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Why the leaves of many woody species accumulate anthocyanins prior to being shed has long puzzled biologists because
it is unclear what effects anthocyanins may have on leaf function. Here, we provide evidence for red-osier dogwood (Cornus
stolonifera) that anthocyanins form a pigment layer in the palisade mesophyll layer that decreases light capture by
chloroplasts. Measurements of leaf absorbance demonstrated that red-senescing leaves absorbed more light of blue-green to
orange wavelengths (495-644 nm) compared with yellow-senescing leaves. Using chlorophyll a fluorescence measurements,
we observed that maximum photosystem II (PSII) photon yield of red-senescing leaves recovered from a high-light stress
treatment, whereas yellow-senescing leaves failed to recover after 6 h of dark adaptation, which suggests photo-oxidative
damage. Because no differences were observed in light response curves of effective PSII photon yield for red- and
yellow-senescing leaves, differences between red- and yellow-senescing cannot be explained by differences in the capacities
for photochemical and non-photochemical light energy dissipation. A role of anthocyanins as screening pigments was
explored further by measuring the responses PSII photon yield to blue light, which is preferentially absorbed by anthocya-
nins, versus red light, which is poorly absorbed. We found that dark-adapted PSII photon yield of red-senescing leaves
recovered rapidly following illumination with blue light. However, red light induced a similar, prolonged decrease in PSII
photon yield in both red- and yellow-senescing leaves. We suggest that optical masking of chlorophyll by anthocyanins
reduces risk of photo-oxidative damage to leaf cells as they senesce, which otherwise may lower the efficiency of nutrient

retrieval from senescing autumn leaves.

Senescing leaves of many temperate deciduous
plants turn brilliant red in autumn (Wheldale, 1916;
Sanger, 1971; Chang et al., 1989; King, 1997; Kozlow-
ski and Pallardy, 1997). Unlike yellow and orange
autumn leaves where chlorophyll breakdown un-
masks the already present carotenoid pigments, most
red leaves result from de novo synthesis of anthocya-
nins (Matile et al., 1992; King, 1997; Kozlowski and
Pallardy, 1997; Matile, 2000). An exception to this is
the winter accumulation of red carotenoids in the
shoots of some conifers and leaves of a few evergreen
flowering plants (Ida et al., 1995). Anthocyanins are a
group of water-soluble flavonoids (glycosides of phe-
nolic aglycons with a flavan C6-C3-C6 skeleton) pro-
duced in the cytoplasm and then transported into the
vacuole (Harborne, 1988; Marrs et al., 1995; Shirley,
1996). It has been unclear why anthocyanins are syn-
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thesized in autumn leaves just before they are shed
(Mohr and Schopfer, 1994; Archetti, 2000; Matile,
2000). A recent study proposed that autumn antho-
cyanins have no direct physiological significance to
plants but instead reflect co-evolutionary interactions
with aphids, where anthocyanins act as “warning
coloration” to deter herbivores (Archetti, 2000). Ford
(1986) hypothesized that accumulation of anthocya-
nins may represent an excretion process to load tox-
ins into the soon-to-be-discarded leaves. The prevail-
ing view among plant physiologists is that
anthocyanins are a nonfunctional by-product of leaf
senescence (Mohr and Schopfer, 1994; Archetti, 2000;
Matile, 2000). Anthocyanins are end products of the
flavonoid pathway and the induction of anthocyanin
synthesis has been suggested to result from carbohy-
drate “overflow” during the active recycling of pho-
tosynthetic proteins (Matile, 2000). However, the in-
duction of anthocyanin synthesis by high light in
tissues that are unlikely to have an excess of carbon
reserves, such as germinating seedlings, is inconsis-
tent with the carbon overflow hypothesis (Christie et
al., 1994; Yanovsky et al., 1998). Anthocyanin synthe-
sis in autumn leaves often precedes chlorophyll
breakdown and the color intensity of red-senescing
leaves is increased by high light, cool (but not freez-
ing) temperatures, and mild drought (Wheldale,
1916; Kozlowski and Pallardy, 1997; Dodd et al.,
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1998; Chalker-Scott, 1999). These conditions affect the
capacity for photosynthesis in ways that increase the
requirement for protective dissipation of excess light
energy (Demmig-Adams and Adams, 1992; Long et
al., 1994; Horton et al., 1996; Huner et al., 1996, 1998;
Thomas, 1997; Matile et al., 1999). We suggest that
the buildup of anthocyanins in autumn leaves con-
tributes to the shielding of leaf chloroplasts from
excess sunlight during senescence.

