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Summary

 

• Juvenile leaves in high-light environments commonly appear red as a result of
anthocyanin pigments, which play a photoprotective role during light-sensitive
ontogenetic stages. The loss of anthocyanin during leaf development presumably
corresponds to a decreased need for photoprotection, as photosynthetic maturation
allows leaves to utilize higher light intensities. However, the relationship between photo-
synthetic development and anthocyanin decline has yet to be quantitatively described.
• In this study, anthocyanin concentration was measured against photopigment
content, lamina thickness, anatomical development, and photosynthetic CO

 

2

 

exchange in developing leaves of three deciduous tree species.
• In all species, anthocyanin disappearance corresponded with development of

 

c.

 

 50% mature photopigment concentrations, 

 

c.

 

 80% lamina thickness, and differ-
entiation of the mesophyll into palisade and spongy layers. Photosynthetic gas
exchange correlated positively with leaf thickness and chlorophyll content, and
negatively with anthocyanin concentration. Species with more rapid photosynthetic
maturation lost anthocyanin earliest in development. Chlorophyll 

 

a/b

 

 ratios
increased with leaf age, and were lower than those of acyanic species, consistent
with a shading effect of anthocyanin.
• These results suggest that anthocyanin reassimilation is linked closely with
chloroplast and whole-leaf developmental processes, supporting the idea that
anthocyanins protect tissues until light processing and carbon fixation have matured
to balance energy capture with utilization.
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Introduction

 

One of the most conspicuous developmental changes observed
in juvenile leaves as they mature is color change, with young
leaves on new growth tips of many species first appearing red,
purple, pink, or, less commonly, blue or white, and becoming
greener with leaf age. The red-to-blue coloration of young leaves
is most commonly caused by the pigment anthocyanin,

appearing within vacuoles of epidermal and/or mesophyll
cells within hours to days of seedling germination, and then
decreasing concomitantly with leaf expansion and maturation
(Choinski 

 

et al

 

., 2003; Cai 

 

et al

 

., 2005). Anthocyanic coloration
of juvenile leaves is nearly ubiquitous in tree species at equatorial
latitudes (for species surveys, see Lee & Collins, 2001 and
Dominy 

 

et al

 

., 2002), where coloration has been observed to
precede and accompany chlorophyll development in species
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with delayed greening (Kursar & Coley, 1992; Cai 

 

et al

 

., 2005).
Expanding leaves of both woody perennials (for species survey,
see Price & Sturgess, 1938) and herbaceous species of the
temperate zone (see studies listed in Chalker-Scott, 1999) also
commonly exhibit anthocyanin, but during a more gradual
greening process.

Despite its widespread phylogenetic distribution, the
functional significance of anthocyanin in juvenile leaves
remains unresolved. Some hypotheses, such as the elevation of
leaf temperature (Smith, 1909), have been clearly dismissed
(Lee 

 

et al

 

., 1979, 1987; Hughes, 2004), while others, including
camouflage against herbivory (Stone, 1979), fungicide (Coley
& Aide, 1989) or antioxidant activity (Rice-Evans 

 

et al

 

., 1997;
Wang 

 

et al

 

., 1997), or a signal indicating the presence of
unpalatable phenolics (Hamilton & Brown, 2001) have
received mixed support (Coley, 1981, 1983; Kursar & Coley,
1992; Dominy 

 

et al

 

., 2002; Neill 

 

et al

 

., 2002; Numata 

 

et al

 

.,
2004; Karageorgou & Manetas, 2006; Manetas, 2006). Perhaps
the most compelling current explanation for anthocyanin in
developing tissues is that the pigments act as light attenuators,
protecting underlying cells from high irradiance through
absorption of high-energy blue-green (and possibly UV)
wavelengths of the solar spectrum (for reviews, see Chalker-Scott,
1999 and Gould, 2004). While this latter function may not be
beneficial to species in deeply shaded habitats, light attenuation
should be particularly advantageous to species with leaves
that initiate maturation at more sun-exposed, apical tips.

Immature leaves tend to be especially vulnerable to high-light
stress because of a combination of several factors, including
immature chloroplast structure (Pettigrew & Vaughn, 1998;
Choinski 

 

et al

 

., 2003), reduced capacity and quantity of
photosynthetic enzymes (Miranda 

 

et al

 

., 1981a; Pettigrew &
Vaughn, 1998), and limited stomatal and cellular conductance
of CO

 

2

 

 (Miranda 

 

et al

 

., 1981b; Choinski 

 

et al

 

., 2003). As a
result, young leaves growing under high irradiances tend to
photosynthetically saturate, as well as photoinhibit, under
substantially lower sunlight intensities than mature leaves
(Hoflacher & Bauer, 1982). It is therefore generally beneficial
for light capture to be down-regulated early in leaf develop-
ment. Observed strategies to decrease light capture in juvenile
leaves include increased xanthophyll pigments (Krause 

 

et al

 

.,
1995; Barker 

 

et al

 

., 1997), inclined leaf orientation (Jiang 

 

et al

 

.,
2006), pubescence (Liakopoulos 

 

et al

 

., 2006), decreased
chlorophyll content (Choinski 

 

et al

 

., 2003; Cai 

 

et al

 

., 2005),
and light-attenuating layers such as anthocyanin (Manetas

 

et al

 

., 2002; Karageorgou & Manetas, 2006; Liakopoulos 

 

et al

 

.,
2006). Although the physiological benefits of these processes
have been addressed and supported in several studies, little
information exists which quantitatively describes the
coordination between their down-regulation and the maturation
of the photosynthetic processes they are assumed to protect.
The objective of the present study was to quantitatively
describe the relationship between anthocyanin diminution
and photosynthetic maturation, including development of

leaf structure, photopigment accumulation, and photosyn-
thetic CO

 

2

 

 exchange, in three deciduous tree species common
in the temperate zone.

 

Materials and Methods

 

Pigment composition, lamina thickness and anatomy, and
photosynthetic CO

 

2

 

 exchange were measured for developing
leaves of three deciduous tree species under natural field conditions.
These parameters were related to the disappearance of visible
anthocyanin in order to identify possible functional interactions.
Measurements were made at consecutive apical nodes,
representing increasing stages of maturation.

