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Abstract

Key message Multivariate morphometric analyses were

used for the first time to examine sexual dimorphism

and shape variability of needles in natural populations

of relict species Taxus baccata L.

Abstract Needle morphology and intraspecific variabil-

ity of Taxus baccata L. were examined for the first time

in Serbian natural populations (in the central Balkans). A

geometric morphometric approach was used to assess

size and shape variation of needles and to address

questions of sexual dimorphism and phenotypic plastic-

ity. Population-specific sexual size dimorphism was

found. In the Tara population, females had larger needles

than males and this was in accordance with earlier

reports on T. baccata dimorphism. We found it unusual

that in the other two populations, Kopaonik and Malinik,

sexual size dimorphism was constrained and the sexes

had needles of equal size. Multivariate analysis of needle

shape revealed that the Tara population differed from the

other two populations and was characterized by

straighter, more symmetric needles. The absence of

sexual size dimorphism and the less symmetrical shape

of needles could be signs of a deviation from optimal

conditions for yew in the Kopaonik and Malinik popu-

lations as regards mean annual temperature, precipita-

tion, humidity and soil quality. There is also an

indication that sexual size dimorphism in needles arises

from a modification in female morphology and that

female yews carry more information about climate.

However, the conclusions presented in this study have

certain limitations because of the small number of

individuals in the Tara population (only 3 female and 4

male plants) that represent the quasi-total of adult yews

at this site.

Keywords Taxus � Morphology � Geometric

morphometrics � Sexual dimorphism � Phenotypic

plasticity � Relict

Introduction

Taxus baccata L. is Tertiary relict and dioecious gym-

nosperm species. In Serbia, T. baccata is listed as a rare

and endangered species (Službeni glasnik RS, br. 5/2010).

Its natural populations are small and defragmented, usually

located on steep, calcareous slopes of river canyons or on

high mountains (Vidaković 1982; Obratov-Petković et al.

2002).

Dioecy is extremely rare for conifers. Only 6–9% of

higher plants (Sakai and Weller 1999) and 15% of tree

species (Coder 2008) are dioecious. Among conifers,

dioecy evolved within only a few genera, including Taxus
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milenastefanovic@ibiss.bg.ac.rs

1 Institute for Biological Research ‘‘Siniša Stanković’’,
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(Kersten et al. 2017). A change of sex in individual yew

trees is possible but rare, and the percentage of bisexual

trees (bearing branches of different sex) in populations is

around 1–2% (Thomas and Polwart 2003; Hageneder

2013).

Sexual dimorphism in plants is associated with the

contrasting strategies of the sexes, particularly in growth

and reproductive expenditure (Barrett and Hough 2013).

Males and females often have unequal resource require-

ments and investments in reproduction (Cipollini and

Whigham 1994; Obeso 2002), and therefore sexual

dimorphism may be an evolutionary response to allocation

disparity between the sexes (Kohorn 1995).

Differences between the sexes in reproductive fea-

tures have been thoroughly studied for most dioecious

plants, but the sexes may also differ from one another in

many ways with regard to vegetative traits. For example,

there were reports on differences in plant size, internode

length, leaf size, leaf shape, growth rate and physiolog-

ical traits (Lloyd and Webb 1977; Kohorn 1995; Midgley

2010; Chen et al. 2015). Differences between the sexes

of T. baccata are typical for dioecious plants; males are

taller and have a larger diameter (Cedro and Iszkuło

2011). However, females are characterized by longer

needles, greater leaf area and stomata density (Iszkuło

et al. 2009).

Landmark-based geometric morphometrics provides a

powerful technique in quantitative biology for the study of

shape variation in a wide range of disciplines (Adams et al.

2013). In plant sciences, a geometric morphometric

approach is more commonly used to study interspecific

variations in shape and it is extremely useful when dealing

with hybridogenous species (Jensen et al. 1993, 2002;

Viscosi et al. 2009; Vı́t et al. 2012; Vander Mijnsbrugge

2015). However, multivariate morphometric analyses can

also be applied to assess intraspecific variations in shape

related to sexual dimorphism, fluctuating asymmetry and

variation along geographic and ecological transects (Loy

1996).

We decided to take advantage of these useful quantita-

tive techniques to analyze needle size and shape variations

in populations of T. baccata and to address the questions of

sexual dimorphism and intraspecific variability. We

focused on the following hypotheses:

1. Taxus baccata sexes differ in needle size and shape,

and

2. Patterns of dimorphism vary between populations.

To the best of the authors’ knowledge, this is the first

examination of the morphological characteristics of nee-

dles and intraspecific variability of naturally growing T.

baccata in Serbia.

