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Do aphids paint the tree red (or yellow)—can herbivore
resistance or photoprotection explain colourful leaves

in autumn?
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Abstract We explored two mutually nonexclu-
sive hypotheses on autumnal leaf colouration.
The co-evolutionary hypothesis states that autum-
nal leaf colouration functions as a handicap signal
to herbivorous insects, whereas the photoprotec-
tion hypothesis posits that plant pigments pri-
marily protect the plant against cold-induced
photoinhibition and enhance nutrient transfer.
To contrast both hypotheses, we compared yellow
and red leaf colouration in three groups of
mountain ash (Sorbus aucuparia L.). Two mon-
tane groups of different age were characterised by
low aphid numbers and low temperature, and a
lowland group by high aphid numbers and high
temperature. There were no consistent altitudinal
differences in leaf colouration. Compared to
young trees, adult trees developed fewer red but
more yellow leaves at high altitude. In the
lowland population, the development of red leaf
colour was related to decreasing daytime temper-
ature, whereas the appearance of yellow leaf
colouration corresponded to the decreasing pho-
toperiod. This is consistent with the photoprotec-
tion hypothesis. Individual differences in red and
yellow leaf colouration were inversely correlated
to the number of fruits, which might be
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interpreted as a trade-off between reproductive
and protective commitment.Temperature effects
explained variation in aphid numbers over time
and leaf colouration explained aphid distribution
on a given day. As predicted by the co-evolution-
ary hypothesis, strongly coloured individuals har-
boured fewer aphids than green or dull-coloured
ones. Since decreasing temperature reduced the
number of migrating aphids but induced red leaf
colouration, these processes are not mutually
fine-tuned, which likely restricts the potential for
co-evolution between mountain ash and aphids.
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Introduction

The conceptual framework of plant-animal com-
munication has mainly been developed in the
context of pollination and seed dispersal (Schae-
fer et al. 2004). A new hypothesis is that plants
communicate their defensive strength to herbi-
vores visually. Accordingly, brightly coloured
yellow and red leaves in autumn are proposed
to be costly and thus classical handicap signals
indicating the fitness of individual plants (Arch-
etti 2000; Hamilton and Brown 2001). The
fundamental conjecture of this hypothesis is that
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signalling defensive strength enables well
defended plant individuals with strong yellow
and red colouration to reduce their herbivorous
load and, at the same time, allows insects to locate
suitable (less defended) dull-coloured hosts more
efficiently. Proponents of this view argue that
such a signalling system is maintained by a co-
evolutionary process between plants and insects
e.g. aphids that migrate to their hosts in autumn
(Archetti 2000).

The co-evolutionary hypothesis is remarkable
because it is the first to propose that plants
communicate their defensive strength visually, it
ascribes signalling as a new function to leaves, and
it focuses on autumnal leaf colouration, a phe-
nomenon that evolutionists and ecologists had
previously regarded as a mere by-product of
senescence. Tests of the hypothesis support its
main prediction i.e. that individuals with brightly
coloured leaves suffered less damage by herbiv-
orous aphids (Archetti and Leather 2005; Hagen
et al. 2003, 2004).

However, there are various alternative hypoth-
eses on leaf colouration e.g. that it severs to
undermine crypsis (Lev-Yadun et al. 2004). The
co-evolutionary hypothesis in particular was
questioned based on theoretical considerations
of the physiological role that plant pigments serve
in senescent leaves (Holopainen and Peltonen
2002; Schaefer and Wilkinson 2004; Wilkinson
et al. 2002). There is growing evidence from a
large number of plant species that carotenoids
and anthocyanins, the pigments imparting yellow,
orange and red hues to leaves, influence the
elemental processes of photosynthesis and nutri-
ent recovery during autumnal senescence. In
autumn, decreasing temperatures often inhibit
photosynthesis, a process called cold-induced
photoinhibition (Egerton et al. 2000; Dungan
et al. 2004). In such conditions, anthocyanins
provide a sunscreen to intercept excess light
quanta, thereby reducing damage caused by
photoinhibition and extending the period of
photosynthesis (Adams et al. 2004; Pietrini et al.
2002). Moreover, the autumnal leaf pigments are
important scavengers of reactive oxygen species
(Adams et al. 2004; Gould et al. 2002) that might
develop during photoinhibition or during the
controlled breakdown of leaf tissue during
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senescence (Close and Beadle 2003; Hoch et al.
2003). During this breakdown nutrients are trans-
ferred from leaves to perennial tissue and com-
parisons between anthocyanin-deficient mutants
and wild-type individuals demonstrated that an-
thocyanins facilitate this recovery of nutrients
(Hoch et al. 2003).

