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1  | INTRODUC TION

There is still debate (Pena- Novas & Archetti, 2020a; Renner & 
Zohner, 2019) on the adaptive value of autumn colours. While yellow 
is understood to be a by- product of the breakdown of chlorophyll, 
which allows the colour of carotenoids to stand out (Lee, 2002; 
Tanaka et al., 2008), the production of anthocyanins (hence, of 
red leaves in autumn) is controversial. Among current hypotheses 
(Archetti, 2009a), a long- standing (Pringsheim, 1879) and promi-
nent one (Field et al., 2001; Hoch et al., 2003; Lee et al., 2003) is 
the photoprotection hypothesis: anthocyanins protect leaves from 

photooxidative stress. Protection is especially important in autumn, 
when cold temperatures reduce carbon fixation capacity, light is 
no longer fully used for photosynthesis due to chlorophyll break-
down, and light is more intense due to a thinning canopy (Ougham 
et al., 2008). While protecting senescing leaves that are about to 
fall is not critical, photoprotection may allow a better resorption 
of nutrients. Nitrogen, in particular, is often a limiting factor that 
strongly influences tree growth (Cooke et al., 2005; Dickson, 1989; 
Schlesinger, 2009), and trees have evolved multiple adaptations to re-
absorb nitrogen seasonally (Van Cleve & Apel, 1993). The photopro-
tection hypothesis suggests that the adaptive value of anthocyanin 
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Abstract
A prominent hypothesis for the adaptive value of anthocyanin production in the 
autumn leaves of trees and shrubs is that anthocyanins protect leaves from pho-
tooxidative stress at low temperatures, allowing a better resorption of nutrients— in 
particular, nitrogen— before leaf fall. While there is evidence that anthocyanins en-
able photoprotection, it is not clear whether this translates to improved nitrogen 
translocation and how this can explain inter- specific variation in autumn colours. A 
recent comparative analysis showed no correlation between temperature and antho-
cyanin production across species but did not analyse nitrogen content and nitrogen 
resorption efficiency. Here, we provide this comparison by analysing the nitrogen 
content of mature and senescent leaves and their autumn colours in 55 species of 
trees. We find no correlation between the presence of anthocyanins and the ef-
ficiency of nitrogen resorption. We find, instead, that nitrogen resorption is more 
efficient in species with yellow autumn colours, pointing to chlorophyll resorption, 
rather than anthocyanin synthesis, as the main determinant of nitrogen translocation 
efficiency. Hence, our results do not corroborate the photoprotection hypothesis for 
the evolution of autumn colours.
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synthesis in autumn is to improve resorption of nutrients, especially 
nitrogen, at low temperatures (Field et al., 2001; Hoch et al., 2003; 
Lee et al., 2003).

Anthocyanins can indeed function as antioxidants (Kytridis & 
Manetas, 2006; Lee, 2002; Lee & Gould, 2002; Nagata et al., 2003) 
especially at low temperatures (Gould et al., 2018), even though 
anthocyanins in leaves may be neither ideal nor ideally located to 
protect against light (Duan et al., 2014; Manetas, 2006). Empirical 
evidence for the photoprotection hypothesis has come mainly 
from observations on the photoprotective effects of anthocya-
nins. While some evidence clearly supports the hypothesis (Hoch 
et al., 2003; Hughes et al., 2005, 2007; Manetas et al., 2002; Neill 
et al., 2002a; Schaberg et al., 2003), some does not or is unclear 
(Burger & Edwards, 1996; Esteban et al., 2008; Field et al., 2001; 
Field et al., 2001; Hormaetxe et al., 2005; Hughes et al., 2005; 
Karageorgou & Manetas, 2006; Kyparissis et al., 2007; Lee 
et al., 2003; Lee et al., 2003; Manetas et al., 2003; Neill et al., 2002b; 
Nikiforou & Manetas, 2010; Nikiforou et al., 2011). More impor-
tantly, some previous studies report a difference between red and 
non- red leaves in nitrogen resorption efficiency (Hoch et al., 2003; 
Schaberg et al., 2003) but some do not (Duan et al. 2014; Field 
et al., 2001) or are unclear (Lee et al., 2003).

