

and pigment concentrations doubled, increasing from

1.8 to 2.7 g m–2 for N; and from 33.4 ± 2.1 to

65.1 ± 3.7 lg cm–2 and 7.5 ± 0.4 to 13.9 ± 0.8 lg cm–2

for Chl and Car respectively (Fig. 2d; Table 2). Sim-

ilarly, for pubescent leaves, FPSII and ETR increased

with source elevation by 55 and 46%, respectively

(Fig. 2D and inset, Table 2). Notably, the elevational

differences in pigment concentrations were linked

with the strong differences observed in SLA; con-

centrations of N and pigments expressed on a mass

basis did not vary systematically with elevation

(Fig. 2, insets B and C; Table 3; data for anthocyanins

not shown). The variation in SLA and SLA-related

traits may be partially attributable to the previously

documented increase in degree of pubescence with

source elevation (Geeske et al. 1994) as well as to the

increase in leaf thickness for trees of higher source

elevations (Cordell et al. 1998). In addition to these

compositional differences linked with SLA, pigment

ratios also changed with elevation; Chl/N increased by

39%, and Car/Chl and Chl a/b decreased by 8 and

9%, respectively (p < 0.05; Fig. 3, Table 2).

Populations from contrasting source substrates were

similar in most leaf traits, including SLA, N and

Table 2 Mean ± standard error for leaf traits of populations of
M. polymorpha with pubescent leaf types, first averaged across
high elevations, and second averaged across elevations where

trees of the glabrous type were also found, and third averaged
values for the glabrous leaf type

Leaf properties High elevation sitesa

(mean ± SE)
Pubescentb

(mean ± SE)
Glabrousb

(mean ± SE)

Structural trait
Specific leaf area (cm2 g–1) 28.71 ± 1.07*** 44.24 ± 1.80 49.94 ± 1.63**

Area-based concentrations
Nitrogen (g m–2) 2.69 ± 0.11*** 1.84 ± 0.06 1.69 ± 0.05 NS
Chlorophyll (lg cm–2) 65.1 ± 3.71*** 33.4 ± 2.07 24.2 ± 1.01***

Carotenoid (lg cm–2) 13.90 ± 0.76*** 7.46 ± 0.41 5.77 ± 0.21***

Anthocyanin (lg cm–2) 3.38 ± 0.36 NS 2.97 ± 0.40 2.11 ± 0.27 NS
Mass-based concentrations
Nitrogen (%) 0.76 ± 0.02 NS 0.81 ± 0.04 0.83 ± 0.02 NS
Chlorophyll (mg g–1) 1.95 ± 0.11* 1.84 ± 0.06 1.27 ± 0.08**

Carotenoid (mg g–1) 0.42 ± 0.02* 0.35 ± 0.02 0.30 ± 0.02*

Anthocyanin (mg g–1) 0.10 ± 0.01 NS 0.14 ± 0.02 0.11 ± 0.01 NS
Concentration ratios
Chlorophyll/nitrogen 4.02 ± 0.19*** 3.06 ± 0.11 2.36 ± 0.09***

Carotenoid/chlorophyll 0.35 ± 0.01* 0.37 ± 0.01 0.39 ± 0.01**

Chlorophyll a/b 2.75 ± 0.04*** 3.00 ± 0.04 3.16 ± 0.02***

Physiological traits
FPSII AM 0.27 ± 0.03* 0.17 ± 0.03 0.16 ± 0.02 NS
FPSII PM 0.17 ± 0.02 NS 0.12 ± 0.03 0.10 ± 0.02 NS
ETR AM (lmol electrons m–2 s–1) 286.2 ± 27.2** 177.32 ± 26.4 156.2 ± 17.6 NS
ETR PM (lmol electrons m–2 s–1) 188.5 ± 23.5* 116.21 ± 28.2 91.5 ± 11.7 NS

Spectral characteristics
APAR 0.93 ± 0.00*** 0.91 ± 0.00 0.88 ± 0.00***

Simple ratio 6.37 ± 0.40 NS 7.37 ± 0.31 7.63 ± 0.20 NS
Red–green ratio 0.93 ± 0.02*** 0.79 ± 0.01 0.73 ± 0.01**

Photochemical reflectance index –0.013 ± 0.001* –0.018 ± 0.004 –0.025 ± 0.002 NS
SPAD 72.19 ± 3.48*** 45.09 ± 4.51 37.73 ± 6.99***

