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ABSTRACT

 

Chlorophyll (Chl) and epidermal polyphenol (EPhen) con-
tents were estimated 

 

in vivo

 

 using two optical leaf-clips,
SPAD-502 and Dualex, respectively. The area-based mea-
surements were transformed into mass-based data by taking
into account the leaf dry mass per area (LMA). Measure-
ments were performed on forest trees and on saplings grown
under controlled conditions. While LMA increased with
irradiance along a vertical transect in a beech canopy or in
saplings grown under different and increasing irradiance
levels, mass-based EPhen (EPhen

 

m

 

) increased, whereas
mass-based Chl (Chl

 

m

 

) decreased. This was a signature of
a gradual switch of investment from protein into polyphenol
production. A similar signature was obtained in saplings
grown on nitrogen-deficient soil with respect to fertilized
controls. However, nitrogen effects remained moderate
compared to irradiance-induced effects. EPhen

 

m

 

 and Chl

 

m

 

both declined with plant ageing-induced increases in LMA,
under all tested growth conditions. This was a signature of
an accumulation of dry matter that diluted Chl and EPhen.
The described competition between Chl and EPhen in
leaves fits well with the predictions of the Protein Compe-
tition Model (PCM), that is, that the total leaf mass-based
polyphenols content (Phen

 

t

 

) is controlled by the competi-
tion between protein and polyphenol biosynthetic pathways
and its metabolic regulation.
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Abbreviations

 

: Chl, chlorophyll; Chl

 

a

 

, area-based
chlorophyll content; Chl

 

m

 

, mass-based chlorophyll content;
EPhen, epidermal polyphenols; EPhen

 

a

 

, area-based

epidermal polyphenols content; EPhen

 

m

 

, mass-based
epidermal polyphenol content; LMA, leaf dry mass per
area; N

 

m

 

, mass-based leaf nitrogen content; PAL,
phenylalanine ammonia lyase; PCM, Protein Competition
Model; Phen, polyphenols; Phen

 

t

 

, total leaf mass-based
polyphenols content; Prot

 

t

 

, total leaf mass-based protein
content; SLA, specific leaf area (

 

=

 

 1/LMA).

 

INTRODUCTION

 

Most environmental conditions that induce phenotypic
plasticity in leaves involve variation in carbon and nitrogen
economy. It is known that high irradiance and soil-nitrogen
deficiency stimulate production and accumulation of
polyphenols (Phen) and reduce mass-based protein content
(see Koricheva 

 

et al

 

. 1998 for a review). Phen are carbon-
rich compounds that contain about 30% (on a mass basis)
more carbon than proteins (Poorter 1994). They accumu-
late in vacuoles or cell walls and can enhance leaf density
(Witkowski & Lamont 1991). On the other hand, proteins
are the main leaf nitrogen compounds, the synthesis of
which is required for growth, photosynthesis and homeo-
stasis (see Jones & Hartley 1999).

The Carbon Nutrient Balance (CNB) and Growth Dif-
ferentiation Balance (GDB) hypotheses are models fre-
quently used to predict the phenotypic variations in leaf
Phen in woody plants (Koricheva 

 

et al

 

. 1998). Phen fit tightly
with these hypotheses, better than any other class of sec-
ondary compounds, like terpenoids or hydrolysable tannins
(Koricheva 

 

et al

 

. 1998). This is probably due to the fact that
proteins and Phen share a common precursor, 

 

L

 

-
phenylalanine (PHE) (Margna 1977). Jones & Hartley
(1999) proposed the Protein Competition Model (PCM),
which takes into account this competition between protein
and Phen biosynthetic pathways and its metabolic control
in order to predict total leaf mass-based Phen contents
(Phen

 

t

 

). The 

 

PHE

 

 allocation to Phen is controlled by phe-
nylalanine ammonia lyase (PAL) activity and expression,
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and both protein synthesis and Phen metabolism compete
for limiting PHE (cf. Jones & Hartley 1999 and the refer-
ences therein). In addition, total leaf mass-based protein
content (Prot

 

t

 

) and Phen

 

t

 

 may be modulated by leaf dry
matter content. An increase in leaf dry matter (due for
instance to starch and cellulose accumulation) passively
dilutes both proteins and Phen, whereas a decrease concen-
trates them. Many cases reported in the literature (cf. Bry-
ant, Chapin & Klein 1983, e.g.) about constitutive and
inducible Phen confirmed the validity of PCM. Jones &
Hartley (1999) cited about 30 confirming studies dealing
with light and nutrient effects. Recently, Scheible 

 

et al

 

.
(2004) performed a transcriptome analysis on 

 

Arabidopsis

 

under different nitrogen regimes and demonstrated that
protein synthesis is tightly coordinated with Phen metabo-
lism, which supports the main hypothesis of the PCM (Jones
& Hartley 1999). A nitrate addition induced the genes for
amino acid biosynthesis and repressed the shikimate path-
way, the expression of PHE and many genes involved in
hydroxycinnamic acid and flavonoid metabolism (Scheible

 

et al

 

. 2004). In this case, PHE expression was more coordi-
nated with Phen metabolism than with protein metabolism
(Scheible 

 

et al

 

. 2004). The tight regulatory link between
protein and Phen metabolism might rather be the supply of
carbon skeletons like erythrose-4-phosphate, which is a pre-
cursor for the shikimate pathway and primary metabolism
(Henkes 

 

et al

 

. 2001). Actually, PCM predictions do not
depend on the identity of the regulatory link between car-
bon and nitrogen metabolism (Jones & Hartley 1999). The
physiological interest of the PCM is to predict the effect of
changing environmental resources on the result of the coor-
dination between primary and secondary metabolisms. This
leads to interpreting leaf phenotypes in terms of the balance
between primary and secondary metabolisms, which can be
an indicator of the plant protective or growth strategy in a
given habitat (Herms & Mattson 1992).

