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Abstract

Climate adaptation has major consequences in the evolution and ecology of all liv-
ing organisms. Though phytophagous insects are an important component of Earth's
biodiversity, there are few studies investigating the evolution of their climatic prefer-
ences. This lack of research is probably because their evolutionary ecology is thought
to be primarily driven by their interactions with their host plants. Here, we use a ro-
bust phylogenetic framework and species-level distribution data for the conifer-feed-
ing aphid genus Cinara to investigate the role of climatic adaptation in the diversity
and distribution patterns of these host-specialized insects. Insect climate niches were
reconstructed at a macroevolutionary scale, highlighting that climate niche tolerance
is evolutionarily labile, with closely related species exhibiting strong climatic dispari-
ties. This result may suggest repeated climate niche differentiation during the evolu-
tionary diversification of Cinara. Alternatively, it may merely reflect the use of host
plants that occur in disparate climatic zones, and thus, in reality the aphid species'
fundamental climate niches may actually be similar but broad. Comparisons of the
aphids' current climate niches with those of their hosts show that most Cinara species
occupy the full range of the climatic tolerance exhibited by their set of host plants,
corroborating the hypothesis that the observed disparity in Cinara species' climate
niches can simply mirror that of their hosts. However, 29% of the studied species
only occupy a subset of their hosts' climatic zone, suggesting that some aphid species
do indeed have their own climatic limitations. Our results suggest that in host-spe-
cialized phytophagous insects, host associations cannot always adequately describe

insect niches and abiotic factors must be taken into account.
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1 | INTRODUCTION

The niche theory is a central concept in ecology and evolution
(Duran & Pie, 2015; Pearman, Guisan, Broennimann, & Randin,
2008; Pearman et al., 2014, Petitpierre et al., 2012; Wiens et al.,
2010), with the set of ecological conditions where species occur
(Hutchinson, 1957) considered one of the key factors that drive
diversification and biogeographic patterns on Earth. With more
than 500,000 known species, phytophagous insects represent
nearly a quarter of the whole terrestrial macroscopic biodiversity
(Daly, Doyen, & Purcell, 1998; Southwood & Norton, 1973; Strong,
Lawton, & Southwood, 1984). However, the factors that shape the
geographic distribution of phytophagous insects are still poorly un-
derstood, limiting our ability to model the effects of climate change
on their future distributions; there is also an additional complexity
of combining the insects' and host plants' climate niches (Barredo
etal., 2015).

Most phytophagous insect species are host-specific, feeding on
one or a few plant species (Jaenike, 1990), and thus, their ecology
and life history are strongly dependent on their interaction with their
host plants. Consequently, the study of phytophagous insect niches
is often restricted to the traits characterizing their association with
their host plants: the range of plant species they feed on (Kaplan
& Denno, 2007), the plant organs on which they develop (Condon
& Steck, 1997; Cook, Rokas, Pagel, & Stone, 2002), or the range of
natural enemies encountered on these plants (Singer & Stireman,
2005). This traditional host-centered conception of the ecological
niche of phytophagous insects implies that their distribution is pri-
marily constrained by the geographic range of their hosts, whereas
other environmental abiotic factors, such as geographic or climatic
barriers, are rarely taken into account (Futuyma & Moreno, 1988;
Jaenike, 1990). Similarly, insect diversification and biogeographic
history are also often interpreted as the consequence of host shifts
(von Dohlen, Kurosu, & Aoki, 2002; Janz, Nylin, & Wahlberg, 2006;
Nyman, Linder, Pefia, Malm, & Wahlberg, 2012).

In the last decades, the study of the environmental conditions
relevant to large-scale ecological and geographic properties of spe-
cies has been conducted in numerous organisms such as amphibians
(Bonetti & Wiens, 2014; Kozak & Wiens, 2010), squamates (Knouft,
Losos, Glor, & Kolbe, 2006; Pyron & Burbrink, 2009), plants (Evans,
Smith, Flynn, & Donoghue, 2008; Meseguer, Lobo, Ree, Beerling, &
Sanmartin, 2014), mammals (Dormann, Gruber, Winter, & Herrmann,
2009), and birds (Pearman et al., 2014). These reveal an important
role for climate adaptation in the evolution of these organisms. The
climate niche reflects the physiological tolerance to climatic condi-
tions (Grinnell, 1917) and may strongly influence the distribution of
species over space and time (Soberdn, 2007). Unfortunately, climatic
niche evolution has been scarcely investigated in phytophagous in-
sects (but see Kellermann et al., 2012; Pitteloud et al., 2017) and we
still have a limited understanding of the distribution in climate space
of related insect species. This relative neglect may be due to the
difficulty of gathering climatic distribution data for an entire clade
of phytophagous insects, but it may also stem from the assumption

that their distributions simply reflect host plant distributions and are
therefore uninteresting in their own right.

Phytophagous insect development, survival, and capacity to
exploit plants are known to be sensitive to climate conditions, and
insects do exhibit many climate dependent traits (Bale et al., 2002;
Gallego, Verdu, Carrascal, & Lobo, 2016; Howe, 1967; Régniere,
Powell, Bentz, & Nealis, 2012). For example, Duyck, David, and
Quilici (2006) showed that Ceratitis fruit fly pupae exhibit differ-
ent climatic niches, coexisting on the French island of La Réunion
in the southwest Indian Ocean under different humidity conditions.
Another telling example is the hemlock woolly adelgid (Adelges tsu-
gae), an invasive insect introduced to eastern North America that
is decimating populations of eastern and Carolina hemlock (Tsuga
canadensis and T. caroliniana) from Georgia to Connecticut. The
success of its invasion is limited by its low cold tolerance: several
T. canadensis and T. caroliniana populations distributed in colder re-
gions have not been impacted by the pest (Paradis, Elkinton, Hayhoe,
& Buonaccorsi, 2008). It is also well known that several insect spe-
cies are tracking cooler habitats or hatching earlier than they used
to in response to climate warming (Visser & Holleman, 2001). Finally,
studies have shown that some phytophagous insects occupy only a
part of the range of their host plants (Battisti et al., 2005; Carroll,
Taylor, Régniére, & Safranyik, 2003; Godefroid et al., 2016; Hill &
Hodkinson, 1992), suggesting that climate variables, such as tem-
perature and precipitation, may play a significant role in defining the
insects' habitat and distribution. Altogether, these studies provide
evidence that phytophagous insects can display adaptations to spe-
cific climate conditions.

Here, we investigated the role of climate adaptation in the long-
term evolution of a clade of aphids (Hemiptera; Aphididae) of the
genus Cinara, in relation to their host plants. We sought to answer
the following general questions: (a) Does this phytophagous in-
sect lineage exhibit long-term climatic specialization? (b) Do aphids
occur in the full range of climate conditions occupied by their host
plants, or do they only occupy a subset of the host's climatic niche?
Concordance between the insects' and hosts' climatic niches would
suggest that observed insect climatic niches are limited by the hosts'
presence rather than their own set of physiological constraints.
Aphids are particularly well-suited to address these questions as
they are generally host-specific, they spend their whole life cycle
on their hosts, and their range of host preference and their geo-
graphic distribution are generally well-known due to the pest sta-
tus of numerous species. Using a georeferenced occurrence dataset
and a comprehensive phylogeny, we studied the evolution of climate
tolerance of the conifer-feeding aphid genus Cinara Curtis, 1835

(Aphididae: Hemiptera) in relation to their Pinus spp. hosts.

2 | MATERIAL AND METHODS

2.1 | Study system, distribution and bioclimatic data

The genus Cinara (Aphididae: Lachninae) includes 253 described
species, including those of the recently subordinated subgenus
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Schizolachnus (Chen, Favret, Jiang, Wang, & Qiao, 2016; Meseguer,
Coeur d'acier, Genson, & Jousselin, 2015). Cinara species have their
native range exclusively within the Northern Hemisphere, and they
are generally host-specific, feeding on one or a few plant species of
the conifer families Pinaceae and Cupressaceae (Blackman & Eastop,
2000; Favret & Voegtlin, 2004). Associations with host plants are
well known for most Cinara species as they have been the subject
of many taxonomic investigations (Eastop, 1972; Favret & Voegtlin,
2004; Voegtlin, 1976), and these association have been reviewed
and compiled in the reference book by Blackman and Eastop (1994)
which is regularly updated (Blackman & Eastop, 2019). We compiled
a total of 6,135 Cinara occurrence records for 106 species. These in-
clude data from online databases (GBIF with 2,359 records and IBOL
with 1,334 records) and aphid taxonomic databases from the ento-
mological collection of the University of Montreal (1,705 records),
the Institute of Zoology of the Chinese Academy of Sciences (221
records), and the INRA collection (516 records). All occurrences were
reviewed and ambiguous accessions (e.g., occurrences for which the
location names did not correspond with the given GPS coordinates
or were assigned to county centroids) and duplicate records were
removed. Occurrence data for Pinus species hosting Cinara were re-
trieved from the Conifers of the World database (Farjon & Filer, 2013).