A protective role for anthocyanins as “sunscreens”
(for review, see Wheldale, 1916; Chalker-Scott, 1999)
and as scavengers of reactive oxygen has been sug-
gested previously for young, expanding leaves (Bak-
er and Hardwick, 1973; Lee et al., 1987; Dodd et al.,
1998), developing fruits (Hetherington, 1997; Smillie
and Hetherington, 1999; Merzlyak and Chivkunova,
2000), the leaves of cold-stressed plants (Krol et al.,
1995; Grace et al., 1998; Close et al., 2000; Grace and
Logan, 2000), and the leaves of plants of deeply
shaded tropical rainforest understories (Gould et al.,
1995, 2000). Because anthocyanins strongly absorb
blue-green light (Harborne, 1988; Neill and Gould,
1999; Smillie and Hetherington, 1999; Barnes et al.,
2000; Merzlyak and Chivkunova, 2000), the accumu-
lation of anthocyanins in red autumn leaves may
attenuate the quality and quantity of light captured
by chlorophylls and carotenoids as leaves senesce.
The major activity during leaf senescence is nutrient
resorption for leaf production during the next grow-
ing season (Killingbeck, 1996; Buchanan-Wollaston,
1997; Thomas, 1997; Matile et al., 1999; Matile, 2000;
Quirino et al., 2000). Thus, protection from excess
irradiance may play a role in limiting oxidative dam-
age that may interfere with the retrieval of inorganic
nutrients from senescing autumn leaves. The effects
of anthocyanins on the ability of senescing autumn
leaves to cope with excess sunlight have not been
previously investigated. Here, we measure leaf opti-
cal properties and use modulated chlorophyll a flu-
orescence measurements to probe PS II function in
senescing autumn leaves of red-osier dogwood (Cor-
nus stolonifera) with and without anthocyanins.

RESULTS

Senescing autumn leaves of red-osier dogwood ex-
posed to direct sunlight turn reddish-purple due to
anthocyanin accumulation in the vacuoles of the pal-
isade mesophyll cells (data not shown). We refer to
these leaves as “red-senescing.” In contrast, leaves
senescing in sub-canopy environments do not pro-
duce anthocyanins (Table I) and become pale yellow-
green during senescence. We refer to these leaves as
“yellow-senescing.” At the time of these measure-
ments (late August to mid-September), leaves from
both microsites contained approximately 70% of the
total chlorophyll content of summer (July) leaves
from the same environment. Colorless anthocyanins
or leucoanthocyanins were not present in yellow-
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Table 1. Physiological and pigment characteristics of senescing
leaves of red-osier dogwood with and without anthocyanins

Chlorophyll fluorescence parameters and pigment contents (ex-
pressed on a fresh, leaf area basis) were determined as in Wellburn
(1994). F/F,, Maximal dark-adapted photosystem Il photon yield
(means *= sp, n = sample size; *, **, and *** denote the degree of
statistical significance, <0.05, 0.01, and 0.001, respectively); NS,
not significantly different (Student’s t test). Red- and yellow-
senescing leaves were the same age; low chlorophyll content reflects
chlorophyll loss during senescence.

Yellow-Senescing Red-Senescing

Variable
Leaves Leaves

F/F., (n = 15, relative units) 0.80 £ 0.05 0.79 = 0.03, NS

Anthocyanins 0.0 0.45 £ 0.0249***
(n=10; pg cm™?)

Chlorophylls (n = 10) -

a+ b(ugcm™?) 15.7 = 1.7 13.2 £ 0.9, NS
b (ug cm™?) 3.8+ 1.6 2.1 = 0.1, NS
Total carotenoids 3.1 0.2 3.3 + 0.2, NS

(n =10, pg cm™?)

