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Summary We evaluated factors influencing the develop-
ment of autumn red coloration in leaves of sugar maple (Acer
saccharum Marsh.) by measuring mineral nutrient and carbo-
hydrate concentrations, water content, and phenology of color
development of leaves from 16 mature open-grown trees on 12
dates from June through October 1999. Mean foliar nutrient
and carbohydrate concentrations and water content were gen-
erally within the range published for healthy sugar maple trees.
However, foliar nitrogen (N) concentrations were near defi-
ciency values for some trees. The timing and extent of red leaf
coloration was consistently correlated with both foliar N con-
centrations and starch or sugar concentrations, which also var-
ied with N status. Leaves of trees with low foliar N concentra-
tions turned red earlier and more completely than those of trees
with high foliar N concentrations. Low-N trees also had higher
foliar starch concentrations than high-N trees. During the au-
tumn development of red leaf coloration, foliar starch, glucose
and fructose concentrations were positively correlated with red
leaf color expression. At peak red expression, the concentra-
tions of glucose, fructose, sucrose and stachyose were all posi-
tively correlated with red color expressed as a percent of total
leaf area.

Keywords: anthocyanins, carbohydrates, fall color, leaves, ni-
trogen.

Introduction

The biochemistry and physiology of autumn chlorophyll deg-
radation in response to decreasing temperature and photo-
period have been described in detail (Buchanan-Wollaston
1997, Matile 2000, Thomas et al. 2001). However, the physio-
logical significance of autumn leaf coloration through antho-
cyanin accumulation is not well understood (but see Hoch et
al. 2001).

Anthocyanins are water-soluble pigments derived from fla-
vonoid precursors via the shikimic acid pathway (Chalker-
Scott 1999). Anthocyanins accumulate in cell vacuoles

(Chalker-Scott 1999) and, in Acer species, accretion is usually
specific to the palisade mesophyll (Ishikura 1973). Although
many anthocyanin variants exist, cyanidin 3-glucoside and
cyanidin 3-galloylglucoside predominate in sugar maple (Acer
saccharum Marsh.) during autumn, comprising 82 and 17% of
all anthocyanins, respectively (Ji et al. 1992).

Many factors, including UV-B radiation (Mendez et al.
1999), osmotic stress (Kaliamoorthy and Rao 1994), drought
(Balakumar et al. 1993), low temperature (Krol et al. 1995),
nutrient deficiency (Rajendran et al. 1992), wounding
(Ferreres et al. 1997), pathogen infection (Dixon et al. 1994)
and ozone exposure (Foot et al. 1996) can elicit anthocyanin
biosynthesis. Because anthocyanin production has a metabolic
cost (requiring additional modification of flavononal precur-
sors), it is generally assumed that it must provide some com-
pensatory benefit (Chalker-Scott 1999). For example, because
anthocyanins are less susceptible to degradation by irradiation
than chlorophylls, it has been suggested that photoinduced
anthocyanins protect shade-adapted chloroplasts from brief
exposure to high solar irradiance (Gould et al. 2000). This pro-
tection may involve both photoprotective and antioxidant ac-
tivities of anthocyanins (Lee and Gould 2002). Furthermore,
anthocyanins absorb UV-B, thereby limiting damage to photo-
synthetic systems (Burger and Edwards 1996); however, this
protection may be limited (Woodall and Stewart 1998). In ad-
dition, anthocyanins are osmotically active, so enhanced ex-
pression may increase both cold hardiness and drought resis-
tance through increased osmotic control (Chalker-Scott 1999).

Recent work on woody species has emphasized the poten-
tial value of anthocyanins as a “light screen” that protects the
photosynthetic apparatus of senescing leaves and enables pro-
longed nutrient absorption before abscission (Feild et al. 2001,
Hoch et al. 2001). However, it is uncertain how existing theo-
ries account for the considerable within-species variation in
anthocyanin production (Chang et al. 1989) and other incon-
sistencies in red leaf coloration (red expression) among native
trees and populations (Matile 2000).
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New information about the causes and physiology of red
expression may assist development of models for predicting
the timing and quality of autumn leaf coloration. In addition, a
detailed understanding of the linkage between stress exposure
and anthocyanin production could provide insight into plant
stress response systems, and help assess the utility of leaf color
analysis as an indicator of stress. In particular, quantitative as-
sessment of red coloration of leaves by remote sensing tech-
nologies may facilitate detection of forest stress at the
landscape level.