 

Plant material

 

Species observed in this study were sweetgum (

 

Liquidambar
styraciflua

 

 L., Hamamelidaceae), red maple (

 

Acer rubrum

 

 L.,
Aceraceae), and Eastern redbud (

 

Cercis canadensis

 

 L., Fabaceae)
growing along disturbed high sunlight-exposed roadsides in
Winston-Salem, NC, USA (36

 

°

 

8

 

′

 

N 80

 

°

 

13

 

′

 

W). For acyanic
juvenile leaf comparison of chl

 

a/b

 

 ratios, juvenile leaves of
English ivy (

 

Hedera helix

 

 L., Araliaceae), forsythia (

 

Forsythia
suspensa

 

 Thunb., Oleaceae), and Japanese honeysuckle (

 

Lonicera
japonica

 

 Thunb., Caprifoliaceae) growing in the same areas
were also included. All of these species continuously produce
new growth throughout the summer, and measurements were
taken between July and early September. Since some variation
exists in the number of apical red leaves per branch of a given
species, we used branches exhibiting the most commonly
observed number of red leaves per branch in each study:
sweetgum branches most commonly had two apical red
leaves, while red maple had three, and redbud had four
(Fig. 1). Leaves were determined to be without anthocyanin
when anthocyanin concentrations were less than 60 µmol m

 

–2

 

,
corresponding to values where anthocyanins were no longer
visible to the naked eye. In all experiments, at least five different
trees growing in fully exposed (i.e. 

 

>

 

 7 h d

 

–1

 

 full sunlight)
habitats were sampled, using one branch on the south side of
each tree. All trees were saplings 

 

<

 

 3 m in height. The most
basal leaves of the same branch on which juvenile leaves were
sampled were used to represent ‘mature’ leaves. Maturity was
assumed only if leaf thickness, photosynthesis, and chlorophyll
contents remained constant compared with younger leaves on
the branch. All mature leaves were also exposed to full irradiance
(

 

>

 

 1350 µmol m

 

–2

 

 s

 

–1

 

) during much of the day, including the
time of sampling.

 

Microscopic sectioning

 

Branches of each species were removed from plants, re-cut
underwater, and kept hydrated until sectioned into 50–100 µm
sections using a vibratome. Sections were mounted on a Zeiss
Axioplan upright microscope (Carl Zeiss Inc., Thornwood,
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NY, USA), viewed using differential interference contrast (DIC)
microscopy, and images were captured using a Hamamatsu
C5810 three-chip cooled color CCD camera (Hamamatsu
Photonics, Hamamatsu City, Japan). Photographs of leaf

sections were rotated and adjusted for brightness and image
sharpness using Adobe Photoshop CS (Adobe Systems, San
Jose, CA, USA). The backgrounds of all images were also
converted to white using Photoshop.

Fig. 1 Whole branches and microscopic sections of leaves from nodes 1–5 (N1–N5) of Liquidambar styraciflua (sweetgum), Acer rubrum (red 
maple), and Cercis canadensis (redbud). Bars, 100 µm. In sweetgum, leaf sections were magnified at ×100; red maple, ×200 for node 1, ×100 
for nodes 4–5; redbud, ×200.
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Leaf thickness

 

Six whole branches of each species were cut from trees
between 10:00 and 11:00 h, re-cut underwater, and remained
submerged until analysis within 2 h. During this time, no
visible wilting was observed to occur, and leaf thicknesses were
not found to differ significantly from nonexcised branches
(data not shown). Three to six pieces (depending on variance)
of leaf tissue visibly free of protruding veins were cut out from
along the midrib of each leaf and immediately measured using
IP54 electronic micrometer calipers with 1 µm precision
(Fred V. Fowler Co., Inc, Newton, MA, USA). Average values
were compared with those of microscopic sections measured
using a reticle to ensure accuracy. No significant difference
was observed, as microscopic values fell within ranges derived
using calipers (data not shown). Mean thickness of each leaf
was divided by the average thickness of fully expanded leaves
of that species to estimate percentage of mature leaf thickness
for each node.

 

Pigment quantification

 

Branches were collected between 10:00 and 11:00 h, during
which time all plants had been exposed to full sunlight for
at least 3 h. A standard hole puncher was used to excise
three 0.33 cm

 

2

 

 leaf discs, which were then placed in 3 ml

 

N,N

 

′

 

-dimethylformamide to extract in the dark for 24 h.
Chlorophyll concentrations were determined spectrophoto-
metrically using the equations described by Porra (2002), and
total carotenoid concentrations were calculated using equations
described by Wellburn (1994). Chlorophyll concentrations
were reported as a function of both volume (using mean leaf
thicknesses calculated for each node, derived from other
branches previously measured) and leaf area. This was done to
determine whether increases in chlorophyll content corresponded
to increased leaf thickness, as opposed to increased intracellular
chlorophyll (the former being evidenced by changes in
chlorophyll per unit area, but not volume). From the same
leaves, three additional leaf discs were excised and placed in
3 ml 6 

 

M

 

 HCl : H

 

2

 

O : MeOH (7 : 23 : 70) for 24 h at 4

 

°

 

C to
extract anthocyanins. Anthocyanin concentration was measured
spectrophotometrically as 

 

A

 

530

 

 – 0.24

 

A

 

653

 

 using an extinction
coefficient of 30 000 L mol

 

–1

 

 cm

 

–1

 

 (Murray & Hackett, 1991).
All extracts were analyzed using a Hewlett Packard 8453 UV-
VIS spectrophotometer (Hewlett Packard, Palo Alto, CA,
USA). Concentrations of chlorophyll and carotenoid pigments
for leaves of each node were divided by average values of fully
expanded leaves to estimate the percentage of leaf pigments
present relative to mature leaves.

Chlorophyll 

 

a/b

 

 ratios were calculated to assess relative
emphasis on light capture vs processing during maturation, as
higher chlorophyll 

 

a/b

 

 ratios reflect an increase in core
(exclusively chl

 

a

 

) relative to light-harvesting (both chl

 

a

 

 and 

 

b

 

)
complexes, and/or higher ratios of photosystem I (PSI, 4/1

ratio of chl

 

a/b

 

) to photosystem II (PSII, 1.2/1 ratio) (Cui

 

et al

 

., 1991; Demmig-Adams, 1998; Hopkins & Hüner, 2004a).
Carotenoid/chlorophyll (car/chl) ratios were also calculated to
compare relative photoprotection by the xanthophylls through
leaf development to photosynthetic maturity.

