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1  | INTRODUC TION

The seasonal change in leaf colour observed in some species of 
trees and shrubs in the temperate regions is due to two processes: 
the breakdown of chlorophyll, which allows the yellow carotenoids 
(present throughout the year) to become visible; and the de novo 
production of red pigments, mainly anthocyanins (Lee, 2002; Tanaka 
et al., 2008). Although the adaptive value of yellow is understood 
(a by-product of the breakdown of chlorophyll to reabsorb nu-
trients before leaves are shed), the production of red pigments in 
leaves that are about to be shed is puzzling. Current hypotheses 
(Archetti, 2009b; Archetti et al., 2009) can be broadly grouped into 
two categories: evolution due to abiotic factors (protection against 
photo-inhibition and photo-oxidation; drought resistance; leaf 

warming) or coevolution (red may be a signal of chemical defences; 
promote seed dispersal; favour or impair camouflage).

The most prominent is the photoprotection hypothesis: antho-
cyanins protect leaves against the effects of photo-inibition and 
photo-oxidation, by acting directly as a sunscreen or indirectly by 
quenching reactive oxygen species and possibly other photoreac-
tive molecules like chlorophyll metabolites (Mittler, 2002). The risk 
of photo-oxidative damage is especially high in autumn, when cold 
temperatures reduce carbon fixation capacity, light is no longer fully 
used for photosynthesis due to chlorophyll breakdown, and light 
is more intense due to a thinning canopy (Ougham et al., 2008). 
Photoprotection is thought to enable a better resorption of nutri-
ents, especially nitrogen and phosphorus (Feild et al., 2001; Hoch 
et al., 2001), rather than a mere protection of leaves per se.
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Abstract
The adaptive value of autumn colours—the seasonal production of red anthocya-
nins observed in many species of trees and shrubs—is still debated. According to 
the photoprotection hypothesis, anthocyanins protect leaves from photo-inhibition 
and photo-oxidation at low temperatures, enabling the tree to reabsorb nutrients 
more efficiently before leaf fall. Hence, the hypothesis predicts that autumn colours 
are more likely to evolve in species growing in colder environments. We tested this 
prediction by comparing the climatic parameters of 237 North American tree spe-
cies. We found that, although species with yellow autumn leaves grow under lower 
minimum temperatures than species with green leaves, there is no significant dif-
ference in temperature between species with red autumn leaves and species with 
green or yellow autumn leaves. We conclude that, although reabsorbing chlorophyll 
in autumn, and the consequent unmasking of yellow carotenoids, may be an adap-
tation to cold temperatures, the production of red anthocyanins is not. Hence, our 
interspecific comparative analysis does not support the photoprotection hypothesis 
as an explanation for the evolution of autumn colours.

K E Y W O R D S

anthocyanins, autumn colours, comparative analysis, evolution, photoprotection, temperature

www.wileyonlinelibrary.com/journal/jeb
mailto:￼
https://orcid.org/0000-0002-8303-1632
mailto:mua972@psu.edu


2  |     PENA-NOVAS ANd ARCHETTI

The idea was proposed more than a century ago 
(Pringsheim, 1879), and the empirical evidence that has been gath-
ered so far, mainly in the past two decades, is still controversial. 
Although there is no doubt that anthocyanins can absorb light and 
function as antioxidants (Kytridis & Manetas, 2006; Lee, 2002; 
Lee & Gould, 2002; Nagata et al., 2003), especially at low tem-
peratures (Gould et al., 2018), it is not clear whether this translates 
into substantial photoprotection, because anthocyanins in leaves 
absorb mainly green light (which is relatively harmless), and other 
colourless protective flavonoids have a much higher efficacy and 
are located in a more logical location (anthocyanins are stored in 
the vacuoles) (Manetas, 2006). Direct evidence for the photo-
protection hypothesis is contradictory: some is in favour (Hoch 
et al., 2003; Hughes et al., 2005, 2007; Manetas et al., 2002; 
Neill et al., 2002a; Schaberg et al., 2003), some against (Burger & 
Edwards, 1996; Esteban et al., 2008; Feild et al., 2001; Hormaetxe 
et al., 2005; Hughes et al., 2005; Karageorgou & Manetas, 2006; 
Kyparissis et al., 2007; Lee et al., 2003; Manetas et al., 2003; Neill 
et al., 2002b), and some can be interpreted in both ways (Feild 
et al., 2001; Lee et al., 2003).