One way to monitor acclimation responses to changing
microenvironment conditions and test for their impact on
the Phen/protein balance may rely on optical methods
usable in the field. Chlorophyll (Chl)-binding protein com-
plexes are of special interest because their chromophores,
Chl 

 

a

 

 and 

 

b

 

, can be easily detected by optical techniques,
for instance with a Chl meter like the Minolta SPAD-502
(hereafter SPAD) (Peng 

 

et al

 

. 1993; Markwell, Osterman
& Mitchell 1995). According to Evans (1989b) and Evans
& Seemann (1989), 50–80% of leaf nitrogen is allocated to
photosynthetic proteins, 16% of which is made of nitrogen.
The range of Prot

 

t

 

 for woody plant leaves is 5–22% of dry
mass (Poorter 1994). Therefore, mass-based chlorophyll
content (Chl

 

m

 

) can be regarded as an index for Prot

 

t

 

. How-
ever, the proportionality between Chl

 

m

 

 and mass-based leaf
nitrogen content (N

 

m

 

) may vary, because of the modifica-
tions of nitrogen partitioning among photosynthetic pro-
teins demonstrated in response to light, nitrogen and among
species (Hikosaka & Terashima 1995; Evans & Poorter 2001;
Takashima, Hikosaka & Hirose 2004; Coste 

 

et al

 

. 2005).
Leaf Phen content can be optically estimated with a new

portable leaf-clip, the Dualex (Force-A, Orsay, France)

(Goulas 

 

et al

 

. 2004; Cartelat 

 

et al

 

. 2005). Phen include
hydroxycinnamic acids, flavonoids, condensed tannins and
lignin. Dualex measures 

 

in situ

 

 epidermal Phen (EPhen)
content, mainly flavonoids, by comparing Chl fluorescence
induced by UV-A (375 nm) to that induced by red light
(650 nm, reference). It is worth noting that it is very difficult
to estimate Phen

 

t

 

 in leaves because they include soluble and
insoluble molecules in different cell compartments and
their quantity depends on the species. Water-soluble glyco-
sylated flavonoids are mainly stored in epidermal cell vac-
uoles, whereas hydroxycinnamic acids are bound to cell
walls. Phen serve multiple functions, depending on their
location in the leaf, like chemical defence against herbi-
vores or pathogens, protection against ultraviolet (UV) and
oxidative stress or signals for communication (see Wink
1999 for a review). The synthesis of Phen is enhanced when
carbon is produced in excess compared to the metabolic
demand for growth in a given environment (Bryant 

 

et al

 

.
1983; Waterman, Ross & McKey 1984). Their production is
constitutive, according to the leaf carbon economy, or
inducible by biotic or abiotic stresses. Flavonoids induce a
higher construction cost (g glucose/g compounds) com-
pared to hydroxycinnamic acids (Gershenzon 1994). In
woody species, soluble Phen, condensed tannins and lignins
constitute about 2–11, 1–30 and 4–19% of the leaf dry mat-
ter, respectively (Waterman 

 

et al

 

. 1984; Mole, Ross & War-
terman 1988; Poorter 1994; Lavola 

 

et al

 

. 2000; Riipi 

 

et al

 

.
2002; Tegelberg, Julkunen-Tiitto & Aphalo 2004). Dualex
measurements yielded a reliable estimate of total soluble
Phen in wheat leaves (Cartelat 

 

et al

 

. 2005). However,
whether Dualex measurements are representative of total
leaf Phen, especially in woody species, remains still an open
question. Nevertheless, the presently available chemical or
optical methods all present limitations for the assessment
of leaf Phen accurately. Although total Chl and epidermal
flavonoids represent a small fraction of leaf dry mass, about
0.5–1.5 (Niinemets, Kull & Tenhunen 2004) and 2.0–3.5%
(Lavola 

 

et al

 

. 2000), respectively, their mass-based content
is strongly dependent of leaf nitrogen and carbon economy
(Evans 1989a; Evans & Seemann 1989; Koricheva 

 

et al

 

.
1998; Cartelat 

 

et al

 

. 2005).
Optical measurements provide estimates of area-based

pigment contents. Changes in area-based constituents can
be linked to carbon and nitrogen allocation if changes in
leaf dry mass per area (LMA) are taken into account. We
estimated LMA and investigated the correlations between
SPAD and Dualex measurements with LMA in the case of
contrasting irradiance levels, nitrogen deficiency and plant
ageing in forest trees or in saplings grown under controlled
conditions. The aims of the experiments were: (1) to quan-
tify Chl and EPhen contents in woody plants using two
optical non-invasive methods; (2) to assess 

 

in vivo

 

 the
potential trade-offs between investment into Chl (surrogate
for leaf proteins) and into EPhen (surrogate for leaf Phen);
(3) to test for interspecific differences in these responses;
and (4) to check whether the observed phenological
plasticity induced by irradiance or by nitrogen availability
could be interpreted in the framework of one of the differ-
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ent models that were proposed for the relative allocation
of nitrogen and carbon to protein versus Phen synthesis.