 

Photosynthetic gas exchange

 

A portable photosynthesis system (PP Systems Inc. model
TPS-1, Amesbury, MA, USA) was used to measure leaf
conductance and photosynthesis for plants in the field.
Measurements were taken between 09:00 and 12:00 h on
plants under clear-sky ambient sunlight (

 

>

 

 1350 µmol m

 

–2

 

 s

 

–1

 

)
after the leaf had been enclosed in the cuvette for at least 1 min
and oriented directly towards the sun, to allow for light-saturated
photosynthesis (leaf temperatures rarely exceeded ambient by

 

>

 

 1

 

°

 

C). Measured light response curves of all age-class leaves
were light-saturated (

 

>

 

 85% of mean maximum values) at
well below (

 

<

 

 48%) full sunlight (data not shown), consistent
with the findings of Hoflacher & Bauer (1982) and Wallace
& Dunn (1980). Thus, measured photosynthesis under full
sunlight was assumed to represent light-saturated photosynthesis
(

 

Asat) under ambient CO2. The most basal (nonsenescent) leaves
on the branch were measured to represent fully mature leaves.
Leaf area was measured using a Delta-T leaf area measurement
system (Delta-T Devices Ltd, Cambridge, UK) and photosynthesis
was expressed on a per-unit-leaf-area (projected) and -volume
basis. Leaf mass was not used to express photosynthesis because
of potential problems associated with variations in mass per
unit volume (e.g. cell wall development).

Statistics

To compare concentrations of photosynthetic pigments, leaf
thickness, and gas exchange of youngest nodes lacking visible
anthocyanin, measurements for the first nonred leaf node
(node 3 for sweetgum, node 4 for red maple, and node 5 for
redbud) were compared using a single-factor ANOVA with
Tukey–Kramer test for means difference. ANOVA with Tukey–
Kramer test was also used to compare these parameters for fully
mature leaves. A Pearson product moment correlation test
was used to examine the relationship between leaf node and
pigment concentrations, pigment ratios, leaf thicknesses, and
photosynthesis for individual leaves (as opposed to means).
Sample size (N ) was five or greater for all comparisons, with N –
1 degrees of freedom. Significance for all tests was determined
at P < 0.05.

Results

Leaf anatomy

Anthocyanins were contained within either the epidermis
(redbud) or mesophyll cells (red maple and sweetgum) of
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developing leaves (Fig. 1). Red maple and sweetgum contained
significantly more anthocyanin per unit area than redbud in
the youngest two leaf nodes (P < 0.0001) (Fig. 2), likely
reflecting differences in mesophyll vs epidermal pigmentation.
In red maple and sweetgum, all mesophyll cells initially
exhibited reddening, although anthocyanins eventually became
restricted to palisade cells in both species before their disappear-
ance. While reddening was observed to occur in upper (adaxial)
cells of all species, the youngest leaves of redbud often
exhibited intense reddening in abaxial epidermal cells, which
dissipated as leaves matured. Anthocyanins were also observed in
abaxial epidermal cells surrounding protruding leaf veins in
redbud and red maple, even when other abaxial epidermal and/
or mesophyll cells contained little or no visible anthocyanin.

In all species, anthocyanins remained visible until palisade
cells were visibly differentiated, and had elongated to comprise
> 40% of the mesophyll (Fig. 1).

Sweetgum leaves were significantly thicker than the other
species during early development (P = 0.022 for node 1,
P = 0.0036 for node 2, P < 0.0001 for node 3), but only
significantly thicker than redbud in later development through
maturity (P < 0.0001 for node 4, P < 0.0001 for mature
leaves) (Table 1). Thickness of red maple leaves did not signi-
ficantly differ from redbud leaves until node 4, after which
they became increasingly thicker (P < 0.0001 for node 4,
P < 0.0001 for node 5, P = 0.0002 for mature leaves). At the
time of anthocyanin disappearance, lamina thickness relative
to mature leaves upon anthocyanin loss did not differ significantly

Fig. 2 Pigment concentrations and leaf 
thicknesses expressed as a percentage of 
mature values. Shaded areas represent visible 
presence of anthocyanin. Illustrated are: 
anthocyanin content, percentage chlorophyll 
content per unit area (closed circles) and per 
unit volume (open circles), percentage 
chlorophyll a/b, percentage total carotenoids 
(per unit area), and percentage leaf thickness 
for Liquidambar styraciflua (sweetgum), Acer 
rubrum (red maple) and Cercis canadensis 
(redbud). Points represent means of five 
replicates ± SD for pigments, and ± SE for 
lamina thickness.
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(P = 0.596) between species, and complete disappearance had
occurred by the time leaves were c. 80% of mature leaf thick-
ness (Fig. 2).

Pigment accumulation

In all three species, leaf chlorophyll concentration significantly
increased with node position when expressed on a leaf area
basis (r2 = 0.77, 0.68, and 0.48 for sweetgum, red maple, and
redbud, respectively; P < 0.0001 in all cases; Table 1, Fig. 2).
By contrast, chlorophyll concentrations did not significantly
correlate with leaf node when expressed on a leaf volume basis

(r2 = 0.00, 0.15, 0.14 and P = 0.91, 0.060, 0.061 for sweetgum,
red maple, and redbud, respectively) (Table 1, Fig. 2). All
three species had microscopically visible anthocyanin until
mean values of 44% of total chlorophyll per unit area (relative
to mature leaves) had developed. This percentage did not vary
significantly between species (P = 0.262). For chlorophyll
expressed on a leaf volume basis, the percentage was 58% and
also did not differ among species (P = 0.182). Anthocyanins
were retained until c. 49% of mature-leaf carotenoids (per
unit area) had developed in all three species (P = 0.058).

When absolute pigment concentrations were compared (as
illustrated in Table 1), as opposed to percentages of maturation,

Table 1 Mean developmental characteristics (with standard deviation) for each species by leaf node

Node
Chla 
(mg m−2)

Chlb 
(mg m−2)

Total chl
(mg m−2)

Total chl
 (kg m−3)

Chla/b 
(g g−1)

Total
carotenoids
(mg m−2)

Carotenoid/
chl (g g−1)

Leaf
thickness
(µm)

Asat 
(µmol
m−2 s−1)

Asat 
(mmol 
m–3 s–1)

g 
(mmol
m−2 s−1)

Liquidambar 1 62.3 41.7 104 0.976 1.49 59.4 0.572 106 0.310 2.91 97.4
styraciflua (7.2) (2.1) (8.0) (0.076) (0.16) (3.0) (0.025) (5.3) (1.7) (16) (35)

