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Biogeography and evidence for
adaptive explanations of autumn
colors

A comment on Renner & Zohner (2019) ‘The
occurrence of red and yellow autumn leaves explained
by regional differences in insolation and temperature’

Renner & Zohner (2019) suggest that autumn colors are more
frequent in Eastern North America (ENA) than in Europe due to
higher temperature fluctuations and stronger solar irradiation,
which impose higher selection for photoprotection, in ENA. The
idea is based on the logic that, if the adaptive value of autumn colors
is photoprotection, species under stronger selection are more likely
to evolve autumn colors (Archetti et al., 2009). To support this
idea, Renner & Zohner (2019) report that more ENA than
European species turn red in autumn in a common garden. They
conclude that the photoprotection hypothesis has solid support,
and that there is no evidence for the alternative co-evolution
hypothesis (that autumn colors evolved, instead, as warning signals
of defensive commitment to insects). We repeated their analysis
using a more complete and appropriate dataset and we found that
there is actually no difference between Europe and ENA in the
proportion of species with autumn colors. We discuss what this
implies for hypotheses on the evolution of autumn colors, and we
reassess Renner and Zohner’s conclusions about the two main
hypotheses: the evidence for the photoprotection hypothesis is not
so solid, and there is evidence for the co-evolution hypothesis.

Biogeography of autumn colors

No difference in the frequency of autumn colors between
Europe and North America

Renner&Zohner (2019) consider only species with red and yellow
leaves (see their Fig. 3; the species are not listed) in a European
common garden. However, c. 72% of all tree species do not turn
yellow or red in autumn (Archetti, 2009a) and these species should
be included in the analysis. Furthermore, Renner&Zohner (2019)
use almost all (‘96%’) the European species but only a subset of the
ENA (‘49%’) and Asian (‘61%’) species. However, many ENA and
Asian species introduced to Europe are ornamental, hence the ENA
andAsian datasets usedmay have a higher frequency of species with
autumn colors.

We repeated the analysis using all European native species (from
a list compiled by Mauri et al. (2017) corrected to remove

nonnative species according to the Euro +Med (2006) database)
and all native ENA species (from Little, 1971, 1976, 1977, 1978;
Little et al., 1980; Thompson et al., 1999; Fryer, 2018), cross-
referenced with the largest available dataset of autumn colors
(Archetti, 2009a), supplemented by data from Little et al. (1980)
for a few species (Supporting Information Table S1).

The proportion of species that turn red in autumn is 19% (60/
309) in ENA (rather than Renner and Zohner’s ‘47%’) and 14%
(19/134) in Europe (rather than Renner and Zohner’s ‘20%’), a
difference that is not significant (v2 = 1.75, P = 0.19). Differences
between ENA and Europe in the proportion of species with green
leaves (ENA, 60%; Europe, 66%; v2 = 1.19, P = 0.27) or yellow
leaves (ENA, 20%;Europe, 20%; v2 = 0.003,P = 0.95) are also not
significant. If we consider only deciduous species (101 in Europe
and 244 in ENA), the result is similar, for red (Europe, 19%; ENA,
24%; v2 = 1.01, P = 0.31), yellow (Europe, 27%; ENA, 26%;
v2 = 0.04, P = 0.86) and green (Europe, 54%; ENA, 50%;
v2 = 0.47, P = 0.49). Using Pagel’s correlation test (Pagel, 1994;
Pagel & Meade, 2006) on a recent phylogeny (Zanne et al., 2014)
that includes 248 of our deciduous species (167 from ENA, 81
from Europe), the difference remains nonsignificant.

In summary, there is no significant difference between ENA and
Europe in the frequency of species with autumn colors. Does this
mean that the photoprotection hypothesis that Renner andZohner
believe they have validated is, instead, invalidated? Not necessarily,
because this type of analysis cannot reveal much about selection for
autumn colors.

Comparing floras does not reveal the adaptive explanation of
autumn colors

Comparing entire floras from different, large and arbitrary parts of
the world is a weak proxy for a proper inter-specific comparative
analysis. First of all, it is not clear why ENA, Asia and Europe are
‘the regions that are most relevant to the question of the adaptive
value of autumn colouration’. Certain parts of ENA and Japan are
famous tourist destinations for their dramatic display of autumn
colors, but this may be due to a high prevalence of certain trees (for
example belonging toAcer species) with autumn colors, rather than
to a high frequency of species with autumn colors. Other temperate
regions (Patagonia, Central Asia, the Russian Far East) have an
equal or even more impressive display of autumn colors, and other
(Western North America (WNA), Australia and New Zealand)
seem to have a low prevalence of autumn colors. Is the need for
photoprotection different between ENA and WNA, in the
symmetric western range, where 97/121 species (80%) are green
in autumn (significantly more than ENA’s 60%; v2 = 15.4,
P ≤ 0.0001; the difference is significant even if we consider only
WNA’s 44/67 deciduous species: v2 = 4.9, P = 0.026; similar
differences exist for red and yellow), or in the symmetric southern
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range between approximately 56°S and 33°S in Patagonia, where
73% of the 11 Nothofagus species (100% if we consider only the
deciduous ones) (Archetti, 2009a; Fig. 1) that form the vast
majority of the Andean forests turn red in autumn?Why focus only
on certain floras, and how to choose the correct division in
biogeographic regions?