 

MATERIALS AND METHODS

Plant material and experiment design

 

Three experiments were performed at four locations and
with several woody plant species. The first experiment (Exp
1) was performed in the field making profit of a vertical
transect within a beech canopy. The second experiment
(Exp 2) was performed with saplings of four forest tree
species grown under different irradiance levels. The third
experiment (Exp 3) was performed with saplings of four
species of horticultural interest supplied with high or low
nitrogen under natural irradiance.

Exp 1 was performed at the experimental long-term eco-
system monitoring site of Hesse (France, 48

 

°

 

45

 

′

 

N, 6

 

°

 

20

 

′

 

E,
altitude of 255 m) in a beech forest (Granier, Pilegaard &
Jensen 2002). Four sets of measurements were made along
a vertical transect in the canopy of 30-year-old neighbour-
ing beech trees (

 

Fagus sylvatica

 

 L.), at monthly intervals
throughout the summer of 2001. About 20 (or 10) fully
expanded leaves were sampled at 5 (or 10) different heights
and three SPAD and two Dualex measurements (abaxial
and adaxial faces) were performed on each leaf. The leaves
were then sampled for nitrogen and Chl content, and area
and dry mass measurements (100 leaves total per sam-
pling). In Exp 2, 2-year-old birch saplings (

 

Betula pendula
Roth

 

., pioneer and shade-intolerant), beech (

 

Fagus sylvat-
ica

 

 L., late-successional and shade-tolerant), ash (

 

Fraxinus
excelsior

 

 L., post-pioneer and intermediate in shade toler-
ance) and sycamore (

 

Acer pseudoplatanus

 

 L., post-pio-
neer and intermediate in shade tolerance) were used. They
had been grown at INRA, Champenoux, France, for 2 years
in 10 L pots containing a blond peat/sand mixture (1/2, v/
v). The pots were fertilized every year with 8 g L

 

−

 

1

 

 of Nutri-
cote 100 slow-release fertilizer (13/13/13, N/P/K

 

+

 

) (Fertil,
Le Syndicat, France) at the beginning of May and during
mid-July. The drip irrigation of each individual pot provided
water to adequate field capacity twice a day. Five saplings
were used per species. Shade was imposed with a neutral
sheet (polyester 

 

+

 

 aluminium, OLS Ludvig Svensson Inter-
national, Hellevoestluis, the Netherlands) providing
approximately 100, 36, 16 and 4% of transmitted incident
photosynthetic active radiation (PAR). The microclimate
below the screens was monitored using a mobile weather
station [pyranometer (Skye SP 1110, Skye Instruments,
Powys, UK); Pt100 platinum-resistance thermometer (Pico
Technology Ltd, St Neots, UK); ventilated psychrometer
with a second Pt100; measuring frequency 0.1 Hz with a
Campbell 21X data logger (Campbell Scientific, Logan, UT,
USA) and direct computation of 30 min means]. During
August 2000, the saplings were sampled for optical mea-
surements, nitrogen and Chl quantitation and LMA deter-
mination. Ten fully expanded leaves from the current year
growth flush were used per treatment and per species. For
ash, measurements were made on the terminal leaflet.

Three SPAD measurements were performed on each leaf,
and three Dualex measurements on each side of each leaf.
The leaves were then sampled for nitrogen and Chl con-
tents and area and dry mass measurements.

In Exp 3, four woody species of horticultural interest,

 

Lagerstroemia indica

 

 cv. Red Imperator (deciduous), 

 

Cal-
licarpa bodinieri

 

 cv. Profusion (deciduous), 

 

Robinia
pseudoacacia

 

 cv. Casque Rouge (deciduous) and 

 

Vibur-
num tinus

 

 cv. Macrocarpa (evergreen) were obtained from
commercial nurseries where they had been propagated and
grown outdoors for 1 year. During March 2002, these were
transplanted into 4 L containers with a peat/perlite mixture
(50/50, v/v, pH 6.4). The plants were placed outdoors at
Angers (France, latitude 47

 

°

 

30

 

′

 

N, longtitude 0.35

 

°

 

W and
altitude of 56 m) at a density of six plants per m

 

−

 

2

 

. Diseases
and insects were controlled by pesticide application. The
plants were supplied with drip irrigation, as a function of
the evaporative demand calculated at an hourly step. Fer-
tilization was supplied by nutrient solution brought with
irrigation. From 30 April to 2 June 2002, all the plants
received a complete nutrient solution (5.59, 3.45, 2.94, 4.64,
2.36, 3.94 and 0.78 mequiv L

 

−

 

1

 

 of N-NO

 

3

 

, P, S, Ca, Mg, K
and Na, respectively), with nitrogen supplied only as
nitrate. Experimental treatments involved contrasted N-
fertilization regimes in June and July. From 3 June to 31
July 2002, the plants received either a nutrient solution with
a high nitrogen concentration (6.29, 1.24, 3.90, 2.94, 4.64,
2.36, 3.95 and 0.78 mequiv L

 

−

 

1

 

 of N-NO

 

3

 

, N-NH

 

4

 