As emphasised by Gould (2004) and Lev-
Yadun (2006) pigments serve multiple roles in
communication and protection. It is therefore
surprising that, until now, tests of the co-evolu-
tionary hypothesis and of the protective physio-
logical effects of plant pigments (termed
hereafter the photoprotection hypothesis) are
published concomitantly, but with minimal im-
pact on each other. To examine both hypotheses,
we compared leaf colouration in three groups of
European mountain ash (Sorbus aucuparia L.)
growing at two different altitudes. At the mon-
tane site, young and adult trees were character-
ised by relative low temperature and low numbers
of parasitising aphids, whereas adult trees in the
lowland were characterised by higher tempera-
ture and higher aphid numbers. While the photo-
protection hypothesis expects a higher degree of
leaf colouration in the montane population, the
co-evolutionary hypothesis predicts a higher
degree of red and yellow colouration in the
lowland population. Measuring the variation in
leaf colouration within a population, we asked
which factors explain the onset and progression of
yellow and red leaf colouration. Finally, we
investigate which biotic or abiotic factors explain
variation in the number of aphids in mountain ash
individuals.

Methods

The mountain ash is distributed over a wide
altitudinal range from approximately 200-2000 m
a.s.l. (Raspe et al. 2000). The species sports red
and yellow leaf colouration in autumn and hosts
over ten aphid species (Blackmann and Eastop
1994). Since it adapts to adverse climates at
higher altitudes, the species is particularly suited
to contrast the protective physiological and the
co-evolutionary hypotheses on autumnal leaf
colouration. Our study is focused on aphids
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because of their importance as tree pests and
their migratory behaviour in autumn (Dixon
1969, 1976; Blackman and Eastop 1994).

We recorded leaf colouration and the number
of aphids in two populations of mountain ash near
Freiburg (south-west Germany, 48°N; 8°0) from
end of September to mid-November 2004. The
population located at an altitude of 1100 m a.s.l.
(termed the montane group) included 30 mature
individuals (3.5-5 m high) and 25 young individ-
uals (<1.5 m high) on an area of 2.5 ha, the other
population (termed the lowland group) included
25 individuals (2-4 m high) growing at 360 m a.s.l.
on an area of 0.15 ha. The populations were 5 km
apart.

At each location, air temperature was mea-
sured continuously every 30 min with a Testo®
Logger (Lenzkirch, Germany), positioned in a
tree 2 m above the ground. The data were pooled
to obtain a mean day (8°°-20°") and night time
(20°°-8") temperature, respectively. The mon-
tane group was permanently exposed to lower
ambient temperatures (mean SE = 7.48 0.85°C)
than the lowland group (mean =+ -
SE = 11.99 + 0.80°C; Wilcoxon: n =46, z =-—
5.905, P < 0.001). The time of direct sunshine
did not differ between both locations (Wilcoxon-
test: z =-0.57, P> 0.5 data from Deutscher
Wetterdienst, Offenbach). The photoperiod was
calculated as the time between sunrise and sunset
as obtained from a local weather station. The
same observer monitored leaf colour change
(prior to abscission) of each individual in both
locations every 2—4 days in the period from 28th
September 2004 to 21st November 2004. We
assessed colour changes by determining the per-
centage of red, yellow, green, and brown leaves of
each tree to the nearest 5%, using a prepared
colour chart as reference as well as spectrometric
reflectance measurements. Several modes of leaf
colour progression occurred in the observed
populations. Mountain ashes changed from green
to yellow and then red, but also from green to
yellow and finally brown or from green directly to
red or brown. Abscission occurred when leaves
were yellow, red or brown.