Materials and methods

Studied populations and plant material

Plant material was collected from three natural populations

of T. baccata from geographically differentiated areas in

Serbia (central, eastern and western). The geographic and

climatic characteristics of the studied populations are pre-

sented in Table 1.

Twigs with needles were sampled in autumn, and in

accordance with Cornelissen et al. (2003) from well-irradi-

ated, south-facing, middle parts of the crowns of 47 trees

(Table 1). From every tree, ten needles were scanned with the

abaxial surface up, using an Epson Perfection V370 scanner

with a resolution of 600 dpi. We chose to analyze fully

developed 2-year-old needles. Also, only needles from the

right side of the twigs were sampled to avoid redundancy,

because twigs are bilaterally symmetric (Fig. 1a).

Leaf measurements and statistical analysis

ImageJ (Version 1.47n) was used to measure needle length

(NL), needle width (NW) and needle area (NA) on scanned

samples. The number of stomata rows (SR) on one half of

the abaxial needle side and stomata density (SD) were

observed with light microscopy (Leica Galen III) at 109

magnitude and filmed with a Topica TP-5001 camera. SR

was measured with two replications and SD with three

replications on ten needles per tree. In addition, two rela-

tive indices were examined: needle length to needle width

ratio (NL/NW) and number of stomata rows to needle

width ratio (SR/NW).

For each population, hierarchical ANOVA was used to

test if there is more variation in leaves of different trees

than leaves from the same tree. If this was the case, ten

measurements per tree for needle traits were averaged and

used in further analyses. This is an important step in

morphometric analyses of plants, because leaves of the

same tree are not independent observations and represent to

a certain degree pseudo replicates (Viscosi and Cardini

2011).

Procrustes ANOVA and pairwise tests were performed

to assess population-specific differences between sexes in

linear measures NL and NW.

The general linear model (GLM) with Population, Sex

and their interaction as factors, and post hoc Bonferroni

pairwise comparisons were performed to test for differ-

ences between populations and sexes in NA, NL/NW, SR,

SR/NW and SD.

Principal component analysis (PCA) and hierarchical

agglomerative cluster analysis were used on previously

obtained and literature data to assess patterns of similarity
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among the yew populations. The values of five morpho-

logical characteristics (NL, NW, NA, NL/NW ratio and

SD) were standardized prior to analysis. GPS coordinates

of the yew populations were used as additional variables in

PCA.

Statistical analysis of leaf measurements was carried out

in Minitab 17 Statistical Software (2010) and the geomorph

package in RStudio (Adams and Otárola-Castillo 2013).

Geometric morphometrics and statistical analysis

Scanned images were used to record 3 landmarks and 22

semi-landmarks for every specimen (Fig. 1b). Taxus

baccata needles are asymmetric at the base (Di Sapio

et al. 1997), so we decided to place two landmarks to

define petiole and blade intersection: the first represented

the intersection of the petiole and left needle margin and

Table 1 Geographic and climatic characteristics of studied populations and sample size

Mountain (population) Kopaonik Malinik Tara

Latitude (N) 43�1802300 43�5905500 43�5702000

Longitude (E) 20�5102300 21�5500000 19�2001400

Altitude (m) 1100–1300 920–980 880–920

MAT (�C)a 5.7 6.6 8.2

MAP (mm)a 911 808 951

MAH (%)b 79.8 78.5 83.0

Light condition Shade Shade Sun

Aspect E, NE, NW NW E

Terrain inclination (�) 30–40 45–50 \30

Geological substratum Limestone and dolomite Limestone and phyllite Limestone

Soil Terra fuscac Rendzinad Terra fuscae

Female Male Female Male Female Male

nt 10 10 10 10 3 4

nl 200 200 70

MAT mean annual temperature, MAP mean annual precipitation, MAH mean annual humidity, nt number of sampled trees, nl number of sampled

leaves
a Data obtained from the WorldClim set of global climate layers with spatial resolution of 30 arc s for the period 1950–2000 (Hijmans et al.

