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Premise of research. Fossil leaves are commonly used as proxies for continental paleoclimate reconstruction.
In particular, temperature and precipitation variables are derived from taxon-free methods using only fossil leaf
morphology. Although there is a general relationship between leaf form and climate at a global scale, possible
differences between and within angiosperm families remain little explored.

Methodology. In this article, we analyzed the influence of phylogenetic relatedness and climate on leaf architec-
ture in 30 species ofCinnamomum (Lauraceae). Nineteenmorphological features were selected and documented on
the basis of digitized herbarium specimens. Repeatability was measured for all traits. Phylogenetic signal was mea-
sured using Blomberg’s K. The relationship between morphological variables and climatic variables was investi-
gated using univariate and multivariate statistical approaches.

Pivotal results. Our analysis revealed that phylogenetic signal was mainly observed in traits linked to the vena-
tion pattern. Size- and shape-related variables are more influenced by climatic parameters than by historical
constraints. Cinnamomum leaf morphology is significantly correlated with mean annual temperature and temper-
ature seasonality.

Conclusions. Shape and size are representative of convergent temperature-related characters in this genus. Our
analysis validates the use of this genus for taxon-free paleoclimatic reconstruction methods relying on such data.
The absence of phylogenetic signal in size- and shape-related traits contrasts with earlier studies on distantly related
taxa and confirms that historical constraint on leaf morphology is variable among families.

Keywords: leaf morphometrics, climate, phylogeny, herbarium.

Online enhancements: supplemental tables.
Introduction

Numerous investigations of modern floras have demonstrated
a relationship between leaf form and environment. In particular,
the influence of climate on leafmorphology has been widely stud-
ied for more than a century (Bailey and Sinnott 1915, 1916;
Dolph and Dilcher 1980a; Wolfe 1993, 1995; Wilf et al. 1998;
Gregory-Wodzicki 2000; Huff et al. 2003; Greenwood et al.
2004; Traiser et al. 2005; Royer et al. 2008; Burnham and Ton-
kovich 2011; Peppe et al. 2011; Teodoridis et al. 2011;Yang et al.
2011; Royer 2012; Uhl 2014; Li et al. 2016a;Wright et al. 2017).
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Notable relationships include the proportions of entire-margined
leaves and mean annual temperature (MAT; Bailey and Sinnott
1915; Wolfe 1995), leaf area and mean annual precipitation
(MAP; Wolfe 1993; Wilf et al. 1998), and leaf apical shape and
atmospheric humidity (Wolfe 1993; Farji-Brener et al. 2002).
Fossil leaves are abundant in the fossil record and hence are

suitable proxies for terrestrial climate reconstruction. Fossil leaf
assemblages have consistently been used to deduce paleoclimate
(Wolfe 1995; Wilf et al. 1998; Huff et al. 2003; Su et al. 2010;
Yang et al. 2011; Li et al. 2016a). Among these approaches, one
relies on bulk leaf physiognomies at a given fossil locality to as-
sess paleoclimatic conditions using form-climate relationships
as documented in extant floras (Wolfe 1995; Huff et al. 2003;
Yang et al. 2011; Li et al. 2016a). This taxon-free approach, in-
cluding methods such as climate leaf analysis multivariate pro-
gram (CLAMP), digital leaf analysis, or, most recently, climate
leaf analysis with neural networks, relies on the core assumption
that similar climatic constraints will lead to morphological con-
vergence among and within families of woody dicotyledon
angiosperms (Huff et al. 2003; Yang et al. 2015; Li et al. 2016a).
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Although physiognomic methods have been used for several
decades and have provided inferences consistent with other
proxies (Herman and Spicer 1997; Kennedy et al. 2002), some
aspects are not yet resolved. For instance, some studies have
shown that biogeography had an influence on leaf form–climate
relationships (Gregory-Wodzicki 2000; Kowalski 2002; Traiser
et al. 2005; Hinojosa et al. 2011). Moreover, species do not al-
ways show the same morphological response to climatic vari-
ations (Royer et al. 2008).Most recently, another matter of con-
cern has been the global influence of the phylogenetic signal on
leaf shape (Little et al. 2010; Burnham and Tonkovich 2011;
Hinojosa et al. 2011; Yang et al. 2015; Li et al. 2016b; Glade-
Vargas et al. 2018), suggesting that some shared leaf traits are
due to phylogenetic inheritance rather than to convergence in
certain families. This aspect challenges our traditional view on
leaf shape–climate relationship and calls for thoroughly assess-
ing the impact of phylogenetic signal on paleoclimatic inter-
pretation (Burnham and Tonkovich 2011; Peppe et al. 2018).
A way to tackle these issues is to investigate in detail the re-

lationship among leaf morphology, phylogenetic signal, and cli-
mate in families or genera with an abundant fossil record that
have a high probability of being included in paleoclimatic re-
construction. Only a few studies have analyzed morphological
variability in relation to climate using a species-based or phylogeny-
based approach with implications for paleoclimatic reconstruc-
tions (Royer et al. 2008; Little et al. 2010; Royer 2012; Schmerler
et al. 2012; Uhl 2014; Glade-Vargas et al. 2018).
The Lauraceae family, in particular the emblematic genus