To assess the environmental and physiological factors that
influence the timing and extent of autumn red leaf coloration
in Vermont sugar maple, we determined mineral nutrient and
carbohydrate concentrations, water content, and phenology of
color development in leaves of 16 open-grown trees from June
through October. Computer image analysis was used to quan-
tify leaf color.

Methods

Plant material and climate data

Sixteen open-grown sugar maple trees at the USDA Forest
Service Northeastern Research Station in South Burlington,
Vermont, USA (elevation 92 m) were sampled on 12 dates
between June and October 1999. Five sun-exposed branches
about 50 cm long were randomly collected from the lower half
of the southern aspect of each tree on each date. A subset of
five leaves with no obvious damage was randomly selected
from each branch for use in subsequent analyses.

For each branch, one leaf was retained for water content
analysis. The remaining four leaves were used for chemical
and color analyses. Five leaf tissue disks (0.5 cm in diameter)
were removed from each of the four leaves and preserved in
80% ethanol at -5 °C for subsequent carbohydrate analysis.
Remaining leaf material was scanned to produce digital im-
ages for color analysis. After scanning, leaves were oven-dried
(65 °C for 96 h) and ground to 0.5-mm particles for nutrient
analysis.

Climatic data (including day length and air temperature)
were obtained from the National Weather Service in Burling-
ton, VT, located about 3.2 km from the study site.

Carbohydrate analysis

Soluble carbohydrates were measured by methods adapted
from Hinesley et al. (1992). After extraction of the tissue with
ethanol, chlorophyll was separated from soluble sugars in the
the ethanol supernatant with a Waters C,g Sep-Pak Plus Car-
tridge (Millipore, Milford, MA). A subsample of the filtered
supernatant was dried at 37 °C in a limited volume insert, re-
constituted in 200 ul of 0.1 mM Ca EDTA and filtered through
a 0.45-um syringe filter. Samples were analyzed for glucose,
fructose, sucrose, stachyose, raffinose and xylose with a Wa-
ters HPLC with a Sugar-Pak column. The column was main-
tained at 90 °C and 0.1 mM Ca EDTA was used as the solvent
at a flow rate of 0.6 ml min~". Sugar concentrations were quan-
tified with Waters Millennium™ 2000 software and expressed

as mg cm leaf area. The pellet from the ethanol extract was
gelatinized with 0.2 N KOH, boiled for 30 minutes in a water
bath, and neutralized with 1 M acetic acid. The solubilized
starch was then hydrolyzed to glucose with amyloglucosidase
(#10115, Fluka Chemical, Ronkonkoma, NY) in 0.1 M acetate
buffer (pH 4.5), incubated at 55 °C for 30 min, and the reaction
terminated by boiling for 4 min. The supernatant was centri-
fuged for 10 min at 1000 g, and starch quantified by assaying
for glucose (glucose assay 115-A, Sigma Chemical, St. Louis,
MO) as described by Hendrix (1993). Absorbance at 492 nm
of samples and glucose standards was determined with an
Inter-Med TIM-200 ELISA plate reader. Starch concentration
was calculated based on glucose standard curves and ex-
pressed as mg cm ™ leaf area.

Foliar chemistry and water content

Nitrogen (N) concentration of ground foliar samples (about
4 mg each) was determined with a CHN elemental analyzer
(CEC Elemental Analyzer Model 440 with PC Compati-
ble/CEC-490 Interface Unit, Leeman Laboratories, Lowell,
MA). Remaining foliar tissue was digested with nitric acid and
hydrogen peroxide for cation analysis (Jones and Case 1990).
Digestions of 0.5 g of tissue were performed in 75-ml reflux
tubes in an AD-4020 block digestor (Westco Scientific Instru-
ments, Danbury, CT). Samples were predigested in 5 ml of
concentrated nitric acid at room temperature overnight, and
then digested for 1 h at 120 °C, followed by two incubations in
5 ml of 30% hydrogen peroxide at 120 °C for 30 min. Digests
were diluted to 75 ml with distilled deionized water and ana-
lyzed for a broad spectrum of cations by inductively coupled
plasma atomic emission spectroscopy (ICPAES, PlasmaSpec
2.5, Leeman Labs). Peach leaf standards from the National In-
stitute of Standards and Technology (SRM 1547) were also
digested and analyzed for comparison. Water content was de-
termined as the difference between fresh and dry mass of one
leaf per branch subsample.