2 62.7 36.6 99.4 0.762 1.74 53.2 0.537 130 8.76 67.2 140
(6.2) (4.3) (5.6) (0.043) (0.33) (4.1) (0.043) (11) (2.0) (16) (37)

3 96.5 41.8 138 0.797 2.43 60.6 0.437 174 11.5 66.4 143
(9.8) (12) (16) (0.091) (0.56) (8.9) (0.029) (17) (2.4) (14) (24)

4 136 46.0 182 0.975 2.96 72.7 0.402 186 13.3 71.1 137
(10) (4.1) (14) (0.076) (0.13) (3.1) (0.041) (13) (2.3) (13) (30)

Mature 240 75.2 315 1.36 3.20 121 0.385 231 11.6 50.7 171
(20) (8.1) (28) (0.12) (0.18) (9.0) (0.0069) (11) (2.6) (11) (90)

Acer rubrum 1 74.1 30.6 105 1.11 2.40 50.8 0.477 85.5 –0.156 –1.56 48.1
(17) (3.9) (10) (0.18) (0.30) (9.4) (0.055) (19) (1.1) (12) (18)

2 90.1 31.5 122 1.16 2.85 49.2 0.408 109 2.45 22.5 66.6
(17) (5.1) (22) (0.41) (0.13) (7.1) (0.046) (21) (0.73) (6.7) (27)

3 150 49.6 200 1.27 3.04 72.2 0.360 132 3.75 28.4 84.2
(26) (8.9) (35) (0.26) (0.067) (14) (0.013) (22) (1.7) (13) (53)

4 228 70.0 298 1.22 3.25 109 0.366 160 6.11 38.1 104
(23) (7.4) (30) (0.26) (0.073) (7.6) (0.017) (23) (1.9) (12) (41)

5 241 72.1 313 1.50 3.34 112 0.360 168 8.05 48.0 120
(18) (4.8) (22.7) (0.31) (0.074) (8.7) (0.0081) (11) (1.37) (8.2) (28)

Mature 375 108 483 2.35 3.49 172 0.358 205 9.58 46.7 200
(95) (30) (120) (0.061) (0.14) (40) (0.012) (29) (2.7) (13) (110)

Cercis 1 64.7 18.9 83.6 1.06 3.39 38.8 0.470 78 –0.672 5.07 49.4
canadensis (15) (3.1) (18) (0.23) (0.34) (6.0) (0.036) (15) (1.3) (9.5) (43)

2 83.0 23.2 106 1.16 3.56 48.9 0.470 91.2 0.442 4.85 44.85
(25) (6.9) (32) (0.35) (0.21) (11) (0.046) (2.3) (0.88) (9.7) (20)

3 108 29.5 137 1.37 3.67 55.5 0.408 101 2.49 24.7 76.9
(28) (7.6) (35) (0.35) (0.13) (11) (0.030) (2.1) (1.4) (14) (22)

4 115 31.1 146 0.88 3.73 56.3 0.387 107 5.3 49.7 129
(26) (7.9) (34) (0.20) (0.17) (13) (0.022) (17) (1.2) (11) (31)

5 126 33.6 159 1.27 3.75 58.3 0.367 126 6.98 55.5 130
(24) (7.6) (32) (0.25) (0.18) (10) (0.020) (7) (1.5) (12) (68)

Mature 254 70.1 324 2.01 3.62 110 0.338 161 11.7 72.4 239
(29) (7.4) (36) (0.22) (0.16) (14) (0.0092) (11) (1.4) (8.5) (35)

Asat, light-saturated photosynthesis; chl, chlorophyll; g, leaf conductance.
Dashed lines represent the transition between visible (above line) and nonvisible (below line) anthocyanin. All values except chlorophyll 
expressed per unit volume significantly increase (or decrease in the case of carotenoid/chlorophyll ratios) with node number (P < 0.01).
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anthocyanin in sweetgum leaves disappeared significantly
earlier (P < 0.01) with regard to chlorophyll content on a
unit-volume basis compared with red maple and redbud
(which did not differ). This translated into 0.797 kg m–3

for sweetgum, and 1.22 and 1.27 kg m–3 for red maple and
redbud, respectively. On a unit area basis, anthocyanin loss
also occurred significantly earlier in sweetgum compared with
red maple (P = 0.048), but did not significantly differ from
redud. On average, sweetgum leaves lost anthocyanin by the
time 138 mg m–2 chlorophyll had developed, while red maple
and red bud retained anthocyanin until 298 and 159 mg m–2

chlorophyll had developed, respectively. Carotenoid concen-
trations did not significantly vary between species in this
respect (P = 0.19), as anthocyanins had disappeared by the
time mean carotenoid concentrations reached 63 mg m–2 in
all species.

While leaf chlorophyll a/b ratios decreased from the tip
down in acyanic species (honeysuckle, r2 = 0.416; ivy, r2 = 0.330;
forsythia, r2 = 0.561; P < 0.005 for all species), chla/b signifi-
cantly increased in all three anthocyanic species (r2 = 0.76,
0.56, and 0.31 for sweetgum, red maple, and redbud, respectively;
P < 0.01 for all species) (Fig. 2, Table 1). The range of chla/b
values varied substantially among the anthocyanic species.
Sweetgum leaves had the broadest range and lowest chla/b
ratios of all species, ranging between 1.5 and 3.0 for the nodes
examined. Chla/b of red maple ranged from 2.4 to 3.3, and
from 3.4 to 3.7 in redbud. Carotenoid/chlorophylln ratios
significantly decreased from the tip down in all anthocyanic
species (r2 = 0.79, 0.62, and 0.63 for sweetgum, red maple,
and redbud, respectively; P < 0.001 for all species) (Fig. 2,
Table 1), but of the acyanic species, only ivy showed signifi-
cant declines (r2 = 0.56; P < 0.0001; P = 0.18 and 0.12 for
honeysuckle and forsythia, respectively; data not shown).
Mean car/chl ratios of the youngest nonred leaves of the
anthocyanic species were similar (c. 108% of values of mature
leaves), although a Tukey–Kramer test indicated car/chl ratios
of sweetgum to be significantly higher than those of red maple

(P = 0.0031), while other species combinations did not
significantly differ. In all anthocyanic species, ranges of car/chl
ratios of leaf nodes measured were similar (mean of 140% for
the youngest leaf node, 100% for the second nonred leaf
node).