, P, S, Ca,
Mg, K and Na, respectively), or a nutrient solution with a
low nitrogen concentration, the nitrogen coming exclu-
sively from tap water (0.25, 3.45, 5.64, 2.64, 4.64, 2.36, 3.94
and 0.78 mequiv L

 

−

 

1

 

 of N-NO

 

3

 

, P, S, Cl, Ca, Mg, K, Na,
respectively). 3 June 2002 was considered as the beginning
of the experimental treatments and noted as day zero. For
each species, the treatments were arranged in a complete
randomized design with three replicates. Each species was
grown on an individual plot of 12 rows, and the border rows
were avoided when sampling to minimize edge effects. For
each species, three replicates were performed each week in
June and July 2002. Two plants per replicate were sampled.
Ten leaves (young leaves already extended and exposed to
direct sunlight) per plant were used for analysis. Plant age,
but not leaf age, varied with sampling date. Optical mea-
surements were performed on the same sample of 20 leaves
per replicate on which LMA was measured. Two Chl mea-
surements were performed on each leaf. Four Dualex read-
ings were taken per leaf, two each on the adaxial and
abaxial sides. The leaves were then sampled for nitrogen
and Chl contents and area and dry mass measurements.

 

Leaf Chl and nitrogen contents and leaf mass 
per area

 

For the calibration of SPADs and for the direct quantifica-
tion of Chl, two similar methods were used. In the first case,
10 leaf discs (4.0 mm diameter) were sampled from each
leaf. The total sampled surface was 1.26 cm

 

2

 

 per leaf. The
discs were frozen at 

 

−

 

80 

 

°

 

C if not used immediately. Extrac-
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tion was performed in 5 mL of 95% ethanol at 70 

 

°

 

C for
30 min in a sealed tube. After cooling, the transmittance of
the extract was measured with a Lambda 3 Perkin–Elmer
spectrophotometer (Courtaboeuf, France) at 664.2 and
648.6 nm, and the Chl 

 

a

 

 and 

 

b

 

 concentrations were calcu-
lated according to Lichtenthaler (1987). The second
method consisted of extracting 2 cm

 

2

 

 leaf discs in dimeth-
ylsulfoxide (DMSO) at 70 

 

°

 

C, according to the procedure
of Barnes 

 

et al

 

. (1992). The error in estimating Chl content
from the calibration relationship was less than 10%. A cal-
ibration relationship was established for each species.

In the Exp 1 through 3, leaf nitrogen concentration was
measured following the method of Dumas. The samples
were dried at 60 

 

°

 

C, weighed and ground. An aliquot of the
powder was combusted in an elemental analyser (NCS2500
EA/NA 1110, CE instrument Thermo Quest, Milano, Italy,
in Exp 1 and 2, and Flash EA 1112, Thermo Electron S.A.,
Courtaboeuf, France, in Exp 3). This method measures the
total N content, including nitrate.

 

Optical estimation of leaf Chl and Phen

 

Chl was estimated using the Minolta SPAD-502 Chl meter.
A calibration curve was established for each experiment,
which involved a different Chl meter (Markwell 

 

et al

 

. 1995;
Cartelat 

 

et al

 

. 2005). The SPAD values were then converted
into area-based Chl content (Chl

 

a

 

). Chl

 

m

 

 was obtained by
dividing Chl

 

a

 

 by LMA (Chl

 

a

 

 

 

=

 

 Chl

 

m

 

 * LMA).
EPhen were estimated using a Dualex device according

to Cartelat 

 

et al

 

. (2005). The Dualex readings of each side
of the leaf were summed to estimate the total area-based
EPhen content (EPhen

 

a

 

). EPhen

 

a

 

 is expressed in molar
units of quercetin (aglycone) equivalents, calculated from
Dualex-derived absorbance, using the molar extinction
coefficient (

 

ε

 

) of 20 

 

µ

 

mol

 

−

 

1

 

 cm

 

2

 

 (20 m

 

M

 

−

 

1

 

 cm

 

−

 

1

 

) at 375 nm:

EPhen

 

a

 

 

 

= (adaxial + abaxial Dualex measurements)/ε (1)

Quercetin derivatives are by far the most universally dis-
tributed flavonoids (Bate-Smith 1962) and are, with myrice-
tin, the major flavonoid family in silver birch (Riipi et al.
2002; Tegelberg et al. 2004). Moreover, the ε of flavonoids
are very close (Cerovic, unpublished results). Mass-based
EPhen content (EPhenm) was obtained by dividing EPhena

by LMA (EPhena = EPhenm * LMA). EPhenm is a repre-
sentative (surrogate) of total leaf Phen expressed in leaf dry
mass basis, like Chlm that is a representative (surrogate) of
total leaf protein, although it is present only in chloroplast.
EPhenm is a proportion of a leaf mass allocated to EPhen
expressed in equivalent micromole aglycon quercetin per
gram of leaf dry matter. It is worth noting that Kolb &
Pfündel (2005) show that a heterogeneous distribution of
UV-A absorbers in epidermal cells lead to an optical sieve
effect, that would affect only very high EPhena levels.