While the photoprotection hypothesis remains plausible, ev-
idence that anthocyanins provide photoprotection and enhance 
nitrogen resorption is necessary but not sufficient to prove that 
photoprotection is the actual adaptive value of autumn colours. 
The question is not just why autumn colours evolved, but why they 
evolved only in some species. In an ideal experiment, populations 
would evolve with or without the need for photoprotection and we 
would expect autumn colours to be found only in the populations 
under selection. A comparative phylogenetic analysis of existing tree 
species can reveal the results of an analogous evolutionary process 
in natural populations.

A recent study (Renner & Zohner, 2019) suggests that there is 
a higher prevalence of tree species with autumn colours in Eastern 
North America (ENA) than in Europe because ENA has lower tem-
peratures and that this supports the photoprotection hypothesis. 
A re- analysis of that data set, however, showed that there is no 
significant difference in the prevalence of red autumn colours be-
tween ENA and Europe (Pena- Novas & Archetti, 2020a). More im-
portantly, it would be more appropriate to compare the growing 
temperatures and autumn colours of individual species, rather than 
arbitrary floras. A recent analysis (Pena- Novas & Archetti, 2020b) 
comparing the climatic parameters of 237 tree species revealed 
no significant difference in growing temperature between species 
with red autumn leaves and species with green or yellow autumn 
leaves— a result that does not corroborate the photoprotection 
hypothesis.

A limitation of this analysis, however, is that it did not test 
whether species with red autumn leaves reabsorb nitrogen more ef-
ficiently than species with non- red leaves. This is what we do here, 
using a comparative analysis of data on nitrogen resorption we gath-
ered from 55 tree species from the same single location.

2  | MATERIAL S AND METHODS

2.1 | Autumn colours and nitrogen content

Data were collected at the H.O. Smith Arboretum of Pennsylvania 
State University (40.805051°N, 77.864088°W). Autumn leaf colour (a 
categorical variable with three possible states: green, yellow and red) 
was observed directly by the authors in November 2019 and 2020. 
Nitrogen content was measured from leaves collected on various days 
in November 2020 (‘Autumn’), on 21 September 2020 (‘Summer’) and 
on 21 September 2019 (‘Previous Summer’). We define nitrogen re-
sorption efficiency as 1- r, where r is the ratio between the Autumn and 
Summer (2020) nitrogen content. Leaves were collected on the same 
day for all species in Summer; in Autumn, leaves were collected on 
different days for different species, when ready for abscission (when it 
was possible to detach them from the tree by a slight touch). Nitrogen 
content was measured (by the Agricultural Analytical Services 
Laboratory of Pennsylvania State University) using CN Elementar ana-
lysers (a Vario Max Cube in 2019; and a Rapid Max N Exceed in 2020). 
Both instruments use the Dumas combustion method to measure ni-
trogen. Nitrogen content is reported as per cent of leaf material.

2.2 | Comparative analysis

Statistics for the correlations between nitrogen content in different 
seasons and nitrogen resorption efficiency are reported using the 
Spearman Rank test and (if all the P- values resulting from a test for 
normality are above 0.025) the Pearson Correlation test. Statistical 
analysis of the differences in nitrogen parameters is reported as the 
result of a Mann– Whitney U test. To control for phylogeny, 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 (Zanne et al., 2014). The method chooses phylogenetically in-
dependent 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) to avoid pseudoreplication and tests whether a difference in 
one character (nitrogen parameter) consistently predicts a differ-
ence in the second character (autumn colour).

3  | RESULTS

Our analysis of nitrogen content in 55 tree species (29 yellow, 17 red, 
nine green) (Figure 1, Table 1) reveals that nitrogen content values in 
mature leaves over two consecutive summers are, not surprisingly, 
correlated; values for the summer and the following autumn are also 
correlated; nitrogen resorption efficiency is correlated with nitrogen 
content in autumn but not in summer (Figure 2, Table 2).

When data are not controlled for phylogeny (Figure 3, Table 3), 
nitrogen content in summer is higher in species with green autumn 
leaves than in species with red autumn leaves (it is higher in species 
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with yellow autumn leaves than in species with red autumn leaves 
only in one of the two years examined); nitrogen content in autumn 
is higher in species with green autumn leaves than in species with 
red or yellow autumn leaves. Therefore, it appears that nitrogen re-
sorption efficiency is higher in species with red autumn leaves (as 
predicted by the photoprotection hypothesis) than in species with 
green autumn leaves. Nitrogen resorption efficiency is, however, 
also higher in species with yellow autumn leaves than in species with 
green autumn leaves, which is not predicted by the photoprotection 
hypothesis; there is no difference in nitrogen resorption efficiency 

between species with red or yellow autumn leaves, which does not 
support the photoprotection hypothesis.