2005)
b Data obtained from Republic Hydrometeorological Service of Serbia for the period 1981–2010 (Smailagić et al. 2013)
c Obratov-Petković et al. (2002)
d Stojanović and Jovanović (1989)
e Tomićević (2005)

Fig. 1 a Two-year-old T.

baccata needles were sampled

from the right side of the twigs.

b Landmark (bolded) and semi-

landmark (italic) configuration
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the second represented the intersection of the petiole and

right needle margin. The third landmark defined the apex

of the needle blade. To describe the outline, we drew the

‘‘upper curve’’ with 12 semi-landmarks along the left

needle margin and the ‘‘lower curve’’ with ten semi-

landmarks along the right needle margin. Digitalization

was carried out using tpsUtil (Rohlf 2016a) and tpsDig

(Rohlf 2016b) to obtain the x and y coordinates of the

landmarks. During scanning, a ruler (10 mm) was placed

beside the specimens and the scale factor was set in

tpsDig.

To assess the variations in size and shape of T. baccata

needles Procrustes-based geometric morphometry was used

in RStudio (Version 1.0.136), and the geomorph package

(Adams and Otárola-Castillo 2013). First, we imported the

.tps file with the coordinates of landmarks and semi-land-

marks of 470 specimens in R and carried out Generalized

Procrustes analysis. During this procedure, all specimens

were first scaled to unit centroid size and then translated

and rotated using a least square algorithm to minimize the

distances between the corresponding landmarks of all

configurations (Gower 1975; Rohlf and Slice 1990).

Because variation associated with differences in location,

orientation and scale is removed by this procedure, any

differences in the coordinates of corresponding landmarks

between configurations must be the result of differences in

shape between those configurations (Webster and Sheets

2010). Aligned specimens were then projected into a linear

tangent space and their coordinates were used in ‘‘geo-

morph’’ as shape variables for further multivariate statis-

tical analyses.

Size

During Procrustes superimposition, centroid size (CS) was

computed from the coordinates of landmarks for each

specimen. CS is a geometric measure of size, calculated as

the square root of the summed squared distances of each

landmark from the centroid of landmark configuration

(Zelditch et al. 2004). In the present study, CS was highly

correlated with NL (R2 = 0.77, P\ 0.001) and NA

(R2 = 0.74, P\ 0.001), and therefore represented an

adequate measure of size.

For each population, a hierarchical statistical design was

used to test if there is more variation in the leaves of dif-

ferent trees than in those of the same tree. If this was the

case, the mean CS for each tree was calculated and used for

further analyses.

To test for population-specific differences in needle size

between sexes, Procrustes ANOVA with a randomized

residual permutation procedure was performed (Collyer

et al. 2015).

Shape

To analyze and visualize variations in needle shape

between populations and sexes, PCA was performed on a

set of Procrustes-aligned specimens.

To assess population-specific differences in needle

shape between sexes, hierarchical Procrustes ANOVA with

the factors Population and Sex as the main effects and

factor Tree as a random effect was carried out. The dif-

ferences in shape between specimens were quantified as

Procrustes distances.

A multivariate analysis of covariance (MANCOVA) was

performed to assess shape covariation with size (allometry),

with shape variables as dependent variables, Population as

factor and CS as covariate. The aim was to test differences in

shape after removing size-related variation (Klingenberg

2016). The homogeneity of allometric slopes between pop-

ulations was tested with the following model:

Shape� logðCSÞ; � Population:

Assessment of sex-specific response to bioclimatic

factors

The relationship between morphological characteristics of

needles and bioclimatic factors of habitat was assessed

separately for female and male yews using linear regres-

sion analyses. From the WorldClim set of global climate

layers, 19 bioclimatic variables were extracted with spatial

resolution of 30 arc s for the period 1950–2000 (Hijmans

et al. 2005) using DIVA-GIS 7.5. software (Hijmans et al.

2012).

Linear regression analysis was performed in Small

STATA 12 Statistical Software (2011).

Results

Differences in needle size

According to morphometric analysis, the mean values of

NL, NW and NA were 22.14 mm, 2.35 mm and 47.18 mm2,

respectively, and ranges were 14.11–40.21 mm, 1.67–

3.20 mm and 25.74–98.04 mm2, respectively, which is

consistent with the reports of Cope (1998), Thomas and

Polwart (2003) and Hageneder (2013). Populations in Serbia

on average had 8.5 SR, which is in accordance with those
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previously reported by Strobel and Hess (1996) and Spjut

(2007). The mean SD was 135.16 mm2 and ranged from 75

to 225 stomata per mm2.

Hierarchical ANOVA was performed separately for

each population with factor Leaf nested in factor Tree to

assess variation in leaf measurements and CS. Analysis

revealed that there were many more variations between

trees than within trees for NL, NW, NL/NW, NA and CS

(see column % explained, ESM_1), so we gained enough

evidence to average ten values per tree for these traits for

further analysis. For SR, SR/NW and SD, a full dataset

with nested structure was used in GLM (with Population,

Sex as fixed effects and Tree, Leaf as random effects).