Statistical analysis

Covariance analyses were performed using Igor Pro 4
(WaveMetrics Inc., Lake Oswego, OR, USA) and Statistica

6 (StatSoft Inc., Maison-Alfort, France). The relationships
between optical measurements and LMA were investigated
using correlation and regression procedures. Nitrogen treat-
ment, species and plant age (sampling date) effects were
tested in Exp 3 using a multivariate analysis of variance
[(ANOVA); using a general linear modelling (GLM) proce-
dure]. The sampling size was n = 32, 16 and 8 replicates for
nitrogen treatment, species and plant age effects, respec-
tively. The analysis of covariances (ANCOVAs) were per-
formed to test species effect on LMA versus light intensity,
Chla versus LMA, logChlm versus logLMA and EPhena

versus LMA relationships in Exp 2, and to test the nitrogen-
treatment effect on EPhenm with Chlm as covariable in Exp 3.

RESULTS

Effect of light microenvironments

The LMA increased from the bottom (25 g m−2) to the top
(120 g m−2) of the canopy of F. sylvatica with increasing light
availability like commonly described (Niinemets 1995; data
not shown). This indicates a gradual thickening of palisade
parenchyma and an increase in leaf density (Hanson 1917;
Witkowski & Lamont 1991; Liakoura, Bornman & Kara-
bourniotis 2003; Aranda et al. 2004; Niinemets et al. 2004).
The moderate but significant increase in Chla with LMA
(Fig. 1a) was ascribed to an increase in LMA, which largely
compensated for the decrease in Chlm (Fig. 1b). Chlm

decreased with LMA according to a curvilinear relation-
ship from 1.0 to 0.2% of leaf dry matter from the bottom
to the top of the canopy (Fig. 1b). The logarithmic trans-
forms of Chlm and LMA were tightly and linearly corre-
lated (r = 0.954, P < 0.00001, n = 79, logChlm = 2.07–
0.080*logLMA). However, Nm remained almost constant
within the canopy (not shown). EPhena linearly increased
with LMA and were tightly correlated to it (r = 0.980,
n = 82, P < 0.0001). The LMA accounted for 96% of EPhena

variation (Fig. 1c). EPhenm curvilinearly increased with
LMA (Fig. 1d). 1/EPhenm and SLA (= 1/LMA) were lin-
early and tightly correlated (r = 0.823, n = 82, P < 0.001, 1/
EPhenm = 0.045 + 1.54*SLA), and 68% of 1/EPhenm varia-
tion was ascribed to SLA. The increase of EPhena resulted
therefore, both from increased LMA and increased
EPhenm.

Exp 2 produced similar results for saplings of four tree
species submitted to different irradiance levels during
growth (Figs 2 & 3). LMA increased with incident irradi-
ance in every species (Fig. 2) showing that irradiance-
induced plasticity was of similar extent independently of
the degree of shade tolerance of the species. Like in Exp 1,
Chla increased moderately but significantly with LMA (P =
0.0263) (Fig. 3a). No species effect was observed on the
slope (P = 0.1545), but the Y-intercept was significantly dif-
ferent (P < 0.0001), and F. sylvatica displayed consistently
lower values than the other species. Chlm decreased with
LMA in all species (r = 0.889, n = 16, P < 0.0001, after log-
arithmic transformation, LogChlm = 2.00–0.725*LogLMA,
Fig. 3b), revealing in all cases an acclimation by adjusting
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leaf Chlm to growth-light intensity. There was no difference
among species in the slope of the relationship with LMA
(P = 0.0920, after logarithmic transformation), but differ-
ences in the Y-intercept were significant (P < 0.0001, with

lowest values recorded again in F. sylvatica). EPhena lin-
early increased with LMA in the four species (P < 0.0001,
Fig. 3c). The relationships could not be distinguished
among species (P = 0.0815 for the slope, and P = 0.0596 for
the Y-intercept). Therefore, all data were pooled for further
analysis. The correlation was very tight, and LMA
accounted for 78% of EPhena variation. The slope and the
Y-intercept of the regression equation were close to those
obtained in Exp 1 (see legends of Figs 1 & 3). EPhenm

significantly varied with LMA in B. pendula (P = 0.0357,
n = 4), but not in F. sylvatica (P = 0.4621, n = 4), F. excelsior
(P = 0.2142, n = 4) and A. pseudoplatanus (P = 0.7594,
n = 4). Despite the interspecific difference in EPhenm, the
relationship between EPhena and LMA was relatively uni-
form, showing that EPhena variations resulted from LMA
variations. The shade-intolerant pioneer species B. pendula
presented a high and almost constant EPhenm. These
EPhenm values were also higher than in Exp 1, possibly
related to lower LMA in the saplings. Intermediate
(A. pseudoplatanus, F. excelsior) and late (F. sylvatica) suc-
cessional species acclimated to the light intensity by mod-
ulating EPhenm to a larger extent than did B. pendula with
nevertheless smaller values.