Total leaf thickness 74.6 £ 2.7 76.3 £ 5.6, NS

(n =6, um)

Palisade mesophyll 245+ 1.8 27.3 £ 2.4,NS
(n = 6, pm)

Spongy mesophyll 443 + 1.8 43.5 + 5.5, NS
(n =6, um)

Lower epidermis 5.8 = 0.8 5.5 % 0.8, NS
(n =6, um)

senescing leaves as indicated by the low absorption
of leaf extracts at 540 nm in HCI (Table I; Gould et al.,
2000). Thus, red coloration was a reliable indicator of
anthocyanin presence. For up to 3 weeks after the
beginning of autumn senescence, the lower surfaces
of red- and yellow-senescing leaves of similar age
appeared equally green in color. Consistent with this
observation, red- and yellow-senescing leaves had
similar photosynthetic pigment contents (chlorophyll
a plus b and total carotenoids; Table I). In addition,
there were no differences in leaf structural features
that could alter the internal optical environment be-
tween red-and yellow-senescing leaves (Table I; Vo-
gelmann, 1993). Finally, maximum photosystem II
(PSII) photon yields (F,/F,,) were not significantly
different between red- and yellow-senescing leaves
(Table I). These observations demonstrate that red-
and yellow-senescing leaves form an appropriate
system to investigate the effects of autumn anthocya-
nins on light utilization by chloroplasts (Gould et al.,
2000).

Red-senescing leaves absorbed more light of blue-
green to orange wavelengths (495-644 nm) compared
with yellow-senescing leaves (Fig. 1A). In response to
increasing photosynthetic photon flux density
(PPFD) applied to the leaf lower surface, red- and
yellow-senescing leaves had similar responses of ef-
fective PSII photon efficiency (®pgy, Fig. 1B). How-
ever, if light was applied to the top leaf surface, the
response of ®pgyy in red- and yellow-senescing leaves
differed. Lower surface chloroplasts in red-senescing
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Figure 1. Leaf absorbance spectra of red- (circles) and yellow-
(squares) senescing leaves of red-osier dogwood (A). Light response
of effective PSII photon efficiency (®pg,; calculated from AF/F)') in
red- (circles) and yellow- (squares) senescing leaves illuminated from
the leaf undersurface (B) as compared with those illuminated on the
leaf upper surface (C). Measurements were made on detached leaves
in a humidified chamber at constant gas concentration (380 pL L™
carbon dioxide, 21% [v/v] oxygen balanced with nitrogen gas) and
temperature (20°C = 2°C). Results for A through C are means for
three leaves and error bars denote the sp.

leaves maintained a 50% higher ®pg;; (at 1,500 wmol
m 2 s7') compared with yellow-senescing leaves
(Fig. 1C).

Exposure to high white light (1,500 + 50 wmol m >
s~ ') for 30 min led to a large reduction in the ®pgy; of
yellow-senescing leaves compared with red-
senescing leaves (Fig. 2A). When the light was turned
off, ®pgyy (measured as F,'/F,," in the dark) in red-
senescing leaves returned quickly (approximately 80
min) to the dark-adapted state (Fig. 2A). In contrast,
yellow-senescing leaves exhibited a sustained de-
pression of ®pg;; that did not recover to the pretreat-
ment state despite prolonged dark adaptation (Fig.
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2A). Measurements of ®pg; after 6 h of dark adapta-
tion were 23% lower than the pretreatment state
(mean = 22.7; sp = 3.5; n = 5).