Although most studies on the topic examined the physiology 
of autumn colours or compare colours within the same tree or spe-
cies, additional evidence could come from an interspecific compar-
ison. If, as the photoprotection hypothesis posits, the production 
of anthocyanins is an adaptation against photo-inhibition and pho-
to-oxidation, then there should be a higher selective pressure for 
anthocyanin production in colder climates—hence autumn colours 
(red) should be more common in colder climates. This is what we test 
here using a comparative analysis.

2  | MATERIAL S AND METHODS

2.1 | Climate data

We used climate data compiled by the U.S. Geological Survey 
(Thompson et al., 2015) by digitizing the geographic distribu-
tions of North American tree and shrub species (Critchfield & 
Little, 1966; Little, 1971, 1976, 1977, 1978, 1981; Viereck & 
Little, 1975), and determining, for each point on a 27,984 points 
25-km grid, the presence or absence of each species and the fol-
lowing climatic data:

• Absolute minimum temperature (TMIN)
• Absolute maximum temperature (TMAX)
• Mean temperature of the coldest month (MTCO)
• Mean temperature of the warmest month (MTWA)
• Mean annual temperature (ANNT)
• Mean annual precipitation (ANNP)
• Growing degree days on a 5°C base (GDD5).

Mean temperature and precipitation data are 30-year (1961–
1990) mean values taken from the Climatic Research Unit (CRU) CL 

2.0 dataset (New et al., 2002); absolute minimum and maximum tem-
peratures are taken from 30-year (1951–1980) climate-station data 
(WeatherDisc Associates, 1989).

GDD5 values are the cumulative number of temperature de-
grees (calculated each day as maximum temperature plus the min-
imum temperature divided by 2) above 5°C (the temperature below 
which plant growth is zero). GDD5 are a measure of heat accumula-
tion used to predict development rates regardless of differences in 
temperatures from year to year. The GDD5 data are derived from 
estimated daily temperature data created by linear interpolation be-
tween successive monthly mean temperature values (for every day 
of the year, the number of quasi-daily mean temperature degrees 
greater than 5°C was summed to produce a mean annual GDD5 
value) (Newman, 1980).

Because major mountain ranges occur in several parts of the 
grid, and climatic variables can change greatly over short distances 
along steep elevation gradients, the data are adjusted to take into 
account the local relations between climatic variables and elevation 
(Thompson et al., 2015).

2.2 | Species, autumn colours and phylogenetic tree

Autumn leaf colour (a categorical variable with three possible states: 
green, yellow and red) was retrieved from the largest available data-
set (Archetti, 2009a). These data were derived from direct obser-
vations by a single author in a single arboretum and confirmed by 
analysing existing literature. For the few species not listed in this 
dataset, we use data from Little et al. (1980a), Little et al. (1980b). 
Species listed as both red and yellow in Archetti, 2009a are consid-
ered red in our analysis. We analysed all the North American spe-
cies (Fryer, 2018; Little, 1971, 1976, 1977, 1978; Little et al., 1980a, 
1980b; Thompson et al., 1999) included in a recent phylogeny of 
trees (Ma et al., 2016) (Supplementary File 1) for which climatic pa-
rameters were available. The number of species is 121 for green; 57 
for red; 59 for yellow.

2.3 | Comparative analysis

Statistical analysis of the differences in climatic parameters 
is initially reported as the result of a Mann–Whitney U test. 
To take into account phylogenetic relations, we then analyse 
character correlation using the pairwise comparison method 
(Maddison, 2000; Read & Nee, 1995) implemented in the Mesquite 
software (Maddison & Maddison, 2018) on a recent phylogeny 
of trees (Ma et al., 2016) (Supplementary File 2). The method 
chooses phylogenetically independent pairs of species (the path 
between members of a pair, along the branches of the tree, does 
not touch the path of any other pair) in order to avoid pseudorep-
lication and tests whether a difference in one character (climatic 
data) consistently predicts a difference in the second character 
(autumn colours).
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3  | RESULTS

3.1 | The phylogenetic distribution of autumn 
colours reveals multiple independent evolutionary 
origins

For the North American species in our dataset (Supplemetary 
Table 1: 237 species in total: 121 green, 59 yellow, 57 red), parsi-
mony reconstruction shows multiple independent origins for both 
red and yellow, with green being the likely ancestral state (Figure 1). 
Although green seems to have evolved often to yellow (21 times) 
and red (14 times), green also evolved from yellow and red (13 and 

9 times, respectively); red evolved from yellow 11 times; and yellow 
evolved from red 7 times.