Foliar color analysis

Leaf color was measured by digital image analysis. On the day
of collection, leaves were scanned at 250 dpi on an Epson Per-
fection 1200U color scanner (Epson America, Torrance, CA)
and saved in tag image file format (TIFF). The scanner was
calibrated with system software to ensure that the tone and
contrast on the screen matched the original image. All image
analyses were conducted with the public domain NIH Image
program (developed at the U.S. National Institute of Health
and available at http://rsb.info.nih.gov/nih-image/). Necrotic
(brown) portions of leaves were graphically removed and
omitted from color analysis. Each scanned leaf image was ma-
nipulated in NIH Image where it was separated into 2-dimen-
sional images (a black and white image and an 8-bit indexed
color image) each comprising three slices (image layers).
These 2-dimensional images were “stacked” in order to view
all three slices. From the black and white stack, the slice with
the greatest contrast between leaf and background was se-
lected for rank filtering, inverted, thresholded and made bi-
nary. The color image was converted from RGB (red, green,
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blue) to HSV (hue, saturation, value) and then stacked to make
visible all three of its individual slices. A final leaf image was
produced by adding the binary image and the hue slice in im-
age math (an NIH Image subroutine). Using this image and the
NIH Image look-up table for RGB color, green (RGB =
000,255,118 to 193,255,000), yellow (RGB = 255,090,000 to
199,255,000) and red (RGB = 255,084,000 to 255,000,060)
pixels were identified for each leaf and their corresponding ar-
eas quantified. Color values were calculated as a percent of to-
tal area on a leaf-by-leaf basis. Individual leaf values were
then used to calculate branch and tree color means.

Through auxiliary analysis we determined that red leaf col-
oration measured by computer image analysis is highly corre-
lated (r = 0.877, P = 0.001, n = 22) with spectrophotometri-
cally measured anthocyanin concentrations of sugar maple
leaves (data not shown). For this assessment, chlorophyll and
carotenoid pigments were first extracted in acetone and water,
and then anthocyanin concentrations were determined from
methanol extracts (Gould et al. 2000).

Statistical analyses

Dunnett’s tests were used to ascertain the first date of signifi-
cant change in foliar green, yellow and red coloration during
the sampling season. Correlation analyses were conducted to
examine relationships among environmental, leaf color and
leaf constituent values. Seasonal patterns in coloration were
assessed on the basis of mean stand leaf color calculated from
whole-tree averages. To assess which constituents might be
good predictors of the timing of red color development, we
tested relationships between the number of days from bud
break to initial red color development and concentrations of
leaf constituents for each tree on June 30, the only sample date
when no red coloration was detected. To evaluate which con-
stituents best predicted the degree of red color expression, we
determined correlations between measurements of the peak
percent red color and foliar constituent concentrations for
trees on each sample date up to and including the day when
percent red significantly increased. To provide a finer degree
of assessment at peak coloration, correlations between leaf
constituents and the percent red of individual branches were
calculated for the date with the highest mean red color expres-
sion. Seasonal data were transformed when necessary to sat-
isfy the statistical assumption of homogeneity of variance
among dates. Transformations used the slope of the linear rela-
tionship of date means and standard deviations as a power
function (Montgomery 2001). For all analyses, differences
were considered statistically significant if P < 0.05.

Results and discussion

Seasonal changes in leaf color

Mean stand leaf color followed expected seasonal patterns of
development, progressing from uniformly green to increasing
percentages of red and yellow (Figure 1). However, results of
Dunnett’s tests indicated that the timing of seasonal change
was not uniform among colors. The first significant change in

color was an increase in the mean percent red on September 28
(photoperiod = 11.9 h; the preceding week’s mean minimum
temperature was 7.8 °C). A significant reduction in mean per-
cent green and an increase in percent yellow were first de-
tected on October 13 (photoperiod = 11.1 h; the preceding
week’s mean minimum temperature was 2.8 °C). The apparent
decline in red during mid-October (Figure 1) was a result of
early abscission of red leaves relative to yellow leaves.

The two environmental factors most often associated with
autumn color change and leaf senescence are decreasing pho-
toperiod and temperature (Addicott 1982, Kozlowski and Pal-
lardy 1997). We found that day length and mean minimum air
temperature were significantly correlated with mean percent
color over the sampling period (Table 1), and that curvilinear
relationships provided a better fit (higher r and lower P)
because abrupt deviations from baseline color intensities oc-
curred. The confounding influence of day length on air tem-
perature (linear correlation r = —0.88, P < 0.01) prevented
independent assessment of these factors.