In order to estimate the aphid climatic niches and those of their
associated Pinus hosts, we selected a subset of the bioclimatic vari-
ables developed by Hijmans, Cameron, Parra, Jones, and Jarvis
(2005), at the finest grid resolution (30s), that likely influence aphid
biology: the maximum (BIO 5) and minimum (BIO 6) temperatures of
the warmest and coldest months of the year; the mean temperature
of the warmest and coldest quarters of the year (BIO 10 and BIO 11
respectively). Temperature variation affects insect development and
reproduction (Ratte, 1984), including those of Cinara species (Durak
& Borowiak-Sobkowiak, 2013). The aphid life cycle is also likely af-
fected if temperatures exceed threshold values, corresponding to
heat stress or extreme cold (Campbell, Frazer, Gilbert, Gutierrez, &
Mackauer, 1974). Because drought episodes can also have a signifi-
cant effect on aphid colony development (Rouault et al., 2006), we
also selected the precipitation of the driest month (BIO 17).

2.2 | Taxonomic validation and association of
occurrences with phylogenetic species

The identification of aphids based on morphological criteria can
be ambiguous because aphids show considerable overlap in their
morphological characteristics (Coeur d'acier et al., 2014). Specimen
misidentification or other taxonomic ambiguity can lead to an er-
roneous geographic occurrence record of a species. We therefore
sought to cure the occurrence dataset of misidentifications: We
downloaded 743 Cinara barcode sequences (i.e., cytochrome oxi-
dase | DNA sequences available in IBOL [http://www.boldsystems.
org/] and GenBank [https://www.ncbi.nlm.nih.gov/genbank/])
representing 105 species and corresponding to 638 records in our
occurrence dataset. Cross-referencing the datasets allowed us to

assess whether some of the species included in this study were
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not monophyletic and could thus be subject to taxonomic ambi-
guities. To this end, we reconstructed a maximum-likelihood tree
using a Kimura-2-parameter model of base substitution (Kimura,
1980) and 1,000 bootstrap replications as implemented in RaxML
8.2.10 (Stamatakis, 2014). The COl tree revealed some polyphyletic
and paraphyletic species. In most cases, we defined monophyletic
species groups of closely related species that seem to be regularly
mixed. We then grouped occurrence data accordingly and assigned
them to their respective species group. In cases where sequences
assigned to a species were found in distant phylogenetic lineages,
the species was either entirely removed from our occurrence data-
set and the final phylogenetic tree, or just the evidently problematic
occurrences were deleted. Details on the curation of the occurrence
dataset and clustering of specimens into species groups are given in
Appendices S1 and S2.

2.3 | Phylogenetic methods and molecular dating

In order to obtain the most comprehensive Cinara phylogeny, we
complemented the nucleotide dataset published by Meseguer et al.
(2015) with sequences available on GenBank. We used one marker
from the aphid nuclear genome (elongation factor 1-a, EF) and two
from its mitochondrion (COl; cytochrome b, CytB). Then, we con-
sidered two markers from the aphid's primary symbiont, Buchnera
aphidicola: a chaperonin molecule involved in protein folding, GroEL,
and “His” including the ATP phosphoribosultransferase, HisG, and
the histidinol dehydrogenase, HisD. The final dataset included
82 Cinara species, 15 more than the Meseguer et al. (2015) study.
Following Meseguer et al. (2015), 12 species belonging to seven gen-
era of the Lachninae subfamily (Lachnus, Longistigma, Maculolachnus,
Pterochloroides, Stomaphis, Trama, and Tuberolachnus) and two
species belonging to two other aphid subfamilies (Mindarus sp.—
Mindarinae and Pemphigus populicaulis—Eriosomatinae) were used
as outgroups. Sequences were aligned using MUSCLE 3.8.31 (Edgar,
2004) followed by manual verification with BioEdit 7.2.5 (Hall, 1999).

Phylogenetic analyses were performed with the single con-
catenated DNA matrix with MrBayes 3.2.3 (Ronquist et al., 2012).
Following MrModeltest (Nylander, 2004) results, Meseguer et
al. (2015) had applied a GTR+INV+GAMMA model of substitu-
tion to each partition. We followed Meseguer et al. (2015), parti-
tioning the nucleotide alignment by gene and applying the same
GTR+INV+GAMMA substitution model to each partition. Two in-
dependent runs of four Metropolis-coupled Monte Carlo Markov
chains (MCMC) were run for 30 million generations, sampling trees
and parameter values every 1,000 generations, with the first 25% of
generations as burn-in. Convergence was verified with the potential
scale reduction factor (PSRF), calculated by MrBayes software, and
ensuring the effective sample size (ESS) values was superior to 200
with Tracer 1.6 (Rambaut, Suchard, Xie, & Drummond, 2014). Results
were summarized in a 50% majority-rule consensus tree.

We used BEAST V.1.8.2 (Drummond & Rambaut, 2007) to esti-
mate divergence times in the phylogeny using the topology inferred
by MrBayes as a fixed tree. Following Meseguer et al. (2015), we
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2. Fossil: Longistigma
caryae (Heie & Walter
1971)

1. Fossil: Stomaphis eupetes
(Wegierek & Mamontova 1993)

Age: Middle Miocene Age: Late Miocene/

early Pliocene

3. Aphididae common ancestor

TABLE 1 Calibrations use to estimate
absolute age of divergence in Cinara
phylogeny

Dohlen and Moran (2000)
estimated that the common

ancestor of Aphididae was
living 84-164 Ma years ago.
We thus used a uniform
84-164 Ma prior to the root
of the tree

Location: Caucasus Location: Iceland

Node: Stomaphis genus Node: Longistigma

genus

Prior: lognormal with an offset of
11.6 Ma and a 1.5 Ma standart
deviation

Prior: lognormal with
and offset of 3.6 Ma
and a 1.3 Ma standart
deviation

used a Yule tree prior and a relaxed lognormal molecular clock. We
first applied the GTR+G+| substitution model to all gene partitions
but, detecting over-parametrization for the GroEL and EF genes
in Tracer (ESS < 200), we used the HKY+G+| model for these two
markers. We ran two MCMC chains of 80 million generations each,
sampled every 1,000 generations. We discarded 25% as burn-in and
combined the two independent runs with LogCombiner 1.8.3. Three
calibration points were used to calculate absolute ages of divergence
in Cinara, following Meseguer et al. (2015) (Table 1). Additionally, we
performed the dating analysis with a random starting tree in order to
obtain a posterior sample of trees while accounting for topological

uncertainties.

2.4 | Climatic niche evolution in Cinara

For the following analyses, we pruned from the tree the species for
which we had gathered fewer than five georeferenced occurrence
records. The phylogenetic signal of each selected climate variable
was estimated with the 1 of Pagel (1999) on the time-calibrated
tree. J varies between 0 (no phylogenetic signal, i.e., the character
evolved independently of the phylogeny) and 1 (there is phyloge-
netic signal, i.e., the phylogeny fully represents the trait covariance
among species). From the occurrence data, we calculated the me-
dian, minimum, and maximum values of each bioclimatic variable for
each species or species group included in the tree and optimized the
value of 1 using the phylosig function of the phytools package in R (R
Core Team, 2013; Revell, 2012). To test whether 1 was significantly
different from zero, we compared the observed likelihood value with
the obtained likelihood value with a fixed 4 of zero using a likelihood
ratio test.

In order to describe the evolution of climate tolerance through-
out the Cinara species' evolutionary history, we used the disparity
through time (DTT) method (Harmon, Schulte, Larson, & Losos,
2003) that depicts how trait variation is distributed and when trait
values diverged along the phylogeny. This method starts at the root
of the tree and calculates the disparity among all existent clades up

to the most recent node. The disparity at each node is the mean
of the Euclidian distances for n dimensions (n being the number of
variables) calculated for each pair of species of the clade. These dis-
parity values are plotted against node ages. To compute disparities
values, we extracted the median values for each bioclimatic vari-
able for each species and used the dtt function in the geiger pack-
age (Harmon, Weir, Brock, Glor, & Challenger, 2007). Each variable
was standardized so that each would have the same weight in the
disparity calculation. To consider phylogenetic uncertainty, DTT val-
ues were estimated for 5,000 sampled trees from the BEAST pos-
terior distribution inferred with a random starting tree. Low values
of disparity suggest that species in the considered clades exhibit
similar climatic niches, whereas high values mean that the species
are adapted to different climates. Observed disparity values were
compared with the values obtained under a pure Brownian process
by simulating the evolution of climate variables 1,000 times across
our tree using the covariance matrix with the dtt function. Loess re-
gression curves were used to represent the observed and simulated
disparities.

2.5 | Cinara and Pinus niche equivalency tests

The clades B,, B;, and B; of the Cinara tree (see below) encompass
species feeding exclusively on pines (44 species in our dataset). We
restricted our analyses of niche equivalency to these species be-
cause Pinus-Cinara associations are particularly well documented
(Blackman & Eastop, 1994). In addition, occurrences available in
public databases often specify the Pinus species whereas the identi-
fication of other Cinara hosts frequently does not reach the species
level. We retrieved the association of each Cinara species with spe-
cies of Pinus from Blackman and Eastop (2019) and from our own
dataset. When Cinara species were clustered into species groups,
the host niche represented the combination of the occurrences of all
the hosts of all aphid species included in the group.