Cinnamomum, is of particular interest in this endeavor. First,
this genus (ca. 350 species) is characterized by awide geographic
distribution and varied ecological preferences. It occurs in South
America, Asia, and Australia and can be found in lowland ever-
green broad-leaved forests, in montane forests (Schnell 1987;
Lorea-Hernández 1996), and up to 2000m, as in theHimalayas.
Some species are important components of cloud forests in
South America (Lorea-Hernández 1996) and Araucaria forests
in southern Brazil (Schnell 1987). Second, Cinnamomum dis-
plays varied leaf morphologies, including elliptic to obovate
forms; triplinerved and pinninerved venation patterns; and acute,
round, or attenuate apexes (Lorea-Hernández 1996; Ho and
Hung2011;Wuu-Kuang2011). To our knowledge, relationships
between these traits and various ecological and climatic contexts
have never been tested, especially at a large geographic scale and
including species from diverse regions. Finally, an essential aspect
is the putative abundance of the genus in the fossil record from
the Paleocene to theMiocene in awide geographic range, mainly
on the basis of the occurrence of triplinerved leaves (Laurent
1912; Holden 1982; Taylor 1988; Conran and Christophel
1998; Khan and Bera 2014; Shi et al. 2014). In fact, this type
of leaf is not exclusive to Cinnamomum and is common among
the extant Lauraceae family. Nevertheless, extantCinnamomum
broadly covers the morphological diversity of these triplinerved
leaves, which are commonly encountered in the Cenozoic leaf
record. Therefore, the understanding of climate versus phyloge-
netic signal in extant triplinerved leaves of Lauraceae could pro-
vide useful insights into paleoclimatic interpretations using tradi-
tional methods such as CLAMP.
In the following, we investigate leaf form–climate relationships

at the intrageneric scale using the digitized herbarium collection
of the Muséum National d’Histoire Naturelle in Paris (Le Bras
et al. 2017). The aims of this study are (1) to disentangle the in-
fluence of climate and phylogenetic history on selected Cinna-
momum leaf traits using a species-based approach and (2) to dis-
cuss the relevance of Cinnamomum leaf traits for paleoclimatic
studies.

Material and Methods

Phylogenetic Framework

Phylogenetic analyses have shown that the genus Cinnamo-
mum, as traditionally understood, is polyphyletic and is part of
theCinnamomum group, which also includes some species previ-
ously assigned to the generaMocinnodaphne, Aiouea, andOco-
tea (Chanderbali et al. 2001; Huang et al. 2016; Rohde et al.
2017).However, threewell-supported cladeswere recently recov-
ered by Huang et al. (2016). Two of them (clade 1 and clade 2)
correspond to the AsiaticCinnamomum (sectionsCinnamomum
andCamphora, whichwere previously recognized on the basis of
morphology) and to Ocotea (a single species, nested in clade 2).
The third one (clade 3) includes Neotropical Cinnamomum spe-
cies and representatives of Aiouea and Mocinnodaphne.

A time-calibrated phylogeny adapted from Huang et al. (2016)
and including these three clades was used as phylogenetic frame-
work for our study. The initial phylogeny includes 76 species,
covering nearly the entire geographic distribution of the group
(Huang et al. 2016). Divergence times and branch lengths were
estimated using a secondary calibration approach (for details on
the analysis, see Huang et al. 2016).

The tree was pruned to represent the 25Cinnamomum species
present in the herbarium collections. Five Neotropical species
from the phylogeny of Lorea-Hernández (1996) were added us-
ing Mesquite (Maddison and Maddison 2017). These 30 species
include representatives of the three clades recovered by Huang
et al. (2016) in various proportions. The least well represented
is clade 1, with only 23% of the species present in our sampling.
Clade 2 and 3 species are represented at 40% and 60%, respec-
tively. Branch-length data for the Neotropical species were cor-
rected manually on the basis of branch-length data available for
Cinnamomum triplinerve (Ruiz & Pav.) Kosterm. from Huang
et al. (2016). We assumed that branch lengths were similar for
all Neotropical taxa (polytomy), which might not be the case
but was considered the more neutral hypothesis.

Herbarium Material Sampling

This study is based on digitized historical herbarium collec-
tions available on the ReColNat online database (http://explore
.recolnat.org). Herbarium specimens of Cinnamomum were se-
lected using the following criteria: (i) only species present in the
phylogenetic framework were analyzed; (ii) specimens for which
georeferenced data were not obtainable were discarded; (iii) her-
barium sheets with only damaged and/or overlapping leaves were
not retained; (iv) cultivated specimens were avoided; and (v) only
mature leaves were studied, and herbarium sheets with only ju-
venile leaves were discarded. Maturity was assessed by leaf size
and position on the branch; the leaves that were the largest
and farthest from the branch tip were retained. Only specimens
clearly matching all five criteria were included in the analysis.

We were able to retrieve 32 species from the Huang et al.
(2016) and Lorea-Hernández (1996) phylogenies in the ReColNat
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database (976 specimens in total). After the “phylogenetic selec-
tion,” 221 specimens were found to be well preserved, presenting
at least one mature leaf, and geolocatable, meaning that climatic
data could be retrieved for these specimens. This final selection
represents the 30 species mentioned above and distributed in
South America, Asia, and Africa (tables A1, A2; tables A1–A5
are available online).