The influence of anthocyanins on the relaxation
kinetics of ®pg; were explored further by illuminat-
ing the upper surfaces of red- and yellow-senescing
leaves with blue-enriched light, which is preferen-
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Figure 2. Changes in effective PSIl photon efficiency (®pg, under
irradiation and F,'/F,," following darkening) to excess PPFD (1,500 %
50 wmol m~? s~ treatments of varying wavelength distribution. A,
Illuminated with white (400-800 nm) light; B, illuminated with blue
(400-550 nm) light; C, illuminated with red (640-710 nm light) for
red- (circles) and yellow- (squares) senescing red-osier dogwood
leaves. The light was turned off after 30 min (as indicated by the
shaded box) and @, recovery measured as described in “Materials
and Methods.” Measurements were made under the conditions de-
scribed in Figure 1. Each curve for A through C is an average of five
leaves per treatment and error bars denote the sp.
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Table Il. Leaf nitrogen content (percentage of leaf dry mass) of
red-osier dogwood leaves collected at mid-summer and at leaf
abscission

Time of Year Nitrogen Content Nitrogen Translocated
% of leaf dry mass %
Green, exposed (July 1.70 = 0.18 -
18, n =15)
Red senescing 0.719 = 0.13 56.6
(November 5,
n=2>5)
Green, shaded (July 1.55 = 0.08 -
18, n = 5)
Yellow senescing 0.66 = 0.06 57.6
(November 5,
n=25)

tially absorbed by anthocyanins, versus red-enriched
light, which is poorly absorbed (Harborne, 1988;
Smillie and Hetherington, 1999; Neill and Gould,
1999). Lower leaf surface chloroplasts in red-
senescing leaves maintained a higher ®pg; when
illuminated with blue light and recovered to the
pretreatment maximum ®pg;;, whereas those in
yellow-senescing leaves did not recover fully in dark-
ness (Fig. 2B). In contrast, red-enriched light induced
a similar light-dependent decrease in ®pgy; in red and
yellow-senescing leaves, and neither recovered fully
following dark adaptation (Fig. 2C).

There were no differences in leaf nitrogen content
(grams nitrogen per grams dry leaf tissue) for the
leaves from the two microsites sampled at mid-
summer (July 18) or immediately following leaf ab-
scission (November 5; Table II). The percentage leaf
nitrogen retranslocated was approximately 57% and
did not differ between red- and yellow-senescing
leaves (Table II).

DISCUSSION

This study provides evidence that anthocyanins in
senescing leaves of red-osier dogwood form a pig-
ment screen that shields the photosynthetic appara-
tus from excess light energy. Our experiments show
that the major component of PSII down-regulation in
lower surface chloroplasts of red-senescing leaves
under high light is most likely attributable to non-
photochemical processes associated with the pH gra-
dient across the thylakoid membrane (Fig. 2A;
Krause and Weis, 1991; Demmig-Adams and Adams,
1992; Long et al.,. 1994; Horton et al., 1996). In con-
trast, the failure of effective PSII photon yield (®pgyy)
to recover to dark-adapted values in yellow-
senescing leaves treated with excess light likely may
result from photo-oxidative damage to PSII (Fig. 2A;
Powles, 1984; Genty et al., 1989; Krause and Weis,
1991; Demmig-Adams and Adams, 1992; Foyer et al.,
1994; Long et al., 1994; Horton et al., 1996). However,
the sustained level of non-photochemical quenching
observed in yellow-senescing leaves may originate
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from other prolonged processes that are not neces-
sarily indicative of damage to PSII (Demmig-Adams
and Adams, 1992; Horton et al., 1996). Differences
between red- and yellow-senescing leaves in the dy-
namics of ®pg; following excess light treatment can-
not be explained by differences in photochemical
utilization, or the capacity for non-photochemical
photon energy dissipation. We found that light re-
sponse curves of ®pgy for both red- and yellow-
senescing leaves illuminated on their lower surface
(thus eliminating any light-shielding effect of the
anthocyanin layer) were similar (Fig. 1B). In addition,
red light, which is poorly captured by anthocyanins,
induces a prolonged depression of ®pgy; in both red-
and yellow-senescing leaves (Fig. 2C).