To assess the density of aphids in both
locations, we installed 15 traps, consisting of
laminated, brown coloured paper sheets with a

size of 10 x 10 cm, covered with a thin layer of
Temmen® insect-glue (Hattersheim, Germany).
In both locations we put one trap in each of 15
randomly chosen Sorbus trees and counted the
insects on the glue in intervals of 2-4 days. The
trap was located approximately 2.5 m above the
ground in the middle of the plant. Since a large
aphid population was only present in the lowland
population, we restricted our analyses of a pos-
sible deterrent function of leaf colours to this site.
In order to determine variation in the number of
aphids landing on Sorbus individuals within this
population, we covered four branches of each tree
with insect-glue on an area of 200 cm?®. Every 2—
4 days, all insects were removed from the glue
and all winged aphids were counted on each
individual. To assess individual parameters that
might relate to fitness, we counted the number of
ripe fruits in mid-October and the degree of
fluctuating asymmetry (FA) in leaves for each
plant individual. To investigate the possible link
between leaf colouration and reproduction in the
following year (see Hagen et al. 2003; Sinkkonen
2006a, b), we counted the number of unripe fruits
in the following year. To measure FA, we
randomly selected eight leaves from each tree
and measured the distance from the midpoint of
the leaf midvein to the left and right leaf margin
in mm (Lempa et al. 2000). Individual FA was
defined as the mean difference between the left
and right side of the leaves. Since right minus left
dimensions did not deviate from zero (one-tailed
t-test: n=25; t=-1.65; P> 0.05), the leaves
demonstrated FA (Palmer 1996).

Statistical analyses

To analyse which factors explain the onset and
progression of leaf colour changes in the lowland
population of mountain ash, we constructed
Generalised Linear Models with the daily indi-
vidual percentage of coloured leaves for each tree
as the dependent variable. We tested the influ-
ence of abiotic parameters (temperature and
photoperiod) and individual variables (FA and
number of fruits). Since abiotic parameters
change over time, they were included in the
model as covariates, whereas individual parame-
ters were included as factors. For the analyses we
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used the mean temperature of 3 days, including
the observation day (of leaf colouration and aphid
numbers) plus the two preceding days because we
assumed that plants and insects react to changes
in the temperature over the course of several days
rather than instantaneously to the temperature at
any given day. The full model was reduced by
sequentially excluding variables that did not
explain a significant part of the deviation. The
model was run with the same factors and cova-
riates for red and yellow leaf colour, respectively.
In a second model we tested which factors
determine the within-population variability of
aphids caught on trees. We entered red and
yellow leaf colouration, abiotic factors and indi-
vidual parameters as independent variables in the
model. It was our aim to test the basic assumption
of the co-evolutionary hypothesis that the pro-
portion of individual colouration is, relative to the
mean colouration of the population, the impor-
tant signal to herbivores. Each census date, we
therefore categorised individuals as pale (0-5%),
medium (6-16%), or strongly (>16%) coloured
according to the proportion of yellow or rather
red leaves. Since individual leaf colouration
changes over time, trees were allowed to change
categories in this model. Thus, the model tests
whether the extent of leaf colouration, relative to
the mean of the population on a given day,
influences individual parasitism rate. We assessed
the effects of leaf colouration with Scheffé post-
hoc tests, and therefore repeated the analysis with
all variables entered as factors, which increased
the 7* value from 0.44 to 0.56. All Generalised
Linear Models are based on linear regressions.
Since the models did not fulfil the criteria of
homogeneity in variance (Levene-test), the level
of significance for exclusion was set from P < 0.05
to P < 0.01 (see RRZN 2000). We used Mann—
Whitney U test for unpaired data and Wilcoxon
signed rank test for paired data. Statistical anal-
yses were performed with SPSS 10.5.

Results
Mountain ash individuals of the lowland popula-

tion and two different age groups of the montane
population showed different leaf colour changes
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during autumnal senescence. At the montane site,
adult individuals showed a lesser percentage of
red leaves (mean + SE = 0.25 + 0.25) than young
trees (10.4 +2.9) (one-way ANOVA: F = 7.80,
P > 0.01, Post-hoc Bonferroni correction
P < 0.01). Over the entire study period trees of
the lowland population with higher ambient
temperature had a higher proportion of red
leaves (8.13 £ 2.07) than same-sized montane
individuals (Post-hoc Bonferroni correction
P < 0.05), while there was no difference between
lowland and young montane trees (Post-hoc
Bonferroni correction P > 0.05; Fig. 1). However,
young trees started to develop red leaves earlier
(peak of mean colouration 4th October) than
individuals in the lowland (peak of mean colour-
ation 11th November) resulting in a higher mean
of red colouration in the beginning of October
(Mann-Whitney test, z = —-1.95, P < 0.05). Young
trees had fewer yellow leaves than adult trees at
the same site (one-way ANOVA: F =543,
P <0.01, Post-hoc Bonferroni correction:
P < 0.01), while there was no difference between