When the same analysis is repeated, more appropriately, con-
trolling for phylogeny (Table 4), the difference in nitrogen resorp-
tion efficiency between green and yellow species remains; there is 
still no difference in resorption efficiency between red and yellow 
species (which does not support the photoprotection hypothesis); 
and the difference in nitrogen resorption efficiency between red and 
green species (the only result that apparently supported the photo-
protection hypothesis) is no longer significant.

F I G U R E  1   Species used in the analysis. The phylogenetic tree of the species used in the analysis and their autumn colours
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TA B L E  1   Species used in the analysis

Species Colour Autumn Summer Ratio
Previous 
Summer

Acer campestre Yellow 1.11 2.06 0.54 2.35

Acer freemanii Red 1.21 1.84 0.66 1.78

Acer maximowiczianum Red 0.63 1.49 0.42 1.61

Acer miyabei Yellow 1.07 1.81 0.59 1.82

Acer rubrum Red 0.47 1.48 0.32 1.76

Acer saccharinum Yellow 0.97 2.00 0.49 2.52

Acer saccharum Red 0.44 1.19 0.37 1.95

Aesculus flava Red 0.69 1.17 0.59 1.33

Albizia julibrissin Green 1.97 2.28 0.87 2.49

Alnus glutinosa Green 2.02 2.58 0.78 3.01

Asimina triloba Green 1.08 2.00 0.54 1.92

Betula alleghaniensis Yellow 0.78 2.36 0.33 2.25

Betula lenta Yellow 1.00 2.20 0.46 2.30

Betula nigra Yellow 0.88 2.13 0.41 2.14

Betula papyrifera Yellow 0.73 2.29 0.32 1.76

Betula populifolia Yellow 0.62 2.25 0.27 2.07

Carpinus betulus Yellow 0.99 2.06 0.48 2.07

Carpinus caroliniana Yellow 0.75 1.45 0.52 - 

Catalpa bignonioides Yellow 1.33 1.75 0.76 1.71

Celtis occidentalis Green 1.10 1.66 0.66 2.31

Cercidiphyllum japonicum Yellow 0.40 1.05 0.38 1.47

Cercis canadensis Yellow 1.17 2.38 0.49 2.48

Cladrastis kentukea Yellow 0.80 2.34 0.34 2.20

Crataegus viridis Green 1.15 1.85 0.62 1.36

Diospyros virginiana Yellow 0.75 1.80 0.42 1.48

Fagus grandifolia Yellow 0.83 2.27 0.36 2.28

Fagus sylvatica Yellow 1.03 1.53 0.67 1.88

Ginkgo biloba Yellow 0.69 1.13 0.61 1.17

Gleditsia triacanthos Yellow 0.81 1.94 0.42 1.75

Liriodendron tulipifera Yellow 0.63 1.88 0.34 1.50

Magnolia acuminata Yellow 0.66 1.45 0.45 1.52

Magnolia virginiana Green 0.56 1.55 0.36 2.03

Metasequoia glyptostroboides Red 1.17 1.72 0.68 1.33

Ostrya virginiana Yellow 0.82 1.82 0.45 1.86

Paulownia tormentosa Green 2.33 2.92 0.80 2.80

Platanus occidentalis Green 1.18 1.91 0.62 - 

Populus nigra Yellow 0.67 2.43 0.28 1.83

Populus tremuloides Yellow 1.51 2.07 0.73 - 

Prunus yedoensis Red 0.57 1.65 0.35 2.17

Quercus bicolour Red 0.74 1.87 0.40 1.85

Quercus imbricaria Red 0.81 1.92 0.42 - 

Quercus lyrata Red 0.71 1.72 0.41 1.69

Quercus macrocarpa Yellow 0.99 2.06 0.48 2.22

Quercus michauxii Red 0.85 1.72 0.49 1.81

(Continues)
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Therefore, chlorophyll resorption, rather than anthocyanin pro-
duction, seems to be the major determinant of nitrogen resorption 
efficiency.

4  | DISCUSSION

In summary, we found no evidence that red leaves (anthocyanins) en-
able a more efficient resorption of nitrogen compared with green or 

yellow leaves, which is inconsistent with the photoprotection hypoth-
esis. Species with yellow autumn leaves reabsorb nitrogen more effi-
ciently than species with green leaves, a prediction that is not directly 
relevant for the photoprotection hypothesis, but that points to chlo-
rophyll resorption (which enables the yellow colour of carotenoids to 
become visible) or a correlated process, rather than anthocyanin pro-
duction, as the major determinant of nitrogen resorption efficiency.