Gas exchange

The youngest nonred juvenile leaves of sweetgum (third node)
had significantly higher photosynthesis under saturating light
conditions (Asat) for both absolute and percentage-of-mature
values compared with those of red maple and redbud
(P = 0.0003 for absolute values and 0.0029 for percentage-of-
mature values per unit area; P = 0.0018 and 0.002 per unit
volume, respectively) (Table 1, Fig. 3). Mean Asat (per unit
area) observed for the youngest nonred leaves of sweetgum
was 11.5 µmol m–2 s–1 (corresponding to 99% full mature
maximum photosynthetic values), while red bud and red
maple averaged 6.5 µmol m–2 s–1 (corresponding to c. 60% of
mature values). On a per-unit-volume basis, Asat for the first
nonred leaf of sweetgum was 66.4 mmol m–3 s–1 (130% mature
photosynthesis), 55.5 mmol m–3 s–1 for redbud (77.6% of
mature), and 38.1 mmol m–3 s–1 for red maple (81.6% of
mature). In fully mature leaves, the three species did not differ
significantly with respect to photosynthesis per unit leaf area,
which averaged 11 µmol m–2 s–1 (P = 0.275). However, on a
per-unit-volume basis, mature leaves of redbud had significantly
(c. 33%) higher photosynthesis compared with red maple and
sweetgum (P = 0.005). Mean values for mature leaf Asat on a
unit-volume basis were 72.4 (redbud), 46.7 (red maple), and
50.7 mmol m–3 s–1 (sweetgum). Percentage mature photosynthesis
in sweetgum, red maple, and redbud correlated positively
with the percentage of mature chlorophyll content (area basis)
(r2 = 0.53, 0.98, 0.91, and P = 0.001, < 0.0001, < 0.0001,
respectively) and leaf thickness (r2 = 0.86, 0.97, and 0.93;
P < 0.0001 for all species), and negatively with anthocyanin
(r2 = 0.90, 0.80, 0.60; P < 0.0001 for all species) (Fig. 4).

Fig. 3 Percentage maximum photosynthesis 
(Asat) and leaf conductance of water vapor (g) 
values by leaf node, expressed as a percentage 
of mature-leaf values. Shaded areas represent 
the visible presence of anthocyanin. Illustrated 
are: percentage photosynthesis expressed as 
per unit area (closed circles; µmol m–2 s–1) and 
per unit volume (open circles; mmol m–3 s–1) 
and percentage conductance for 
Liquidambar styraciflua (sweetgum), Acer 
rubrum (red maple) and Cercis canadensis 
(redbud). Points represent means of five to 10 
replicates ± SD.
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Although ANOVA tests showed a significant difference between
leaf conductance rates of the three species at the first nonred
leaf node (P = 0.0369), the Tukey-Kramer test for means
difference did not indicate a significant difference between
any two pairs. Mean leaf conductance values for the youngest
nonred leaves of the three species corresponded to 143
(sweetgum), 104 (red maple), and 130 mmol m–2 s–1 (redbud).
Similarly, there were no differences among the three species in
the percentage of mean maximum leaf conductance relative to
mature leaves at the time of anthocyanin disappearance
(P = 0.1850), and the youngest, fully green leaves of all species
averaged 68% of the mean maximum leaf conductance
measured for mature leaves.

Discussion

Photopigment accumulation

In all species examined, anthocyanins were visible until approx.
44% chlorophyll (per unit area), 58% chlorophyll (per unit
volume) and 49% of total carotenoid content (per unit area)
had developed (Fig. 2). These values did not vary significantly
between species. Similar chlorophyll contents have also been
reported for developing leaves of Rosa sp. and Ricinus communis,
in which anthocyanic leaves had up to c. 50% chlorophyll and
carotenoid contents of mature leaves (per unit area) (Manetas

et al., 2002). This interspecific similarity in photopigment
concentrations observed at the time of anthocyanin disappear-
ance suggests a degree of photosynthetic maturity that no longer
requires photoprotection by anthocyanin. Perhaps photopigment
concentrations near 50% are low enough to avoid excessive light
capture (i.e. beyond that which can be efficiently processed by
immature chloroplast and/or anatomical structure), and/or
concentrations are high enough to contribute significantly
to self-shading and, in the case of the xanthophylls,
nonphotochemical quenching. Interestingly, these values also
correspond closely with those reported by Lee et al. (2003)
during anthocyanin formation in a variety of temperate
deciduous tree species during autumn leaf senescence. In that
study, anthocyanin synthesis was found to be initiated when
< 50% chlorophyll still remained, corresponding to < 200 mg
chl m–2. Here, we report a similar pattern for a different life
and phenological stage, that is, anthocyanins were present only
until c. 50% mature chlorophyll content was reached in maturing
leaves, corresponding also to < 200 mg m–2.

It is notable that, compared with the more constant increase
in chlorophyll per unit area during leaf development, chloro-
phyll per unit volume remained relatively unchanged at
c. 58% of mature leaf values at all measured nodes for all three
species (Fig. 2, Table 1). This suggests that much of the increase
in chlorophyll content per unit area observed during maturation
may be attributable to mesophyll thickening, rather than to
increased intracellular chlorophyll content. This is supported
by the observations that increases in chlorophyll per unit
area paralleled increases in leaf thickness when plotted against
photosynthetic capacity (Fig. 4), and also by the visible
elongation of palisade cells during mesophyll thickening
(Fig. 1). The maintenance of relatively low chlorophyll content
per unit volume (c. 58% in young leaves) further supports a
decreased emphasis on light capture in younger leaves, with
additional chlorophyll likely being added later in development
following completion of additional leaf-structural and chloroplast
maturation (Smith et al., 1997; Pettigrew & Vaughn, 1998;
Niinemets et al., 2004). Although not significant, it should be
noted that chlorophyll per unit volume did increase somewhat
during development in all species (Fig. 2), indicating the addition
of some intracellular chlorophyll.