The evidence presented here that anthocyanins
protect senescing red-osier dogwood leaves from ex-
cess light is based on laboratory studies in which we
were able to impose on red- and yellow-senescing
leaves identical treatments of high light intensity. We
based our light treatments on the maximum PPFDs
that a red-senescing leaf might experience under nat-
ural conditions. Yellow-senescing leaves are those
that occur in more shaded microsites, and thus they
would not normally experience these PPFDs (see
“Materials and Methods”). The absence of any differ-
ence in maximum PSII photon efficiency of dark-
adapted between red- and yellow-senescing leaves is
consistent with the idea that yellow-senescing leaves
do not experience high PPFDs at sufficient duration
(i.e. sun flecks are short lived) to cause photodamage
under natural conditions (Table I). If PPFDs are suf-
ficiently high and prolonged, then anthocyanin accu-
mulation is induced. Red-osier dogwood appears to
show a facultative anthocyanin production. Manipu-
lations of red-osier dogwood canopies (i.e. removal
of shading branches) in early autumn to expose
leaves normally senescing yellow resulted in antho-
cyanin accumulation. Furthermore, leaves flipped in
their orientation accumulate anthocyanins in the
spongy mesophyll cells, whereas the palisade meso-
phyll remains anthocyanin-less during senescence.
This indicates that anthocyanin accumulation is not
developmentally programmed at the leaf or leaf tis-
sue level. Anthocyanin production and expression of
key regulatory enzymes are known to be up-
regulated by high light intensity or treatments that
limit photochemical utilization of excitation energy
(Christie et al., 1994; Nooden et al., 1996; Chalker-
Scott, 1999), suggesting that anthocyanins play a
physiological role in coping with excess light.

A need for protecting chloroplasts from excess
light absorption during autumn senescence at first
seems counterintuitive. Given that light interception
declines during autumn and thylakoid membranes
already contain xanthophyll pigments to dissipate
excess light energy (Demmig-Adams and Adams,
1992; Horton et al., 1996), why should an additional
mechanism for reducing light captured by chloro-
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plasts be deployed? One hypothesis is that the met-
abolic changes that occur during leaf senescence in-
crease the susceptibility of light-induced oxidative
damage to leaf cells (Nooden et al., 1996; Merzlyack
and Hendry, 1994).

Leaf senescence is a programmed transformation of
leaf metabolism and ultrastructure whose functional
significance is best understood from the perspective
of nutrient salvage (Smart 1994; Killingbeck, 1996;
Buchanan-Wollaston, 1997; Quirino et al., 2000). This
is paramount in plastids where as much as 90% of the
nitrogen recycled from senescing leaves comes from
the degradation of stroma proteins and thylakoid
membranes (Evans, 1983; Killingbeck, 1996; Thomas,
1997; Matile et al., 1999). However, before nitrogen
can be mobilized, chlorophyll molecules must be un-
bound from their associated proteins and enzymati-
cally degraded (Hinder et al., 1996; Thomas, 1997;
Matile et al., 1999; Matile, 2000). Chlorophyll break-
down apparently does not result in the release of
nutrients that are resorbed by the leaf; instead, chlo-
rophyll is catabolized and the degradation products
stored in the vacuole using a detoxification pathway
shared with xenobiotic compounds (Peisker et al.,
1990; Hinder et al., 1996; Thomas, 1997; Matile et al.,
1999; Matile, 2000). This special handling reflects the
high phototoxicity of unbound chlorophyll and its
derivatives, which readily produce highly reactive
singlet oxygen in the presence of light and oxygen
(Merzlyack and Hendry, 1994; Thomas, 1997; Marder
et al., 1998; Matile et al., 1999). If free chlorophyll is
not catabolized or protected from light, the uncon-
trolled generation of singlet oxygen could jeopardize
the viability of senescing leaf cells through photo-
oxidative damage (such as per-oxidation of mem-
brane lipids; Merzlyack and Hendry, 1994; Asada,
1999). Because autumn senescence involves the rapid
liberation of the entire pool of chlorophyll (Sanger,
1971; Matile, 2000), it presents a substantial opportu-
nity for oxidative damage that may reduce the
efficiency of nutrient recovery from senescing leaves.
By acting as an optical screen that reduces the light
capture of senescing chloroplasts, anthocyanins pro-
vide an additional degree of photoprotection during
the dismantling of the photosynthetic apparatus.