In order to test whether the realized climatic niches of Cinara

species and their hosts were similar, we performed the niche
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equivalency tests described in Broennimann et al. (2012). For each
Cinara species and for each host species range, we considered the
environmental space as a rectangle with four sides defined as the
minimum and maximum latitude and longitude where the species
was found. To stay conservative in our analyses and try to encom-
pass the whole environmental space, we broadened the rectangle
by 10° in all directions. We considered the five bioclimatic vari-
ables described above and performed a principal component anal-
ysis (PCA) based on the climatic values extracted for each pixel
of the environmental grid. Due to computational limitations, we
extracted the climatic values for Cinara species and their respec-
tive host species and used a 5-min grid resolution. We then cre-
ated a grid with occurrence densities along the two PCA axes with
the function ecospat.grid.clim.dyn of the ecospat package (Di Cola
et al.,, 2017) at a resolution R = 100. This function uses a kernel
density function to determine the density of occurrences in each
cell: It ensures an unbiased estimation of niche overlap by dividing
the number of times a species occurs in an environment by the
frequency of the locations in the defined area that exhibits these
environmental conditions. Broennimann et al. (2012) showed that
this correction prevents underestimating niche overlap. Niches
were then compared with Schoener's (1968) D statistic. The eco-
spat.niche.equivalency.test function pools all of the Cinara and host
species occurrence data and randomly splits them into two data-
sets of the same size as the original datasets with which the niche
overlap D is then calculated. This process is repeated 100 times

and a histogram of the simulated values is constructed which

TABLE 2 Species groups
Group name

Anelia

Atlantica

Cembrae

Confinis

Contortae

Cuneomaculata

Juniperi

Ecology and Evolution 5
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allows a p-value calculation: If the observed D falls into the density
of 95% of the simulated values, the null hypothesis (i.e., the two

niches are equivalent) cannot be rejected.

3 | RESULTS

3.1 | Occurrences and taxonomic validation

After filtering for duplicates and dubious locations, 1,756 of the
6,135 occurrences were retained. The COl tree revealed a few poly-
phyletic and paraphyletic species, suggesting these nominal spe-
cies are regularly misidentified or harbor cryptic taxonomic entities
(Appendix S1). Indeed, they represent well-known cases of ambigu-
ously defined species and represent taxonomic challenges in need
of work (Appendix S2). This kind of phenomenon represents a pos-
sible source of error when using georeferenced data from unverified
databases (e.g., GBIF) to plot on the tips of a phylogenetic tree. We
defined 13 species groups that each encompassed closely related
species that were regularly mixed in the COIl tree and grouped oc-
currence data accordingly (Table 2). Each of these species groups
gathered nominal taxa that have been the subject of taxonomic
discussion and are often recognized as a single species when using
species delimitation methods (Jousselin et al., 2013). In addition, we
deleted all 31 occurrences that were assigned to C. pinea in China.
Specimens identified as C. pinea in China were split into two distant
genetic lineages (they either clustered with C. pinea from the rest

of the world or appeared as the sister species of C. atrotibialis). This

Concerned species Group name Concerned species

Cinara anelia Nigra Cinara canatra

Cinara apini Cinara gracilis

Cinara hattori Cinara nigra

Cinara hirsuta

Cinara moketa

Cinara atlantica Obscura Cinara obscura

Cinara banksiana Cinara pallidipes
Cinara vandykei

Cinara cembrae Pseudotsugae Cinara

pseudotsugae

Cinara mongolica Cinara splendens

Cinara shinjii

Cinara confinis Schwarzii Cinara schwarzii

Cinara grande Cinara thatcheri

Cinara longipennis

Cinara contortae Mariana Cinara braggii

Cinara medispinosa Cinara mariana

Cinara murrayanae

Cinara cuneomaculata Laricifoliae Cinara laricifoliae

Cinara laricicola Cinara lyalli
Cinara juniperi

Cinara petersoni
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might be due to the use of alternative taxonomic keys for the eastern
aphid fauna and implies that occurrences identified as C. pinea in
China, with no COI data associated, cannot be attributed with cer-
tainty to the lineage identified as C. pinea throughout the rest of the
Plaearctic (Appendix S1).

3.2 | Phylogeny and dating analyses

We obtained a 2,904 bp alignment (with 22% missing data). The
phylogenies inferred with MrBayes and BEAST were well-supported
overall and consistent with the one estimated by Meseguer et al.
(2015). Two main clades emerged (Appendix S3). Clade A is com-
posed of species feeding on Picea, Abies, and Cupressaceae, whereas
Clade B encompassed the bulk of the Cinara diversity. The spe-
cies of Clade B, are present on a wide range of hosts (i.e., Abies,
Pseudotsuga, and Larix). The species of almost all the remaining
Clades (B,_;) feed on Pinus with the exception of Clade B,, in which
C. wahluca lives on Cupressaceae and other species feed on Picea.
The positions of the B, and B, Clades differed in comparison with
the tree obtained by Meseguer et al. (2015): Whereas they were re-
covered as sister clades by Meseguer et al. (2015), we estimated that
B, is more closely related to the clades B,_;. Support for these deep
nodes is too low to draw a conclusion on the phylogenetic position
of these clades.

The most recent common ancestor of all extant Cinara species
was estimated to be 43.7 Ma old (33.58-66.61 Ma; Appendix S4),
while the origin of Clade A is estimated at 30.41 Ma and that of Clade
B at 30.85. These estimates are slightly younger than those of previ-
ous studies (Chen et al., 2016; Meseguer et al., 2015).

3.3 | Cinara niche characterization and evolution

After pruning the tree of species represented by fewer than five oc-
currences, the dataset included 67 species, with 5-93 occurrences
each (mean = 26.9, SD = 20.2). Mapping the bioclimatic scores on
the tips of the phylogenetic tree showed that none of the clades is
restricted to specific climatic conditions (Figure 1). There is no phy-
logenetic clustering of climatic tolerance observed among the tips,
with each species occupying a different subset of the climatic range
of Cinara genus as a whole. The phylogenetic signal was low for four
out of the five selected bioclimatic variables (Table 3). The exception
was BIO 6 (minimum temperature of the coldest month) with a 4 of
0.57, showing significant phylogenetic signal (p = .022). Similar re-
sults were obtained for the analysis based on the minimum or maxi-
mum values for each climate variable (Appendix S5).

Many pairs of closely related Cinara species are adapted to
different climatic niches. For example, C. watsoni occurs in warm
regimes while its sister species, C. pergandei, occurs in colder condi-
tions; C. costata diverged toward warmer conditions than C. nimbata;
C. harmonia lives in much cooler conditions than C. atlantica. The pair
of sister species C. solitaria and C. glabra occurs under drier environ-
mental conditions than the closely related pair of species C. watsoni
and C. pergandei (Figure 1). In agreement with these results, the DTT
plot showed that the observed climatic niche disparity is greater
than expected for a set of variables evolving under a Brownian mo-
tion throughout the phylogeny (Figure 2). The climatic niche diver-
sity within the genus Cinara is thus represented in young clades and
no clade seems specialized toward particular temperatures or pre-

cipitation conditions.

r 1T
88 %8 328 0

-437-400 300 -200 -100 0

T 1T 1T
72 51 270 260 o 29 0 84
BIOS: Maximum temperature of the warmest month (°C)  BIOB: Minimum temperature of the coldest month (°C) BIO10: Mean temperature of the warmest quater (°C)  BIO11: Mean temperature of the coldest quarter (°C)

BIO17: Precipitation of the driest quarter (mm)

FIGURE 1 Present climatic niche of Cinara aphids represented in boxplots. (a) Phylogeny of the Cinara aphids inferred with BEAST
1.8.2. The scale is in millions of years. Tips are colored according to the host plants genus, and number of occurrences number are indicated
in brackets. (b) Maximum temperature of the warmest month (BIO 5). (c) Minimum temperature of the coldest month (BIO 6). (d) Mean
temperature of the warmest quarter (BIO 10). (e) Mean temperature of the coldest quarter (BIO 11). (f) Precipitation of the driest quarter

(BIO 17)
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TABLE 3 Pagel'slambda measured for the five bioclimatic
variables with the phylosig function of the phytools package

Bioclimatic variable A p-value
BIO5 0.26 .30
BIO 6 0.57 .022
BIO 10 6.9%x107° 1

BIO 11 0.45 .10
BIO 17 6.9%x107° 1

Note: The p-value indicates if the lambda is significantly different from
0.

3.4 | Niche equivalency tests

The geographic distribution of each aphid species and its range
of host plants are presented as maps in Appendix Sé. About two
thirds (n = 24, Table 4) of our tests did not reject the null hy-
pothesis of niche equivalency, suggesting that the Cinara species
associated with Pinus occur under similar climatic conditions as
their hosts. For instance, C. watsoni, one of the less-specialized,
oligophagous species of the genus, occurs under the same cli-
matic conditions as its hosts (Figure 3). On the other hand, there
are 10 Cinara species that exhibit a narrower climatic tolerance
than their host plants (Table 4). This is the case, for example, of
C. brevispinosa that is known to feed on P. contorta, P. radiata, and
P. edulis: it occupies the colder part of the climatic niche of this
range of hosts (Figure 4). These species that occupy only a portion
of their host's climatic niche do not cluster together phylogeneti-
cally, suggesting that climate specialization is not a phylogeneti-
cally conserved trait. Specialist species (i.e., species feeding on 3
or fewer host plant species) tend to occur throughout the climatic
niche of their hosts (only 3 of 15 specialist species rejected the
null hypothesis of niche equivalency), whereas a consequent frac-
tion the generalist species (feeding on 4 or more host plants) oc-
cupy only a restricted portion of their host plants climatic niche
(7 of 19 generalist species rejected the null hypothesis of niche

equivalency).
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4 | DISCUSSION

Climatic niches have been shown to be phylogenetically constrained
in many organisms, including endotherms (Aradjo et al., 2013;
Ortega-Garcia et al., 2017), ectotherms (Grigg & Buckley, 2013;
Hutter, Guayasamin, & Wiens, 2013; Pyron & Burbrink, 2009), and
plants (Boucher et al., 2012; Grossenbacher, Veloz, & Sexton, 2014;
Schnitzler, Graham, Dormann, Schiffers, & Peter Linder, 2012).
Although they represent a substantial portion of terrestrial biodi-
versity, little is known about the phylogenetic patterns of climatic
niche evolution in insects over long evolutionary time scales (but
see Hidalgo-Galiana, Sanchez-Fernandez, Bilton, Cieslak, & Ribera,
2014; Kellermann et al., 2012) and this is especially true for phy-
tophagous insects. The relative lack of phytophagous insect studies
is due in part to the limited knowledge of the insects' distribution
and host association, but also because their host specialization con-
founds accurate niche estimation (see below). In order to understand
the relative role of climatic niche and the evolution of host prefer-
ence evolution on phytophagous insect history, a species-level as-
sociation matrix is needed. These matrices are particularly hard to
compile for insects that do not feed on their hosts as adults. Aphids
feed on their hosts during their entire life and are thus good models
for studying plant-insect associations.