Because sampling was limited to one season, a comprehen-
sive assessment of color phenology was not possible. How-
ever, the relative timing of observed color changes highlighted
differences in the sensitivity of foliar pigments to low temper-
atures. The appearance of yellow is dependent on the break-
down of carotenoid-masking chlorophylls (Kozlowski and
Pallardy 1997, Matile 2000). This linkage accounted for the
synchronous change in green and yellow (Figure 1). The oc-
currence of this change on the sample date immediately fol-
lowing the first frost (October 6) accords with the known
sensitivity of chlorophyll to low temperatures (Kozlowski and
Pallardy 1997). Freezing damages chloroplast membranes
(Senser et al. 1975, Hincha et al. 1993) and releases chloro-
phyll that must be detoxified to prevent uncontrolled photo-
oxidative damage (Matile 2000, Thomas et al. 2001). The
resulting chlorophyll catabolism involves the oxygenolytic
opening of the porphyrin macrocycle, leading to loss of green
coloration and photodynamic inactivation of the molecule
(Matile 2000). In contrast to chlorophyll, carotenoids are
resistent to autumn degradation (Matile 2000).

Low temperatures also induce anthocyanin biosynthesis
(e.g., Krol et al. 1995, Oren-Shamir and Levi-Nissim 1997,
Graham 1998). Consistent with this finding, the majority of
red color expression detected in our study occurred after the
October 6 frost. However, significant increases in red first oc-
curred 2 weeks before October 6, indicating that cues other
than frost must have triggered initial anthocyanin increases.

Although stand-based means are useful for examining over-
all trends in color expression, they mask substantial tree-to-
tree variability in the timing (number of days between bud
break and the first expression of > 5% red + yellow) and de-
gree (maximum percent red) of color development. For exam-
ple, timing of initial color development for individual trees
ranged from August 2 to October 19. The degree of maximum
red color also varied greatly among trees, ranging from 1 to
91%. There was a significant negative correlation between the
timing and degree of color development (r =-0.71, P = 0.01).
In general, the sooner a tree turned color, the more likely it was
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Figure 1. Stand means (+ 1
SE) for green (a), yellow (b)
and red (c) leaf color on all
dates sampled from June
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termined by a Dunnett’s test.
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to express a high proportion of red. The association of reduced
leaf longevity with enhanced red coloration is consistent with
reports that environmental stress can accelerate senescence
(Burke et al. 1992) and stimulate anthocyanin biosynthesis
(Chalker-Scott 1999).

Leaf constituents preceding red color development

To better assess the physiological and nutritional precursors of
red coloration, we periodically measured leaf nutrient concen-
trations, carbohydrate concentrations and water content. Mean

10/6 10/20 11/3

mean minimum temperature
between sample dates (@) are
also shown (d).

concentrations and standard errors of these parameters in Au-
gust, as well as minimum and maximum mean values over all
sample dates, are shown in Table 2. Most constituents either
significantly increased or decreased over time (Table 2). Al-
though August means of foliar nutrients were generaily within
the range published for healthy sugar maple trees, phosphorus
concentrations were high relative to regional means (Burton et
al. 1993, Kolb and McCormick 1993, Horsley et al. 2000). Ni-
trogen was the only nutrient that approached deficiency val-
ues. Foliar N concentrations for the 25% of trees with the

Table 1. Linear and quadratic relationships between mean stand percent color and day length or mean minimum temperature for sample dates from

June through October 1999.
Mean color (%) Day length (h) Mean minimum temperature (°C)
Linear relationship Quadratic relationship Linear relationship Quadratic relationship
r 4 r r P r P
Green 0.760 0.004 0.950 0.001 0.850 0.005 0.940 0.001
Yellow 0.680 0.015 0.920 0.001 0.720 0.008 0.820 0.006
Red 0.700 0.011 0.760 0.019 0.870 0.003 0.920 0.001
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Table 2. August means and standard errors, seasonal minimum and maximum concentrations of foliar nutrients and carbohydrates, and water con-
tent based on 12 sample dates. Correlation coefficients () and P values for correlations of Julian date and mean stand foliar constituents are also

shown. The r and P values are in bold when P < 0.05.