In fact it is not clear why a comparison between any flora would
be useful at all. A meaningful analysis should compare species with
red and species with nonred autumn leaves and test whether the
former have a higher need for photoprotection, for example because
of lower temperatures or higher irradiation – data that should be
assigned to each species (not to average for whole geographic
regions) and controlled for phylogeny (not just counting the
number of species). An analogous analysis has been done for the co-
evolution hypothesis (Hamilton & Brown, 2001).

An even more reliable test would be to look at intra-specific
variation in autumn colors: populations of the same species that
evolved with a need for photoprotection should be more likely to
have (or have more intense) autumn colors. An analogous analysis
has been done for the co-evolution hypothesis (Archetti, 2009c).

Adaptive explanations for autumn colors

At least 10 hypotheses have been proposed to explain the adaptive
value of autumn colors (Archetti, 2009b). A consensus review
(Archetti et al., 2009) produced by a group of experts fromdifferent
fields concluded that the two most likely candidate hypotheses are
the photoprotection hypothesis (autumn colors protect against
photoinhibition and photooxidaiton) and the co-evolution (sig-
naling) hypothesis (autumn colors are warning signals of defense
against insects that migrate to trees in autumn).

Photoprotection

Renner & Zohner (2019) state that ‘the photoprotection hypoth-
esis has solid experimental support’. However, since its inception

(Pringsheim, 1879) the photoprotection hypothesis has been
controversial (Haberlandt, 1914) and the consensus review
(Archetti et al., 2009) concluded that ‘the photoprotection
hypothesis is controversial but still tenable. Its main predictions
(direct screening, antioxidant function and efficient resorption of
nutrients) have been confirmed by some studies and rejected by
others’.

The hypothesis makes two main predictions, which are both
necessary. (1) Red pigments have a screening or antioxidant effect
(photoprotection); (2) photoprotection enables enhanced resorp-
tion of nutrients (especially nitrogen).

At the intra-specific level, this must be tested by comparing the
nutrient content before and after the autumn in different species
and in individual trees with different amounts of autumn colors.
Evidence for this is, at best, contradictory. The ability of
anthocyanins to absorb light has been demonstrated (Lee, 2002;
Lee & Gould, 2002) but it is not clear whether this translates into
photoprotection. Some evidence seems to be in favor (Field et al.,
2001; Manetas et al., 2002; Hughes et al., 2007, 2005) (but, for
instance, in one case (Field et al., 2001) red leaves were sampled
from the top of the canopy, whereas yellows leaves from the shaded
canopy interior) and some is against (Burger&Edwards, 1996; Lee
et al., 2003; Manetas et al., 2003; Hormaetxe et al., 2005;
Karageorgou & Manetas, 2006; Kyparissis et al., 2007; Esteban
et al., 2008). Anthocyanins have also been shown to function as
antioxidants (Lee & Gould, 2002; Nagata et al., 2003; Kytridis &
Manetas, 2006) but it is not clear whether this translates into
photoprotection (there is evidence in favor (Neill et al., 2002a) and
against (Neill et al., 2002b; Hughes et al., 2005), both in
nonsenescing leaves). All this makes the first prediction, at best,
controversial. As for the second prediction, results are also
conflicting: some studies report no difference between red and
nonred leaves in nitrogen resorption efficiency (Field et al., 2001)
and some do (Hoch 2003; Lee et al., 2003; Schaberg et al., 2003)
(but, for instance, in one case (Lee et al., 2003) there was no
evidence for photoprotection, and the need for photoprotection

Fig. 1 Autumn colors in Patagonia. A forest in
the southern Andes comprised almost
exclusively of two species of Nothofagus that
turn red in autumn.
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failed to explain the greater leafmass per area of autumn-red species
(Lee et al., 2003)).

At the inter-specific level, the hypothesis must be tested by a
proper comparative phylogenetic analysis (not by comparing
arbitrary floras), and this must show that species more in need of
photoprotection to retain nitrogen have a higher prevalence of
autumn (red) colors. No such evidence exists so far.

In addition to a lack of solid evidence, the photoprotection
hypothesis raises serious conceptual problems, as Manetas (2006)
has eloquently discussed: anthocyanins in leaves absorb mainly
green light, which is relatively harmless, have much lower
concentration and efficiency than other colorless compounds with
the same protective functions, and their location (in the vacuoles) is
not optimal for photoprotection (other phenolics and flavonoids
are more optimally located). This suggests that the contribution of
anthocyanins to photoprotection is negligible (Manetas, 2006).