Morphometric Data

Nineteen morphological features were selected and docu-
mented (fig. 1; table 1). We designed a method allowing a semi-
automated measurement of leaves on a herbarium sheet, as fol-
lows. A single mature well-preserved leaf per herbarium sheet is
manually segmented from the background using Adobe Photo-
shop CS6. Measuring all visible leaves on a herbarium specimen
would be biased by the fact that most of them present both juve-
nile and mature leaves. We chose to measure only one leaf to
avoid this intraindividual variability due mainly to ontogeny.

Length, width, area, perimeter, and petiole width were auto-
matically measured using the morphometry software Free-D (Andrey
and Maurin 2005), including the plug-in MorphoLeaf (Biot et al.
2016). Further measurements, including secondary vein length
(SVL), angle between a secondary vein and the primary veins, and
leaf apex and base angles, were manually measured with ImageJ
(Schneider et al. 2012). Angle between a secondary vein and the
primary veins is the angle from the insertion of the secondary
vein to the pair of points on the perpendicular line at one-quarter
of the same SVL (fig. 1). Apex and base angles were measured
according to theManual of Leaf Architecture (Ellis et al. 2009).
Apex and base types and distance of secondary length insertion
(basal or suprabasal) were observed and scored manually (fig. 1).

Sampling Size

Heterogeneity in sampling effort might be an issue in subse-
quent statistical analyses. First, variance of the error term is not
constant for all valueswithin a variable. Second, specieswith only
one specimen available can be problematic because their genuine
variance cannot be taken into account in analyses. To address
these concerns, we first assessed the potential measurement error
(in a statistical sense, a deviation of anykind that appears between
an observed value and a true value; Garamszegi 2014) in our data
by calculating the repeatability (R) of eachmeasured trait.R is the
proportion of the between-subject variance relative to the total
variance (Sokal and Rohlf 1995):

R p
j2between

j2between 1 j2within

,

where j2between is between-species variance and j2within is within-
species variance.

An R value close to 1 means that a single individual will reflect
the true species-specific value of a given trait in regard to other
species values. A low R value indicates that within-species vari-
ance might require some statistical treatment (Garamszegi 2014).
Typically, the following threshold values are used to assess the
level of repeatability: R < 0:2 is associated with slight repeat-
ability, 0:2 < R < 0:4 with low repeatability, 0:4 < R < 0:7
with moderate repeatability, 0:7 < R < 0:9 with high repeat-
ability, andR < 0:9 with very high repeatability (Harper 1994).
To account for nonconstant variance in the error term, we cal-

culated a pooled variance (Ives et al. 2007; Hansen and Bar-
toszek 2012). The latter is calculated with the data of species
represented by more than one specimen (i.e., n > 1) and can
be used to estimate a variance for species where n p 1 (variance
cannot be calculated). For each trait, the pooled variance is
Fig. 1 Leaf traits measured in this study. A, B, Types of base.
A, Round base. B, Acute base. C–E, Types of apex. C, Round apex.
D, Acute apex. E, Attenuate apex. The arrowhead indicates the acu-
men. BL p blade length; BW p blade width; PW p petiole width;
SV_angle p secondary vein angle; SV_insert p insertion of secondary
vein; SVL p secondary vein length.
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calculated following Hansen and Bartoszek (2012) to account
for the number of specimens per species, as follows:

j2 p
oNspecies

ip1 j2withini
(ni 2 1)

oNspecies

ip1 (ni 2 1)
,

where j2 is the pooled variance, ni is the number of specimens in
a considered species, andNspecies is the number of species where
ni > 1.
Then, specific variance pondered by ni (j

2
ni ) is calculated as

follows:

j2
ni p

j2

ni
:

Species with a single measurement are thus given a variance
equal to the pooled variance. This estimation can be problematic
if the true variances vary widely because of scaling effects
(Garamszegi 2014). Since this study is conducted within a single
genus, we make the assumption that this scaling effect is negligi-
ble. These estimated variances are then used as weights in the lin-
ear models.

Climatic Data

Missing geolocation data were acquired using the website Les
Herbonautes (http://lesherbonautes.mnhn.fr). This citizen science
project is a collaborative initiative to digitize herbarium sheet
labels bymanual transcription. Site description is used to estimate
the site coordinates in a Google Maps application. For each site,
several estimated coordinates are compared, and if the difference
between them is less than1min (1.9 kmat the equator),means are
calculated and the references are validated. Otherwise, all the
participants discuss them until approval.
Latitude and longitude of each specimen were compiled to ob-
tain climatic data from the WorldClim database (Hijmans et al.
2005) using the raster function inR (RCore Team2017). The da-
tabase comprises 19 bioclimatic variables (tableA3):MAT,mean
diurnal range of temperature, isothermality, temperature season-
ality (Tseasonality), maximum temperature ofwarmestmonth,min-
imum temperature of coldest month, temperature annual range
(Trange), mean temperature of wettest quarter, mean tempera-
ture of driest quarter, mean temperature of warmest quarter
(Twarmest_Q), mean temperature of coldest quarter, MAP, precip-
itation of wettest month, precipitation of driest month (Pdriest_M),
precipitation seasonality (Pseasonality), precipitation of wettest
quarter, precipitation of driest quarter (Pdriest_Q), precipitation
of warmest quarter, and precipitation of coldest quarter.
Statistical Analyses

Phylogenetic signal is defined as the tendency of related spe-
cies to resemble each other more than they resemble species
drawn randomly from the tree (Münkemüller et al. 2012). This
signal was estimated using Blomberg’sK (Blomberg et al. 2003).
The latter is defined as the ratio between two other ratios, which
are (1) the mean squared error of tip data divided by the mean
squared error of data, calculated using a variance-covariance
matrix derived from the phylogeny (observed), and (2) the same
but calculated using data from amodel under the assumption of
Brownian motion of trait evolution (expected). Thus, a K value
lower than 1 indicates that closely related species resemble each
other less than expected under the Brownian motion model of
trait evolution. A K value above 1 indicates that closely related
species are more similar than predicted by the model. In other
words, greater values of K suggest a strong phylogenetic signal.

