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Despite the extensive use of phylogenetic methods in comparative plant biology, there is little information on how
traits and their plastic responses can be affected by phylogenetic constraints (i.e. limitations in phenotypic
expression resulting from the phylogenetic history of a lineage), particularly in plant radiations that may have
occurred over a relatively short time period. In this study, we examined phylogenetic constraints in a monophyletic
group of species of Descurainia (Brassicaceae) endemic to the Canary Islands. We measured growth and
reproductive traits in a glasshouse experiment representing 17 populations of eight taxa previously analysed in a
phylogenetic context. Two water availability treatments were used to assess the plasticity of the examined traits.
Most of the traits did not show strong phylogenetic signal; only weak evidence for phylogenetic constraint was
found in traits related to reproduction (total number of flowers, onset of flowering) and biomass allocation to roots.
Substantial levels of plasticity were observed in all the examined traits, but plasticity showed little interaction
between treatment and taxon, suggesting little divergence among taxa. Our study provides evidence that
phylogenetic constraints in these quantitative traits, including their plastic expression, have not played a
significant role in the pattern of phenotypic diversification of this island plant group. Phenotypic plasticity may
thus have favoured adjustment to the habitats occupied by each species during the radiation process. © 2014 The
Linnean Society of London, Botanical Journal of the Linnean Society, 2014, 174, 384–398.

ADDITIONAL KEYWORDS: Brassicaceae – conservatism – diversification – drought – genotype × environ-
ment interaction – phylogenetically independent contrasts.

INTRODUCTION

Life history theory has made remarkable advances in
demonstrating the ways in which plant growth and
reproductive traits can vary in response to the
environment (Scheiner, 1993; van Tienderen, 1997;
Tuljapurkar & Caswell, 1997; Silvertown, Dodd &
Gowing, 2001), and these theoretical advances have
been supported by empirical data from large sets of
plant species (Silvertown et al., 1993; Grime et al.,

1997; Menges, 2000). However, these relationships
are subject to phylogenetic constraints, i.e. legacies of
past evolutionary events on the current traits of the
organism, including growth and reproductive traits,
which are presumably closely related to its fitness
(‘phylogenetic effects’ as defined by McKitrick 1993).
Recent advances in molecular techniques and their
use in phylogenetic reconstruction (Huelsenbeck
et al., 2001) are providing the necessary tools to
examine actual evolutionary histories of traits (see
Harvey & Pagel, 1991; Schaal & Leverich, 2001;
Kembel & Cahill, 2005), making it possible to identify*Corresponding author. E-mail: herben@site.cas.cz
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phylogenetically conserved components in plant
traits. Such an approach has been used extensively
for the analysis of morphological (Givnish, 1987;
Böhle, Hilger & Martin, 1996; Dunbar-Co, Sporck &
Sack, 2009) and ecological (Ackerly et al., 2000;
Prinzing et al., 2001; Cornwell & Ackerly, 2009;
Mayfield, Boni & Ackerly, 2009) traits, but only rarely
for the explicit phylogenetic analysis of traits related
to growth and reproduction (but see, for example,
Verdu & Traveset, 2005; Muth & Pigliucci, 2006;
Burns et al., 2010; Burns & Strauss, 2011).

A key component of plant fitness is the ability to
respond to changing environments by plastic
responses. Plasticity is essential in enabling a plant to
survive in environments that vary over time or space
(Scheiner, 1993; Sultan, 2000; Novoplansky, 2009). By
enabling individuals to survive under a variety of
conditions, it can help them to inhabit wider habitat
ranges and may thus be a driver of population diver-
gence and, presumably, speciation (Pigliucci, Murren
& Schlichting, 2006; Ghalambor et al., 2007; Crispo,
2008). Differences in the levels of plasticity across a
set of closely related taxa may indicate how this
potential has been exploited during their evolution.
Specifically, as plasticity is under genetic control
(Schmitt, 1993; Pigliucci, Cammell & Schmitt, 1999),
plasticity across taxa could also be subject to phylo-
genetic constraints. Yet, we know little about phylo-
genetic constraints involved in this process, and the
existing findings are not consistent (Pigliucci et al.,
1999; Kembel & Cahill, 2005). Strong phylogenetic
constraints on plastic responses would indicate weak
selection for plasticity, and thus data relating to this
subject could help to resolve the evolutionary role of
plasticity (van Kleunen & Fischer, 2005).