Recent results on a larger data set (Pena- Novas & 
Archetti, 2020b) showed that tree species growing at colder 

Species Colour Autumn Summer Ratio
Previous 
Summer

Quercus muehlenbergii Red 0.79 1.96 0.40 1.85

Quercus velutina Red 0.69 2.02 0.34 2.01

Rhus copallinum Red 0.46 1.25 0.37 1.15

Salix sepulcralis Yellow 0.67 1.61 0.42 2.53

Sorbus alnifolia Red 0.58 1.74 0.33 1.61

Styrax obassia Yellow 0.82 0.99 0.83 0.84

Tilia americana Yellow 1.08 2.77 0.39 2.77

Tilia cordata Yellow 1.00 2.36 0.43 2.33

Ulmus parvifolia Red 1.13 1.57 0.72 1.85

Ulmus rubra Green 1.12 1.77 0.63 1.60

Zelkova serrata Red 0.95 2.30 0.41 2.24

Note: For each species, autumn colours, nitrogen content in Autumn 2020, Summer 2020, their ratio and nitrogen content in the previous Summer 
(2019) are listed.

TA B L E  1   (Continued)

F I G U R E  2   Correlations between 
nitrogen parameters. Scatter plots of 
nitrogen content in Autumn, Summer, 
Previous Summer and Nitrogen 
Resorption Efficiency
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Summer, Previous 
(49)

Summer, 
Autumn (51)

Summer, 
Resorption (51)

Autumn, Resorption 
(51)

Spearman 
rank

0.67, p = 2 × 10– 8 0.46, 
p = 4 × 10– 4

0.05, p = .69 −0.78, p = 6 × 10– 14

Pearson 
correlation

0.75, p = 2 × 10– 11 0.11, p = .41

Note: Statistics and significance levels (p) for correlations between nitrogen content in Summer, 
Autumn, Previous Summer and Nitrogen Resorption Efficiency. Degrees of freedom are in 
parenthesis.

TA B L E  2   Correlations between 
nitrogen parameters

F I G U R E  3   Differences in nitrogen 
parameters between autumn colours. 
Species are grouped by autumn colours 
(red, yellow and green). Box plots show 
the median (white bar), mean (black 
bar), 25% and 75% quartiles (coloured 
areas), upper and lower fences (grey bars) 
and individual data points (grey dots). 
Asterisks show significant p- values in a 
Mann– Whitney U test (*p < .05; **p < .01; 
see Table 3 for the exact values)

Red, Yellow Red, Green Green, Yellow

Autumn 171 p = .090 26 p = .006** 44 p = .003**

Summer 144 p = .020* 40 p = .046* 124 p = .823

Previous Summer 142 p = .067 32 p = .046* 83 p = .316

Resorption efficiency 279 p = .452 128 p = .009** 214 p = .004**

Note: Statistics and significance levels (p) of the Mann– Whitney U test for the differences in 
nitrogen parameters between autumn colours. Asterisks show significant values (*p < .05; 
**p < .01). See Figure 3 for value distribution.

TA B L E  3   Differences in nitrogen 
parameters between autumn colours

Red
Nonred

Red
Green

Red
Yellow

Green
Yellow

Green
Nongreen

Resorption 
efficiency

0.23 0.23 [0.25, 0.69] [0.016,0.50] [0.06,0.11]

Autumn 0.23 0.06 [0.25, 0.69] [0.016,0.34] [0.11,0.23]

Summer 0.23 0.06 [0.12, 0.69] [0.016,0.50] [0.11,0.23]

Note: Differences in nitrogen content in Autumn, Summer and Nitrogen Resorption efficiency are 
tested between species grouped by autumn colour. Table entries are the values (or ranges) of the 
p- values for the best tail of each pairing. Significant values are in bold.

TA B L E  4   Phylogenetic independent 
contrast for the differences in nitrogen 
parameters between autumn colours
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temperature are more likely to have yellow, not red, autumn leaves, 
suggesting that resorption of chlorophyll, but not the production of 
anthocyanins, might be an adaptation to cold temperatures. While 
the dataset we use here is smaller, comparing nitrogen resorption 
efficiency is a direct test of the photoprotection hypothesis, which 
posits that the adaptive value of red autumn leaves is an efficient 
resorption of nutrients, particularly nitrogen, enabled by the pho-
toprotective effect of anthocyanins. Photoprotection is known to 
be more important at lower temperatures— hence the rationale for 
analysing climate parameters (Pena- Novas & Archetti, 2020b) to 
test indirectly the assumptions of the photoprotection hypothesis. 
Analysing nitrogen resorption efficiency is a more direct test of the 
hypothesis— a test that, based on the results we report here, does 
not support the hypothesis.