100

80 A

60 4

red yellow
Leaf colouration

percentage of coloured leaves

Fig. 1 Comparison of red and yellow leaf colouration in a
lowland (white bars) and montane population (grey bars:
adult group, dark grey bars: young group) of mountain ash.
Displayed are the means for each population, 2nd and 3rd
quartiles and 5th and 95th percentiles. Note the lack of red
colouration in the adult montane group
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yellow leaf colouration in the lowland population
and the two montane groups (Post-hoc Bonfer-
roni both P > 0.05). The numbers of aphids
caught at both sites differed greatly over the
entire season with consistently higher aphid
numbers (mean + SE = 26.10 + 5.49) on lowland
individuals than on montane ones (0.74 = 0.21;
Wilcoxon: z = -2.20; P < 0.05).

Due to the scarcity of aphids in the montane
population, we restricted the further analysis to
the lowland group. Here, individual colour
changes in yellow leaf colouration were strongly
related to the photoperiod (Table 1). The number
of fruits and the FA of the leaves also contributed
to changes in yellow leaf colouration. However,
there was no linear relationship between the
extent or onset of yellow leaves and FA (both
P > 0.05). Changes in red leaf colouration were
strongly related to daytime temperatures, but also
to the number of fruits (Table 1). The onset of the
development of red leaves correlated positively
with the extent of red leaves (r* = 0.53, P < 0.05).
Consequently, early senescing trees had a higher
proportion of red leaves during the entire study
period. There were no correlations between the
extent or onset of red leaves and FA (both
P > 0.05). The number of fruits in the same year
was negatively correlated with the extent of red
leaf colouration (r2 =0.29, P < 0.05); there was
no such relationship for yellow leaf colouration or
between red leaf colouration and the number of
fruits in the following year.

Abiotic factors and leaf colouration influenced
aphid parasitation rates (+* = 0.44) with a strong
positive influence of day and night temperatures
on aphid numbers (Table 2). While temperature

is important in explaining variation in aphid
numbers over time, it cannot explain the differ-
ences in individual aphid numbers on a given day
that the co-evolutionary hypothesis aims to
address. As predicted by the co-evolutionary
hypothesis, there was a negative relationship
between the proportion of both yellow and red
leaf colouration and aphid numbers (Table 2).
Post-hoc Scheffé-procedures showed that strongly
coloured red or yellow individuals hosted fewer
aphids than medium or pale-coloured ones, which
did not differ in parasite load (Fig. 2).

Discussion

Young and adult mountain ash individuals
growing at the montane location differed in the
onset and development of autumnal leaf colour.
Likewise, similar-aged individuals growing at
different altitudes showed distinct colour changes.
Consistent with the photoprotective hypothesis,
our study shows that leaf colour changes in the
intensively studied mountain ash population were
strongly related to abiotic factors. Differences
between individuals in the extent of red and
yellow leaf colouration were linked to reproduc-
tive investment in fruits, suggesting a trade-off
between reproductive and protective or defensive
commitment. Finally, the inverse relationship
between aphid numbers and the proportion of
yellow and red autumnal leaf colouration in the
lowland population suggests that aphids react to
tree colouration and therefore supports the co-
evolutionary hypothesis. To disentangle the
causes and effects of autumnal leaf colour

Table 1 Generalised linear models on yellow (/7 = 0.253) and red (+* = 0.301) leaf colouration revealed that abiotic and
individual factors contributed to colour changes in mountain ash

Yellow leaf colour

Red leaf colour

F P T F P T

Model factors 4.715 0.000 6.715 0.000

FA 10.798 0.000 ns

Number of fruits 3.311 0.000 6.423 0.000
Covariates

Photoperiod 16.409 0.000 —4.051 ns

Temperature (day) ns 11.682 0.001 -3.418

Temperature (night) ns ns

@ Springer



82

Plant Ecol (2007) 191:77-84

Table 2 Temperature and leaf colouration influenced the
number and distribution of aphids on mountain ash trees,
Generalised Linear Model (r* = 0.442)