Means and standard errors are reported. The results obtained from one-way ANOVAs comparing populations with glabrous to
pubescent leaf types at four low elevation sites where glabrous and pubescent were both present, and comparing the same pubescent
populations from low elevations to those found at higher elevations, are indicated as ***p < 0.001; **p < 0.01; *p < 0.05; NS value not
significant at p < 0.05
a Sites included in average were: young substrate, 1,980 and 2,470 m; old substrate 1,980 and 2,470 m
b Sites included in the average were: young substrate, 700 and 1,280 m; old substrate 100 and 1,280 m
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pigment concentrations, and most pigment ratios and

chlorophyll fluorescence parameters, except for Chl a/b

ratio, which was generally higher in populations from

younger than older source substrates (p < 0.05).

However, for area-based N, source substrate age

interacted with source elevation, and this was often the

case for pigments considered on a mass basis. Popu-

lations from younger substrate displayed greater vari-

ation than those from older substrate (sensu Raich

et al. 1997), possibly due to adaptation to source

nutrient limitation (Table 3).

Leaf composition and chlorophyll fluorescence

correlations

Correlations were found across the 14 populations of

M. polymorpha among SLA, concentrations and ratios

of N and pigments, on both an area and mass basis, and

chlorophyll fluorescence parameters (Table 4). Some

correlations were extremely strong: on an area basis, N

explained 90% of the variation in Chl (p < 0.001).

Many traits were tightly correlated with SLA, and

relationships among compositional traits were stronger

when quantified on an area than on a mass basis

(Fig. 2; Table 2). Relationships were also stronger

when M. polymorpha populations with pubescent

leaves were considered separately.

The effective quantum yield of photosystem II

(FPSII) was measured to assess the function of the

photosynthetic light reactions, as it typically correlates

with the light-saturated rate of photosynthetic electron

transport (ETR), and, at high light intensities, with

carbon assimilation rate (Niinemets and Kull 2001;

Walters 2005). The FPSII and ETR measured in the

morning were correlated with leaf composition traits

(Fig. 2c, d). FPSII and ETR values in the afternoon

were significantly depressed relative to values in the

morning (on average, by 35%, p < 0.05; paired t-test;

Table 2). Morning values of FPSII and ETR were cor-

related with area-based concentrations of N, Chl, and

Car, with r2 values ranging from 0.43 to 0.44 (Table 4).

FPSII and ETR were also correlated with mass-based

Fig. 3A–C Genetic variation
across M. polymorpha
populations from sources
varying in elevation and soil
substrate ages in A Chl/N
ratio, B Car/Chl ratio, and C
Chl a/b ratio. Symbols
represent mean
values ± standard errors for
pubescent (closed symbols)
and glabrous (open symbols)
leaf types, from young
(triangles) and old (circles)
source substrates
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Chl and Car concentrations, but not with mass-based N

concentration. Neither FPSII nor ETR showed a rela-

tionship with anthocyanin concentration (data not

shown). Chl/N, Chl a/b, Car/Chl were also correlated

with FPSII and/or with ETR (Table 4).

Leaf optical properties

Leaf biophysical and biochemical traits were corre-

lated with spectral properties measured in the visible to

near-infrared wavelength region (400–950 nm), calcu-

lated as reflectance or transmission indices (SR, R/G,

PRI, SPAD) and APAR. Spectral indices related pri-

marily to Chl and N (SR, R/G, SPAD) were generally

intercorrelated (r2 range 0.54–0.88) and significantly

correlated to SLA (r2 range 0.49–0.90; Table 4).

Spectral indices were better correlated with concen-

trations of N and photosynthetic pigments on an area

than on a mass basis (r2 range 0.30–0.90 and 0.05–0.74,

respectively). Additionally, indices were correlated

with FPSII and ETR (r2 range 0.37–0.67). Leaf optical

properties did not relate well to anthocyanin concen-

tration (r2 = 0.07–0.36). We did not have the ability to

measure individual xanthophyll pigments in our study,

and the PRI is thought to be best correlated with

transformations among these pigments (Gamon et al.