In Fig. 4, we plotted EPhenm against Chlm data from Exp
1 and 2 to investigate if the variation in leaf chemical com-
position in response to light was unique. EPhenm was neg-
atively correlated to Chlm, Chlm accounting for 63, 75 and
47% of variations in EPhenm, for F. sylvatica in Exp 1
(Fig. 4a), B. pendula in Exp 2 and F. excelsior in Exp 2
(Fig. 4b), respectively. The correlation was not significant
for F. sylvatica and A. pseudoplatanus in Exp 2. The pioneer
and fast-growing species (B. pendula) displayed a much

Figure 1. Relationship between optical measurements of Chl 
(a,b) and EPhen (c,d), and LMA in the canopy of Fagus sylvatica. 
Data are from Exp 1. (a,c) Area-based data derived directly from 
optical measurements. (b,d) Mass-based data obtained after 
dividing area-based values by LMA. Regression equations are: 
(a) Chla = 206.5 + 0.790*LMA, r2 = 0.46, P < 0.0001, n = 82 and (c) 
EPhena = 0.002*LMA − 0.020, r2 = 0.96, P < 0.0001, n = 82.
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Figure 2. Relationship between LMA and irradiance (expressed 
as a fraction of external incident irradiance) in Fagus sylvatica (�), 
Betula pendula (�), Acer pseudoplatanus (�) and Fraxinus 
excelsior (�) saplings grown in a greenhouse. Data are from Exp 
2, with n = 10 for each point. An analysis of covariance (ANCOVA) 
showed no difference among species in the slope (P = 0.4634), but 
a difference in the Y-intercept (P < 0.0001) and a significant effect 
of the covariable (P < 0.0001). Regression equation after pooling 
the four species (n = 16) is: y = 29.51 + 72.2*x, r2 = 0.87, P < 0.0001.
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larger value of EPhenm with respect to Chlm than all other
species.

Effect of nitrogen deficiency, species and 
plant ageing

In Exp 3, nitrogen, species and plant ageing significantly
affected LMA and Chla, Chlm, EPhena and EPhenm

(Table 1). LMA generally increased as the plant aged and/
or nitrogen availability declined (Fig. 5). At the beginning
of the treatment, LMA was highest in Viburnum. Lager-
stroemia was the species exhibiting the largest increase in
LMA under nitrogen deficiency throughout the experiment
(Fig. 5b). The slight increase of Chla with LMA was
ascribed to the increase of LMA, which compensated for
and overtopped the decrease in Chlm (Fig. 6a & b). The
increase of EPhena with LMA was not linear, because
EPhenm sharply decreased with LMA (Fig. 6c & d).
Figure 6 shows that the dry mass invested in Chl and EPhen

Figure 3. Relationship between the optical measurements of Chl 
(a,b) and EPhen (c,d), and LMA for tree saplings grown under 
different levels of irradiance (�, Fagus sylvatica; �, Betula 
pendula; � Acer pseudoplatanus; � Fraxinus excelsior) grown 
under different irradiations (Exp 2). (a,c) Area-based data derived 
directly from optical measurements. (b,d) Mass-based data 
obtained after dividing optical measurements by LMA. Regression 
equations after pooling the four species (n = 16) are: (a) 
Chla = 252.8 + 1.49*LMA, r2 = 0.31, P = 0.0255 and (c) 
EPhena = 0.0025*LMA − 0.0287, r2 = 0.78, P < 0.0001.
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Figure 4. Relationship between mass-based EPhen and mass-
based Chl for Exp 1 (a) and Exp 2 (b). The symbols are: �, Fagus 
sylvatica; �, Betula pendula; � Acer pseudoplatanus; � Fraxinus 
excelsior. The regression equations are: (a) EPhenm = 19.30 −
1.09*Chlm, r2 = 0.63, n = 79, P < 0.0001; (b) Betula pendula, 
EPhenm = 23.81 − 0.35*Chlm, r2 = 0.75, n = 4, P = 0.1345; F. 
excelsior, EPhenm = 27.24 − 2.46*Chlm, r2 = 0.47, n = 4, P = 0.3128. 
The correlation was not significant for F. sylvatica and A. 
pseudoplatanus of Exp 2.
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decreased when LMA increased from one species to
another and as the plant aged. This was explained by a
dilution effect due to an accumulation of dry matter.

The effects of nitrogen deficiency were moderate. Chla

and Chlm significantly decreased, whereas EPhena signifi-
cantly increased by about 15% (Table 1, Fig. 6). The
decrease in Chla is the result of the Chlm decline, which more
than compensated for the increase in LMA. Lagerstroemia
was the most affected by nitrogen deficiency (Fig. 6a). The
increase in EPhena can be ascribed to LMA, which
increased more than EPhenm in response to nitrogen defi-
ciency (Fig. 6c & d). When all EPhenm data were taken into
account, there were no significant influences of nitrogen
deficiency (Table 1). But EPhenm was significantly increased
under nitrogen deficiency in the LMA range from 60 to
150 g m−2 (P < 0.0001, n = 41) (Fig. 6d). EPhenm depended
on the species and decreased with plant ageing (Table 1).

Figure 7a  shows that Chlm was positively correlated to
Nm with a unique relationship whatever the species, the
treatment or the leaf age. EPhenm was significantly corre-

lated to Chlm (P < 0.0001) and was significantly higher in
nitrogen-deficient plants (P < 0.001, for the slope and for
the Y-intercept) (Fig. 7b). Despite the constitutive differ-
ence in Chlm and EPhenm between the four species, Chlm

and EPhenm varied in a unique manner with LMA (Fig. 6)
and hence, were strongly correlated to each other (Fig. 7b).
Still, as expected, this EPhenm versus Chlm relationship was
under the influence of the nitrogen treatment. In the four
species, Chlm and EPhenm decreased with plant ageing
(arrows in Fig. 7).

DISCUSSION

Our experiments showed that Chlm and EPhenm varied with
LMA in two different manners: (1) Chlm decreased and
EPhenm increased with LMA when irradiance and nitrogen
availability induced LMA variations. As a matter of fact,
LMA, Chlm and EPhenm displayed a large phenotypic plas-
ticity with irradiance and to a lower extent with N availabil-
ity; and (2) Chlm and EPhenm decreased in parallel when
plant ageing increased LMA. In addition to this phenotypic
plasticity, we found similar trends among species with dif-
ferent values of LMA, under similar conditions.