Constituent August Seasonal
Mean SE Minimum Maximum r P

Al (gkg™ 0.032 0.001 0.020 0.050 -0.580 0.048
Ca(gkg™) 18.260 0.770 12.650 25.600 0.970 <0.001
Fe (gkg™) 0.110 0.010 0.070 0.120 -0.784 0.003
K(gkg™ 6.910 0.100 4.680 7.020 -0.644 0.024
Mg (gkg™) 1.930 0.020 1.770 2.300 0.530 0.076
P(gkg™) 2.750 0.080 2.170 3.840 0.843 0.001
N(gkg™) 18.900 0.300 7.420 19.536 -0.812 0.001
Water content (g kg™!) 515.400 12.100 490.783 586.648 0.528 0.078
Starch (mg cm™2) 0.159 0.014 0.010 0.259 -0.625 0.030
Fructose (mg cm™2) 0.006 0.002 0.002 0.070 0.477 0.117
Glucose (mg cm™2) 0.012 0.005 0.002 0.047 0.072 0.824
Raffinose (mg cm™?) 0.036 0.021 0.015 0.086 0.746 0.005
Stachyose (mg cm™?) 0.036 0.018 0.000 0.088 -0.832 0.001
Sucrose (mg cm™2) 0.106 0.023 0.012 0.177 -0.250 0.433
Xylose (mg cm™2) 0.172 0.017 0.027 0.204 -0.727 0.007

highest concentrations averaged 20.1 g kg™’ during August,
well within the range of 16.0 to 23.2 g kg™ summarized by
Kolb and McCormick (1993) for sugar maple trees. In con-
trast, concentrations for the 25% of trees with the lowest foliar
N concentrations averaged only 16.9 gkg™', which was signif-
icantly different from the mean N concentration of the high-N
trees (P < 0.001). This N concentration is near the low limit re-
ported for native maple trees, and is below the concentration
reported for low quality maple stands in Vermont (Wilmot et
al. 1995). Importantly, an N concentration of 16.9 g kg™ is
similar to concentrations reported for sugar maple seedlings
with N-limited growth (Walters and Reich 1997), and is below
the mean N concentration in maple saplings for which N con-
centration and diameter at breast height (1.3 m) were nega-
tively correlated (Ouimet and Fortin 1992). In addition, our
trees spanned the range of N concentrations over which a posi-
tive linear relationship between foliar N and net photosynthe-
sis has been found in sugar maple trees (P < 0.001, r* = 0.60;
Ellsworth and Liu 1994). Among other possible influences,
low N concentrations likely limited the photosynthetic capac-
ity of some study trees.

Foliar water contents averaged 51.5% during August and
ranged from 49.0 to 58.6% during the sampling period (Ta-
ble 2). In August, water content values were slightly lower
than those published for greenhouse-grown sugar maple seed-
lings (Agrell et al. 2000), but were comparable to those re-
ported for other native hardwoods during the growing season
(Murakami and Wada 1997). Mean starch and sucrose concen-
trations in August are consistent with growing season concen-
trations reported for sugar maple (Liu et al. 1997). The total
concentration of other sugars was about twice the foliar starch
concentration, as found by Burke et al. (1992).

Nitrogen concentrations were positively correlated with the
timing of red coloration, whereas starch concentrations were
negatively correlated (Table 3). In general, trees with lower fo-

liar N and higher foliar starch concentrations in late June ex-
hibited red coloration earlier than other trees. We also assessed
which constituents best predicted the subsequent degree of red
color expression. Of the many constituents evaluated, few
showed a consistent association with peak red color (Table 4).
Two exceptions to this trend are noteworthy: (1) N concentra-
tion was negatively correlated with the percent peak red color-
ation on seven of the eight dates assessed; and (2) starch
concentration was positively correlated with percent peak red
coloration on five of the six sample dates immediately preced-
ing red color initiation. Foliar concentrations of glucose, fruc-
tose and xylose were correlated with peak red for several dates
in August and September (Table 4). The strength of correla-

Table 3. Correlation coefficients (r) and P values for mean tree leaf
constituents on June 30 versus the number of days between bud break
and the onset of fall color. The r and P values are in bold when P <
0.05.

Constituent r P

Al(gkg™) 0.101 0.710
Ca(gkg™) -0.086 0.752
Fe (gkg™) -0.246 0.359
K(gkg™ 0.127 0.640
Mg (gkg™h 0.035 0.898
P(gkg™h -0.219 0.415
N(gkg™) 0.702 0.002
Water content (g kg™") 0.160 0.553
Starch (mg cm™2) -0.794 < 0.001
Fructose (mg cm™2) 0.374 0.153
Glucose (mg cm™?) 0.275 0.302
Raffinose (mg cm™2) 0.259 0.334
Stachyose (mg cm™2) 0.268 0.316
Sucrose (mg cm™?) -0.264 0.323
Xylose (mg cm™2) 0.378 0.148
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tions of glucose and fructose with peak red coloration in-
creased just before the first significant development of red
coloration. Foliar Mg and P concentrations were positively
correlated with red color expression on only one date (Au-
gust 2).