F P T
Model factors 25.378 0.000
Red colouration 11.605 0.000
Yellow colouration 7.263 0.001
FA ns
Number of fruits ns
Covariates
Photoperiod ns
Temperature (day) 107.388 0.001 3.521
Temperature (night) 7.144 0.008 2.673
50
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Fig. 2 Results of post-hoc Scheffé tests on the distribution
of aphids according to colour categories of mountain ash
individuals in the lowland group. Strongly coloured red (a)
and yellow (b) individuals harboured fewer aphids
(mean + SE) compared to medium or pale-colour ones
(***P < 0.001; **P < 0.01)

changes for an evaluation of both hypotheses, we
consider first the factors related to colour changes
and second the implication of these changes.
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Leaf colouration

Different mechanisms are responsible for the
development of yellow and red leaf colouration.
The degradation of chlorophyll in the leaf leads to
the gradual appearance of yellow carotenoids that
function as accessory pigments in the photosyn-
thetic apparatus, whereas anthocyanins imparting
red colours are synthesised de novo in senescent
leaves (Ougham et al. 2005). Consistent with the
photoprotection hypothesis, our GL-models re-
vealed that abiotic factors are associated with
yellow and red leaf colouration. The appearance
and proportion of yellow leaves in mountain
ashes were inversely correlated with the decreas-
ing photoperiod in autumn as well as with
individual factors of tree quality such as FA of
the leaves and the number of fruits. Previous
studies found similar correlations between yellow
leaves and the photoperiod (Schaberg et al. 2003)
or FA (Hagen et al. 2003). In contrast to Hagen
et al. (2003), we did not find that early senescing
yellow or red trees had lower FA values than later
senescing ones.

The development and extent of red leaf
colouration in the lowland population of moun-
tain ash did not depend on the photoperiod but
on daytime temperatures. The overall effects of
temperature on anthocyanin synthesis are well
known (e.g. Pietrini et al. 2002; Schaberg et al.
2003). However, our model distinguishes between
temperatures during the day and night, and
revealed that mainly daytime temperatures are
related to the extent of red leaf colour. Since the
photoprotection hypothesis assumes that antho-
cyanins function to protect the photosynthetic
apparatus against excess light (see Pietrini et al.
2002; Schaefer and Wilkinson 2004), it predicts
that daytime temperatures are most relevant. Our
results are therefore consistent with the photo-
protection hypothesis. In contrast to our predic-
tions based on this hypothesis, red leaf
colouration was lower in adult trees growing at
the colder montane location than in similar-aged
trees at the lowland site. The lack of red leaves in
adult montane individuals is not only attributable
to site-specific conditions such as soil quality,
nitrogen availability or shading because young
individuals at that site developed red leaves. This
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difference may be due to age-dependent strate-
gies of photoprotection (see below) or nutrient
utilisation (see Harper 1989; Karageorgou and
Manetas 2006). Further research is clearly needed
to assess the effects of leaf pigments on physio-
logical processes like differing levels of nitrogen
resorption (e.g. via fluorescent measurements).

The inverse relationship between red leaf
colouration and fruit numbers suggests a trade-
off between reproduction and investment in
bright colours (for photoprotection or as defence
against insects) similar to that found between
catkin production and leaf colouration in moun-
tain birch (Betula pubescens) (Hagen et al. 2003,
but see Sinkkonen 2006a). There was no rela-
tionship between autumnal leaf colouration and
fruit production in the following year. We suggest
that nutrient restricted mountain ash individuals
produce less fruits and invest more in anthocyanin
production to enhance nutrient recovery from
autumnal leaves (see Hoch et al. 2003). This
conjecture is consistent with the observation that
young trees developed more red leaves than adult
trees. Young trees are characterised by a lower
shoot:root ratio, the importance of transferring
nutrients from leaves to perennial tissue is there-
fore probably more pronounced at this age class
than in adult trees. We suggest that future studies
should test whether age-dependent differences in
the autumnal leaf colouration of other species are
consistent with this conjecture. Note that in
contrast to the co-evolutionary hypothesis, this
prediction of the photoprotection hypothesis
expects individuals of lower fitness to show a
higher degree of leaf colouration.