In our case, and in accordance with the PCM, high irra-
diance and/or nitrogen deficiency affected PHE allocation
as detected by a decrease in Chlm concomitant to an increase
in EPhenm. Due to acclimation to high irradiance, leaves
are expected to allocate less nitrogen to light-harvesting
protein complexes (on a mass basis), and more to photo-
synthetic electron transport components and to soluble pro-
teins, like ribulose 1·5-bisphosphate carboxylase/oxygenase
(Rubisco) (Boardman 1977; Evans 1989a; Evans & See-
mann 1989; Niinemets & Tenhunen 1997). Decreasing Chlm

with increasing irradiance is therefore a well-known pro-
cess. Light induces the expression of PAL and chalcone
synthase (Krizek et al. 1993), the latter being mainly stim-
ulated by UV-B (Fuglevand, Jackson & Jenkins 1996),
therefore PHE demand for Phen synthesis increases (Jones
& Hartley 1999). Irradiance increases leaf area-based con-
tent of soluble Phen, which are mainly accumulated in the

Table 1. F-values, d.f. (numerator, denominator) and significance 
of the ANOVAs for nitrogen treatment, plant age and species effects 
on LMA (g m−2), Chla (mg m−2), Chlm (mg g−1), EPhena (µ mol 
cm−2) and EPhenm (µmol g−1)

Nitrogen effect Plant age effect Species effect

d.f. F d.f. F d.f. F

[p − 1,
n − p]

[p − 1,
n − p]

[p − 1,
n − p]

LMA [1, 167] 103.8* [6, 161] 100.9* [3, 164] 908.0*
Chla [1, 167] 150.2* [6, 161] 16.3* [3, 164] 158.1*
Chlm [1, 167] 110.1* [6, 161] 11.9* [3, 164] 182.8*
EPhena [1, 118] 281.1* [4, 113] 7.7* [3, 116] 13.9*
EPhenm [1, 117] 2.1 NS [4, 112] 52.7* [3, 115] 367.2*

*P < 0.001.
Data are from Exp 3.
d.f., degrees of freedom; ANOVA, analysis of variance; NS, non-
significant; n, total sample size; p, number of groups.

Figure 5. Time course of LMA after the 
beginning of the treatment for fertilized (�) and 
nitrogen-deficient (�) Callicarpa bodinieri cv. 
Profusion (a), Lagerstroemia indica cv. Red 
Imperator (b), Viburnum tinus cv. Macrocarpa (c) 
and Robinia pseudacacia cv. Casque Rouge (d). 
Data are from Exp 3. Means ± SD are indicated, 
n = 3 replicates of 20 leaves from two plants. SD, 
standard deviation.
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epidermis (Lovelock, Clough & Woodrow 1992; Wand 1995;
Liakoura et al. 2003). As opposed to shade leaves, sun leaves
typically exhibit a high photosynthetic capacity (Niinemets
& Tenhunen 1997); therefore, they have a high carbon input,

which can exceed the demand for protein synthesis and can
stimulate Phen synthesis (Bryant et al. 1983). All this
favours a higher leaf EPhenm under higher irradiance.
According to our results, leaf acclimation to light climate
occurred through adjustment of leaf structure, leaf Chl con-
tent and UV-A absorption by EPhen, in agreement with
many authors (Boardman 1977; Lovelock et al. 1992; Tegel-
berg et al. 2004). A decrease in leaf area, with an increase
in epidermal UV-absorbers and a decrease in Chl content
in sun leaves, limit the absorption of visible and UV radia-
tions by the leaf, and therefore protect the mesophyll from
photodestructive processes. Epidermal flavonoids, espe-
cially quercetin, may also act as antioxidants. They might
cooperate with the ascorbate cycle to scavenge the hydro-
gen peroxide which leaks out from mesophyll cells where
it is produced in response to an excess of light-energy exci-
tation (Yamasaki, Sakihama & Ikehara 1997).

Low nitrogen, under high irradiance, moderately
affected LMA and optical measurements in our experi-
ments. This is in agreement with the work of Koricheva
et al. (1998) who studied a wide range of woody species,
and with that of Pinto et al. (1999) reporting a sharp
decrease in Chla and a moderate increase in UV-B absorb-
ing compounds in nitrogen-deficient bean from an
unshaded greenhouse. On the one hand, nitrogen is pref-
erentially allocated to Rubisco under high light and less to
Chl-binding proteins. Therefore, nitrogen deficiency
mainly reduces Rubisco concentration (Hikosaka &
Terashima 1995). This could explain the moderate effect of
nitrogen deficiency on Chlm. A larger effect could be
expected at low irradiance. On the other hand, carbon
input is expected to be reduced in nitrogen-deficient plants
because of a reduction of photosynthesis (Reich, Walters
& Ellsworth 1991; Price et al. 1999), which could explain
the only moderate increase in Phen content with nitrogen
deficiency. Under low light, almost no increase in Phen is
then expected under nitrogen deficiency as was found by
Lovelock et al. (1992) for mangrove seedlings from a low-
light environment. In the framework of the PCM, low
nitrogen under high light reduces the PHE demand for
protein synthesis. PAL expression is expected to remain
high, allowing PHE allocation to Phen, as long as photo-
synthetic capacity is only moderately limited by nitrogen
deficiency. So, proteins accumulate at a slower rate and
Phen at a higher rate under nitrogen limitation than when
there is no limitation. A dry mass accumulation due to
starch and cellulose accumulation would then affect more
Prott than EPhent. Consequently, Prott decreases whereas
Phent increases under low nitrogen availability, like they
do under high light. Under these conditions, leaf sclero-
phylly should increase according to the nutritional basis of
sclerophylly given by Loveless (1961). This strategy of leaf
construction is usually associated with a reduced leaf area,
a longer leaf life span and a high protection level against
pathogen and herbivore attacks by large Phen contents
(Herms & Mattson 1992). This illustrates a case where
resources are more allocated to defence than growth of
the shoot (Herms & Mattson 1992).