3.2 | Autumn colours are more common at lower 
minimum temperatures

An analysis of the climatic parameters for the three colour sub-
groups shows that species with red or yellow leaves are found at 
minimum temperatures that are significantly lower than for spe-
cies with green leaves (Figure 2, Table 1), a result that holds for 
both absolute minimum temperature (TMIN: −25.3° for red; −24.6° 

F I G U R E  1   Parsimony reconstruction of the evolution of autumn colours in 237 species of North American trees
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for yellow; −20.2° for green) and mean temperature of the cold-
est month (MTCO: 0.0° for red; 1.2° for yellow; 3.6° for green); a 
weaker but significant difference between green and red is found 
for annual mean temperature (ANNT: 12.0° for red; 12.6° for yel-
low; 13.7° for green).

3.3 | Phylogenetic analysis suggests that only 
yellow is an adaptation to cold temperatures

The data described above, however, are pseudoreplicates rather 
than statistically independent data points, because of shared evolu-
tionary history (Felsenstein, 1985). In order to take into account phy-
logenetic relationships between species, we performed a pairwise 
comparison (Maddison, 2000; Read & Nee, 1995) on a phylogenetic 
tree (Ma et al., 2016) of the 237 species.

Controlling for phylogeny in this way, our analysis shows that 
minimum temperatures (TMIN and MTCO) are significantly lower for 

yellow than for green, but there is no significant difference between 
red and yellow or between red and green (Table 2). This suggests 
that the apparent differences we observed in the previous test (not 
controlling for phylogeny) between red and the other autumn co-
lours were due to pseudoreplication. In fact, our phylogenetic analy-
sis suggests that cold temperatures influence the evolution of yellow 
autumn colours (resorption of chlorophyll) but not red autumn co-
lours (production of anthocyanins).

In addition, controlling for phylogeny reveals that species with 
red autumn leaves grow at significantly higher levels of precipitation 
than species with green autumn leaves.

4  | DISCUSSION

In summary, we found that species with autumn colours (red and 
yellow) grow at lower temperatures (absolute minimum temperature 
and mean temperature of the coldest month) than species with green 

F I G U R E  2   Climatic parameters of 237 
North American tree species by autumn 
colour. Each box plot shows the values 
of a climatic parameter (median; 25% and 
75% quartiles; upper and lower fences; 
outliers) for the species with the three 
types of autumn colours (red, yellow, 
green). Asterisks show significant p values 
in a Mann–Whitney U test (*p < 0.05; 
**p < 0.01; see Table 1 for the exact 
values)
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autumn leaves. Our phylogenetic analysis suggests, however, that 
the difference between red and green or yellow is not significant. 
This suggests that yellow (resorption of chlorophyll) is an adaptation 
to cold temperatures whereas red (production of anthocyanins) is 
not. The analysis also reveals that species with red autumn colours 
grow at significantly higher levels of precipitation than species with 
green leaves.

Parsimony reconstruction in our data suggests, as shown 
previously for a larger dataset (but resolved only at genus level 
(Archetti, 2009a)), that autumn colours evolved multiple times in-
dependently, with many independent origins and reversions to the 
ancestral state. Because only yellow autumn colours seem to be 
strongly correlated with low temperatures, and given that yellow is 
due to the unmasking of carotenoids present in the leaves through-
out the year, we can speculate (see also Archetti, 2009a) that the re-
sorption of chlorophyll (hence yellow autumn colours) evolved first, 
as an adaptation to low temperatures and that red autumn colours 
evolved then from yellow for another reason.

Among other hypotheses (Archetti, 2009b), the most prominent 
one (Archetti et al., 2009) is that red is an adaptation to coevolution 
with pest insects that migrate to trees in autumn (Archetti, 2000; 

Hamilton & Brown, 2001), a type of aposematism (Lev-Yadun & 
Gould, 2007). Indeed, it has been shown that insects prefer green 
to red leaves (Archetti, 2009c; Archetti & Leather, 2005; Doring 
et al., 2009; Karageorgou & Manetas, 2006), that the amount of red 
is positively correlated with chemical defences (Cooney et al., 2012; 
Karageorgou et al., 2008; Menzies et al., 2016) and that insects grow 
better on plants with green autumn leaves than on plants with red 
autumn leaves (Archetti, 2009c; Maskato et al., 2014). It has also 
been suggested that autumn colours may undermine insect camou-
flage (Lev-Yadun et al., 2004).

Since yellow acts as an attractive ‘super-green’ stimulus for 
aphids and other pest insects (Doring et al., 2009; Holopainen & 
Peltonen, 2002; Wilkinson et al., 2002), it is possible that yellow 
autumn colours, which evolved as a consequence of the resorp-
tion of chlorophyll (an adaptation to cold temperatures), provided 
a higher selective pressure on trees with yellow leaves to produce 
red anthocyanins, along with chemical defences, in order to repel 
insect pests. Therefore, although we find no support for the photo-
protection hypothesis, adaptation to cold temperatures may have 
been a preadaptation that eventually led to red autumn colours by 
coevolution.