Statistical analyses were conducted using R. Repeatability
was measured for all traits using the rpt function in the rptR
package (Stoffel et al. 2017). Blomberg’sK for eachmorpholog-
ical trait was calculated using the phylosig function included in
the phytools package (Revell 2012). In order to investigate the
relationship between morphological variables and climatic
variables, we used simple linear regression and canonical corre-
spondence analysis (CCA; Ter Braak 1986). Historically, this
multivariate analysis was introduced to relate community com-
position to known environmental variation (Ter Braak 1986).
CCAwas successfully used to analyze the relationships between
leaf morphology and climate (Wolfe 1993). We ran CCAs for
both intraspecific data (tables A1, A2) and interspecific data
(tables A4, A5).
Results

Effect of Sampling Size

R values calculated for Cinnamomum traits are all greater
than 0.2 and range from low to very high (table 3). Blade width
and area, length-to-width ratio, apex and base angles, apex-to-
base ratio, and secondary vein insertion and angle all showmod-
erate repeatability, with R between 0.4 and 0.7. Blade length
(BL), perimeter, rounded apex, and SVL showhigh repeatability,
with R between 0.7 and 0.9. Acute base shows very high repeat-
ability, with R < 0:9. Petiole width, acute and attenuate apex,
Table 1

Morphological Traits Measured on Cinnamomum Leaves
Abbreviation
 Trait (unit)
BL
 Lamina length (cm)

BW
 Lamina width (cm)

LW_ratio
 Lamina length-to-width ratio

BA
 Lamina area (cm2)

BP
 Lamina perimeter (cm)

PW
 Petiole width (cm)

Apex_angle
 Measured angle from first quarter to the apex (7)

Base_angle
 Measured angle from third quarter to the base (7)

AB_ratio
 Ratio of apex_angle to base_angle

Apex_round
 Both sides of the apex are convex (abundance)

Apex_acute
 Both sides of the apex are straight (abundance)

Apex_attenuate
 Both sides of the apex are concave (abundance)

Base_round
 Both sides of the base are convex (abundance)

Base_acute
 Both sides of the apex are straight or concave

(abundance)

SV_insert
 Suprabasal or basal (abundance)

Acumen_length
 Length of the acumen (mm)

SVL
 Length of the first pair of secondary veins (cm)

SV_angle
 Angle between the main vein and the first secondary

veins

SVL/BL
 Ratio of secondary vein length to total lamina length
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round base, and acumen length are associated with low repeat-
ability (0:2 < R < 0:4).

Nonweighted linear models show significant relationships
between leaf morphology and both temperature and precipita-
tion variables, but only temperature-related weighted models
were still significant (table 3). Most R2 values were lower in
the weighted models. However, most of the traits with high re-
peatability still have a significant relationship with climatic
variables, even in the weighted models.

Phylogenetic Signal

Significant, relatively high phylogenetic signal was observed
in five morphological traits (table 2; fig. 2): (1) petiole width
(fig. 2A) is particularly high in the clade including C. verum
J. Presl, C. multiflorum (Roxb.) Wight, C. bejolghota (Buch.-
Ham.) Sweet, C. iners Reinw. ex Blume, C. javanicum Blume,
and C. tonkinense (Lecomte) A.Chev.; (2) closely related species
tend to have similar acumen lengths; (3), (4) SVL and SVL-to-
BL ratio (fig. 2C, 2D) are lower in Neotropical species and
among Asiatic species in clade 1; (5) the same dichotomy is ob-
served for secondary vein angle, which is smaller in clade 2
(fig. 2B). Other traits bear no significant phylogenetic signal.
Finally, significant phylogenetic signal was observed in both
MAT and MAP data (table 2).

Relationship between Leaf Physiognomy
and Climatic Variables

Length, width, length-to-width ratio, area, and perimeter are
positively correlated with MAT and annual minimum tempera-
ture (Tmin; fig. 3; table 3). Length and perimeter are negatively
correlated with Tseasonality (fig. 3; table 3). Apex angle is nega-
tively correlated with MAT and annual maximum temperature
(Tmax; table 3). Finally, acute apex is more likely in warm cli-
mates and less likely in temperature-seasonal climates.
The CCA carried out at the intraspecific level (i.e., on the basis

of values for each individual specimen; not illustrated) reveals
that only 17%of the variance is explained by climate (ANOVA,
P < 0:05). The CCA carried out at the interspecific level (i.e., on
the basis of mean values for each species; illustrated in fig. 4)
shows that 78%ofmorphological variability is explained by cli-
matic variables (ANOVA, P < 0:05). The three first ordination
axes explain 73% of the constrained variance (table 4).
The intraset correlation coefficients (correlation of environ-