Aphids and leaf colouration

The GL-Model on the aphid catch on Sorbus trees
yielded a strong positive influence of day and night
time temperature and a negative influence of leaf
colouration on aphid numbers. On a given day,
temperature effects mainly determined the overall
number of aphids present in the population,
whereas leaf colouration probably explains indi-
vidual differences in the distribution of aphids on
trees. Since the co-evolutionary hypothesis aims to
explain the latter, our results that fewer aphids
were caught on strongly coloured mountain ashes

than on medium or pale-coloured ones support
this hypothesis. This inverse relationship between
leaf colour and aphid numbers is consistent with
previous studies showing lower insect damage
(Hagen et al. 2003, 2004) or aphid numbers on
strongly coloured trees (Archetti and Leather
2005). Ougham et al. (2005) pointed out that
insects might not have reacted to plant colour-
ation in these studies, but landed initially in equal
numbers on all trees and vacated strongly col-
oured plants only after sampling. Since we caught
the aphids landing on a tree with glue, our data
directly reflect winged aphids’ choice of host trees.
We can, however, not exclude that cues other than
colours (e.g. olfactory cues) might have contrib-
uted to host choice.

An important implication of our study is that
decreasing temperatures reduced the number of
migrating aphids but induced leaf colouration.
We therefore suggest that both processes are not
mutually fine-tuned, which probably reduces the
likelihood for a co-evolutionary origin of leaf
colouration in mountain ash. In this scenario,
aphids might react to leaf colouration because
pigments are often correlated with defensive
compounds (Nozzolillo et al. 1990; Syvacy and
Miinevver 2004) or with the production of anti-
feedants (Huang et al. 2001). A parsimonious
explanation for such correlations is the common
biosynthetic pathway of anthocyanins and various
defensive compounds (see Schaefer and Rolshau-
sen 2006). In conclusion, more knowledge is
required on leaf colouration as the interface
between the biochemistry of defensive com-
pounds and feeding preferences in insects.

Acknowledgements We thank J. K. Miiller for invaluable
advice and D. Wilkinson and V. Schaefer and three
reviewers for valuable comments on the manuscript. We
thank P. Xanthe Gray for editing the English.

References

Adams WWI, Zarter R, Ebbert V et al (2004) Photopro-
tective strategies of overwintering evergreens. Bio-
Science 54:41-49

Archetti M (2000) The origin of autumn colours by
coevolution. J Theor Biol 205:625-630

Archetti M, Leather S (2005) A test of the coevolutionary
theory of autumn colours: colour preference of

@ Springer



84

Plant Ecol (2007) 191:77-84

Rhopalosiphum padi on Prunus padus. Oikos
110:339-343

Blackmann RL, Eastop VF (1994) Aphids on the world’s
trees. CABI

Close DC, Beadle CL (2003) The ecophysiology of foliar
anthocyanin. Bot Rev 69:149-161

Dixon AFG (1969) Population dynamics of the sycamore
aphid Drepanosiphum platanoides (Schr.) (Hemipter-
a: Aphididae): migratory and trivial flight activity. J
Anim Ecol 38:585-606

Dixon AFG (1976) Biologie der Blattlduse. Gustav Fischer
Verlag

Dungan RJ, Whitehead D, McGlone M et al (2004)
Simulated carbon uptake for a canopy of two broad-
leaved tree species with contrasting leaf habit. Funct
Ecol 18:34-42

Egerton JJG, Banks JCG, Gibson A et al (2000) Facili-
tation of seedling establishment: reduction in irradi-
ance enhances winter growth of Eucalyptus
pauciflora. Ecology 81:1437-1449

Gould KS (2004) Nature’s Swiss Army knife: the diverse
protective roles of anthocyanins in leaves. J Biomed
Biotechnol 5:314-320

Gould KS, McKelvie J, Markham KR (2002) Do antho-
cyanins function as antioxidants in leaves? Imaging of
H,O, in red and green leaves after mechanical injury.
Plant Cell Environ 25:1261-1269

Hagen SB, Debeausse S, Yoccoz NG et al (2004) Autumn
coloration as a signal of tree condition. Proc Royal
Soc Lond B 271:184-185

Hagen SB, Folstad I, Jakobsen SW (2003) Autumn
colouration and herbivore resistance in mountain
birch (Betula pubescens). Ecol Lett 6:807-811