Using an occurrence dataset and a robust phylogeny, we show
that climatic niche tolerance is evolutionarily labile in the aphid
genus Cinara, with the most of the analyzed temperature and pre-
cipitation climate variables displaying a weak phylogenetic signal
(Table 3). These results suggest that none of the Cinara clades ap-
peared specialized for any specific climate conditions. On the con-
trary, all clades encompassed most of the climatic niche variation
described within the genus and the observed disparity values for
closely related species are greater than simulated under neutral evo-
lution (Figures 1 and 2). These results may indicate a rapid evolution
of climate tolerance in the genus and suggest that climatic niche di-
vergence, and adaptation may have played an important role in its
diversification and distribution. Alternatively, the climatic niche plas-
ticity observed in our study might simply be the result of the aphids'

associations with hosts occurring in disparate climatic conditions.

N
FIGURE 2 Disparity through time &
(DTT) plot for Cinara compared with = S = =
expected disparity based on phylogenetic o
simulation. The solid black line represents S 7

the actual disparity calculated for Cinara
over the maximum a posterior tree
inferred with MrBayes and considering
only the species represented by more
than five occurrences. Thin black lines

Relative disparity
0.6

04

represent 2.5% and 97.5% disparity g -
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TABLE 4 Results of the climatic niche equivalency tests

Schoener's D obs Schoener's D p-value Occurrences number Hosts number
Anelia 0.523 1 70 8
Atlantica 0.646 762 47 13
C. arizonica 0.441 .059 21 3
C. atrotibialis 0.056 .01 16 4
C. balachowskyi NA NA 1 1
C. brauni NA NA 1 2
C. brevispinosa 0.135 .01 51 3
C. bungeanae NA NA 9 1
C. cronartii 0.347 1 6 5
C. edulis 0.216 .03 86 5
C. formosana 0.076 .02 23 7
C. glabra 0.250 446 11 4
C. gudaris NA NA 2 1
C. harmonia 0.280 475 5 1
C. largirostris 0.186 .822 6 3
C. maghrebica 0.057 .01 8 4
C. neubergi NA NA 4 1
C. oregonensis NA NA 3 2
C. palaestinensis 0.102 .069 7 2
C. parvicornis 0.062 .198 6 2
C. pergandei 0.179 .02 48 9
C. pinea 0.319 .733 42 4
C. pini 0.247 1 12 2
C. piniarmandicola 0.017 .01 25 1
C. piniformosana 0.016 .04 6
C. pinimaritimae NA NA 4 5
C. pinivora 0.133 .307 17 5
C. ponderosae 0.421 .02 52 8
C. solitaria 0.179 436 5 1
C. strobi 0.596 .832 27 1
C. taedae NA NA 1 8
C. terminalis 0.249 .356 93 6
C. wahtolca 0.045 .089 44 5
C. watanabei NA NA 2 2
C. watsoni 0.386 .782 18 13
Cembrae 0.045 .05 10 3
Contortae 0.343 .228 36 1
Nigra 0.210 .089 43 8
Nuda 0.054 485 10 2
S. curvispinosus 0.389 .525 9 1
S. pineti 0.045 .01 19 8
S. piniradiatae 0.186 446 20 9
Schwartzii 0.297 .149 20 6

Note: The tests were performed only for pine-feeding Cinara represented by at least five occurrences. Gray highlighted species are the ones for
which the test is significant.
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FIGURE 3 Climatic niche equivalency test for Cinara watsoni and its hosts (a) C. watsoni and Pinus occurrence distribution. Cinara watsoni
18 occurrences are represented by orange square. Host plants are indicated below the map and their corresponding occurrences are
represented by colored circles. (b, c) Kernel grid based on the environmental PCA based on the available climatic conditions of the Cinara

(b) and Pinus (c) occurrences. Gray shading shows the density of the occurrences of the species by cell. The solid and dashed contour lines
illustrate, respectively, 100% and 50% of the available (background) environment. (d) Histogram of the Shoener's D values measured from
the 100 randomizations. Observed D value in indicated by the red vertical line. The observed D value and the corresponding p-value are

indicated in the central square

Under this latter hypothesis, the realized climatic niche of the spe-
cialized insect may actually be narrower than its fundamental niche
(i.e., the set of climatically suitable conditions without the con-
straints of biotic components) and determined by the availability
of suitable host plants rather than by the aphid's own physiological
limits (Soberon & Peterson, 2005). Although correlative approaches
based on distribution data cannot indicate whether host-specialized
insects have a wider niche than their hosts, they can reveal situa-
tions where insects occupy narrower niches.

Our niche equivalency tests found that a majority of the Cinara
species included in this study exhibited a realized climatic niche
equivalent to that of their hosts (Table 4), thereby corroborating
the hypothesis that the main constraint underlying Cinara species'

distribution is the identity of their hosts. This is in line with the

results of Kanturski, Bugaj-Nawrocka, and Wieczorek (2016) that
modeled the climatic niche of three pine associated aphids (from
the genus Eulachnus) and showed that the use of biotic layers, in
the form of potentially suitable niche space for host plants of each
species of aphid, did not produce significantly different models
for aphids. Nonetheless, 10 Cinara species (29% of our sampled
taxa) exhibited a different pattern: They displayed a climatic niche
narrower than that of their hosts. Specialist species generally
demonstrate niche equivalency with their hosts (3/15) whereas
the ratio of climatically constrained species in generalists (7/19)
is relatively high. This result suggests that diet breath does not
necessarily correlate with climatic niche breadth and that phys-
iological limits can constrain aphid distribution. Alternatively,

the lower ratio of specialists rejecting the null hypothesis might



ARNAL ET AL.

&LWI LEy_Ecology and Evolution

Open Access,

(a) C. brevispinosa (51 occ.)
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FIGURE 4 Climatic niche equivalency test for Cinara brevispinosa and its hosts (a) C. brevispinosa and Pinus occurrence distribution.
Cinara brevispinosa 51 occurrences are represented by orange square. Host plants are indicated below the map, and their corresponding
occurrences are represented by colored circles. (b, c) Kernel grid based on the environmental PCA based on the available climatic conditions
of the Cinara (b) and Pinus (c) occurrences. Gray shading shows the density of the occurrences of the species by cell. The solid and dashed
contour lines illustrate, respectively, 100% and 50% of the available (background) environment. (d) Histogram of the Shoener's D values
measured from the 100 randomizations. Observed D value in indicated by the red vertical line. The observed D value and the corresponding

p-value are indicated in the central square

stem from a generally lower number of occurrences for specialist
species (mean for specialist 15.4, mean for generalist 34.2) which
might limit the power of the niche equivalency test. Although the
niche equivalency test we used is supposed to be robust to small
sample sizes, it is mainly designed to limit type | error (i.e., incor-
rectly rejecting niche equivalency, Broennimann et al., 2012). This
may also be explained by the specialists' trend to have a more
limited available space. In our study, all the species with climate
tolerance narrower than their host's occupied the colder range
of their host's climatic niche and were absent from warmer re-
gions. It has long been noted that aphids are negatively impacted
by heat and drought stress (Hazell, Pedersen, Worland, Blackburn,
& Bale, 2008). Heat stress has been shown to impact aphid's de-
velopment and mortality (Ma, Hau, & Poehling, 2004; Montllor,
Maxmen, & Purcell, 2002; Nguyen, Michaud, & Cloutier, 2009),

and seasonal changes in photoperiod and temperature impact the

induction of sexual reproduction and the production of frost-re-
sistant eggs (Trionnaire, Hardie, Jaubert-Possamai, Simon, & Tagu,
2008). Studies have also shown that aphid population dynamics
have been affected by recent global changes, possibly due to tem-
perature increases (Hullé, Coeur d'Acier, Bankhead-Dronnet, &
Harrington, 2010), with global aphid diversity and abundance de-
creasing with increasing temperatures (Dixon, 1987). In addition,
otherindirect effects of temperature could explain this inverse lat-
itudinal diversity gradient, for example, a lower efficiency of host
plant location in warm environments with greater diversity but
lower specific abundance of plants, or the presence of more com-
petitors under warmer environments (Dixon, 1987). Alternatively,
the narrow range of climatic tolerance in some Cinara species may
be due to historical barriers limiting their expansion throughout
the full geographic range of their hosts (Meseguer et al., 2015).