1990). However, we found that the PRI was inversely

correlated with Car/Chl ratio (r = –0.80 to –0.83),

which may be a close proxy to xanthophyll pigment

ratios (Gamon and Surfus 1999, Sims and Gamon

2002). Overall, correlations between leaf optical, bio-

chemical and physiological properties were slightly

weaker when considering pubescent leaf type alone

and were not significant for most traits within the gla-

brous leaf type alone, probably as a result of low power

due to the narrower ranges of values for the measured

traits (analyses not shown).

Discussion

Leaf morphology, composition and function are often

coordinated to maximize efficiency of resource capture

and retention (e.g., Chapin et al. 1987; Wright et al.

2004). In particular, relationships among SLA, N con-

centration and net photosynthetic carbon assimilation

rates have been observed across species globally, sug-

gesting general functional relationships within plants.

Typically, mass-based N concentration and mass-based

photosynthetic rate tend to correlate positively with

SLA, while area-based N concentration and area-based

photosynthetic rate tend to correlate negatively with

SLA (Field and Mooney 1986; Reich and Walters

1994; Reich et al. 1997; Niinemets 2001). This study

Table 3 Results of analyses
of variance (F-values and
significance) for leaf traits of
pubescent M. polymorpha
populations, testing for
differences across source
elevation and substrate age,
and their interaction

*** p \ 0.001; **p \ 0.01;
*p \ 0.05; NS value not
significant at p \ 0.05

Leaf properties Elevation Substrate Elevation · substrate

Structural trait
Specific leaf area (cm2 g–1) 53.9*** 2.1 NS 1.4 NS

Area-based concentrations
Nitrogen (g m–2) 19.0*** 2.8 NS 3.9*

Chlorophyll (lg cm–2) 20.4*** 1.6 NS 2.0 NS
Carotenoid (lg cm–2) 21.0*** 2.7 NS 2.0 NS
Anthocyanin (lg cm–2) 0.7 NS 2.2 NS 1.9 NS

Mass-based concentrations
Nitrogen (%) 3.4* 0.2 NS 3.9*

Chlorophyll (mg g–1) 3.5* 0.2 NS 3.6*

Carotenoid (mg g–1) 2.6 NS 0.02 NS 3.4*

Anthocyanin (mg g–1) 4.8** 1.0 NS 1.9 NS
Concentration ratios
Chlorophyll/nitrogen 20.1*** 1.8 NS 2.2 NS
Carotenoid/chlorophyll 3.6** 2.2 NS 2.6 NS
Chlorophyll a/b 8.3*** 4.1* 0.2 NS

Physiological traits
FPSII AM 3.6* 3.8 NS 0.3 NS
FPSII PM 1.1 NS 0.2 NS 0.6 NS
ETR AM (lmol electrons m–2 s–1) 5.3** 3.4 NS 0.9 NS
ETR PM (lmol electrons m–2 s–1) 2.0 NS 1.0 NS 0.6 NS

Spectral characteristics
APAR 13.9*** 0.5 NS 3.8*

Simple ratio 1.3 NS 6.4* 0.2 NS
Red–green ratio 13.6*** 3.3 NS 0.1 NS
Photochemical reflectance index 2.0 NS 1.1 NS 4.2*

SPAD 32.0*** 0.1 NS 4.4*
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demonstrates strong genetically based variation in

biochemical, physiological, morphological, and optical

traits across populations of M. polymorpha. Previous

studies have shown genetically based variation in

common garden M. polymorpha populations across

elevations and soil ages for SLA, N-concentration and

photosynthetic carbon assimilation rate (Kitayama

et al. 1997; Cordell et al. 1998). This study extends

those findings to pigment concentrations, pigment ra-

tios, chlorophyll fluorescence parameters, and optical

properties, and demonstrates the coordination of these

traits across populations of this extremely variable

species. The variation in leaf traits across the common

garden trees represents genetic differences apparently

related to adaptation of source populations to different

climatic conditions, including differences in elevation,

temperature, precipitation, substrate age, and nutrient

supply.

The variation observed in leaf structure and photo-

synthetic capacity across the 14 populations of M.

polymorpha was linked with differences in leaf type,

source elevation and substrate age. Further, much of

the variation was linked with differences in SLA val-

ues. Pubescent leaves had a lower SLA than glabrous

leaves due to greater leaf thickness and the added mass

of pubescence (Geeske et al. 1994; Kitayama et al.