In addition to decreased anthocyanin concentrations
during leaf development, car/chl ratios also significantly declined
(Fig. 2), probably reflecting a decreased need for photoprotection
through nonphotochemical quenching (NPQ) as leaves matured.
These results are consistent with findings reported for both
acyanic and anthocyanic juvenile-leafed species (Krause et al.,
1995; Barker et al., 1997), but contrast results of others
reporting no significant change in carotenoid pools during
development, even when juvenile leaves were anthocyanic
(Manetas et al., 2002). It has been suggested that species with
elevated carotenoids during juvenile phases may develop other
photoprotective structures when leaves mature (such as highly
reflective layers), which effectively replace photoprotection by

Fig. 4 Relationship between photosynthesis maturation and 
corresponding changes in chlorophyll per unit area (thick black), leaf 
thickness (thick gray), and anthocyanin (thin black). Solid lines, 
Liquidambar styraciflua (sweetgum); long dashes, Acer rubrum (red 
maple); dotted lines, Cercis canadensis (redbud). Percentage of 
mature photosynthesis in sweetgum, red maple, and redbud 
correlated positively with percentage of mature chlorophyll content 
(r2 = 0.53, 0.98, and 0.91, respectively) and leaf thickness (r2 = 0.86, 
0.97, 0.93), and negatively with anthocyanin (r2 = 0.90, 0.80, 0.60). 
The slopes of these lines were also statistically similar between 
species. For chlorophyll content, the slopes were 0.179, 0.375, and 
0.340 for sweetgum, red maple, and redbud, respectively; for 
thickness, the slopes were 0.304, 0.500, and 0.393, and for 
anthocyanin, they were –0.750, –0.985, and –0.775.
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anthocyanins and/or elevated carotenoid pools (Manetas
et al., 2002). In all species examined here, leaf maturation
was accompanied by gradual whitening (presumably because of
the thickening of highly reflective epicuticular waxes) on
abaxial surfaces (data not shown). These layers likely function
to increase reflectance of incident sunlight on abaxial surfaces
of these dorsiventrally asymmetric leaves, which tend to be
more light-sensitive than adaxial surfaces (Sun et al., 1996;
Smith et al., 1997; Sun & Nishio, 2001). Indeed, in redbud
and Ailanthus altissima (data not shown), anthocyanin in the
abaxial surface remained visible longer than adaxial anthocy-
anin, supporting the importance of abaxial-specific photo-
protection in both juvenile and mature leaves (Hughes &
Smith, 2007). The concomitant decline of high car/chl
ratios and anthocyanins observed here may therefore repre-
sent another degree of coordination leaves exhibit during
development – the concerted decline of juvenile-specific
photoprotective strategies with the maturation of others
more characteristic of fully expanded leaves.

Previous studies have demonstrated that developing
chloroplasts generally exhibit higher proportions of chlb
relative to chla in developing leaves, corresponding with
higher proportions of PSII relative to PSI (Pettigrew &
Vaughn, 1998). The lag in PSI development during chloroplast
maturation corresponds with decreased unappressed thylakoid
membrane surface area availability early in chloroplast
development, which is where PSI complexes primarily occur
(Pettigrew & Vaughn, 1998; Hopkins & Hüner, 2004b).
Chla concentrations increase as unappressed membranes
increase in number. Consistent with this trend, the anthocyanic
species evaluated here had significant increases in chlorophyll
a/b during development (Figs 2, 5; Table 1). However, these

values were much lower than those observed for species with
acyanic juvenile leaves, with chla/b ratios for two acyanic species
remaining relatively unchanged during development (Fig. 5).
The reduced chlorophyll a/b ratios in red leaves relative to
green are likely the result of the shading effect of anthocyanin.
Previous studies have shown that shade both retards growth
and developmental rates (thus reducing the rate of chla
increase), and decreases the ratio of core relative to light-
harvesting complexes (Cui et al., 1991; Jones, 1995; Demmig-
Adams, 1998; Hopkins & Hüner, 2004a). This explanation
is supported by the observation that redbud, containing
significantly less anthocyanin in young nodes than the other
two species, had the highest chlorophyll a/b ratios of the three
species, presumably because of less shading (Fig. 2, Table 1).
The shading effect of anthocyanin in juvenile leaves has been
investigated in greater detail by Manetas et al. (2003) using
red and nonred variants of Quercus coccifera. In addition to
lower chlorophyll a/b ratios, red juvenile leaves of Q. coccifera
had a suite of other shade characteristics, including thinner
leaves and lower concentrations of xanthophyll cycle pigments
relative to acyanic variants. Presumably, these differences were
the result of shading by anthocyanic layers which, as previously
mentioned, reduce incoming sunlight via strong absorption
of blue-green light.

Leaf structure and gas exchange

Other factors in addition to photopigment content must
also be considered when evaluating photon absorption and
processing, including leaf (mesophyll) thickness, structural
maturation (e.g. spongy and palisade mesophyll differentiation
and chloroplast development), leaf conductance of CO2, and
photosynthetic CO2 fixation (see reviews in Smith et al.,
1997; Evans et al., 2004).

A strong relationship was found between leaf thickness and
the disappearance of anthocyanin during leaf maturation. On
average, anthocyanin loss occurred only when c. 80% of
mature leaf thickness had been attained (Fig. 2). These values
did not vary significantly between species. Photosynthesis
(computed on a leaf area basis) also showed a strong, positive
correlation with leaf thickness (Fig. 4), most likely because of
increases in chlorophyll per unit area and chloroplast development,
as well as leaf structural maturation.

To infer structural maturation, chlorophyll content expressed
per unit volume may be compared with photosynthesis per
unit volume. In red maple and redbud, photosynthesis
expressed per unit leaf volume continued to increase through
node 5 (Fig. 3), even though chlorophyll content per unit
volume did not change significantly (Fig. 2). This suggests
that either (or both) chloroplast development was still ongoing
(in terms of thylakoid number per granum, membrane
complexity, stroma lamellae development, etc.), or that leaf
anatomical structure facilitating light distribution and/or
CO2 diffusion was still in the process of maturation. Although

Fig. 5 Tip-down (nodes 1–5) chlorophyll a/b ratios for species with 
green developing leaves (closed symbols) and red (open), compared 
with mature leaf values. Green (acyanic) species include Hedera helix 
(circles), Forsythia suspensa (triangles), and Lonicera japonica 
(squares). Red species include Acer rubrum (circles), Liquidambar 
styraciflua (triangles), and Cercis canadensis (squares). Points 
represent means of five replicates ± SD.
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we did not observe chloroplast development in this study, we
were able to observe differentiation of mesophyll into palisade
and spongy layers (Fig. 1). These structures can be important
for enhancing light propagation and processing by distributing
absorbed light more uniformly throughout the mesophyll (in
the case of palisade cells) and facilitating CO2 diffusion (spongy)
(Vogelmann et al., 1996; Smith et al., 1997). In all species,
anthocyanins persisted until palisade cells had elongated to
comprise c. 40–50% of the mesophyll space (Fig. 1). Although
not quantified, air spaces in the spongy mesophyll were also more
conspicuous in nodes following anthocyanin disappearance
than preceding. This suggests that anthocyanins are particu-
larly important in reducing internal light until leaf anatomy
has matured to process it more efficiently.