Procrustes ANOVA was performed on averaged CS and

showed that populations of T. baccata differed in sexual

size dimorphism (the Population*Sex interaction was

marginally statistically significant: R2 = 0.090, Z = 2.112,

P = 0.05). Pairwise comparisons of groups showed that

the difference in needle size between sexes was only sig-

nificant in the Tara population (Table 2). Females from

Tara had significantly larger CS when compared to males

from the same population (Z = 2.210, P\ 0.05) and

compared to females from Kopaonik (Z = 1.648,

P\ 0.05) (Tables 2, 3).

Procrustes ANOVA and pairwise tests were also carried

out on the linear measures NL and NW. Population*Sex

interaction was significant for NL (R2 = 0.108, Z = 2.63,

P = 0.02).

GLM with Population, Sex and their interaction as

factors was used to assess differences in NA, NL/NW, SR,

SR/NW and SD. Mean values and homogenous groups are

presented in Table 3.

Literature reports on the morphological characteristics

of English yew needles from the UK, Poland, Ukraine,

Mediterranean and Macaronesia (for details, see captures

of Figs. 2, 3) were collected and systematized (ESM_3)

together with results of this study. PCA revealed

differentiation of yew populations from Europe and the

Mediterranean (Fig. 2). The first and second principal

components explained 90.72% of variability in the data.

SD was negatively linked to PC1 and NW was positively

linked to PC2 (Table 4). Cluster analysis showed that

populations from Serbia were most similar to populations

from Poland and Ukraine and the most divergent were

populations from the Mediterranean and Macaronesia

(Fig. 3).

Spatial diversity analyses of T. baccata populations

were also carried out based on literature records of mor-

phological characteristics (ESM_3) using DIVA-GIS 7.5

(Hijmans et al. 2012). Spatial diversity maps of yew pop-

ulations are represented in ESM_4.

Differences in needle shape

PCA was performed to assess shape variation among

specimens. The first two dimensions of tangent space

explained 80.95% of total shape variation. There was no

clear differentiation between populations (Fig. 4) or sexes

(data not shown), except that all specimens from the Tara

population were distributed along the positive part of PC1

and mainly separated from specimens from Kopaonik

(Fig. 4). Deformation grids displayed the shape of speci-

mens at the ends of the range variability along PC1 (which

accounted for 66.29% of shape variation). From the shape

coordinates of the extreme ends of PC1 and PC2 (ESM_5),

it could be concluded that the most variable (semi)land-

marks were: 1, 2, 3, 15, 16 and 25, which described shape

of needle base and apex. According to results of PCA,

specimens from Tara were characterized by straighter,

more symmetric needles compared to specimens from

Kopaonik and Malinik.

The hierarchical Procrustes ANOVA revealed statisti-

cally significant variation in needle shape only between

populations (Z = 3.666, P\ 0.01) (Table 5). In this

Table 2 Pairwise Procrustes

distances between least square

means and P values based on

advanced Procrustes ANOVA

with 1000 permutation for CS

Kopaonik (F) Kopaonik (M) Malinik (F) Malinik (M) Tara (F) Tara (M)

Kopaonik (F) – 0.9590 0.2388 0.3916 0.0340* 0.7752

Kopaonik (M) 0.2790 – 0.7153 0.7493 0.1988 0.9481

Malinik (F) 4.2636 4.5425 – 0.4545 0.0930 0.2048

Malinik (M) 1.6328 1.9118 2.6308 – 0.0919 0.9481

Tara (F) 10.002 10.281 5.7385 8.3692 – 0.0200*

Tara (M) 1.3868 1.6657 2.8768 0.2460 8.6153 –

For pairwise comparisons, following linear model was used: CS * Population ? Sex, * Population*Sex

Values below diagonal are Procrustes distances and above diagonal are P values

Bolded values are significant: * P\ 0.05. Effect sizes (Z) are provided in ESM_2

F female, M male
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model, geographical origin (population) explained 6% of

variation in needle shape (R2 = 0.059). This was not a

meaningful biological variation, and considering the sig-

nificant differences in needle size, we wanted to repeat

shape comparisons in further analysis after controlling the

effect of size to shape. Significant differences in needle

shape between sexes were not recorded; therefore, we

continued the analysis of allometric shape changes with

pooled sexes.