Figure 6. Relationships between the optical measurements of 
Chl (a,b) and EPhen (c,d) and LMA for Callicarpa bodinieri (�), 
Lagerstroemia indica (�), Robinia pseudacacia (�) and Viburnum 
tinus (�) grown on fertilized (open symbols) or nitrogen-deficient 
(closed symbols) soil. (a,c) Area-based data obtained directly from 
optical measurements. (b,d) Mass-based data obtained after 
dividing optical measurements by LMA.
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In a second case, plant ageing and differences in leaf
construction among woody species affect more leaf dry
mass content than competition for PHE allocation between
protein and Phen. This is detected by a simultaneous
decrease in Chlm and EPhenm with LMA increase, due to a
dilution by dry mass accumulation. This dilution effect
explains the results of Schultz, Nothnagle & Baldwin (1982)
showing a sharp decline in nitrogen content and a moderate
decrease in Phent in leaves of yellow birch throughout the
growing season. Dilution effects occur in general when
photosynthesis supplies carbon in excess to the growth
demand (Jones & Hartley 1999).

The agreement of our results with PCM suggests that the
optical measurements of EPhena and Chla, after transfor-
mation into mass contents by dividing by LMA, could be
used as relative indicators of Phent and Prott (Fig. 8).
Indeed, Peng et al. (1993) have shown earlier on rice that
SPAD measurements transformed into Chlm are propor-
tional to Nm, and the latter is a good representative of the
leaf mass-based protein content (Evans 1989a; Takashima
et al. 2004).

The relationship between EPhena and Phent was less
clear. Optical measurements of EPhena depend on the UV
absorption of both soluble Phen (flavonoids) and cell wall-
bound Phen (hydroxycinnamic acids) (Goulas et al. 2004).
Due to the use of 375 nm light, the EPhen sensed by Dualex
will be mainly the derivatives of the flavonols kaempferol,
quercetin and myricetin with maximum absorption in UV-
A at 367, 370 and 378 nm, respectively, and to a much
smaller extent other flavonoids and hydroxycinnamic acids
(Cerovic et al. 2002). On the other hand, EPhenm may vary
more than Phent because partitioning among the various
Phen compounds within leaves may vary according to envi-
ronment (see Tegelberg et al. 2004). Still, although the leaf
flavonoid content is highly sensitive to biotic and abiotic
control of PAL expression (Margna 1977), the results of
Waterman et al. (1984) and Mole et al. (1988) showed a
parallel variation of soluble Phen and condensed tannins
under different irradiance levels.

We showed the importance of quantifying LMA in order
to understand resource allocation to Phen and protein from
area-based optical measurements. What is missing now is a
non-destructive optical indicator of LMA to be able to

assess the allocation issues fully and non-destructively. A
lead towards that goal could be the use of leaf transmission
in the infrared (Pavan et al. 2004). Due to the strong corre-
lation between LMA and EPhena in the situation where
light is controlling leaf anatomy, EPhena could also be used
as a surrogate for LMA in order to analyse Chla, Chlm, Nm

and Na relationships. Alternatively, the Chla/EPhena ratio,

Figure 7. Relationship between Chlm and Nm 
(a) and between EPhenm and Chlm (b) in 
fertilized (open symbol) and nitrogen-deficient 
(closed symbols) conditions. The data are from 
Exp 3 with the four species pooled together. 
The regression equations are: (a) Chlm = 
−0.05 + 1.09*Nm, r2 = 0.78, n = 62, P < 0001; (b) 
EPhenm = 5.35*Chlm + 2.56, r2 = 0.74, n = 25, 
P < 0.00001 and EPhenm = 5.42*Chlm + 7.08, 
r2 = 0.67, n = 25, P < 0.0001 for fertilized and 
nitrogen-deficient conditions, respectively. The 
arrow indicates increasing plant age.
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which eliminates the need for LMA knowledge, can be
used to estimate Chlm/EPhenm, and by extension the Prot/
Phen ratio to analyse allocation issues. It seems from the
results presented here in conjunction with recent results on
Phen intraannual dynamics (Riipi et al. 2002) that the Prot/
Phen ratio is more of an interannual leaf trait defined by
the light and nitrogen availability at leaf set-up. To detect
a small increase in EPhena due to N-deficiency in wheat, a
large number of samples had to be acquired (Cartelat et al.
2005). Rapid optical measurement allows this statistical
approach and therefore could be used for a better estimate
of the degree of N-deficiency in woody species.
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