This explanation does not seem to fit our dataset; however, as
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species exhibiting a narrower niche than their hosts do not show
any obvious geographic clustering on the maps and are scattered
throughout the geographic range of their hosts, occupying its
coldest parts, for example mountain ranges (Figures 3 and 4 and
Appendix S6).

We cannot ignore the possibility that the climatic differences
detected in the niche equivalency tests are the result of an incom-
plete characterization of the aphids' geographic ranges. Although
we gathered a relatively large occurrence dataset (see Boucher et
al., 2012; Burbrink & Pyron, 2010; Nurk, Uribe-Convers, Gehrke,
Tank, & Blattner, 2015 for studies on vertebrates an plants with
a similar number of occurrences per species), some Cinara spe-
cies were represented by relatively few occurrences; for example,
there were only five occurrences for C. solitaria and C. harmonia.
These species, however, are only known from very restricted
areas, suggesting that the small number of occurrences is not a
sampling artifact but probably indicative of their true distribu-
tion. In any case, species that were represented by few occur-
rences (fewer than 10) always failed to reject the equivalency test.
Hence, undersampling did not to generate type | errors (i.e., claim-
ing that aphids live in a subset of their hosts niche because of an
inaccurate sampling). We nevertheless noted several cases where
sampling did seem incomplete: That is, cases where there was no
overlapping distribution between Cinara species and at least one
of their host plant species,for example, P. banksiana-C. watsoni
(Figure 3, C. watsoni) failed to reject the null hypothesis, so again
we do not think that undersampling led to a false positive in this
case. Finally, the sampling of Cinara species is relatively uniform
within their known geographic range with no obvious biases to-
ward particular areas and a map superimposing all sampling points
shows that a large geographic range has been covered for the
entire group. We emphasize also that when Cinara species were
sampled (at least by the authors of this study) the aphids were
sampled broadly on many conifer hosts, with no focus on any
particular species in any particular locations. Therefore, the ab-
sence of a particular species in a well-covered area in our dataset,
such as Southern California, is probably not a sampling artifact.
The broad sampling reported here should largely obviate possible
underestimation of the range of climate conditions under which
these species occur.

As a perspective, we must keep in mind that our analysis focused
on broad climatic conditions at macroevolutionary scales and did
not take into account microhabitat conditions. Future studies could
focus on other parameters that are important for aphids. For exam-
ple, some species migrate from branches to tree roots during sum-
mer heat (Durak, 2014; Struble, Osgood, & Pepper, 1976). Hence,
different species that occupy the same broad climatic regimes may
also experience different microclimatic conditions permitting the
coexistence of species on the same host (Favret & Voegtlin, 2004).
The natural enemies and competitors encountered by aphids might
also drive biogeographic patterns at regional scales. A combined
characterization of aphid tolerance at the macro- and microcli-
matic scales could provide a more complete characterization of the
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interactions of the insects, their host plants, and the climate they

experience.

5 | CONCLUSIONS

The realized climatic niche of a phytophagous insect is necessar-
ily associated with its host plant distribution. It is therefore likely
that occurrence data for these insects represent incomplete charac-
terizations of their potential ranges and climatic niches that can bias
inferences of niche evolution at geological time scales (Saupe et al.,
2017). Here, we show that most of the Cinara species investigated
occupy a climatic niche equivalent to that of their hosts, suggesting
that the main constraint underlying Cinara species' distributions is
the physical presence of their hosts. However, we also detected sev-
eral species that occupy a narrower climatic niche than their hosts,
showing a preference for colder conditions. These results suggest
that even in host-specialized herbivorous insects, the niche cannot
always be fully described in terms of an insect's host association
and that adaptation to abiotic factors should be taken into account.

Our results also have bearing on discussing the future of biodi-
versity in the context of current climate change. We are witness to
a dramatic increase in atmospheric CO, concentration due to human
activities and a concomitant increase in global mean temperature
(Waters et al., 2016). The speed at which climate is changing today
will substantially alter the global distribution of species over the
course of this century (WWF, 2016). Different insect lineage have
been already found to track cooler habitats in response to climate
warming (Paradis et al., 2008; Parmesan, 2006). The fact that many
aphid species cannot track their hosts throughout the warmer areas
of their geographic distribution suggests they risk being affected by
climate warming. This will most probably induce population isolation,
especially in mountain regions where aphids are diverse (Huang, Lei,
& Qiao, 2008; Palmer, 1952). The geographic distributions some of
these aphid species will probably move northward, increasing the po-
tential threat they can represent for their host trees in these regions.

ACKNOWLEDGMENTS

Research funding was provided by the French government through
a ANR grant (Phylospace) to EJ. ASM was supported by a Marie-
Curie FP7-COFUND (AgreenSkills fellowship-26719) and by an
“Investissements d'Avenir” grant managed by Agence Nationale de
la Recherche (CEBA, ref. ANR-10-LABX-25-01). Many thanks to
Alexandre Dehne Garcia and the CBGP HPC computational plat-
form. We would like to thank three anonymous reviewers for helpful
comments on earlier versions of this manuscript.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest. This arti-
cle does not contain any studies with human participants or animals
performed by any of the authors.



&I_Wl LEy_Ecology and Evolution

ARNAL ET AL.

AUTHOR CONTRIBUTIONS

PA, EJ, ASM, and ACA designed the study. PA and ASM performed
the analyses with contributions from MG. ACA, EJ, CF, and Qiao
G.X. provided the occurrence data. PA, EJ, and ASM wrote the paper
with contributions from ACA, CF, and MG.

DATA AVAILABILITY STATEMENT

Sampling locations, Cinara/Pinus association matrix, accession num-
bers and dated tree are available on Dryad: https://doi.org/10.5061/
dryad.1r7j2r7.

ORCID

Pierre Arnal https://orcid.org/0000-0002-6799-2409

REFERENCES

Araujo, M. B,, Ferri-Yanez, F., Bozinovic, F., Marquet, P. A., Valladares, F.,
& Chown, S. L. (2013). Heat freezes niche evolution. Ecology Letters,
16, 1206-1219. https://doi.org/10.1111/ele.12155

Bale, J. S., Masters, G. J., Hodkinson, I. D., Awmack, C., Bezemer, T.
M., Brown, V. K., ... Whittaker, J. B. (2002). Herbivory in global
climate change research: Direct effects of rising temperature
on insect herbivores. Global Change Biology, 8, 1-16. https://doi.
org/10.1046/j.1365-2486.2002.00451.x

Barredo, J. I., Strona, G., de Rigo, D., Caudullo, G., Stancanelli, G., &
San-Miguel-Ayanz, J. (2015). Assessing the potential distribution
of insect pests: Case studies on large pine weevil (Hylobius abietis
L) and horse-chestnut leaf miner (Cameraria ohridella) under present
and future climate conditions in European forests. EPPO Bulletin, 45,
273-281.

Battisti, A., Stastny, M., Netherer, S., Robinet, C., Schopf, A., Roques,
A., & Larsson, S. (2005). Expansion of geographic range in the
pine processionary moth caused by increased winter tem-
peratures. Ecological Applications, 15, 2084-2096. https://doi.
org/10.1890/04-1903

Blackman, R. L., & Eastop, V. F. (1994). Aphids on the world's trees: An iden-
tification and information guide. Wallingford, UK: Cab International.

Blackman, R. L., & Eastop, V. F. (2000). Aphids on the world's crops: An
identification and information guide. fHoboken, NJ: John Wiley & Sons
Ltd.

Blackman, R. L., & Eastop, V. F. (2019). Aphids on the world's plants. An
online identification and information guide. Retrieved from www.aphid
sonworldsplants.info

Bonetti, M. F., & Wiens, J. J. (2014). Evolution of climatic niche specializa-
tion: A phylogenetic analysis in amphibians. Proceedings of the Royal
Society B: Biological Sciences, 281, 20133229.

Boucher, F. C., Thuiller, W., Roquet, C., Douzet, R., Aubert, S.,
Alvarez, N., & Lavergne, S. (2012). Reconstructing the ori-
gins of high-alpine niches and cushion life form in the genus
Androsace sl (Primulaceae). Evolution, 66, 1255-1268. https://doi.
org/10.1111/j.1558-5646.2011.01483.x

Broennimann, O., Fitzpatrick, M. C., Pearman, P. B., Petitpierre, B.,
Pellissier, L., Yoccoz, N. G., ... Guisan, A. (2012). Measuring eco-
logical niche overlap from occurrence and spatial environmental
data. Global Ecology and Biogeography, 21, 481-497. https://doi.
org/10.1111/j.1466-8238.2011.00698.x

Burbrink, F. T., & Pyron, R. A. (2010). How does ecological opportu-
nity influence rates of speciation, extinction, and morphological

diversificationinNew Worldratsnakes(tribe Lampropeltini)? Evolution,
64, 934-943. https://doi.org/10.1111/j.1558-5646.2009.00888.x

Campbell, A., Frazer, B., Gilbert, N., Gutierrez, A., & Mackauer, M.
(1974). Temperature requirements of some aphids and their par-
asites. The Journal of Applied Ecology, 11(2), 431-438. https://doi.
org/10.2307/2402197

Carroll, A. L., Taylor, S. W., Régniére, J., & Safranyik, L. (2003). Effect
of climate change on range expansion by the mountain pine bee-
tle in British Columbia. In T. L. Shore, J. E. Brooks, & J. E. Stone
(Eds.), Mountain Pine Beetle Symposium: Challenges and solutions,
Oct. 30-31, 2003 (pp. 223-232). Kelowna, BC: Natural Resources
Canada, Infromation Report BC-X-399, Victoria.