mental variables with the linear combination scores) reveal that
the CCA1 and CCA2 ordination axes are most correlated with
Tmin, MAT, Trange, and Tseasonality and Tmax, Twarmest_Q,
Pdriest_M, and Pdriest_Q, respectively (table 4). Most of the varia-
tion of Cinnamomum is therefore mainly linked to temperature
and especially to Tseasonality. To a lesser extent, the ordination
axes are also related to precipitation. Notably, Pdriest_M and
Pseasonality show slight correlation with the two first ordination
axes (table 4). To summarize, CCA1 is linked to Tseasonality and
MAT, with highly seasonal climate and colder MAT on the left
part of figure 4 and more isothermal climates with higher MAT
on the right side. To a lower degree, CCA2 is linked to Tmax and
Pdriest_Q, the bottom part of figure 4 being representative of high
precipitation during the dry period and lower Tmax.
Rounded apexes and bases are more likely to occur in seasonal

climates with relatively low MATs. Attenuate and acute apexes
are more likely to occur in climates with seasonal precipitation
and in climates characterized by equable (and elevated) annual
precipitations, respectively. Large leaf area is associated with
high annual precipitation and MAT and equable climates.
Discussion

Sampling Effort

Our selection of species represents well the broad climatic
range characterizing Cinnamomum (Schnell 1987; Lorea-
Hernández 1996), with MATs ranging from 10.57 to 26.67C,
Tmax from 23.47 to 34.77C, Tmin from 25.357 to 21.27C, and
MAP from 636 to 4086 mm.
Despite the heterogeneity of our sampling, only apex typewas

associated with a low repeatability (table 3). Therefore, sam-
pling effort should be improved to obtain more reliable means.
Repeatability was relatively high in the other leaf traits mea-
sured in this study (table 3), suggesting that the limited sampling
within each species is well representative of the species and that
Table 2

Blomberg’s K Results for Cinnamomum Morphological
and Selected Climatic Variables
Variable
 K
 P
MAT
 .56*
 .04

Tseasonality
 .51
 .1

Tmax
 .47
 .17

Tmin
 .5
 .1

MAP
 .64*
 .02

Pseasonality
 .34
 .74

BL
 .55
 .06

BW
 .53
 .08

LW_ratio
 .62
 .12

BA
 .54
 .11

BP
 .55
 .08

PW
 .76*
 .001

Apex_angle
 .5
 .14

Base_angle
 .55
 .07

AB_ratio
 .51
 .1

Apex_round
 .45
 .27

Apex_acute
 .51
 .1

Apex_attenuate
 .5
 .08

Base_round
 .36
 .66

Base_acute
 .35
 .67

SV_insert
 .35
 .69

Acumen_length
 .6*
 .02

SVL
 .67*
 .01

SV_angle
 1.03*
 .004

SVL/BL
 .71*
 .01
Note. AB_ratiop apex-to-base ratio; BAp blade area; BLp blade
length; BPp blade perimeter; BWp bladewidth; LW_ratiop length-to-
width ratio; MAP p mean annual precipitation; MAT p mean annual
temperature; Pseasonalityp precipitation seasonality; PWp petiole width;
SV_anglep secondary vein angle; SV_insertp secondary vein insertion;
SVLp secondary vein length; SVL/BLp secondary vein length–to–blade
length ratio; Tmax p maximum temperature of the warmest month;
Tminpminimum temperature of the coldest month;Tseasonalityp temper-
ature seasonality.
* P ! 0.05.
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intraspecific variability is not an issue in our interspecific analy-
ses (Garamszegi 2014).
Another issue is the limited sampling used in this study (30 spe-

cies), which represents ~10% of the genus’s diversity. Although
this sampling represents well the three clades recovered in the ge-
nus and its broad climatic range, phylogenetic representation
should be improved in future studies, for example, by covering
more species within each clade. Nevertheless, according to the
objective of this study, it is most important to include various spe-
cies with well-known phylogenetic position living in contrasting
environmental conditions.

Influence of Phylogenetic History
on Cinnamomum Leaf Morphology

Phylogenetic inheritance is an important driver of leaf formand
has an influence on the relationship between leafmorphology and
climate at a global scale (Little et al. 2010;Hinojosa et al. 2011; Li
et al. 2016b; Glade-Vargas et al. 2018). Phylogenetic signal is par-
ticularly high in leaf margin traits, although significant but lower
phylogenetic signal is also observed in shape and size traits (Little
et al. 2010; Glade-Vargas et al. 2018).

Here, we tested the presence of phylogenetic signal at a lower
taxonomical level in a homogeneously untoothed genus. In con-
trast to the Little et al. (2010) study, in this study phylogenetic
signal was significantly high only for five leaf traits, mostly
linked to venation pattern but not to size or shape (table 2). This
result is in line with a previous study investigating the evolution
of the relationship between leaf size and altitude that showed
that leaf size was less influenced by phylogeny than by environ-
mental factors (Milla and Reich 2011).