The MANCOVA and homogeneity of a slopes test

revealed that the populations displayed a common pattern

of allometry—the shape-to-size relationship was the same

across populations (Z = 1.486, P = 0.11, Fig. 5). In all

populations, negative allometry was observed: as a needle

increases in size, it becomes proportionally slenderer

(Fig. 6).

Pairwise comparisons of mean shapes, after controlling

the effect of allometry, showed that populations signifi-

cantly differed in needle shape (R2 = 0.171, Z = 3.622,

P = 0.001). The Tara population was characterized by less

curved needles compared to the Kopaonik and Malinik

populations (Table 6; Fig. 7).

Relationship between morphological characteristics

of needles and bioclimatic factors

The regression analysis revealed that for female yews, CS,

NL, NW, NA, NL/NW and SR were statistically signifi-

cantly correlated with a majority of bioclimatic variables

(Table 7). For male yews, statistically significant correla-

tions with bioclimatic variables were found only for NW

and SR (Table 8). The linear relationship between SD or

SR/NW and bioclimatic factors were not determined for

both sexes.

The highest percentage of variability in morphological

characteristics was explained by seven bioclimatic vari-

ables related to temperature: BIO1 (Annual Mean Tem-

perature), BIO5 (Max Temperature of Warmest Month),

BIO6 (Min Temperature of Coldest Month), BIO8 (Mean

Temperature of Wettest Quarter), BIO9 (Mean Tempera-

ture of Driest Quarter), BIO10 (Mean Temperature of

Warmest Quarter), BIO11 (Mean Temperature of Coldest

Quarter) and 2 bioclimatic variables related to precipita-

tion: BIO16 (Precipitation of Wettest Quarter) and BIO18

(Precipitation of Warmest Quarter) for female yews

(Table 7).

Table 3 Mean values for T.

baccata needle size parameters
CS NL NW NL/NW NA SR SR/NW SD

Kopaonik (F) 32.88b 20.77b 2.23a 9.33a 42.98b 8a 3.62a 136.04a

Kopaonik

(M)

32.60a,b 20.30a,b 2.18a 9.24a 40.87b 8a 3.70a 133.73a

Malinik (F) 37.14a,b 23.60a,b 2.36a 9.94a 49.96a,b 9a 3.74a 141.23a

Malinik (M) 34.51a,b 21.98a,b 2.40a 9.33a 46.70b 9a 3.64a 137.79a

Tara (F) 42.88a 26.61a 2.67a 9.99a 64.08a 10a 3.62a 131.25a

Tara (M) 34.26b 21.98b 2.42a 9.11a 47.89a,b 8a 3.31a 127.15a

F female, M male
a,b Homogenous groups obtained by post hoc Bonferroni pairwise comparisons with 95% of confidence level

Fig. 2 PCA plot based on five characteristics (NL, NW, NA, NL/NW

ratio and SD) of T. baccata needles and GPS coordinates of yew

populations from previous and literature data (Dempsey and Hook

2000; Zarek 2007; Iszkuło et al. 2009; Schirone et al. 2010; Vessella

et al. 2013)
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Discussion and conclusion

Sexual size dimorphism of needles and sex-specific

response to the environment in yew populations

Sexual size dimorphism of T. baccata needles was recor-

ded only in the Tara population. Larger CS and NL for

females in the Tara population than for males from the

same population and females from Kopaonik indicated that

size dimorphism may have arisen from a modification in

female morphology. Iszkuło et al. (2009) found that

females had greater NL and NA compared to males in all

studied populations in Poland and Ukraine. Taking this into

account, one could consider needle morphology in the

Kopaonik and Malinik populations unusual, because

females and males tend to have needles of equal size.

Comparison of our results with literature data showed

that yew populations from Europe and the Mediterranean

could be classified into four groups with regard to needle

morphology. Defined groups are similar to those previously

described by Vessella et al. (2013). The English yew col-

onized Europe from the east and populations in Europe

could be divided into two gene pools—Eastern and Wes-

tern (Mayol et al. 2015). Geographically, populations in

Serbia belong to an Eastern gene pool (although they were

not sampled in the study of Mayol et al. 2015), which is

characterized by a greater genetic diversity (closer to an

ancestral one). According to our findings, populations in

Serbia were most similar to those in Poland and Ukraine,

indicating that they are indeed part of an Eastern gene pool.

Considering needle morphology, sexual size dimor-

phism was found in some, but not in all yew populations

from the Eastern gene pool. Mayol et al. (2015) reported

that both geography and climate have played a significant

role in shaping the genetic structure of T. baccata, pointing

to a major effect of temperature on genetic divergence.