1997), and they also had lower concentrations of N and

pigments per area. Plants at elevation had lower SLA

and associated pigment concentrations per area. The

trends with elevation were not apparent for mass-based

N and pigment concentrations, indicating that the area-

based trends were primarily linked with differences in

mesophyll thickness, with leaves of lower SLA at

higher elevation having more or larger layers of cells

containing more chloroplasts per leaf area (Cordell

et al. 1998; Evans et al. 2004). Thicker leaves with

lower SLA are adapted to high-irradiance conditions

by having more mesophyll layers, a typically larger

mesophyll surface area for CO2 absorption, and

greater N and pigment concentrations per area for light

capture and carbon assimilation (Evans and Poorter

2001). Lower SLA leaves may also be adapted to lower

temperatures and lower soil resource availability by

having greater photochemical and mechanical protec-

tion as well as longer lifespans (Field and Mooney

1986; Reich et al. 1997; Wright et al. 2004). We note

that the elevational trends across populations of M.

polymorpha in SLA and area-based concentrations,

but not in mass-based concentrations, indicates that

changes in SLA and SLA-linked composition traits

drive adaptation across ecotypes, as previously re-

ported to be the case within species sets and from given

lineages (e.g., across 11 species of Hawaiian lobeliads,

Givnish et al. 2004); and across species globally

(Wright et al. 2004, 2005).

A novel finding of this study is the correlation

between N and pigment concentrations with FPSII and

ETR across the 14 M. polymorpha populations.

Notably, pigment concentrations were correlated with

FPSII and ETR only during peak daily function. In-

deed, FPSII and ETR were higher in the morning,

indicating an afternoon depression in photosynthetic

function in M. polymorpha similar to the depression

commonly found for carbon assimilation rates (Far-

quhar and von Caemmerer 1982), corroborating

trends found in mangrove trees (Nichol et al. 2006),

and grape leaves (Dobrowski et al. 2005), possibly

due to an increase in nonphotochemical quenching.

The correlations among leaf traits were stronger on

an area basis and weaker on a mass basis (Fig. 2,

Table 4) (Wright et al. 2004). For example, Chl and N

concentrations were well correlated (r2 = 0.90) on an

area but not on a mass basis. As for the trends with

source elevation described above, these findings for

the intercorrelation of traits highlight the fact that

much of the adaptation of leaf features across popu-

lations of M. polymorpha is in SLA-linked traits,

suggesting that coordination is likely driven by dif-

ferences in mesophyll layers and a higher number of

chloroplasts per surface area in thicker leaves (Fig. 2,

Table 4). We note that the correlations of N and

pigment concentrations with FPSII and ETR are not

likely to be causal. The increased Chl concentration in

leaves of high source elevation, and the greater allo-

cation of N to Chl and lower Car/Chl and Chl a/b

indicates the association of high Chl with light har-

vesting rather than processing center reactions. A

higher investment of Chl in light harvesting would not

drive higher electron transport at saturating irradi-

ance, because in fact a large proportion of the Chl in

the light harvesting antennae is superfluous for driv-

ing the light reactions (Evans 1989a; Anderson et al.

1995; Baker et al. 2004). We propose that the corre-

lations across M. polymorpha populations between N,

pigment concentrations, FPSII and ETR suggests

stoichiometric relationships that hold between the

concentration of Chl in the light harvesting antenna

and the much lower concentration of Chl that deter-

mines the reaction center function; these structured

relationships are evident from the narrow variation in

pigment ratios described above. These inter-relation-

ships among SLA, N, pigment concentrations, FPSII,

and ETR highlights the existence of a constellation of

functional leaf traits that shifts in a coordinated way

during the adaptation of M. polymorpha populations

to diverse environmental conditions.
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Not all of the observed variation in leaf traits was

linked with SLA. Pubescent plants had higher leaf

pigment and N concentrations compared to glabrous

plants (Fig. 2, Table 2), and had higher Chl/N, and

lower Chl a/b and Car/Chl ratios (Figure 3). These

differences may arise because the pubescence, present

on both the abaxial and adaxial leaf surfaces, may serve

to change the spectral quality of incoming radiation as

well as reflecting a proportion of it, thereby minimizing

harm to the photosynthetic apparatus (Ehleringer 1984;

Karabourniotis and Bornman 1999), and, in effect,

producing a benefit for these leaves to invest in light

harvesting. Indeed, APAR was higher in pubescent

than in glabrous leaves, demonstrating increased light

capture despite higher reflectance from pubescence (G.