Phylogenetic signal is significant in traits related to venation
pattern. This result suggests that secondary vein pattern could
be useful for taxonomic studies in the genus and calls for further
studies of phylogenetic signal in higher-order venation. One of
these traits, SVL, often scales with leaf size as it develops during
leaf expansion (Sack et al. 2012). In our study, as expected, BL
showsno significant phylogenetic signal and is correlatedwith cli-
matic parameters (tables 2, 3). In contrast, SVL and SVL-to-BL
ratio are similar for clades 1 and 3, as opposed to clade 2. This
Fig. 2 Mapping of selected leaf traits displaying phylogenetic signal. A, Petiole width (PW). Scale bar is shown in centimeters. B, Secondary vein
angle (SV_angle). Scale bar is shown in degrees. C, Secondary vein length (SVL). Scale bar is shown in millimeters. D, Secondary vein length–to–
blade length ratio (SVL/BL).
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suggests that BL is influenced by climate, while SVL-to-BL ratio is
more conservative and is determined by phylogeny.

Finally, phylogenetic signal was also observed in MAT and
MAP (table 2), suggesting that, when these variables are taken
into account, closely relatedCinnamomum species live under rel-
atively similar climates. A relationship between size- and shape-
related traits and climate, particularly for temperature variables,
is observed (table 3). Nevertheless, phylogenetic signal was not
observed for these traits. This contradictory pattern can be ex-
plained by a convergence of morphology under similar climatic
conditions for the different lineages. On the other hand, phyloge-
netic signal in climatic variables could imply phylogenetic niche
conservatism (“the phenomenon that closely related species are
more ecologically similar than might be expected solely as a
BM evolution”; Losos 2008, p. 996) within lineages, although
the relationship between phylogenetic similarity and ecological
similarity should be more thoroughly tested to confirm this hy-
pothesis (Losos 2008). In other words, sister species tend to share
relatively similar ecologies (hence phylogenetic signal in climatic
variables), while a morphological convergence occurs in distantly
related species (thus, a relationship is observed between somemor-
phological traits and climatic variables).

Relationship between Cinnamomum
Leaf Morphology and Climate

As expected, Cinnamomum leaf size and shape traits corre-
late, although not strongly, with climatic conditions (table 3;
figs. 3, 4). However, while nonweighted linear models show
significant relationships between leaf morphology and both tem-
perature and precipitation variables, only temperature-related
weighted models were still significant and thus considered reli-
able (table 3). Concurrently, temperature-related variables show
the strongest correlation coefficients in the CCA (table 4). The
main results are (1) large leaves indicate a warm, equable cli-
mate, (2) BL and blade perimeter are negatively correlated with
temperature seasonality, and (3) rounded apex and apex-to-base
ratio are negatively correlated with MAT. These results are
largely consistent with the multivariate analysis (fig. 4). Correla-
tion between size and temperature inCinnamomum is consistent
with previous studies focusing on tropical leaves at the commu-
nity level (Dolph and Dilcher 1980a, 1980b) and with world-
scale studies investigating the relationships among size, climate,
and ecophysiology (Moles et al. 2014; Wright et al. 2017).
Large-leaved Cinnamomum species occur in both Asian and
South American continents, suggesting that leaf size is a conver-
gent climate-driven feature.
Variations inCinnamomum leaf size are also indicative of tem-

perature seasonality; that is,Cinnamomum leaves tend to have a
smaller leaf area in seasonal climates. Some species with very
specific morphologies are associated with specific climates. For
instance, Cinnamomum growing in localities with high temper-
ature seasonality and relatively low MAT (!187C), such as
C. daphnoides Siebold & Zucc. and C. taubertianum (Mez &
Schwacke) Kosterm., display small coriaceous leaves with
rounded apexes. The former is native to Japan and China (speci-
mens in this studywere collected inmountainous areas in China),
while C. taubertianum is a Brazilian species, naturally distributed
Fig. 3 Relationship between selectedmorphological traits ofCinnamomum and temperature variables. Dotted lines indicateweightedmodels, solid
lines indicate nonweighted models. LW_ratio p length-to-width ratio; MAT p mean annual temperature; T_seasonality p temperature seasonality.
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Fig. 4 Canonical correspondence analysis (CCA) of Cinnamomum morphological traits and climatic data. This analysis was conducted with mean
values of morphological and climatic variables for each species. AB_ratio p apex-to-base ratio; Annual_P p annual precipitation; BL p blade length;
Drange p mean diurnal range of temperature; LW_ratio p length-to-width ratio; MAT p mean annual temperature; Pcoldest_Q p precipitation of
coldest quarter; Pdriest_M p precipitation of driest month; Pdriest_Q p precipitation of driest quarter; Pseasonality p precipitation seasonality;
Pwettest_Mp precipitation of wettest month; Pwettest_Qp precipitation of wettest quarter; SV_anglep secondary vein angle; SV_insertp secondary
vein insertion; SVLp secondary vein length; Tcoldest_Qpmean temperature of coldest quarter; Tdriest_Qpmean temperature of driest quarter;
Tmaxpmaximumtemperature ofwarmestmonth;Tminpminimumtemperature of coldestmonth;Trangep temperature annual range;Tseasonalityp
temperature seasonality; Twarmest_Qp mean temperature of warmest quarter; Twettest_Qp mean temperature of wettest quarter. Scale barp
10 cm. Filled circles correspond to the illustrated species.
427
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in the Cerrado vegetation type (Lorea-Hernández 1996). Al-
though the corresponding MATs are different (10.57 and 17.97C,
respectively), both species are found in climates characterized
by highly seasonal temperatures and precipitation. The two spe-
cies are distantly related, indicating that the C. daphnoides–C.
taubertianum leaf morphologies are convergent and suggesting
that these traits are climate driven. In summary, our analysis dem-
onstrates that a number of leaf size– and shape–related traits in
Cinnamomum species are influenced by climatic variables rather
than by historical constraints.
Although we observed a global trend in form-climate relation-