Chen, R., Favret, C., Jiang, L., Wang, Z., & Qiao, G. (2016). An aphid lin-
eage maintains a bark-feeding niche while switching to and diversi-
fying on conifers. Cladistics, 32, 555-572. https://doi.org/10.1111/
cla.12141

Coeur d'acier, A, Cruaud, A., Artige, E., Genson, G., Clamens, A.-L.,
Pierre, E., ... Rasplus, J.-Y. (2014). DNA barcoding and the associated
PhylAphidB@ se website for the identification of European aphids
(Insecta: Hemiptera: Aphididae). PLoS ONE, 9, €97620. https://doi.
org/10.1371/journal.pone.0097620

Condon, M. A., & Steck, G. J. (1997). Evolution of host use in fruit flies
of the genus Blepharoneura (Diptera: Tephritidae): Cryptic species
on sexually dimorphic host plants. Biological Journal of the Linnean
Society, 60, 443-466.

Cook, J. M., Rokas, A., Pagel, M., & Stone, G. N. (2002). Evolutionary
shifts between host oak sections and host-plant organs in
andricus  gallwasps. Evolution, 56, 1821-1830. https://doi.
org/10.1111/j.0014-3820.2002.tb00196.x

Daly, H., Doyen, J., & Purcell, A, lll (Eds.) (1998). Continuity of the gen-
erations: Development and reproduction. In Introduction to insect
biology and diversity (2nd ed., pp. 66-68). New York, NY: Oxford
University Press.

Di Cola, V., Broennimann, O., Petitpierre, B., Breiner, F. T., D'Amen, M.,
Randin, C., ... Guisan, A. (2017). ecospat: An R package to support
spatial analyses and modeling of species niches and distributions.
Ecography, 40, 774-787. https://doi.org/10.1111/ecog.02671

Dixon, A. F. G. (1987). Parthenogenetic reproduction and the rate of in-
crease in aphids. In A. K. Minks & P. Harrewijn (Eds.), Aphids: Their
biology, natural enemies, and control. Amsterdam, The Netherlands:
Elsevier.

Dohlen, C. D. V., & Moran, N. A. (2000). Molecular data support a rapid
radiation of aphids in the Cretaceous and multiple origins of host
alternation. Biological Journal of the Linnean Society, 71(4), 689-717.

Dormann, C. F.,, Gruber, B., Winter, M., & Herrmann, D. (2009). Evolution
of climate niches in European mammals? Biology Letters, 6, 229-232.
https://doi.org/10.1098/rsbhl.2009.0688

Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evolutionary Biology, 7, 214. https://
doi.org/10.1186/1471-2148-7-214

Durak, R. (2014). The overwintering strategy of the anholocyclic aphid
Cinara tujafilina. Physiological Entomology, 39, 313-321.

Durak, R., & Borowiak-Sobkowiak, B. (2013). Influence of temperature on
the biological parameters of the anholocyclic species Cinara tujafilina
(Hemiptera: Aphidoidea). Open Life Sciences, 8, 570-577. https://doi.
org/10.2478/s11535-013-0161-x

Duran, A., & Pie, M. R. (2015). Tempo and mode of climatic niche evolu-
tion in Primates. Evolution, 69, 2496-2506. https://doi.org/10.1111/
evo.12730

Duyck, P. F., David, P., & Quilici, S. (2006). Climatic niche partitioning
following successive invasions by fruit flies in La Réunion. Journal of
Animal Ecology, 75(2), 518-526.

Eastop, V. F. (1972). A taxonomic review of the species of Cinara Curtis
occurring in Britain (Hemiptera: Aphididae). Bulletin of the British
Museum (Natural History), Entomology, 27, 101-186.


https://doi.org/10.5061/dryad.1r7j2r7
https://doi.org/10.5061/dryad.1r7j2r7
https://orcid.org/0000-0002-6799-2409
https://orcid.org/0000-0002-6799-2409
https://doi.org/10.1111/ele.12155
https://doi.org/10.1046/j.1365-2486.2002.00451.x
https://doi.org/10.1046/j.1365-2486.2002.00451.x
https://doi.org/10.1890/04-1903
https://doi.org/10.1890/04-1903
http://www.aphidsonworldsplants.info
http://www.aphidsonworldsplants.info
https://doi.org/10.1111/j.1558-5646.2011.01483.x
https://doi.org/10.1111/j.1558-5646.2011.01483.x
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.1111/j.1558-5646.2009.00888.x
https://doi.org/10.2307/2402197
https://doi.org/10.2307/2402197
https://doi.org/10.1111/cla.12141
https://doi.org/10.1111/cla.12141
https://doi.org/10.1371/journal.pone.0097620
https://doi.org/10.1371/journal.pone.0097620
https://doi.org/10.1111/j.0014-3820.2002.tb00196.x
https://doi.org/10.1111/j.0014-3820.2002.tb00196.x
https://doi.org/10.1111/ecog.02671
https://doi.org/10.1098/rsbl.2009.0688
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.2478/s11535-013-0161-x
https://doi.org/10.2478/s11535-013-0161-x
https://doi.org/10.1111/evo.12730
https://doi.org/10.1111/evo.12730

ARNAL ET AL.

Edgar, R. C. (2004). MUSCLE: Multiple sequence alignment with high ac-
curacy and high throughput. Nucleic Acids Research, 32, 1792-1797.
https://doi.org/10.1093/nar/gkh340

Evans, M. E., Smith, S. A, Flynn, R. S., & Donoghue, M. J. (2008). Climate,
niche evolution, and diversification of the “bird-cage” evening
primroses (Oenothera, sections Anogra and Kleinia). The American
Naturalist, 173, 225-240.

Farjon, A., & Filer, D. (2013). An atlas of the world's conifers: An analysis
of their distribution, biogeography, diversity and conservation status.
Leiden, the Netherlands: Brill.

Favret, C., & Voegtlin, D. J. (2004). A revision of the Cinara species
(Hemiptera: Aphididae) of the United States Pinyon pines. Annals of
the Entomological Society of America, 97, 1165-1197.

Futuyma, D. J., & Moreno, G. (1988). The evolution of ecological special-
ization. Annual Review of Ecology and Systematics, 19, 207-233. https
://doi.org/10.1146/annurev.es.19.110188.001231

Gallego, B., Verdd, J. R., Carrascal, L. M., & Lobo, J. M. (2016). A protocol
for analysing thermal stress in insects using infrared thermography.
Journal of Thermal Biology, 56, 113-121. https://doi.org/10.1016/j.
jtherbio.2015.12.006

GBIF.org (2016). GBIF.org (01 February 2016) GBIF Occurrence Download.
https://doi.org/10.15468/dl.n5xoqgk

Godefroid, M., Rocha, S., Santos, H., Paiva, M.-R., Burban, C,,
Kerdelhué, C., ... Rossi, J.-P. (2016). Climate constrains range ex-
pansion of an allochronic population of the pine processionary
moth. Diversity and Distributions, 22, 1288-1300. https://doi.
org/10.1111/ddi.12494

Grigg, J. W., & Buckley, L. B. (2013). Conservatism of lizard thermal
tolerances and body temperatures across evolutionary history and
geography. Biology Letters, 9, 20121056. https://doi.org/10.1098/
rsbl.2012.1056

Grinnell, J. (1917). The niche-relationships of the California Thrasher. The
Auk, 34, 427-433. https://doi.org/10.2307/4072271

Grossenbacher, D. L., Veloz, S. D., & Sexton, J. P. (2014). Niche and range
size patterns suggest that speciation begins in small, ecologically
diverged populations in North American monkeyflowers (Mimulus
spp.). Evolution, 68, 1270-1280.

Hall, T. A. (1999). BioEdit: A user-friendly biological sequence alignment ed-
itor and analysis program for Windows 95/98/NT Nucleic acids sympo-
sium series (Vol. 41). London, UK: Information Retrieval Ltd., c1979-
c2000., 95-98.

Harmon, L. J,, Schulte, J. A., Larson, A., & Losos, J. B. (2003). Tempo and
mode of evolutionary radiation in iguanian lizards. Science, 301, 961-
964. https://doi.org/10.1126/science.1084786

Harmon, L. J., Weir, J. T., Brock, C. D., Glor, R. E., & Challenger, W. (2007).
GEIGER: Investigating evolutionary radiations. Bioinformatics, 24,
129-131. https://doi.org/10.1093/bioinformatics/btm538

Hazell, S. P., Pedersen, B. P., Worland, M. R., Blackburn, T. M., & Bale, J.
S.(2008). A method for the rapid measurement of thermal tolerance
traits in studies of small insects. Physiological Entomology, 33, 389-
394. https://doi.org/10.1111/j.1365-3032.2008.00637.x

Hidalgo-Galiana, A., Sanchez-Fernandez, D., Bilton, D. T., Cieslak, A., &
Ribera, I. (2014). Thermal niche evolution and geographical range
expansion in a species complex of western Mediterranean diving
beetles. BMC Evolutionary Biology, 14, 187. https://doi.org/10.1186/
s12862-014-0187-y

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005).
Very high resolution interpolated climate surfaces for global land
areas. International Journal of Climatology, 25, 1965-1978. https://
doi.org/10.1002/joc.1276

Hill, J. K., & Hodkinson, I. D. (1992). Effects of temperature on phe-
nological synchrony and altitudinal distribution of jumping
plant lice (Hemiptera: Psylloidea) on dwarf willow (Salix lappo-
num) in Norway. Ecological Entomology, 20, 237-244. https://doi.
org/10.1111/j.1365-2311.1995.tb00453.x

Ecology and Evolution 13
=4 e W1 LEY- 2

Howe, R. (1967). Temperature effects on embryonic development
in insects. Annual Review of Entomology, 12, 15-42. https://doi.
org/10.1146/annurev.en.12.010167.000311

Huang, X. L., Lei, F. M., & Qiao, G. X. (2008). Areas of endemism and pat-
terns of diversity for aphids of the Qinghai-Tibetan Plateau and the
Himalayas. Journal of Biogeography, 35, 230-240.