Asner, unpublished data). The relative contribution of

higher biochemical concentration or greater pubes-

cence to APAR was not evaluated in this study.

Elevational trends were also found for Chl/N and

pigment ratios, and for chlorophyll fluorescence

parameters. As described above, leaves at higher ele-

vation had higher allocation of pigments and N to light

harvesting (higher Chl/N, lower Chl a/b, lower Car/

Chl). These trends, independent of SLA or pigment

concentrations alone, indicate that adaptation to a

range of elevations is associated with differences in

light capture and use. A decrease in the Chl a/b ratio

indicates an increase in photosystem II light harvesting

complexes (LHCII) relative to processing centers, be-

cause LHCII contains more Chl b than the PSII chlo-

rophyll-binding proteins (Evans 1989a; Evans and

Seemann 1989; Terashima and Hikosaka 1995). The

adaptation of pigment ratios toward light harvesting at

high elevation was surprising, given the expectation of

higher typical irradiances at higher elevation (Raich

et al. 1997). In fact, biochemical adaptation to high

irradiance for a given species generally results in the

opposite patterns—a decreased Chl/N ratio and an

increased Chl a/b ratio as plants shift resources from

light harvesting to photochemical processing (Tera-

shima and Evans 1988; Hikosaka 2004; Walters 2005).

For M. polymorpha populations at higher elevation,

the high capacity for light harvesting suggested by their

higher Chl/N and lower Chl a/b may allow these plants

to capture and utilize high irradiance. Indeed, the

lower Car/Chl for plants of higher source elevation

suggests that adaptation for increased light energy

dissipation is not necessary for this species at higher

elevations. We note that our studies in the common

garden represent only baseline genetic differences as

expressed at the mid-elevation common garden site.

Further studies need to be made with common gardens

across elevations to determine whether the different

populations show different plasticities, and whether the

trends found here would differ across elevations.

A significant difference was also found across source

substrates in the Chl a/b ratio. The highest Chl a/b

ratios were for populations from younger substrates,

which have lower N and water availability than the

older, more developed soils (Vitousek et al. 1995;

Harrington et al. 2001). This indicates adaptation to-

ward an optimized photosynthetic apparatus in high

light environments, because N limitation, such as found

at high-elevation, nutrient-poor sites, would favor

allocation away from PSII light harvesting and toward

Rubisco and other carbon assimilation reaction com-

ponents (Field and Mooney 1986; Terashima and

Evans 1988; Evans 1989a; Hikosaka and Terashima

1996; Kitajima and Hogan 2003). Our findings for M.

polymorpha populations are the first evidence to our

knowledge of this optimization taking place across

naturally adapted populations of a given species, and

support other findings for the acclimation of a species

grown at high irradiance but under differing N supply

(Kitajima and Hogan 2003).

Leaf optical properties

Across the populations sampled, variations in leaf

physical, biochemical and physiological properties

were linearly correlated with basic reflectance (SR, R/

G, PRI), transmittance (SPAD) indices and APAR in

the visible near-infrared wavelength region (400–

950 nm). This finding builds off a rich history of studies

focused on the estimation of leaf biochemical and

physiological properties utilizing spectral indices (see

reviews by Sims and Gamon 2002; Ustin et al. 2004).

The R/G ratio was initially developed as an index of

anthocyanin content (Gamon and Surfus 1999), and

integrates leaf spectral reflectance over broad red

(600–699 nm) and green (500–599 nm) wavelength re-

gions. In contrast, the SR utilizes narrow red and near-

IR bands at 680 and 800 nm, respectively (Blackburn

1998). Similar to the SR index, the SPAD measure-

ments utilized two narrow spectral regions, one near

the Chl a optimum (650 nm) and in the near-IR region

(920 nm, Marquard and Tipton 1987). Here, trans-

mission through the leaf was measured, thereby inte-

grating internal interactions between light and

biochemical constituents within the leaf. The PRI is

tuned to capture variations in particular xanthophyll

pigments, but this index is also generally sensitive to

the relative amounts of all carotenoids versus chloro-

phylls (Sims and Gamon 2002). Although measured in

several different ways, leaf spectral properties were

generally well correlated with one another.
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All spectral indices of M. polymorpha were best

correlated with photosynthetic pigments and N con-

centration on an area basis, and were especially strong

for the R/G ratio and the SPAD measurements. The

low correlation between SR and N and pigment con-

centration is not surprising because, although 680 nm

reflectance and transmittance, used in this study for

direct comparison to the SPAD wavelengths, is sensi-

tive to Chl a concentration, its low effectiveness is

caused by saturation at low Chl concentrations (Jac-

quemoud et al. 1996). Sims and Gamon (2002) found

the use of 705 nm greatly improved the sensitivity of

this index. These very generic spectral indices of M.