ship in Cinnamomum at the genus level, exceptions exist. Some
species living under the same climatic constraints display very dif-
ferent morphologies. For instance, Cinnamomum species gener-
ally display small leaves under high MATs in association with
high temperature and precipitation seasonality (e.g., C. tsangii
Merr.; see fig. 4). In contrast, C. bejolghota and C. cassia (L.)
J.Presl, which both live under such conditions, possess large
leaves (and then occur together with C. javanicum in our analy-
sis). Their morphology would be expected under highMAT but
in association with low temperature and precipitation season-
ality. Other examples are the species C. glanduliferum (Wall.)
Meisn. and C. bodinieri H. Lév., both living under low MAT
and high temperature seasonality. Under such conditions, Cin-
namomum species generally display small leaves (e.g., the C.
daphnoides–C. taubertianum leaf type). In contrast, C. glan-
duliferum and C. bodinieri possess comparatively large leaves.

These discrepancies can be explained by species-specific mor-
phological response to climatic change (Royer et al. 2008) and/
or by abiotic parameters, such as edaphic conditions, altitude,
and exposure to light, not taken into account in our survey. These
results challenge the general assumption that all dicotyledon an-
giosperm species tend to the same leaf morphology under the
same climate (Yang et al. 2015).

Implications for Paleoclimatic Studies

Physiognomic methods for paleoclimate reconstruction are
based on the assumptions that similar climatic constraints lead
to similar leaf morphology among and within families of woody
dicotyledon angiosperms and that historical constraints on leaf
morphology are negligible (Huff et al. 2003; Yang et al. 2015;
Li et al. 2016a). The absence of phylogenetic signal in size and
shape leaf traits of Cinnamomum and these traits’ relationship
with climate favor a climate-driven convergence, thus validating
the use of this genus for taxon-free paleoclimatic reconstruction
methods relying on such data. However, our investigation also
strongly suggests that historical constraint on leaf morphology is
variable among taxa, with traits presumably being driven by in-
heritance in some families and by climate in others. Hence, further
studies using this approach in distantly related families are needed.

Cinnamomum-like fossil leaves have been found in a great num-
ber of paleofloras ranging from the Upper Cretaceous to the Mio-
cene (e.g., Teixeira 1948; Conran and Christophel 1998; Johnson
2002; Uhl et al. 2006; Shi et al. 2014). Extant Cinnamomum leaf
morphology is generally considered to be broadly representative
of some Lauraceae morphotaxa observed in the fossil record, such
as Laurophyllum orDaphnogene species (Kvaček 2004; Doweld
2017). In this context, our study suggests that the morphological
variability observed in fossil Lauraceae could be used to give com-
plementary information on MAT and temperature seasonality
during the Cenozoic, for instance, in localities where the low num-
ber of taxa does not allow the use of traditional methods such as
CLAMP.

Nevertheless, this potential use ofCinnamomum leaves, or any
taxon-based methods, could be achieved only with an accurate
identification of the genus in the fossil record. This might be chal-
lenging given the difficult taxonomic assignment of fossil leaves to
fossil or extant Lauraceae solely on the basis of morphology and
without cuticle data (Li and Christophel 2000; Shi et al. 2014;
Mohamed et al. 2016). As a matter of fact, cuticle characters
alone are generally insufficient for the placement of a species in
a species group inside the family of extant Lauraceae (Nishida
and van der Werff 2011). Therefore, in order to be fully applica-
ble to fossil Lauraceae, our approach should also include other
Lauraceae genera encompassing Cinnamomum-like leaf species
that are difficult to distinguish fromCinnamomum. For instance,
the genera Lindera (especially Lindera caudata) and Neocinna-
momum both display triplinerved leaves.Caryodaphnopsis (Not-
haphoebe),Neolitsea, and some species ofCryptocarya are char-
acterized by triplinerved leaves and secondary veins.

However, despite numerous phylogeny works focused on sev-
eral Lauraceae genera and global phylogenies, the relationships
are still unresolved and mainly show that some of the genera
are para- or polyphyletic. This is the case for Actinodaphne,
Table 4

Canonical Correspondence Analysis (CCA) Intraset Correlation
Coefficients of the Three First Ordination Axes, with

Constrained Eigenvalues in Parentheses
CCA1
(47%)
CCA2
(19%)
CCA3
(7%)
Trange
 2.507
 Pdriest_M
 2.166
 MAT
 .153