Hullé, M., Coeur d'Acier, A., Bankhead-Dronnet, S., & Harrington,
R. (2010). Aphids in the face of global changes. Comptes Rendus
Biologies, 333, 497-503. https://doi.org/10.1016/j.crvi.2010.03.005

Hutchinson, G. E. (1957). Cold spring harbor symposium on quantitative
biology. Concluding Remarks, 22, 415-427.

Hutter, C. R., Guayasamin, J. M., & Wiens, J. J. (2013). Explaining Andean
megadiversity: The evolutionary and ecological causes of glassfrog
elevational richness patterns. Ecology Letters, 16, 1135-1144. https
://doi.org/10.1111/ele.12148

Jaenike, J. (1990). Host specialization in phytophagous insects. Annual
Review of Ecology and Systematics, 21, 243-273. https://doi.
org/10.1146/annurev.es.21.110190.001331

Janz, N.,Nylin, S., & Wahlberg, N. (2006). Diversity begets diversity: Host
expansions and the diversification of plant-feeding insects. BMC
Evolutionary Biology, 6, 4. https://doi.org/10.1186/1471-2148-6-4

Jousselin, E., Cruaud, A., Genson, G., Chevenet, F., Foottit, R. G., & Coeur
d'acier, A. (2013). Is ecological speciation a major trend in aphids?
Insights from a molecular phylogeny of the conifer-feeding genus
Cinara. Frontiers in Zoology, 10(1), 56.

Kanturski, M., Bugaj-Nawrocka, A., & Wieczorek, K. (2016). Pine pest
aphids of the genus Eulachnus (Hemiptera: Aphididae: Lachninae):
How far can their range extend? Agricultural and Forest Entomology,
18, 398-408.

Kaplan, 1., & Denno, R. F. (2007). Interspecific interactions in phy-
tophagous insects revisited: A quantitative assessment of
competition theory. Ecology Letters, 10, 977-994. https://doi.
org/10.1111/j.1461-0248.2007.01093.x

Kellermann, V., Loeschcke, V., Hoffmann, A. A., Kristensen, T. N.,
Flgjgaard, C., David, J. R., ... Overgaard, J. (2012). Phylogenetic
constraints in key functional traits behind species'climate niches:
Patterns of desiccation and cold resistance across 95 drosoph-
ila species. Evolution: International Journal of Organic Evolution, 66,
3377-3389.

Kimura, M. (1980). A simple method for estimating evolutionary rate of
base substututions through comparative studies of nucleotide se-
quences. Journal of Molecular Evolution, 16, 111-120.

Knouft, J. H., Losos, J. B., Glor, R. E., & Kolbe, J. J. (2006). Phylogenetic
analysis of the evolution of the niche in lizards of the Anolis sagrei
group. Ecology, 87, 529-S38.

Kozak, K. H., & Wiens, J. J. (2010). Accelerated rates of climatic-niche
evolution underlie rapid species diversification. Ecology Letters, 13,
1378-1389. https://doi.org/10.1111/j.1461-0248.2010.01530.x

Ma, C.-S., Hau, B., & Poehling, H.-M. (2004). The effect of heat stress
on the survival of the rose grain aphid, Metopolophium dirhodum
(Hemiptera: Aphididae). European Journal of Entomology, 101, 327-
332. https://doi.org/10.14411/eje.2004.042

Meseguer, A. S., Coeur d'acier, A., Genson, G., & Jousselin, E. (2015).
Unravelling the historical biogeography and diversification dy-
namics of a highly diverse conifer-feeding aphid genus. Journal of
Biogeography, 42, 1482-1492. https://doi.org/10.1111/jbi.12531

Meseguer, A. S., Lobo, J. M., Ree, R., Beerling, D. J., & Sanmartin, I.
(2014). Integrating fossils, phylogenies, and niche models into bio-
geography to reveal ancient evolutionary history: The case of
Hypericum (Hypericaceae). Systematic Biology, 64, 215-232. https://
doi.org/10.1093/sysbio/syu088

Montllor, C. B., Maxmen, A., & Purcell, A. H. (2002). Facultative bac-
terial endosymbionts benefit pea aphids Acyrthosiphon pisum
under heat stress. Ecological Entomology, 27, 189-195. https://doi.
org/10.1046/j.1365-2311.2002.00393.x


https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1146/annurev.es.19.110188.001231
https://doi.org/10.1146/annurev.es.19.110188.001231
https://doi.org/10.1016/j.jtherbio.2015.12.006
https://doi.org/10.1016/j.jtherbio.2015.12.006
https://doi.org/10.15468/dl.n5xoqk
https://doi.org/10.1111/ddi.12494
https://doi.org/10.1111/ddi.12494
https://doi.org/10.1098/rsbl.2012.1056
https://doi.org/10.1098/rsbl.2012.1056
https://doi.org/10.2307/4072271
https://doi.org/10.1126/science.1084786
https://doi.org/10.1093/bioinformatics/btm538
https://doi.org/10.1111/j.1365-3032.2008.00637.x
https://doi.org/10.1186/s12862-014-0187-y
https://doi.org/10.1186/s12862-014-0187-y
https://doi.org/10.1002/joc.1276
https://doi.org/10.1002/joc.1276
https://doi.org/10.1111/j.1365-2311.1995.tb00453.x
https://doi.org/10.1111/j.1365-2311.1995.tb00453.x
https://doi.org/10.1146/annurev.en.12.010167.000311
https://doi.org/10.1146/annurev.en.12.010167.000311
https://doi.org/10.1016/j.crvi.2010.03.005
https://doi.org/10.1111/ele.12148
https://doi.org/10.1111/ele.12148
https://doi.org/10.1146/annurev.es.21.110190.001331
https://doi.org/10.1146/annurev.es.21.110190.001331
https://doi.org/10.1186/1471-2148-6-4
https://doi.org/10.1111/j.1461-0248.2007.01093.x
https://doi.org/10.1111/j.1461-0248.2007.01093.x
https://doi.org/10.1111/j.1461-0248.2010.01530.x
https://doi.org/10.14411/eje.2004.042
https://doi.org/10.1111/jbi.12531
https://doi.org/10.1093/sysbio/syu088
https://doi.org/10.1093/sysbio/syu088
https://doi.org/10.1046/j.1365-2311.2002.00393.x
https://doi.org/10.1046/j.1365-2311.2002.00393.x

ARNAL ET AL.

il_wl LEy_Ecology and Evolution

Open Access,

Nguyen, T. T. A., Michaud, D., & Cloutier, C. (2009). A proteomic anal-
ysis of the aphid Macrosiphum euphorbiae under heat and radiation
stress. Insect Biochemistry and Molecular Biology, 39, 20-30. https://
doi.org/10.1016/j.ibmb.2008.09.014

Nurk, N. M., Uribe-Convers, S., Gehrke, B., Tank, D. C., & Blattner, F.
R. (2015). Oligocene niche shift, Miocene diversification-cold tol-
erance and accelerated speciation rates in the St. John's Worts
(Hypericum, Hypericaceae). BMC Evolutionary Biology, 15, 80. https
://doi.org/10.1186/s12862-015-0359-4

Nylander, J. A. A. (2004). MrModeltest v2. Program distributed by the au-
thor. Evolutionary Biology Centre, Uppsala University.

Nyman, T., Linder, H. P., Pena, C., Malm, T., & Wahlberg, N.
(2012). Climate-driven diversity dynamics in plants and plant-
feeding insects. Ecology Letters, 15, 889-898. https://doi.
org/10.1111/j.1461-0248.2012.01782.x

Ortega-Garcia, S., Guevara, L., Arroyo-Cabrales, J., Lindig-Cisneros, R.,
Martinez-Meyer, E., Vega, E., & Schondube, J. E. (2017). The thermal
niche of Neotropical nectar-feeding bats: Its evolution and applica-
tion to predict responses to global warming. Ecology and Evolution, 7,
6691-6701. https://doi.org/10.1002/ece3.3171

Pagel, M. (1999). Inferring the historical patterns of biological evolution.
Nature, 401, 877. https://doi.org/10.1038/44766

Palmer, M. A. (1952). Aphids of the Rocky Mountain Region. Denver, CO:
Thomas Say Foundation.

Paradis, A., Elkinton, J., Hayhoe, K., & Buonaccorsi, J. (2008). Role
of winter temperature and climate change on the survival and
future range expansion of the hemlock woolly adelgid (Adelges
tsugae) in eastern North America. Mitigation and Adaptation
Strategies for Global Change, 13, 541-554. https://doi.org/10.1007/
s11027-007-9127-0

Parmesan, C. (2006). Ecological and evolutionary responses to recent
climate change. Annual Review of Ecology, Evolution, and Systematics,
37, 637-669.