polymorpha were correlated not only with absolute

pigment concentrations, but also with the FPSII and

ETR indices of leaf photosynthetic capacity. Caroten-

oid pigment (including xanthophyll pigment subgroup)

and concomitant reflectance measurements have pro-

vided indirect estimates of light-use efficiency in foli-

age (e.g., Gamon et al. 1990; Sims and Gamon 2002),

canopies (Gamon et al. 1997) and forest stands (Asner

et al. 2005; Asner et al. 2006).

Many leaf physiology studies have indicated the

importance of constituent ratios as key parameters for

diagnosing the physiological state of plants during

acclimation and adaptation to different environments

(reviewed by Hikosaka 2004; Takashima et al. 2004;

Walters 2005). The spectral indices we measured were

correlated with Chl/N, Car/Chl and Chl a/b ratios,

demonstrating a linkage to a variety of stoichiometric

adaptations in the leaf photosystem components of this

species. In particular, the PRI was best correlated with

Car/Chl ratio, which in turn is thought to be a generic

indicator of photoprotection and indirectly light-use

efficiency (Gamon et al. 1990; 1997). However, in our

study the PRI was poorly correlated with FPSII and

ETR, so further study should focus on the connections

between pigments, physiology and reflectance indices

in M. polymorpha. Importantly, the optical properties

of M. polymorpha showed that its pattern of light

capture and loss is convolved with the structural con-

figuration of its leaves as well as the portfolio of bio-

chemical properties expressed between phenotypes.

Conclusions

Genetic adaptation in M. polymorpha has led to a

strong variation in leaf structure, composition and

function, expressed in a common garden in the absence

of environmental forcing. Our study shows that genetic

modifications in M. polymorpha led to decreased SLA

at higher elevations, with simultaneous modification of

SLA-linked traits, including N and pigment concen-

trations per area, FPSII and ETR. Additional adapta-

tion to higher irradiance included increased allocation

to light harvesting expressed as increased Chl/N and

decreased Car/Chl and Chl a/b ratios. Leaf-level vari-

ations in N, pigments, FPSII and ETR were clearly

linked to spectral properties in the visible and near-IR

wavelength regions, demonstrating that the ensemble

of biochemical and physiological traits within and

among phenotypes are directly expressed in the way

the species interacts with its light environment.

The extreme polymorphism in M. polymorpha con-

tributes to this species’ exceptional ability to populate,

and often dominate, a wide range of natural environ-

ments. The findings of this study extend previous work

on this species, highlighting the strong and coordinated

adaptability in leaf structure, composition and function

across populations. Successful integration of spectral

indices with pigment and chlorophyll fluorescence

parameters may allow us to remotely sense genetic as

well as plastic variation in leaf traits at the canopy scale

across a wide range of ecological and environmental

conditions. Future studies will further investigate this

possibility.

Acknowledgements We thank K. Lo and C. Lunch for assis-
tance in the field, D. Turner for assistance with leaf nitrogen
determinations, and J. Berry for his important insights and
interpretations. This work was supported by the National Science
Foundation (DEB-0136957 and IOB-0546784), NASA Terres-
trial Ecology and Biodiversity Program Grant (NNG-06-GI-
87G), and The Carnegie Institution.