The result that species with red autumn leaves grow at signifi-
cantly higher levels of precipitation than species with green autumn 
leaves may have implication for another hypothesis: that anthocya-
nins help decrease leaf osmotic potential and allow leaves to tolerate 
water stress (Chalker-Scott, 1999, 2002). The result we report here 
does not support the hypothesis that autumn colours help in drought 
resistance. Although testing the hypothesis properly requires fur-
ther data analysis, it is not clear why drought resistance should be 
especially important in autumn. Furthermore, the concentration of 
anthocyanins is probably not enough to affect significantly the leaf 
water potential (Manetas, 2006).

Our analysis has clear limitations in both assumptions and 
methodology. First, we assumed that the ranges of the species we 
examined did not change over evolutionary times. Although this as-
sumption is almost certainly incorrect, and therefore, the absolute 
values of the climatic parameters we use would have been different 

TA B L E  1   Differences in climatic parameters between autumn 
colours

Red, Yellow Red, Green Green, Yellow

U p U p U p

TMIN 1,706 0.75 2,501 0.0025 2,836 0.0056

MTCO 1,726 0.83 2,483 0.0021 2,792 0.0038

TMAX 1,815 0.80 3,444 0.92 3,626 0.65

MTWA 1,770 0.99 3,174 0.35 3,381 0.24

ANNT 1,732 0.85 2,843 0.0498 3,161 0.07

ANNP 1,809 0.82 3,907 0.18 4,103 0.34

GDD5 1,734 0.86 2,982 0.13 3,294 0.15

Note: Statistics (U) and significance levels (p) of the Mann–Whitney U 
test for the differences in climatic parameters between autumn colours. 
Significant p values are in bold.

TA B L E  2   Differences in climatic parameters between autumn colours controlled for phylogeny

Red, Yellow (58 pairs) Red, Green (89 pairs) Green, Yellow (90 pairs)

Positive Negative p Positive Negative p Positive Negative p

TMIN 13 10 0.34 12 13 0.50 10 25 0.008

MTCO 14 9 0.20 13 12 0.50 12 23 0.045

TMAX 10 13 0.34 13 12 0.50 14 21 0.16

MTWA 12 11 0.50 14 11 0.35 15 20 0.25

ANNT 14 9 0.20 13 12 0.50 14 21 0.16

ANNP 14 9 0.20 18 7 0.020 22 13 0.09

GDD5 14 9 0.20 14 11 0.35 14 21 0.16

Note: Phylogenetic independent contrast test for the differences in climatic parameters between autumn colours. The total number of pairs used for 
the analysis is shown for each colour comparison; the number of positive and negative pairs and the p value are shown for each test. Significant p 
values are in bold.
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over evolutionary times, climate changes arguably affected the pa-
rameters we examined similarly for all species; hence, a comparison 
of the effect of (relative) climatic data between species is appro-
priate. A further analysis using reconstructed palaeoclimatic data 
and historic ranges would be useful, but might be difficult and less 
accurate.

Second, pairwise comparison avoids pseudoreplication of lin-
eage-specific factors, allowing a proper statistical analysis; but it 
does so at the expense of power, because it uses only a subset of 
branches, discarding much of the data (Felsenstein, 1985); hence, it 
has a low power to detect correlations (Grafen & Ridley, 1996).

Third, the photoprotection hypothesis posits that selection for 
reabsorbing nitrogen is the driving force behind the evolution of 
autumn colours. Here, we used temperature rather than the need 
to reabsorb nitrogen, because selection for photoprotection is 
higher in cold temperatures. To refine the analysis one could con-
trol for nitrogen need, which is arguably different among species. 
Hence, species for which nitrogen is not a limiting factor would 
be under weaker selection for photoprotection and would have 
weaker selective pressure to evolve autumn colours. For exam-
ple, the leaves of Alnus glutinosa, a species that harbours symbi-
otic nitrogen-fixing bacteria (Wright et al., 2004), do not turn red 
in autumn (Archetti, 2009a). However, many tree species without 
nitrogen-fixing bacteria (Wright et al., 2004) do not turn red in 
autumn either (Archetti, 2009a).

With these limitations in mind, our results suggest that yellow 
autumn colours may have evolved as a consequence of low tempera-
tures, as a by-product of nutrient resorption, but that low tempera-
ture is not the main driving force that leads to the evolution of red 
autumn colours. Hence, our comparative analysis does not provide 
support to the photoprotection hypothesis for the evolution of au-
tumn colours.
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