All this certainly does not lead to the conclusion that the
photoprotection hypothesis has ‘solid experimental support’.More
recent evidence (Gould et al., 2018) that photoprotection is more
important under lower temperatures can be added to the list of
evidence in favor, but does not change the overall conclusion.
Further evidence that ‘anthocyanin production is sun-induced’ and
that ‘cold sunny days intensify anthocyanin production’ is not as
important as Renner & Zohner (2019) seem to imply. The mere
fact that a physical stimulus triggers a phenotype does notmean that
the adaptive value of that phenotype is to cope with that stimulus.
By the same (faulty) logic one could conclude that, since insect
attack also triggers anthocyanin production (Costa-Arbul�u et al.,
2001; Stone et al., 2001), protection against insects is the adaptive
value of autumn colors. This misunderstands the difference
between proximate (mechanistic) and ultimate (adaptive) expla-
nations (Mayr, 1961).

Co-evolution

The co-evolution hypothesis is more recent (Archetti, 2000). The
same consensus review cited earlier (Archetti et al., 2009)
concluded that ‘the available tests performed so far (comparative
evidence and colour preference) are consistent with the (co-
evolution) hypothesis’. It is surprising, therefore, that Renner &
Zohner (2019) state that ‘neither of these predictions has been
supported by experimental or comparative data’. This is simply not
true.

The two main predictions of the co-evolution hypothesis ((1)
pest insects will prefer green over red leaves in autumn; (2) insects
will grow better, in spring, on trees that had more green leaves in
autumn) have been tested and not been disproved so far. Renner &
Zohner (2019) gloss over the results reported in the consensus
review (Archetti et al., 2009), which show that pest insects prefer
green to red leaves (Furuta, 1986; Archetti & Leather, 2005;
Karageorgou & Manetas, 2006; Rolshausen & Schaefer, 2007;
Ramirez et al., 2008; Doring et al., 2009) (the first prediction) and
that the amount of red is positively correlated with chemical
defenses (Karageorgou et al., 2008) (strong indirect evidence for the
second prediction). Additional, more recent evidence has con-
firmed that pest insects prefer green to red leaves (Archetti, 2009c;

Cooney et al., 2012; Menzies et al., 2016), that red foliage has
higher chemical defenses than green (Cooney et al., 2012; Menzies
et al., 2016), and shown direct evidence that insects grow better, in
spring, on trees that had more green leaves in autumn (Archetti,
2009c; see alsoMaskato et al., 2014); and that red autumn leaves are
linked to susceptibility to insect-borne diseases (hence to the need
of signaling) (Archetti, 2009c).

Renner&Zohner (2019) cite, instead, only two papers that they
believe disprove the two predictions of the co-evolution hypothesis.
However, the first (Sinkkonen et al., 2012) shows no preference by
aphids for yellow or green leaves, which is irrelevant for autumn
colors (red colors due to anthocyanins produced de novo in autumn,
not yellows due to the unmasking of carotenoids). The second
(Sinkkonen, 2008) shows higher anthocyanin production in
weaker trees (not, as Renner & Zohner (2019) state, ‘in trees with
the lowest defensive commitment’), which is compatible with the
co-evolution hypothesis (weaker trees aremore in need to repel pest
insects), rather than against.

Renner & Zohner (2019) believe that the fact that ‘phenylala-
nine precursors used in anthocyanin synthesis cannot instead be
used to produce other flavonoids of higher defense value [. . .] or in
the synthesis of [. . .] mechanical barriers against herbivores’
disproves the co-evolution hypothesis. However, the co-evolution
hypothesis does not posit that defenses against insects are a direct
consequence of the production of anthocyanins. In fact, for red to
be a honest signal in the co-evolution hypothesis (and in general, in
any analogous system in signaling theory), its production must be
independent from the production of chemical defenses – treesmust
be able to cheat; the co-evolution hypothesis (and signaling theory
in general (Maynard Smith&Harper, 2003)) posits that cheating is
not profitable (hence the signal is honest) if there is a ‘strategic cost’
(Archetti, 2000) for the signal that only trees with better chemical
defenses, ormore in need of repelling insects, find profitable to pay.

In summary, the two main intra-specific predictions of the co-
evolution hypothesis have been verified in different systems, and of
the only two studies cited by Renner & Zohner (2019) against it,
one is irrelevant and one is actually in favor.

Furthermore, the inter-specific prediction of the co-evolution
hypothesis has been tested as well, controlling for phylogeny
(Hamilton & Brown, 2001) – a proper test that has not been done
for the photoprotection hypothesis. As discussed in the section
‘Biogeography of autumn colors’, this type of comparative analysis,
rather than comparing entire floras, is a meaningful inter-specific
test.
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