We must point out that the power of our analysis is relatively 
low, given that we use only 55 species. While phylogenetic pairwise 
comparison avoids pseudoreplication of lineage- specific factors, al-
lowing a proper statistical analysis (Felsenstein, 1985), it uses only a 
subset of the data; hence, it has a low power to detect correlations 
(Grafen & Ridley, 1996). We note, however, that a significant differ-
ence was found between yellow and green.

While analysing nitrogen content and nitrogen resorption effi-
ciency is an advance over the use of indirect data such as climate 
parameters, this is not yet a conclusive test of the hypothesis. The 
photoprotection hypothesis posits that selection for reabsorbing ni-
trogen is the driving force behind the evolution of autumn colours. 
A more refined analysis should control 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 pho-
toprotection and would have weaker selective pressure to evolve 
autumn colours. One possible way to control for nitrogen require-
ments would be to compare species with and without nitrogen- fixing 
bacteria (although a cursory analysis reveals that many tree species 
without nitrogen- fixing bacteria (Wright et al., 2004) do not turn red 
in autumn (Archetti, 2009b)).

While our comparative analysis does not support the photopro-
tection hypothesis for the evolution of autumn colours, more sophis-
ticated analyses might reveal a correlation that our study was unable 
to detect. Based on our current results, however, one possible con-
clusion is that nitrogen resorption depends mainly on the resorption 
of chlorophyll, or a related process, rather than on the photoprotec-
tive effects of anthocyanins.

The results that yellow autumn colours are correlated with a 
more efficient resorption of nitrogen have implications for another 
hypothesis for the evolution of red autumn colours. Among current 
hypotheses (Archetti, 2009b; Archetti et al., 2009), the coevolu-
tion hypothesis suggests that anthocyanins provide a warning sig-
nal to pest insects that migrate to trees in autumn (Archetti, 2000; 
Hamilton & Brown, 2001), a type of aposematism (Lev- Yadun & 
Gould, 2007). The hypothesis has been corroborated by compara-
tive analysis (Archetti, 2009c; Hamilton & Brown, 2001) and empir-
ical studies showing that insects avoid 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). While the coevolu-
tion hypothesis is agnostic about the evolution of yellow autumn 
leaves, it is known that yellow attracts insects (Doring et al., 2009; 
Holopainen & Peltonen, 2002; Wilkinson et al., 2002), acting as a 
‘super- green’ stimulus. If yellow evolved as an adaptation to low 
temperatures or to enable an efficient resorption of nitrogen, it 
could have served as a pre- adaptation for the subsequent evolu-
tion of red, as trees with yellow leaves would be under stronger 
selective pressure to repel insects (which are attracted by yellow) 
by evolving chemical defence and correlated warning signals (red 
due to anthocyanin production).

Why species with yellow autumn leaves reabsorb nitro-
gen more efficiently remains to be investigated. Merely re-
absorbing chlorophyll cannot be responsible for a significant 
difference in nitrogen resorption efficiency, since chlorophyll 
typically accounts for only a small fraction of total leaf nitrogen 
(Hörtensteiner, 2006), as most of it is in the form of proteins in 
the leaves. Seasonal resorption of nitrogen involves degrada-
tion of these proteins to transportable forms, its transport from 
senescing leaves and conversion to storage proteins (Cooke & 
Weih, 2005; Sample & Babst, 2019). Whereas protein degradation 
begins early in the season (Cooke & Weih, 2005; Hörtensteiner & 
Feller, 2002), nitrogen is exported from the leaf with a 1-  to 2- 
month delay (Sample & Babst, 2019), at the same time as chloro-
phyll degradation (Lee et al., 2003).

The result that yellow autumn colours are correlated with ef-
ficient nitrogen resorption suggests that a process linked to chlo-
rophyll resorption is the main determinant of nitrogen resorption 
efficiency. The result that red autumn colours are not, instead, sug-
gests that the contribution of anthocyanins to nitrogen resorption is 
not significant enough to support the photoprotection hypothesis.
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