References

Abuzar M, Al-Ghunaim I (1997) Spatial disaggregation of
spectral data for haze assessment in an arid environment.
Int J Remote Sensing 18:1693–1702

Anderson JM, Chow WS, Park YI (1995) The grand design of
photosynthesis: acclimation of the photosynthetic apparatus
to environmental cues. Photosynth Res 46:129–139

Asner GP, Carlson KM, Martin RE (2005) Substrate and
precipitation effects in Hawaiian forest canopies from
spaceborne imaging spectroscopy. Remote Sensing Environ
96:497–508

Asner GP, Martin RE, Carlson KM, Rascher U, Vitousek PM
(2006) Vegetation–climate interactions among native and
invasive species in Hawaiian rainforest. Ecosystems 9:1041–
1054

Asner GP, Wessman CA, Archer S (1998) Scale dependence of
absorption of photosynthetically active radiation in terres-
trial ecosystems. Ecol Appl 8:1003–1021

Baker NR, Ort DR, Harbinson J, Whitmarsh J (2004) Chloro-
plast to leaf. In: Smith W, Vogelmann TC, Critchley C (eds)
Photosynthetic adaptation: chloroplast to landscape, vol
178. Springer, Berlin Heidelberg New York, pp 89–104

Björkman O, Demmig-Adams B (1995) Regulation of photo-
synthetic light energy capture, conversion, and dissipation in
leaves of higher plants. In: Schultze ED, Caldwell MM (eds)

398 Oecologia (2007) 151:387–400

123



Ecophysiology of photosynthesis. Springer, Berlin Heidel-
berg New York, pp 17–47

Blackburn GA (1998) Quantifying chlorophylls and carotenoids
at leaf and canopy scales: an evaluation of some hyperspec-
tral approaches. Remote Sensing Environ 66:273–285

Chalker-Scott L (1999) Environmental significance of anthocy-
anins in plant stress. Photochem Photobiol 70:1–9

Chapin FS III, Bloom AJ, Field CB, Waring RH (1987) Plant
responses to multiple environmental factors. Bioscience
37:49–57

Cordell S, Goldstein G, Mueller-Dombois D, Webb D, Vitousek
PM (1998) Physiological and morphological variation in
Metrosideros polymorpha, a dominant Hawaiian tree spe-
cies, along an altitudinal gradient: the role of phenotypic
plasticity. Oecologia (Berlin) 113:188–196

Curran PJ (1989) Remote sensing of foliar chemistry. Remote
Sensing Environ 30:271–278

Demmig-Adams B, Adams WWI (1996) The role of xanthophyll
cycle carotenoids in the protection of photosynthesis.
Trends Plant Sci 1:21–26

Dobrowski SZ, Pushnik JC, Zarco-Tejado PJ, Ustin SL (2005)
Simple reflectance indices track heat and water stress-
induced changes in steady-state chlorophyll fluorescence at
the canopy scale. Remote Sensing Environ 97:403–414

Ehleringer JR (1984) Ecology and ecophysiology of leaf pubes-
cence in North American plants. In: Rodriguez E, Healey
PL, Mehta I (eds) Biology and chemistry of plant trichomes.
Plenum, New York, pp 113–132

Evans JR (1989a) Partitioning of nitrogen between and within
leaves grown under different irradiances. Aust J Plant
Physiol 16:533–548

Evans JR (1989b) Photosynthesis and nitrogen relationships in
leaves of C3 plants. Oecologia 78:9–19

Evans JR, Poorter H (2001) Photosynthetic acclimation of plants
to growth irradiance: the relative importance of specific leaf
area and nitrogen partitioning in maximizing carbon gain.
Plant Cell Environ 24:755–767

Evans JR, Seemann JR (1989) The allocation of protein nitrogen
in the photosynthetic apparatus: costs, consequences, and
control. In: Briggs WR (ed) Photosynthesis. Allan R. Liss
Inc., New York, pp 183–205

Evans JR, Vogelmann TC, Williams WE, Gorton HL (2004)
Chloroplast to leaf. In: Smith W, Vogelmann TC, Critchley
C (eds) Photosynthetic adaptation: chloroplast to landscape,
vol 178. Springer, Berlin Heidelberg New York, pp 15–41

Farquhar GD, von Caemmerer S (1982) Modeling of photosyn-
thetic response to environmental conditions. In: Lange OL,
Nobel PS, Osmond CB, Ziegler H (eds) Encyclopedia of
plant physiology (NS), vol 12B. Springer, Berlin Heidelberg
New York, pp 549–587

Field C, Mooney HA (1986) The photosynthesis–nitrogen
relationship in wild plants. In: Givnish TJ (ed) On the
economy of plant form and function. Cambridge University
Press, Cambridge, pp 25–55

Gamon JA, Field CB, Bilger W, Björkman A, Fredeen AL,
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