However, it is not clear whether sexual size dimorphism in

yew populations represents a short-term response to the

environment or adaptation to ecologically differentiated

areas.

The yew favors climates with mild winters, cool sum-

mers and sufficient rainfall. Yews require a minimum

average precipitation of 500–1000 mm annually, but

higher amounts (up to 2000 mm) are also beneficial.

Fig. 3 Dendrogram based on

the average linkage method

(Euclidean distance) of the

morphological characteristics

(NL, NW, NA, NL/NW ratio and

SD) of T. baccata needles from

previous and literature data

(Dempsey and Hook 2000;

Zarek 2007; Iszkuło et al. 2009;

Schirone et al. 2010; Vessella

et al. 2013)

Table 4 Eigenvectors obtained by PCA on previous and literature

data

PC 1 PC 2

NL 0.4186 0.2295

NW -0.1173 0.8231

NA 0.4049 0.0905

NL/NW 0.4182 -0.2101

SD -0.4231 -0.0165

Latitude 0.4090 -0.2382

Longitude 0.3548 0.4006

Bolded values show variables better linked to the first and second

principal components
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Particularly important is the rainfall in March to May,

when the present year’s leaf buds open, and in July and

August, when the leaf buds for the next year are formed.

Considering humidity of habitat, T. baccata is submeso-

phyte (it prefers mesophytic habitats, but can occur in

xerophytic phytocenoses as well). Yews grow on different

soil types, but do not tolerate stagnant water and high

acidity. The ecological barrier limiting the distribution of

yews in the east is the severe continental climate with cold

winters and dry, hot summers (Kojić et al. 1997; Thomas

and Polwart 2003; Hageneder 2013). Iszkuło et al. (2009)

stated that female yews demand higher water resources

than males and that they should be treated as more

‘‘oceanic’’, especially near the edge of the continental

range of the species.

In Serbian yew populations, a sex-specific response to

bioclimatic factors of habitat was found. Considering the

morphological characteristics of the needles, females had

much more pronounced response to climatic factors,

especially to MAT.

Fig. 4 Plot of Procrustes-aligned specimens in tangent space along first and second principal axes. Shape coordinates were averaged within each

tree (mean values for ten leaves per tree were obtained for clarity of presentation)

Table 5 Hierarchical

Procrustes ANOVA for shape

variation

df SS MS R2 F Z P

Population 2 0.18 0.09 0.0594 6.3302 3.6663 0.0070**

Sex 1 0.04 0.04 0.0134 2.8644 1.6204 0.0879

Population*Sex 2 0.03 0.02 0.0106 1.1369 0.6899 0.3826

(Population*Sex)/Tree 6 0.09 0.01 0.0281 2.4166 2.2487 0.0060**

Residuals 458 2.74 0.01

Total 469 3.08

Randomized residual Permutation procedure used 1001 permutations

Model: Shape * (Population*Sex)/Tree

Main effects: Population, Sex. Random effect: Tree

The R2 values are effect SS divided by total SS

F, Z and P values were manually computed

Bolded values are significant: ** P\ 0.01
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Fig. 5 Allometric slopes for studied populations: PC1 of predicted values (from regression of shape on size) versus log CS

Fig. 6 Predicted shapes at minimum and maximum CS represented with vectors. Gray dots represent needle mean shape

Trees (2017) 31:1697–1710 1705
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Lower MAT, MAP and MAH on Mts. Kopaonik and

Malinik could be a constraint to sexual size dimorphism of

T. baccata needles. Kopaonik and Malinik populations in

the central and eastern parts of Serbia are characterized by

a continental mountain climate (type 4.2 sensu Stevanović

and Stevanović 1995) with an annual precipitation between

850 and 1400 mm. The Tara population in the western part

of Serbia is influenced by a humid mountain climate of

alpine type (type 4.1 sensu Stevanović and Stevanović

1995) with higher precipitation. Considering MAT, MAP

and MAH, the climate on Mt. Tara is more favorable for

female yews.

Other abiotic factors that should be discussed in relation

to sexual size dimorphism of needles are light conditions

and soil quality. Light variations could affect specific leaf

area and leaf area (Gratani 2014). It is important to note

that yew is shade-tolerant and, generally, light-induced

plasticity is lower in shade-tolerant species than in light-

demanding species (Longuetaud et al. 2013; Gratani 2014).