Although we hypothesize that the functional sig-
nificance of anthocyanins in autumn leaves relates to
nutrient retrieval, we did not observe differences in
nitrogen retranslocation between red- and yellow-
senescing leaves (Table II). This observation is con-
sistent with our hypothesis because red- and yellow-
senescing leaves occupy different microsites in the
field and experience different exposures to light.
Yellow-senescing leaves, which occur exclusively in
the shade, do not naturally experience light intensi-
ties sufficient to cause photo-inhibition and thus the
likelihood of photo-oxidative damage is low (Table
I). Red-senescing leaves, which receive high light in-
tensities, are internally shaded due to the presence of
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the anthocyanin layer. An experimental approach that
compares plants with and without the ability to syn-
thesize anthocyanins, which thus can be forced to
senesce in the same light environment, is needed to
rigorously test this hypothesis.

Given the variety of pigments and enzymatic path-
ways that can mitigate light-dependent oxidative
stress in plant cells (Demmig-Adams and Adams,
1992; Horton et al., 1996; Asada, 1999), why are an-
thocyanins used? Anthocyanins appear to be partic-
ularly appropriate during autumn senescence for in-
tercepting light that would otherwise be captured by
chloroplasts undergoing massive chlorophyll turn-
over. The high absorbance of anthocyanins in blue
wavelengths of light that could be captured by free
chlorophyll and some of its breakdown products
may represent a cost-effective solution that resides
outside the chloroplast at a time when the normal
mechanisms for curtailing photodamage are dimin-
ished (Merzlyack and Hendry, 1994). Because antho-
cyanins are localized in the cell vacuole, they may be
poised to scavenge oxygenated radicals leaking from
chloroplasts as well as mitochondria and peroxi-
somes (Yamasaki et al., 1996; Yamasaki, 1997; Grace
and Logan, 2000). In addition, anthocyanins strongly
attenuate green wavelengths of light (Fig. 1A), which
although absorbed less efficiently by chlorophyll
(Nishio, 2000) nevertheless would penetrate more
deeply into the leaf to excite the more shade-adapted
chloroplasts (Vogelmann, 1993). This mechanism is,
of course, incompatible with photosynthetic carbon
gain during the growing season but well suited for
autumn senescence when photosynthetic rates de-
cline (Kozlowski and Pallardy, 1997).

Given a functional role for anthocyanins in au-
tumn leaves, how do we account for the fact that a
large a number of temperate deciduous species do
not produce anthocyanins? Plants possess a number
of mechanisms for coping with excess light levels
and it is possible that species that do not produce
anthocyanins during autumn senescence depend
more heavily on alternative mechanisms (for exam-
ple carotenoid accumulation; Goodwin, 1958;
Asada, 1999; Grace and Logan, 2000). In addition,
species are known to differ in the efficiency with
which they resorb nutrients from senescing leaves
(Killingbeck, 1996). In particular, early successional
species are frequently much less efficient in nutrient
resorption than late successional species (Killing-
beck, 1996). The importance of photoprotection dur-
ing autumn senescence is likely to be related to both
the ecology and nitrogen economy of different spe-
cies. The diversity of coloration patterns during
autumn senescence therefore may have important
ecological significance and the availability of
anthocyanin-deficient mutants provides further op-
portunities for understanding the physiological role
of anthocyanins in leaf senescence.
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MATERIALS AND METHODS
Plant Materials

Five shrubs of red-osier dogwood (Cornus stolonifera,
Cornaceae) were studied at Fresh Pond Reservoir Reserve
(Cambridge, MA) from July to early November of 1998 and
1999. Red-osier dogwood is a common shrub in the under-
story to sub-canopy of low-lying areas of eastern decidu-
ous forests in North America. In late-summer to early
autumn (August to September), leaves exposed to direct
sunlight turn reddish-purple due to the accumulation of
anthocyanins in their top surface, whereas the lower sur-
face remains green for as long as 3 weeks. Shaded leaves do
not accumulate anthocyanins and turn yellow as they se-
nesce. We used these populations of red- and yellow-
senescing autumn leaves as an experimental system for
investigating the effects of anthocyanins on light utilization
by chloroplasts. Paired red- and yellow-senescing leaves
were collected from each shrub. Leaves for physiological
studies and pigment contents were sampled in the morning
from 7 aM to 9 am and placed in moist plastic bags until
analysis later that day. PPFDs (400-700 nm) were measured
directly above red- and yellow-senescing leaves using a
hand-held light meter (LI-COR 190, LI-COR, Lincoln NE).
Red-senescing leaves occurred in environments that were
exposed to full sunlight for several hours of the day. Max-
imal PPFDs on clear days in these environments ranged
from 1,500 umol m~* s~ 'during the 1st week of September
to 1,350 umol m~ > s~ ' during the 2nd week of October.
Yellow-senescing leaves were not exposed to direct sun-
light; however, leaves were exposed to sun fleck PPFDs
ranging from 950 to 1,130 umol m™ > s~ .