Pearman, P. B., Guisan, A., Broennimann, O., & Randin, C. F. (2008). Niche
dynamics in space and time. Trends in Ecology & Evolution, 23, 149-
158. https://doi.org/10.1016/j.tree.2007.11.005

Pearman, P. B., Lavergne, S., Roquet, C., Wiest, R., Zimmermann, N. E.,
& Thuiller, W. (2014). Phylogenetic patterns of climatic, habitat and
trophic niches in a European avian assemblage. Global Ecology and
Biogeography, 23, 414-424. https://doi.org/10.1111/geb.12127

Petitpierre, B., Kueffer, C., Broennimann, O., Randin, C., Daehler, C., &
Guisan, A. (2012). Climatic niche shifts are rare among terrestrial
plant invaders. Science, 335, 1344-1348. https://doi.org/10.1126/
science.1215933

Pitteloud, C., Arrigo, N., Suchan, T., Mastretta-Yanes, A., Vila, R., Dinca,
V., ... Alvarez, N. (2017). Climatic niche evolution is faster in sympat-
ric than allopatric lineages of the butterfly genus Pyrgus. Proceedings
of the Royal Society B: Biological Sciences, 284, 20170208.

Pyron, A. R., & Burbrink, F. T. (2009). Lineage diversification in a wide-
spread species: Roles for niche divergence and conservatism in
the common kingsnake, Lampropeltis getula. Molecular Ecology, 18,
3443-3457.

R Core Team (2013). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. https://
www.R-project.org

Rambaut, A., Suchard, M., Xie, D., & Drummond, A. (2014). Tracer v1. 6.
Retrieved from http://beast.bio.ed.ac.uk.Tracer

Ratte, H. T. (1984). Temperature and insect development. In K. H.
Hoffman (Ed.), Environmental physiology and biochemistry of insects
(pp. 33-66). Berlin, Germany: Springer.

Régniére, J.,Powell, )., Bentz, B.,&Nealis, V.(2012). Effects of temperature
on development, survival and reproduction of insects: Experimental
design, data analysis and modeling. Journal of Insect Physiology, 58,
634-647. https://doi.org/10.1016/j.jinsphys.2012.01.010

Revell, L. J. (2012). phytools: An R package for phylogenetic compara-
tive biology (and other things). Methods in Ecology and Evolution, 3,
217-223. https://doi.org/10.1111/j.2041-210X.2011.00169.x

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., H6hna,
S., ... Huelsenbeck, J. P. (2012). MrBayes 3.2: Efficient Bayesian phy-
logenetic inference and model choice across a large model space.
Systematic Biology, 61, 539-542. https://doi.org/10.1093/sysbio/
sys029

Rouault, G., Candau, J.-N., Lieutier, F., Nageleisen, L.-M., Martin, J.-C,,
& Warzée, N. (2006). Effects of drought and heat on forest insect
populations in relation to the 2003 drought in Western Europe.
Annals of Forest Science, 63, 613-624. https://doi.org/10.1051/fores
t:2006044

Saupe, E. E., Barve, N., Owens, H. L., Cooper, J. C., Hosner, P. A, &
Peterson, A. T. (2017). Reconstructing ecological niche evolution
when niches are incompletely characterized. Systematic Biology,
67(3), 428-438. https://doi.org/10.1093/sysbio/syx084

Schnitzler, J., Graham, C. H., Dormann, C. F., Schiffers, K., & Peter Linder,
H. (2012). Climatic niche evolution and species diversification in the
Cape flora, South Africa. Journal of Biogeography, 39, 2201-2211.
https://doi.org/10.1111/jbi.12028

Schoener, T. W. (1968). The Anolis lizards of Bimini: Resource par-
titioning in a complex fauna. Ecology, 49, 704-726. https://doi.
org/10.2307/1935534

Singer, M. S., & Stireman, J. O. (2005). The tri-trophic niche concept and
adaptive radiation of phytophagous insects. Ecology Letters, 8, 1247~
1255. https://doi.org/10.1111/j.1461-0248.2005.00835.x

Soberoén, J. (2007). Grinnellian and Eltonian niches and geographic dis-
tributions of species. Ecology Letters, 10, 1115-1123. https://doi.
org/10.1111/j.1461-0248.2007.01107.x

Soberon, J., & Peterson, A. T. (2005). Interpretation of models of funda-
mental ecological niches and species' distributional areas. Biodiversity
Informatics, 2, 1-10. https://doi.org/10.17161/bi.v2i0.4

Southwood, T. R. E., & Norton, G. A. (1973). Economic aspects of pest
management strategies and decisions. In P. W. Geier, L. R. Clark, D.
J. Anderson, & H. A. Nix (Eds.), Insects: Studies in population man-
agement (vol. 1, pp. 168-184). Canberra, Australia: Ecol. Soc. Aust.,
Mem.

Stamatakis, A. (2014). RAXML version 8: A tool for phylogenetic analy-
sis and post-analysis of large phylogenies. Bioinformatics, 30, 1312-
1313. https://doi.org/10.1093/bioinformatics/btu033

Strong, D. R., Lawton, J. H., & Southwood, S. R. (1984). Insects on plants.
Community patterns and mechanisms. Hoboken, NJ: Blackwell
Scientific Publicatons.

Struble, D., Osgood, E., & Pepper, J. (1976). Notes on the biology of
Cinara abieticola (Cholodkovsky) in Maine and descriptions of sex-
uales (Homoptera: Aphididae). Entomological News, 87, 280-284.

Trionnaire, G., Hardie, J., Jaubert-Possamai, S., Simon, J. C., & Tagu,
D. (2008). Shifting from clonal to sexual reproduction in aphids:
Physiological and developmental aspects. Biology of the Cell, 100,
441-451. https://doi.org/10.1042/BC20070135

Visser, M. E., & Holleman, L. J. (2001). Warmer springs disrupt the syn-
chrony of oak and winter moth phenology. Proceedings of the Royal
Society of London. Series B: Biological Sciences, 268, 289-294.

Voegtlin, D. J. (1976). A biosystematic study of Cinara spp. (Homoptera:
Apbhididae) of the conifers of the westside Sierra forests. University of
California.

von Dohlen, C. D., Kurosu, U., & Aoki, S. (2002). Phylogenetics and
evolution of the eastern Asian-eastern North American dis-
junct aphid tribe, Hormaphidini (Hemiptera: Aphididae). Molecular
Phylogenetics and Evolution, 23, 257-267. https://doi.org/10.1016/
$1055-7903(02)00025-8

Waters, C.N., Zalasiewicz, J., Summerhayes, C., Barnosky, A. D.,Poirier, C.,
Gatuszka, A., ... Jeandel, C. (2016). The Anthropocene is functionally


https://doi.org/10.1016/j.ibmb.2008.09.014
https://doi.org/10.1016/j.ibmb.2008.09.014
https://doi.org/10.1186/s12862-015-0359-4
https://doi.org/10.1186/s12862-015-0359-4
https://doi.org/10.1111/j.1461-0248.2012.01782.x
https://doi.org/10.1111/j.1461-0248.2012.01782.x
https://doi.org/10.1002/ece3.3171
https://doi.org/10.1038/44766
https://doi.org/10.1007/s11027-007-9127-0
https://doi.org/10.1007/s11027-007-9127-0
https://doi.org/10.1016/j.tree.2007.11.005
https://doi.org/10.1111/geb.12127
https://doi.org/10.1126/science.1215933
https://doi.org/10.1126/science.1215933
https://www.R-project.org
https://www.R-project.org
http://beast.bio.ed.ac.uk.Tracer
https://doi.org/10.1016/j.jinsphys.2012.01.010
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1051/forest:2006044
https://doi.org/10.1051/forest:2006044
https://doi.org/10.1093/sysbio/syx084
https://doi.org/10.1111/jbi.12028
https://doi.org/10.2307/1935534
https://doi.org/10.2307/1935534
https://doi.org/10.1111/j.1461-0248.2005.00835.x
https://doi.org/10.1111/j.1461-0248.2007.01107.x
https://doi.org/10.1111/j.1461-0248.2007.01107.x
https://doi.org/10.17161/bi.v2i0.4
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1042/BC20070135
https://doi.org/10.1016/S1055-7903(02)00025-8
https://doi.org/10.1016/S1055-7903(02)00025-8

ARNAL ET AL.

Ecology and Evolution 15
% —WI LEY
and stratigraphically distinct from the Holocene. Science, 351(6269), SUPPORTING INFORMATION

aad2622.

Wiens, J. J., Ackerly, D. D., Allen, A. P., Anacker, B. L., Buckley,
L. B., Cornell, H. V., ... Stephens, P. R. (2010). Niche con-
servatism as an emerging principle in ecology and conser-
vation biology. Ecology Letters, 13, 1310-1324. https://doi.
org/10.1111/j.1461-0248.2010.01515.x

o A » . How to cite this article: Arnal P, Coeur d'acier A, Favret C, et
WWEF (2016). Living planet: Report 2016: Risk and resilience in a new era.
World Wide Fund for Nature.

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

al. The evolution of climate tolerance in conifer-feeding
aphids in relation to their host's climatic niche. Ecol Evol.
2019;00:1-15. https://doi.org/10.1002/ece3.5652



https://doi.org/10.1111/j.1461-0248.2010.01515.x
https://doi.org/10.1111/j.1461-0248.2010.01515.x
https://doi.org/10.1002/ece3.5652