The Tara population (the only one in Serbia where sexual

size dimorphism was recorded) is yew-dominated and fully

exposed to sunlight. On the contrary, in the Kopaonik

population yews grow beneath dense stands of fir and

birch, and in the Malinik population, beneath dense stands

of birch. However, it is less likely that shade constrained

sexual size dimorphism. Mitchell (1998) studied the

acclimation of Taxus brevifolia and T. baccata to sun and

shade and found no sex-specific acclimation in the foliar

physiology and morphology in either species. Moreover,

sexual size dimorphism of needles was found in all studied

populations in Poland and Ukraine, where yews grow in

shade, as a second layer of canopy (Iszkuło et al. 2009;

personal communication with Dr. Grzegorz Iszkuło).

In dioecious species, females are more negatively

affected by poor soil quality than males (Marques et al.

2002; Barrett and Hough 2013). Although, yew stands are

often located on steep slopes ([30�) with shallow dry

rendzina on limestone, yew prefers deep, well-drained soils

(Thomas and Polwart 2003). The steep terrain on Mts.

Kopaonik and Malinik cause faster water drainage from the

soil and this could have a negative effect on yew growth.

Moreover, the Kopaonik population stands on slightly

acidic soil (Obratov-Petković et al. 2002), and yew prefers

neutral or alkaline soils (Kojić et al. 1997). The well-

drained and humus-rich, calcareous soil on Mt Tara

(Tomićević 2005) is mostly beneficial for yew. Soil quality

could be another constraint to the sexual size dimorphism

of needles in the Kopaonik and Malinik populations.

Differences in needle shape and intraspecific

variation

Presented analyses of needle shape revealed that the Tara

population differed from the other two populations. Spec-

imens from Tara were characterized by straighter, more

symmetric needles compared to specimens from Kopaonik

and Malinik. Since most of the variation was explained by

PC1 (associated with needle curvature), there is an indi-

cation that within species leaf shape variation was con-

centrated in a single dimension of the shape space. In this

case, Viscosi (2015) suggests that eventual evolutionary

changes were more likely to occur in that direction.

Similar, but not the same, allometric patterns were

observed among populations. Allometric trajectories were

parallel for all populations, but the Tara population had a

higher intercept. Leaf allometry can reflect the adaptation

of plant populations to different environments (Viscosi

Table 6 Pairwise Procrustes distances between least square means

and P values based on advanced Procrustes ANOVA with 1000

permutations for shape data

Kopaonik Malinik Tara

Kopaonik 0.7273 0.0060**

Malinik 0.0140 0.0020**

Tara 0.0521 0.0535

For pairwise comparisons, following linear model was used:

Shape * log(CS) ? Population, * log(CS)

Values below diagonal are Procrustes distances and above diagonal

are P values. Bolded values are significant: ** P\ 0.01

Effect sizes (Z) are provided in ESM_6

Fig. 7 Significant differences in needle shape between populations

a Tara and Kopaonik (ANOVA: LS = 0.052, **P\ 0.01) and b Tara

and Malinik (ANOVA: LS = 0.054, **P\ 0.01). Gray dots repre-

sent mean shape for Tara, and black dots mean shapes for Kopaonik

and Malinik populations
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2015). It is known for many plant species that leaf size

decreases with increasing elevation and decreasing tem-

perature (Peppe et al. 2011; Toivonen et al. 2014), causing

allometric responses in leaf morphological traits (Read

et al. 2014).

Although T. baccata grows within its ecological range in

all the studied populations in Serbia, the most favorable

conditions with regard to temperature, humidity and soil

quality are met in the Tara population and this is reflected

in its needle size and shape. On the contrary, the more

curved and less symmetrical needles in the Kopaonik and

Malinik populations could mirror a partial deviation from

optimal conditions for this species. However, more infor-

mation is needed about the adaptive response of the species

to be able to discuss the complex relationship between

environmental factors and the morphology of needles.

The conclusions presented here have certain limitations

because only three female and four male trees from the

Tara population were analyzed. These seven trees represent

a quasi-total of adult yew trees (not counting the young

plants). In the past, yew was widespread and numerous at

this site, as evidenced by the name of the local hill ‘‘Tisovo

brdo’’ (meaning ‘‘yew hill’’). In the previous century,

anthropogenic factors (illegal cutting and cattle grazing)

led to the devastation of the yew population at this site, and

the analyzed trees could be considered rare survivals.

However, because of favorable climatic conditions, good

soil quality and natural regeneration at this site, it is pos-

sible to preserve this population with appropriate

management.