In addition to their close correlation with red color expres-
sion, foliar N and starch concentrations were themselves sig-
nificantly correlated. In accordance with well-established evi-
dence that N deficiency results in enhanced foliar starch
accumulation (Marschner 1995), starch was negatively corre-
lated with N concentrations from the start of sampling through
early September (Table 5). This association dissipated, and a
negative correlation between N and glucose and fructose con-
centrations emerged as stand-wide red coloration developed.
Foliar N was positively correlated with xylose concentration
throughout the growing season (Table 5). The tendency for
low-N trees to produce little xylose (a structural carbohydrate
used in cell wall growth and development; Buchanan et al.
2000) is another indication that N limitations affected leaf bio-
chemistry.

Leaf constituents during peak expression of red

The highest overall red color expression was observed on Oc-
tober 13, 1999, when N concentration was negatively corre-
lated with percent red, but starch concentration was not
significantly associated (Table 6). Instead, concentrations of
four sugars (glucose, fructose, sucrose and stachyose) were all
positively and highly correlated with percent red. Foliar con-
centrations of raffinose, Mn and K were negatively correlated
with red coloration, but these associations were weak (Ta-
ble 6).

Possible role of anthocyanins

Among the parameters assessed, N, starch and sugar concen-
trations were most consistently associated with the timing and
degree of red color development, and show the most promise
as predictors of red color expression. Further evaluation of
these constituents could help elucidate the role(s) that antho-
cyanins play in senescing leaves.

Recent research has highlighted the potential role of antho-
cyanins in facilitating protracted nutrient recovery from the
leaves of woody plants during leaf senescence. Feild et al.
(2001) noted that red-senescing leaves of red-osier dogwood
(Cornus stolonifera Michx.) absorbed more light in the blue-
green to orange wavelengths and had higher maximum photo-
system II photon yields following high light stress than did
yellow senescing leaves. They proposed that, by acting as an
optical screen that reduces the light capture of senescing chlo-
roplasts, anthocyanins provide photoprotection during the dis-
mantling of the photosynthetic apparatus, thereby reducing
the photooxidative damage and fostering more complete nutri-
ent recovery from senescing leaves (Feild et al. 2001). Hoch et
al. (2001) compared the anthocyanin production capacity of
nine woody genera and observed that species at greatest risk of
photoinhibition during leaf senescence (e.g., shade-tolerant
late successional species and plants native to cold environ-

ments) have the highest capacities for anthocyanin production,
a pattern consistent with the light screen hypothesis. They pro-
posed that the primary function of autumn anthocyanin pro-
duction is to protect the photosynthetic apparatus from
photooxidative damage, prolong carbon capture, and help sup-
ply the energy and osmotic control needed for phloem export
of nutrients from senescing leaves (Hoch et al. 2001). Feild et
al. (2001) speculated that the importance of anthocyanin pho-
toprotection may be related to both the ecology and N econ-
omy of species. We propose that variations in N nutrition may
also help account for differences in anthocyanin expression
among trees.

We found that both the timing (Table 3) and extent (Table 4)
of red color development were significantly correlated with
foliar N concentration: low-N trees turned red earlier and more
completely than high N-trees. Low-N trees also had higher fo-
liar starch concentrations (Table 5). In addition to N, carbohy-
drate concentrations were related to red coloration. During the
transition to red color expression, foliar starch concentrations,
and then concentrations of glucose and fructose (metabolic
precursors of anthocyanins), were positively correlated with
red coloration (Table 4). Furthermore, at peak red color ex-
pression (October 13), the concentrations of glucose, fructose,
sucrose and stachyose were all positively correlated with per-
cent red (Table 6).

Nitrogen deficiency leads to an accumulation of foliar
starch (Marschner 1995). For our trees, low N concentration
was significantly associated with high starch concentration
during the growing season and high glucose and fructose con-
centrations as autumn approached (Table 5). This change
could reflect a conversion of starch to sugar over time. In-
creased carbohydrate concentrations during autumn may indi-
rectly enhance red color expression by providing readily avail-
able energy and biochemical building blocks for anthocyanin
production (Ishikura 1973). Elevated sugar concentrations
(Tholakalabavi et al. 1997, Vitrac et al. 2000) and N deficiency
(Rajendran et al. 1992, Bongue-Bartelsman and Phillips 1995)
have also been implicated as biochemical signals that induce
anthocyanin production.