Tseasonality
 2.417
 Pdriest_Q
 2.158
 Drange
 .260

Drange
 2.249
 Drange
 2.141
 Isothermality
 .301

Pseasonality
 2.213
 Isothermality
 2.093
 Tseasonality
 2.303

Pwarmest_Q
 .194
 Trange
 .027
 Tmax
 2.075

Pwettest_M
 .254
 Tseasonality
 .039
 Tmin
 .213

Pwettest_Q
 .326
 Annual_P
 .049
 Trange
 2.269

Tmax
 .331
 Tmin
 .139
 Twettest_Q
 .072

Pdriest_M
 .334
 Pwarmest_Q
 .145
 Tdriest_Q
 .241

Pdriest_Q
 .368
 Tcoldest_Q
 .147
 Twarmest_Q
 2.092

Twarmest_Q
 .396
 Pseasonality
 .172
 Tcoldest_Q
 .235

Isothermality
 .402
 Tdriest_Q
 .181
 Annual_P
 .142

Annual_P
 .428
 Pwettest_M
 .208
 Pwettest_M
 .088

Twettest_Q
 .460
 Pwettest_Q
 .237
 Pdriest_M
 .100

Tcoldest_Q
 .543
 MAT
 .289
 Pseasonality
 .033

Tdriest_Q
 .545
 Twettest_Q
 .371
 Pwettest_Q
 .127

MAT
 .571
 Tmax
 .442
 Pdriest_Q
 .104

Tmin
 .576
 Twarmest_Q
 .444
 Pwarmest_Q
 .069
Note. Annual_P p annual precipitation; Drange p mean diurnal
range of temperature;MATpmean annual temperature;Pcoldest_Qp pre-
cipitation of coldest quarter; Pdriest_M p precipitation of driest month;
Pdriest_Q p precipitation of driest quarter; Pseasonality p precipitation sea-
sonality; Pwarmest_Q p precipitation of warmest quarter; Pwettest_M p pre-
cipitation of wettest month; Pwettest_Q p precipitation of wettest quarter;
Tcoldest_Q p mean temperature of coldest quarter; Tdriest_Q p mean tem-
perature of driest quarter; Tmax p maximum temperature of warmest
month;Tminpminimum temperature of coldest month;Trangep temper-
ature annual range; Tseasonality p temperature seasonality; Twarmest_Q p
mean temperature of warmest quarter; Twettest_Q p mean temperature
of wettest quarter.
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Cinnamomum, Lindera, Litsea, Neolitsea, and Persea (Rohwer
2000; Chanderbali et al. 2001; J. Li et al. 2004; Rohwer and
Rudolph 2005; Z. Li et al. 2006; L. Li et al. 2007, 2011; Fijri-
diyanto andMurakami 2009; Rohwer et al. 2009, 2014; Huang
et al. 2016; Rohde et al. 2017; Cruz-Maya and Barrientos-Priego
2018; Zhao et al. 2018). Consequently, these genera as tradition-
allyunderstoodare not efficient for assigning fossil leaves to a par-
ticular taxon. Hence species-based phylogenies providing revised
relationships, such as the one used as a phylogenetic framework
here, appear to bemore efficient for inferring adaptation interpre-
tation than former definitions and limits of the genera are.

Numerous fossil species have been described in Europe and at-
tributed toCinnamomum, mainly on the basis of secondary vena-
tion pattern (Saporta 1863, 1867; Unger 1867; Fritel 1905a,
1905b; Laurent 1912), and thus, they would need consequent
taxonomic revision. Cinnamomoid-type leaves (with three basal
veins) without accurate cuticle information are generally assigned
to the genus Daphnogene by paleobotanists (Kvaček 1971). As
stated above, this morphological trait is not exclusive to
Cinnamomum at present. Hence, Daphnogene is considered an
artificial group (Kvaček 1971) and is probably a mix of different
fossil (and extant?) genera. However, the use of this group is still
useful for avoiding confusions and misplacement of fossil
triplinerved leaves in extant genera, as was done in the past.

Given the above, a global analysis of the leaf morphology var-
iation in the extant Lauraceae family would allow the reassess-
ment of the fossil record in order to extract climatic signals from
leaf morphology. Hence, the next step should be the use of a
global phylogeny to develop this approach at the family level
and to apply these results to Cinnamomum-like fossil leaves in
order to optimize the accuracy of the paleoclimatic interpretation.

In this endeavor, our study demonstrates that digitized herbar-
ium collections represent an interesting data source for future
studies in this field.

Conclusion

To our knowledge, this study is the first to document the re-
lationship among Cinnamomum leaf architecture, phylogeny,
and climatic parameters. According to our analysis, Cinnamo-
mum leaf architecture is influenced by a combination of both
evolutionary history and climatic selective pressure, as (1) a num-
ber of leaf size– and shape–related traits inCinnamomum species
are influenced by climatic variables and (2) traits relating to ve-
nation patterns are influenced by historical constraints.
As observed in community-level studies, size-related traits and

apex type in Cinnamomum are correlated with MAT but also
with temperature seasonality. The absence of phylogenetic signal
in size and shape leaf traits inCinnamomum favors the use of this
genus for physiognomic paleoclimatic reconstruction methods.
Additionally, we suggest that the genus, when correctly identified,
could be used as a qualitative proxy in small paleontological
samples.
The absence of phylogenetic signal in size- and shape-related

traits contrasts with earlier studies of distantly related taxa and
confirms that historical constraints on leaf morphology are var-
iable among families. Consequently, our study emphasizes the
importance of further testing the influence of phylogeny on leaf
morphology at low and high taxonomic levels, including intra-
specific studies. Additionally, it underlines the importance of a
well-known phylogenetic framework and appropriate sampling
for such investigations.Amore accurate knowledge of the poten-
tially different form-climate relationships observed at these levels
would certainly contribute to refined paleoclimatic reconstruc-
tion methods.
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