Paralleling increases in photosynthesis, leaf conductance of
CO2 also increased significantly during development for all
species (Fig. 3), with the most rapid increase between leaf
nodes occurring in sweetgum. Because mesophyll conduct-
ance is a significant factor affecting photosynthetic potential,
it is to be expected that stomata would not open fully until
leaves are structurally and biochemically mature enough to
process increased internal CO2. This may explain why
conductance values in sweetgum approached mature values
earlier than red maple and redbud, corresponding to its more
rapid structural maturity (Fig. 1).

The increase in photosynthetic carbon fixation facilitated
by a mature internal leaf anatomy may also provide a greater
sink for dissipating excessive sunlight energy, potentially
decreasing the requirement of photoprotective mechanisms
such as anthocyanin (Smith et al., 1997). In support of this
idea, sweetgum (having the highest photosynthesis in young
leaves) lost anthocyanin more quickly during development
(i.e. at significantly lower chlorophyll content) than the other
two species examined. By the third leaf node, where leaf
anthocyanin was no longer visible in sweetgum, photosynthesis
per unit area had reached c. 99% of full capacity, although
only c. 138 mg m–2 (44% of mature) chlorophyll had developed
(Fig. 3, Table 1). In contrast, anthocyanin remained visible
until the fourth leaf node in red maple (which had only reached
c. 60% of full photosynthetic capacity, with c. 298 mg m–2

chlorophyll), and the fifth node in redbud (c. 40% of full capacity,
and c. 159 mg m–2). The association of rapid structural and photo-
synthetic maturation with rapid anthocyanin decline provides
further evidence for a strong functional coupling among leaf
structure, anthocyanin presence, and photosynthetic maturation.

Acknowledgements

The authors thank Spencer Bissett for technical assistance,
and Dr Anita McCauley of the microscopy facility at WFU
for help with microscopic imaging. This study was supported
financially by Wake Forest University and a Research
Experience for K-12 Teachers (RET) grant to CBM (National
Science Foundation).

References
Barker DH, Seaton GGR, Robinson SA. 1997. Internal and external 

photoprotection in developing leaves of the CAM plant Cotyledon 
orbiculata. Plant, Cell & Environment 20: 617–624.

Cai Z-Q, Slot M, Fan Z-X. 2005. Leaf development and photosynthetic 
properties of three tropical tree species with delayed greening. 
Photosynthetica 43: 91–98.

Chalker-Scott L. 1999. Environmental significance of anthocyanins in plant 
stress responses. Photochemistry and Photobiology 70: 1–9.

Choinski JS Jr, Ralph P, Eamus D. 2003. Changes in photosynthesis during 
leaf expansion in Corymbia gummifera. Australian Journal of Botany 51: 
111–118.

Coley PD. 1981. Ecological and evolutionary responses of tropical trees to 
herbivory: a quantitative analysis of grazing damage, plant defenses and 
growth rates. PhD thesis. Chicago, IL, USA: University of Chicago.

Coley PD. 1983. Herbivory and defensive characteristics of tree species in a 
lowland tropical forest. Ecological Monographs 53: 209–233.

Coley PD, Aide TM. 1989. Red coloration of tropical young leaves: a 
possible antifungal defence? Journal of Tropical Ecology 5: 293–300.

Cui M, Vogelmann TC, Smith WK. 1991. Chlorophyll and light gradients 
in sun and shade leaves of Spinacia oleracea. Plant, Cell & Environment 14: 
493–500.

Demmig-Adams B. 1998. Survey of thermal energy dissipation and pigment 
composition in sun and shade leaves. Plant Cell Physiology 39: 474–482.

Dominy NJ, Lucas PW, Ramsden LW, Riba-Hernandez P, Stoner KE, 
Turner IM. 2002. Why are young leaves red? Oikos 98: 163–176.

Evans JR, Vogelmann TC, Williams WE, Gorton H. 2004. Light capture by 
the leaf. Photosynthetic adaptation: chloroplast to the landscape. New York, 
NY, USA: Springer, 15–41.

Gould KS. 2004. Nature’s swiss army knife: the diverse protective roles of 
anthocyanins in leaves. Journal of Biomedicine and Biotechnology 5: 314–
320.

Hamilton WD, Brown SP. 2001. Autumn tree colours as a handicap signal. 
Proceedings of the Royal Society of London B, Biological Sciences 268: 1489–
1493.

Hoflacher H, Bauer H. 1982. Light acclimation in leaves of the juvenile and 
adult life phases of ivy (Hedera helix). Physiologia Plantarum 49: 366–372.

Hopkins WG, Hüner NPA. 2004a. Photosynthetic electron transport. In: 
Hopkins WG, Hüner NP, eds. Introduction to plant physiology. New York, 
NY, USA: John Wiley, 68–71.

Hopkins WG, Hüner NPA. 2004b. Lateral heterogeneity is the unequal 
distribution of thylakoid complexes. In: Hopkins WG, Hüner NP, eds. 
Introduction to plant physiology. New York, NY, USA: John Wiley, 75–76.

Hughes NM. 2004. Functional role of anthocyanins in high light winter 
leaves of the evergreen herb Galax urceolata. MSc thesis. Boone, NC, USA: 
Appalachian State University.

Hughes NM, Smith WK. (2007). Attenuation of incident light in Galax 
urceolata (Diapensiaceae): concerted influence of adaxial and abaxial 
anthocyanic layers on photoprotection. American Journal of Botany 94: 
784–790.

Jiang CD, Gao HY, Zou QI, Jiang GM, Li LH. 2006. Leaf orientation, 
photorespiration and xanthophyll cycle protect young soybean leaves 
against high irradiance in field. Environmental and Experimental Botany 
55: 87–96.

Jones CS. 1995. Does shade prolong juvenile leaf development? A 
morphological analysis of leaf shape changes in Cucurbita argyrosperma 
subsp. sororia (Cucurbitaceae). American Journal of Botany 82: 346–359.

Karageorgou P, Manetas Y. 2006. The importance of being red when 
young: anthocyanins and the protection of young leaves of Quercus 
coccifera from insect herbivory and excess light. Tree Physiology 26: 
613–621.

Krause GH, Virgo A, Winter K. 1995. High susceptibility to 
photoinhibition of young leaves of tropical forest trees. 
Planta 197: 583–591.