Leaf Anatomy and Optical Properties

Fresh red- and yellow-senescing leaves of red-osier dog-
wood were hand sectioned with a razor blade. Leaf sec-
tions, approximately 15 um thick, were photographed with
slide film (Ektachrome 100, Kodak-Eastman, Rochester,
NY) at 1,000X. Using a slide projector, anatomical features
(thicknesses of the total leaf, the adaxial and abaxial epi-
dermal layer, the palisade, and the spongy mesophyll
layer) were measured with a ruler and converted to mi-
crometers relative to a scale standard that was also photo-
graphed at 1,000X.

Absorption spectra leaves were calculated from mea-
surements with a Li-1800 spectroradiometer (LI-COR) at-
tached to integrating sphere by fiber optics, using a barium
sulfate block as a reference. Prior to making these measure-
ments, leaves were washed with distilled water and blotted
gently with a paper towel. Leaf reflectance and transmit-
tance are respectively defined as the proportion of incident,
diffuse light that is reflected from, and transmitted through
the leaf. Absorbance was calculated as: absorbance = 1 —
reflectance — transmittance. Absorption spectra were de-
termined from 350 to 800 nm at a scanning interval of 2 nm.
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Pigment Quantification

Chlorophylls (chlorophyll 2 and b) and total carotenoids
(xanthophylls, lutein, and B-carotene) were extracted from
a 0.685-cm® leaf disc using 100% (v/v) N,N-
dimethylforamide without tissue disruption for 48 h at 3°C
in darkness. Concentrations were determined spectropho-
tometrically using the equations provided by Wellburn
(1994) for a 0.2-nm wavelength bandwidth and a Cary
model 219 spectrophotometer (Varian Inc., Palo Alto, CA).
Anthocyanins were extracted with N,N-dimethylforamide,
acidified with 0.1 N HCIL. We estimated total anthocyanins
as mg cm  in leaves, by subtracting the interference by
phaeophytin (Murray and Hackett, 1991; but using 0.55 X
Assy, appropriate for this solvent). We modified the specific
extinction coefficient for cyanidin-3-glucoside determined
by Fuleki and Francis (1968) for this solvent at 525 nm:
38 X 104 L g ' em™'. We also checked for additional
interference of soluble tannins by bleaching extracts with
30% (v/v) hydrogen peroxide (Lee et al., 1987).

Chlorophyll a Fluorescence Measurements

Chlorophyll a fluorescence parameters were determined
using a pulse amplitude modulated fluorometer (PAM-
2000, Heniz Walz, Effeltrich, Germany). For all experi-
ments, the fiber-optic light guide was positioned at 90°
relative to the lower leaf surface. Because most of the
fluorescence escaping from a leaf surface illuminated with
a red measuring beam (centered at 655 nm) originates from
the chloroplasts contained in the first few cell layers, our
measurements should sample a population of chloroplasts
located near the lower leaf surface (Bornmann et al., 1991;
Vogelmann, 1993; Vogelmann and Han, 2000). Minimal
fluorescence emission (F,) was determined using a nonac-
tinic measuring beam, following exposure to 10 s of far-red
illumination (at 710 nm) to ensure maximal PS II re-
oxidation (Feild et al., 1998). An 800-ms saturation pulse
was then used to determine the maximal fluorescence yield
(F,,). Dark-adapted values for F,, and F, were measured on
leaves placed in darkness for a minimum of 4 h to calculate
maximum PSII photon yield (F,/F,; F, = F,, — F,, Krause
and Weis, 1991). Previous studies have shown that a dark
period of 1 to 2 h at 20°C is generally sufficient for full
relaxation of the fluorescence quenching that is related to
the trans-thylakoid proton gradient (ApH), non-
photochemical quenching caused by the state 1 to state 2
transition, and slower components possibly related to sus-
tained zeaxanthin presence (Foyer et al., 1990; Long et al.,
1994; Horton et al., 1996).