Although our data highlight interesting correlations be-
tween red coloration and several important leaf constituents,
these relationships do not confirm any causative association
among parameters. However, combined with experimental ev-
idence from herbaceous plant studies, our findings are consis-
tent with the hypothesized role of anthocyanins in supporting
nutrient recovery during leaf senescence. Within this context,
we propose that: (1) variations in foliar N among our study
trees contributed to differences in foliar carbohydrate storage;
(2) the resulting ranges of foliar N and carbohydrate concen-
trations created a spectrum of sugar- and N-induced antho-
cyanin biosynthesis signals that unequally promoted antho-
cyanin production; and (3) disparities in carbohydrate storage
differentially provided the building blocks and energy needed
for anthocyanin synthesis. Enhanced protection of leaf photo-
systems by anthocyanins would be particularly advantageous
for low-N trees with diminished photosynthetic capacities.
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Table 4. Correlation coefficients (r) and P values for the correlation of mean tree foliar constituents on eight sample dates and final peak red color (%). The r and P values are in bold when P < 0.05.

Constituent June 30 August 2 August 17 August 30 September 7 September 14 September 21 September 28

r P r P r P r P r P r P r P r P
Algkg™) 0.079 0.771 0.724 0305 0.289 0277 0.118  0.663 0.025  0.928 -0.066 0809 -0.215 0425 0.074 0.787
Ca(gkg™ 0.102  0.707 0.199  0.460 -0.162  0.548 -0.068  0.801 -0.098 0.717 —0.043 0873 -0.094 0.728 —0.030 0.912
Fe(gkg™) 0.032 0908 0224 0405 0.101  0.711 0082  0.763 0.056  0.836 -0.062 0.821 -0.006 0983 0.202 0.453
Kgkg™ -0.199 0461 -0.057  0.833 -0.037  0.892 -0.049  0.856 0.043 0873 -0.096 0724 -0.221 0411 —0.188 0.485
Mg(gke™) 0398  0.127 0.646  0.007 0217 0420 0246  0.358 0.224  0.405 0.448 0.082 0208  0.440 0.145 0.592
P(gkg™) 0274  0.305 0571  0.021 0290 0277 0280  0.294 0394  0.131 0.366 0.163 0347  0.188 0.305 0.251
N(gkg™ ~0.735  0.001 -0.630  0.009 -0.720  0.002 -0.764  0.001 -0.738  0.001 ~0.776 <0.001 0426 0.100 -0.682 0.005
Water content (g kg™") -0.144  0.595 0402  0.123 -0.098 0.781 -0.017 0951 0.067 0.804 0.143 0597 -0.326 0218 -0.010 0971
Starch (mg cm™2) 0488  0.055 0.409  0.116 0.762  0.001 0.642  0.007 0337  0.202 0.584 0.017 0.604  0.013 0.631 0.009
Fructose (mg cm™2) -0465  0.070 -0.095  0.727 0466  0.069 0.027 0922 0.518  0.040 0.269 0.314 0.446  0.083 0.495 0.050
Glucose (mg cm ™) -0318  0.231 0.081  0.764 0367 0.163 0442  0.086 0422  0.104 0.217 0.420 0.526  0.037 0.674 0.004
Raffinose (mg cm™2) -0.005 0986 -0400 0.124 -0.240 0370 0259 0.333 0214 0426 0.166 0.538 0.099  0.716 0.185 0.492
Stachyose (mg cm™2) -0.019 0944 -0.073  0.789 0.001  0.998 0.159  0.556 0.008 0976 —0.298 0.262 0.183  0.496 —0.434 0.093
Sucrose (mg cm™2) 0487  0.056 0.133  0.623 0326 0219 0356 0.176 0.140  0.606 0.185 0.493 0248  0.354 0472 0.065
Xylose (mg cm™2) -0.286  0.282 -0.569  0.022 -0.201  0.456 -0.381  0.145 -0.585  0.017 —-0.564 0.023 -0.206 0445 —0.282 0.291

Table 5. Correlation coefficients (r) and P values for the correlation of mean tree foliar N concentration (%

opment. The r and P values are in bold when P < 0.05.