© The Authors (2007). Journal compilation © New Phytologist (2007) www.newphytologist.org New Phytologist (2007) 175: 675–685

Research 685

Kursar TA, Coley PD. 1992. Delayed greening in tropical leaves: an 
antiherbivore defense? Biotropica 24: 256–262.

Lee DW, Brammeier S, Smith AP. 1987. The selective advantages of 
anthocyanins in developing leaves of mango and cacao. Biotropica 19: 40–
49.

Lee DW, Collins TM. 2001. Phylogenetic and ontogenetic influences on the 
distribution of anthocyanins in betacyanins in leaves of tropical plants. 
International Journal of Plant Sciences 162: 1141–1153.

Lee DW, Lowry JB, Stone BC. 1979. Abaxial anthocyanin layer in leaves of 
tropical rain forest plants: enhancer of light capture in deep shade. 
Biotropica 11: 70–77.

Lee DW, O’Keefe J, Holbrook NM, Feild TS. 2003. Pigment dynamics and 
autumn leaf senescence in a New England deciduous forest, eastern USA. 
Ecological Research 18: 677–694.

Liakopoulos G, Nikolopoulos D, Klouvatou A, Vekkos K-A, Manetas Y, 
Karabourniotis G. 2006. The Photoprotective Role of Epidermal 
Anthocyanins and Surface Pubescence in Young Leaves of Grapevine 
(Vitis vinifera). Annals of Botany 98: 257–265.

Manetas Y. 2006. Why some leaves are anthocyanic and why most 
anthocyanic leaves are red. Flora 201: 163–177.

Manetas Y, Drinia A, Petropoulou Y. 2002. High contents of 
anthocyanins in young leaves are correlated with low pools of 
xanthophyll cycle components and low risk of photoinhibition. 
Photosynthetica 40: 349–354.

Manetas Y, Petropoulou Y, Psaras GK, Drinia A. 2003. Exposed red 
(anthocyanic) leaves of Quercus coccifera display shade characteristics. 
Functional Plant Biology 30: 265–270.

Miranda V, Baker NR, Long SP. 1981a. Limitation of photosynthesis 
in different regions of the Zea mays leaf. New Phytologist 89: 
179–190.

Miranda V, Baker NR, Long SP. 1981b. Anatomical variation along the 
length of the Zea mays leaf in relation to photosynthesis. New Phytologist 
88: 595–605.

Murray JR, Hackett WP. 1991. Dihydroflavonol reductase activity in 
relation to differential anthocyanin accumulation in juvenile and mature 
phase Hedera helix L. Plant Physiology 97: 343–351.

Neill SO, Gould KS, Kilmartin PA, Mitchell KA, Markham KR. 2002. 
Antioxidant capacities of green and cyanic leaves in the sun species 
Quintinia serrata. Functional Plant Biology 29: 1437–1443.

Niinemets U, Tenhunen JD, Beyschlag W. 2004. Spatial and 
age-dependent modification of photosynthetic capacity in four 
Mediterrean oak species. Functional Ecology 31: 1179–1193.

Numata S, Kachi N, Okuda T, Manokaran N. 2004. Delayed greening, leaf 
expansion, and damage to sympatric Shorea species in a lowland rain forest. 
Journal of Plant Research 117: 19–25.

Pettigrew WT, Vaughn KC. 1998. Physiological, structural, and 
immunological characterization of leaf and chloroplast development in 
cotton. Protoplasma 202: 23–37.

Porra RJ. 2002. The chequered history of the development and use of 
simultaneous equations for the accurate determination of chlorophylls a 
and b. Photosynthesis Research 73: 149–156.

Price JR, Sturgess VC. 1938. A survey of anthocyanin. VI. Biochemical 
Journal 32: 1658–1660.

Rice-Evans CA, Miller NH, Paganga G. 1997. Antioxidant properties of 
phenolic compounds. Trends in Plant Science 2: 152–159.

Smith AM. 1909. On the internal temperatures of leaves in tropical 
insolation, with special reference to the effect of their colour on 
temperature; also observations on the periodicity of the appearance of 
young coloured leaves of trees growing in Peradinaya Gardens. Annals of 
the Royal Botanical Garden. Peradinaya 5: 229–297.

Smith WK, Vogelmann TC, DeLucia EH, Bell DT, Shepherd KA. 1997. 
Leaf form and photosynthesis. Bioscience 47: 785–793.

Stone BC. 1979. Protective coloration of young leaves in certain Malaysian 
palms. Biotropica 11: 26.

Sun J, Nishio JN. 2001. Why abaxial illumination limits photosynthetic 
carbon fixation in spinach leaves. Plant and Cell Physiology 42: 1–8.

Sun J, Nishio JN, Vogelmann TC. 1996. High-light effects on CO2 fixation 
gradients across leaves. Plant, Cell & Environment 19: 1261–1271.

Vogelmann TC, Nishio JN, Smith WK. 1996. Leaves and light capture: 
light propagation and gradients of carbon fixation within leaves. Trends in 
Plant Science 1: 65–70.

Wallace LL, Dunn EL. 1980. Comparative photosynthesis of three gap 
phase successional tree species. Oecologia 45: 331–340.

Wang H, Cao G, Prior RL. 1997. Oxygen radical absorbing capacity of 
anthocyanins. Journal of Agricultural Food Chemistry 45: 304–309.

Wellburn AR. 1994. Determination of chlorophyll-a and chlorophyll-b, 
as well as total carotenoids, using various solvents with spectrophotometers 
of different resolution. Journal of Plant Physiology 144: 307–313.

About New Phytologist

• New Phytologist is owned by a non-profit-making charitable trust dedicated to the promotion of plant science, facilitating projects
from symposia to open access for our Tansley reviews. Complete information is available at www.newphytologist.org.

• Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged.
We are committed to rapid processing, from online submission through to publication ‘as-ready’ via OnlineEarly – our average
submission to decision time is just 30 days. Online-only colour is free, and essential print colour costs will be met if necessary. We
also provide 25 offprints as well as a PDF for each article.

• For online summaries and ToC alerts, go to the website and click on ‘Journal online’. You can take out a personal subscription to
the journal for a fraction of the institutional price. Rates start at £131 in Europe/$244 in the USA & Canada for the online edition
(click on ‘Subscribe’ at the website).

• If you have any questions, do get in touch with Central Office (newphytol@lancaster.ac.uk; tel +44 1524 594691) or, for a local
contact in North America, the US Office (newphytol@ornl.gov; tel +1 865 576 5261).