Conclusion

Advanced quantitative analyses of biological size and

shape allowed detection of subtle changes in needle mor-

phology in T. baccata populations. Population-specific

sexual size dimorphism and a sex-specific response to

bioclimatic factors were found. Female yews carried more

information about climate, especially mean annual tem-

perature. There is an indication that sexual size dimor-

phism of T. baccata needles arises from a modification in

female morphology and that it might be driven by envi-

ronmental factors—temperature, humidity and soil quality.

Nonetheless, further studies are needed on natural yew

populations from a broader ecological range to determine

the patterns of morphological responses to various abiotic

conditions.

Table 7 Regression coefficients (R2) from regression analyses for independent bioclimatic variables and morphological characteristics of female

yew needles

BIO1 BIO2 BIO3 BIO4 BIO5 BIO6 BIO7 BIO8 BIO9 BIO10 BIO11

CS 0.442*** – – – 0.424*** – 0.147 – 0.390** – 0.408**

NL 0.607*** 0.021 – – 0.569*** 0.555*** 0.165 0.610*** 0.511*** 0.609*** 0.542***

NW 0.359** 0.034 0.008 0.055 0.350** 0.290** 0.138 0.337** 0.327** 0.337** 0.340**

NA 0.532*** 0.056 – – 0.521*** 0.422*** 0.213* 0.494*** 0.490*** 0.494*** 0.507***

NL/NW 0.253* 0.001 0.012 0.136 0.220* 0.288** 0.028 0.288** 0.182* 0.288** 0.201*

SR 0.355** 0.000 0.007 0.157 0.317** 0.379** 0.054 0.390** 0.269* 0.390** 0.294**

SR/NW 0.004 0.025 0.031 0.040 0.001 0.021 0.011 0.013 0.000 0.013 0.001

SD 0.005 0.087 0.087 0.057 0.013 0.004 0.071 0.000 0.022 0.000 0.017

BIO12 BIO13 BIO14 BIO15 BIO16 BIO17 BIO18 BIO19

CS – – – – 0.428*** – 0.445*** –

NL – – – – 0.576*** – 0.618*** –

NW 0.000 0.111 0.011 0.035 0.352** 0.042 0.357** 0.023

NA – – – – 0.524*** – 0.528*** –

NL/NW 0.038 0.190* 0.075 0.075 0.112 0.225* 0.121 0.269*

SR 0.035 0.229* 0.078 0.125 0.323** 0.137 0.373** 0.104

SR/SW 0.036 0.038 0.039 0.040 0.002 0.040 0.007 0.039

SD 0.082 0.041 0.073 0.064 0.011 0.061 0.002 0.068

Bolded values are significant: *** P\ 0.001, ** P\ 0.01, * P\ 0.05

Regression coefficients for dependent variables are not shown if variances of residuals are not homogenous (White’s test, P\ 0.05)

BIO1–BIO11 bioclimatic variables related to temperature, BIO12–BIO19 bioclimatic variable related to precipitation
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I Konferencija ‘‘S planinom u novi vek’’, Kopaonik, pp 121–128

Peppe DJ, Royer DL, Cariglino B et al (2011) Sensitivity of leaf size

and shape to climate: global patterns and paleoclimatic appli-

cations. New Phytol 190:724–739

Read QD, Moorhead LC, Swenson NG, Bailey JK, Sanders NJ (2014)

Convergent effects of elevation on functional leaf traits within

and among species. Funct Ecol 28:37–45

Rohlf J (2016a) tpsUtil v 1.70 (computer program). Stony Brook

University, New York

Rohlf J (2016b) tpsDig2. v 2.26 (computer program). Stony Brook

University, New York

Rohlf FJ, Slice DE (1990) Extensions of the Procrustes method for the

optimal superimposition of landmarks. Syst Zool 39:40–59

Sakai AK, Weller SG (1999) Gender and sexual dimorphism in

flowering plants: a review of terminology, biogeographic

patterns, ecological correlates, and phylogenetic approaches.

In: Geber MA, Dawson TE, Delph LF (eds) Gender and sexual

dimorphism in flowering plants. Springer, Berlin, pp 1–31

Schirone B, Ferreira RC, Vessella F, Schirone A, Piredda R, Simeone

MC (2010) Taxus baccata in the Azores: a relict form at risk of

imminent extinction. Biodivers Conserv 19:1547–1565
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gljiva (Official Gazette of Republic of Serbia No. 5/2010:

Regulation of proclamation and protection of strictly protected

and protected wild species of plants, animals and fungi)
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