The effective photon yield of PSII (®pgy, or AF/F.") was
calculated as (F,,’ — F)/F,,’, where F is the fluorescence
yield of the light-adapted sample at steady state and F,, is
the maximum light-adapted fluorescence yield when a sat-
urating light pulse of 800-ms duration (PPFD approxi-
mately 3,000 umol m~ 2 s~ ') is superimposed on the pre-
vailing environmental light intensity (Genty et al., 1989).
Light response functions relating ®pg,; to increasing inci-
dent light intensity were measured on detached leaves in a
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humidified chamber at constant gas concentration (380 uL
17! carbon dioxide, 21% [v/v] oxygen balanced with nitro-
gen gas) and temperature (20 * 2°C). &g was measured
as a function of increasing PPFD for leaves illuminated
either on their upper or lower leaf surface. Measurements
were made at approximately 50, 270, 950, 1,300, and 1,500
pmol m ™2 s~ !, with a minimum wait time of 20 min per
change in light intensity. Light was produced by a halogen
bulb filtered with 0.25 mm copper sulfate solution to
smooth spectral out from 530 to 700 nm (i.e. intensity was
even across these wavelengths because copper sulfate at-
tenuates the red tail emission by a halogen bulb). Emission
intensity across this waveband was checked with a spec-
troradiometer. F values were steady for at least 2 min
before application of a saturation pulse. Irradiating the
lower leaf surface allowed us to probe ®pg;; without an-
thocyanins (in the case of red-senescing leaves) affecting
the PPFD reaching the chloroplasts sampled with the mea-
suring beam. This provided baseline data on the compara-
bility of the light utilization capacity of lower surface chlo-
roplasts in red- and yellow-senescing leaves. Irradiating
the top leaf surface allowed us to examine the effect of an
anthocyanin layer on ®pg; light response of lower surface
chloroplasts in red-senescing leaves compared with
yellow-senescing leaves.

Relaxation kinetics of PSII down-regulation were deter-
mined by measuring the recovery of effective PSII photon
yield in the dark (F,'/F,,’, relative to the dark-adapted
value for each leaf measured before treatment) following
30 min of exposure to high light intensity similar to peak
midday intensities for unshaded red-osier dogwood leaves
in the field. In these experiments, the top surfaces of red-
and yellow-senescing leaves were illuminated with actinic
light and chlorophyll fluorescence measured from the leaf
lower surface. We also investigated the effect of light qual-
ity on the relaxation kinetics of non-photochemical quench-
ing. Appropriate wavelengths of light captured versus
those that largely bypass anthocyanins were determined
from analysis of leaf absorption spectra. Blue-enriched
light (400-550 nm) was produced using a 550-nm low-pass
filter (peak 537 nm, Andover Filters, Salem, NH) and red-
enriched light (640-710 nm) produced with a 640-nm high-
pass filter (peak 650 nm, Andover Filters). Actinic PPFD
was 1,500 + 50 wmol m ™2 s~ '. Tramittance was 80% to 90%
across the respective wavelengths produced by blue- and
red-light treatments.

Leaf Nitrogen Analysis

Leaf nitrogen concentration (percentage of leaf dry
mass) was determined using a carbon-nitrogen analyzer
(ANCA-sl, Europa Scientific, Cheshire, UK). Leaves were
sampled at mid-summer (July 18, 1999) and at abscission
(November 5, 1999). Abscised leaves were sampled by
gently shaking branches and collecting the dislodged
leaves. Leaf samples were cleaned with a dry paper towel
prior to oven drying at 60°C for 24 h.
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