) with mean tree foliar starch or sugar concentrations for sampling dates before significant red color devel-

Constituent June 30 August 2 August 17 August 30 September 7 September 14 September 21
r P r P r P r P r P r P r P

Starch (mg cm™2) -0.410 0.000 -0.360 0.016 -0.470 <0.001 -0.330 0.022 -0.330 0.049 -0.230 0.122 -0.150 0.340
Fructose (mg cm™2) 0.340 0.002 0.010 0.786 -0.110 0.425 0.180 0.218 -0.420 0.008 -0.350 0.021 -0.500 0.001
Glucose (mg cm™?) 0.380 0.001 -0.040 0.770 -0.230 0.120 -0.170 0.260 -0.260 0.250 -0.360 0.010 -0.600 0.001
Raffinose (mg cm™2) ~-0.160 0.153 0.050 0.723 0.010 0.898 0.020 0.901 -0.240 0.154 -0.270 0.080 -0.210 0.162
Stachyose (mg cm™?) 0.100 0.386 -0.220 0.132 0.010 0.828 0.060 0.685 -0.090 0.606 0.170 0.261 0.010 0.904
Sucrose (mg cm™?) 0.050 0.650 0.010 0.965 0.120 0.343 0.170 0.245 0.020 0.917 0.010 0.994 -0.140 0.360
Xylose (mg cm™2) 0.390 0.003 0.310 0.038 0.080 0.504 0.360 0.013 0.570 <0.001 0.410 0.005 0.010 0.937
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Table 6. Correlations of leaf constituents and percent red of individual
branches of sugar maple trees on October 13, 1999, the date with the
highest mean expression of red color. The r and P values are in bold
when P < 0.05.

Constituent r P

Al (gkg™") -0.115 0.310
Ca(gkg™ -0.166 0.145
Fe (gkg™") 0.163 0.154
K(gkg™ -0.368 0.001
Mg (gkg™") 0.095 0.403
P(gkg™) 0.191 0.089
N(gkg™) -0.552 0.001
Water content (g kg™!) -0.061 0.599
Starch (mg cm™2) 0.152 0.179
Fructose (mg cm™2) 0.652 <0.001
Glucose (mg cm™?) 0.632 < 0.001
Raffinose (mg cm™2) -0.266 0.018
Stachyose (mg cm™2) 0.463 < 0.001
Sucrose (mg cm™?) 0.436 <0.001
Xylose (mg cm™?) -0.063 0.580

We believe that biochemical connections among N nutri-
tion, carbohydrate relations and anthocyanin biosynthesis help
provide an explanation for the greater red coloration of low-N
trees in our study. These connections also suggest an explana-
tion for tree-to-tree differences in red color expression within
the context of the light screen hypothesis. Interdependencies
of N, carbohydrate and anthocyanin biochemistry would favor
facultative anthocyanin production that would be preferen-
tially expressed when N availability is limited, photosynthetic
capacity is low, and N resorption is most beneficial to the tree.
Experimental evidence for the nutritional control of resorption
efficiency (percent reduction of a nutrient between green and
senesced leaves) has been inconsistent (Aerts 1996). However,
resorption proficiency (control of the minimum nutrient con-
centration of senesced leaves) appears to be responsive to nu-
tritional cues and may have adaptive significance (Killingbeck
1996). The ability to alter anthocyanin production and mini-
mize the nutrient concentrations of senesced leaves in re-
sponse to localized conditions could help trees survive spatial
(microsite) and temporal (e.g., drought induced) nutrient limi-
tations.

Nitrogen concentration was the factor best associated with
the timing and intensity of red coloration in our study. How-
ever, there are many additional elicitors of anthocyanin bio-
synthesis (e.g., drought or fungal infection), which, under ap-
propriate conditions, may play an important role in triggering
red leaf coloration. Considering the many factors that trigger
anthocyanin biosynthesis and the broad physiological activity
of these pigments, it has been proposed that their chief role
may lie in providing a generalized resistance to a spectrum of
stress agents (Chalker-Scott 1999). This resistance may prove
beneficial following any stress that reduces leaf longevity be-
cause at least one negative consequence of early abscission
(elevated nutrient and carbohydrate loss) might be reduced.

Differential expression of anthocyanins among plants with-
in a population or in a single plant over time may represent an
integration of spatial and temporal stresses that influence leaf
senescence and anthocyanin biosynthesis. Experimental ma-
nipulations are needed to test hypothesized links between en-
vironmental stress, anthocyanin accumulation, enhanced nu-
trient recovery during senescence, and possible improvements
in adaptive fitness. If a general relationship between antho-
cyanin biosynthesis and stress is substantiated, red leaf color-
ation could be useful as an indicator of tree health at a range of
scales, including landscape-level assessments by remote sens-
ing.
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