Hamilton WD, Brown SP (2001) Autumn tree colours as a
handicap signal. Proc Royal Soc Lond B 268:1489—
1493

Harper JL (1989) The value of a leaf. Oecologia 80(1):53-
58

Hoch WA, Singsaas EL, McCown BH (2003) Resorption
protection. Anthocyanins facilitate nutrient recovery
in autumn by shielding leaves from potentially dam-
aging light levels. Plant Physiol 133:1296-1305

Holopainen JK, Peltonen P (2002) Bright autumn colours
of deciduous trees attract aphids: nutrient retranslo-
cation hypothesis. Oikos 99:148-188

Huang YJ, To KY, Yap MN et al (2001) Cloning and
characterization of leaf senescence up-regulated genes
in sweet potato. Plant Physiol 113:384-391

Karageorgou P, Manetas Y (2006) The importance of
being red when young: anthocyanins and the protec-
tion of young leaves of Quercus coccifera from insect
herbivory and excess light. Tree Physiol 26(5):613-621

Lempa K, Martel J, Koricheva J et al (2000) Covariation
of fluctuating asymmetry, herbivory and chemistry
during birch leaf expansion. Oecologia 122:354-360

@ Springer

Lev-Yadun S (2006) Defensive colouration in plants: a
review of current ideas about anti-herbivore colora-
tion strategies. In: Teixeira da Silva (ed) Floriculture,
ornamental and plant biotechnology: advances and
topical issues, vol IV. J.A. Global Science Books,
London, pp 292-299

Lev-Yadun S, Dafni A, Flaishman MA et al (2004) Plant
colouration undermines insect camouflage. Bioessays
26:1126-1130

Nozzolillo C, Isabelle P, Das G (1990) Seasonal changes in
the phenolic constituents of jack pine seedlings (Pinus
banksiana) in relation to the purpling phenomenon.
Can J Bot 68:2010-2017

Ougham HIJ, Morris P, Thomas H (2005) The colours of
autumn leaves as symptoms of cellular recycling and
defenses against environmental stresses. Curr Top
Dev Biol 66:135-160

Palmer AR (1996) Waltzing with asymmetry. BioScience
46:518-532

Pietrini F, Tannelli MA, Massacci A (2002) Anthocyanin
accumulation in the illuminated surface of maize
leaves enhances protection from photo-inhibitory
risks at low temperature, without further limitation
to photosynthesis. Plant Cell Environ 25:1251-1259

Raspe O, Findlay C, Jacquemart AL (2000) Sorbus
aucuparia L. J Ecol 88:910-930

RRZN (2000) SPSS - Durchfiihrung fortgeschrittener
statistischer Verfahren. Regionales Rechenzentrum
Uni Hannover

Schaberg PG, Van den Berg AK, Murukami PF et al
(2003) Factors influencing red expression in autumn
foliage of sugar maple trees. Tree Physiol 23:325-333

Schaefer HM, Wilkinson DM (2004) Red leaves, insects
and coevolution: a red herring? Trends Ecol Evol
19:616-618

Schaefer HM, Rolshausen G (2006) Plants on red alert —
do insects pay attention? BioEssays 28:65-71

Schaefer HM, Schaefer V, Levey DJ (2004) How plant-
animal interactions signal new insights in communi-
cation. Trends Ecol Evol 19:577-584

Sinkkonen A (2006a) Sexual reproduction advances
autumn leaf colours in mountain birch (Betula pubes-
cens ssp. czerepanovii). J Evol Biol 19(5):1722-1724

Sinkkonen A (2006b) Do autumn leaf colours serve as a
reproductive insurance against sucking herbivores?
Oikos 113:557-562

Syvacy A, Miinevver S (2004) Seasonal changes in antiox-
idant activity, total phenolic and anthocyanin constit-
uent of the stems of two Morus species (Morus alba L.
and Morus nigra L.). Plant Growth Regul 44:251-256

Wilkinson DM, Sheratt TN, Phillip DM et al (2002) The
adaptive significance of autumn leaf colours. Oikos
99:402-407



	Do aphids paint the tree red (or yellow)—can herbivore resistance or photoprotection explain colourful leaves �in autumn?
	Abstract
	Introduction
	Methods
	Statistical analyses

	Results
	Discussion
	Leaf colouration
	Aphids and leaf colouration

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