Phylogenetic constraints on traits related to growth
and reproduction are best studied within groups of
related species. Such species generally share growth
form and other major life strategy features, permit-
ting the identification of minor or incipient diver-
gences (or their absence). This is a necessary
condition for the degree of plasticity in these traits to
be reliably assessed. Best examples of such groups
are found in closely related taxa which originated
during rapid radiation processes on oceanic archipela-
gos (Price & Wagner, 2004; Rundell & Price, 2009).
Such radiations are a frequent evolutionary process
on oceanic islands where geographical isolation has
permitted only a few colonizing species to arrive from
mainland source areas which underwent subsequent
episodes of speciation (Givnish, Montgomery &
Goldstein, 2004). Populations subjected to different
selective regimes across environmental gradients
may then accumulate genetic differences, ultimately
leading to speciation. For example, evolutionary
diversification in Dubautia Gaudich. (Asteraceae) of

the Hawaiian silversword alliance has been accompa-
nied by a significant degree of change at the physi-
ological and morphological levels, including water
relations (Robichaux, 1984), tissue elastic properties
(Robichaux & Canfield, 1985) and plant architecture
(Friar et al., 2006). Similarly, ecophysiological studies
on Hawaiian lobelioids have shown that a common
ancestor gave rise to a series of species differing in
their ability to exploit light or water availability
(Givnish et al., 2004; Montgomery & Givnish, 2008).
In contrast with most morphological and physiological
traits that often change during the course of lineage
diversification, traits associated with reproductive
output (including flowering phenology) usually
remain stable and do not appear to undergo dramatic
changes (Jorgensen & Olesen, 2001; Levin, 2006;
García-Verdugo et al., 2014). However, not all evolu-
tionary changes in insular radiations are adaptive,
and random processes (e.g. genetic drift) can also
promote evolution. A strong indication of the adaptive
value of a trait is a parallel pattern of variation in
phylogenetically distinct, but ecologically similar,
species (Givnish, 1997). Because of strong pressure
for the evolution of adaptive traits during the coloni-
zation of new habitats (Rundell & Price, 2009),
insular radiations provide particularly good opportu-
nities for distinguishing between evolutionarily con-
served traits and those that change readily in
evolution (Jorgensen & Olesen, 2001; García-Verdugo
et al., 2014).

In this study, we examine phylogenetic constraints
on traits relating to growth and reproduction and
their plastic responses in a monophyletic group of
closely related species. We combined data from a
manipulative experiment with published phylogenetic
data to examine phylogenetic constraints on a
number of traits relating to growth and reproduction
in species of Descurainia Webb & Berthel. (Brassi-
caceae) endemic to the Canary Islands. There are
seven named Descurainia spp. in the Canary Islands
(Arechavaleta et al., 2010), the phylogenetic relation-
ships of which have been analysed previously
(Goodson, Santos-Guerra & Jansen, 2006). First, we
wish to identify those growth and reproductive traits
that differ among closely related taxa within clades,
and those that, in contrast, are stable within clades.
Second, we seek to determine whether there is any
phylogenetic constraint on the plasticity of these
traits. The absence of such a signal would imply that
plasticity has been changing in individual species
freely (presumably in response to the heterogeneity in
the environment), whereas conservatism in this trait
would mean constraints on change in the capacity of
the plastic response. We examine plastic responses to
variation in the water regime, which is likely to be a
key environmental driver in the studied group (see,
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for example, Fernández-Palacios, 1992), and plants
are known to show plastic responses to this factor
(Aronson, Kigel & Shmida, 1993; Gianoli, Quezada &
Suarez, 2009). Moreover, plastic responses to water
availability have been demonstrated in several plant
species and are known to vary across taxa and geno-
types, showing genotype × environment (G × E) inter-
actions (Sultan, 2001, 2009; Heschel et al., 2004;
Rizhsky et al., 2004).

MATERIAL AND METHODS
STUDY REGION AND STUDY SPECIES

The Canary Islands comprise seven major islands
with remarkable variation in elevation that are a part
of the Macaronesian region. Recently, the Macaron-
esian flora has become the subject of intensive
molecular phylogenetic and phylogeographical studies
that have made clear that most of the endemic groups
present are strictly monophyletic, i.e. each originated
from a single colonization event (Silvertown, 2004;
García-Verdugo et al., 2014). In addition, sharp eco-
logical gradients between different ecological zones
make Macaronesia an ideal region for studying evo-
lution in response to environment.

Descurainia (Brassicaceae) comprises approxi-
mately 45 named species worldwide, with seven of
them endemic to the Canary Islands (Bramwell, 1997;
Goodson et al., 2006; Arechavaleta et al., 2010). These
perennial species occur on four of the five high
Canary Islands (La Palma, La Gomera, Tenerife and
Gran Canaria), where they occupy a number of
habitat types, including lowland scrub, pine forest
and high-altitude desert ecological zones (Hohenester
& Welss, 1993; Francisco-Ortega, Jansen &
Santos-Guerra, 1996; Goodson et al., 2006). Among
these taxa, D. millefolia Webb & Berthel. is the only
widespread species, occurring in lowland scrub on
Tenerife, La Gomera and La Palma. The island of
Tenerife hosts three endemic species: D. bourgeauana
Webb ex Christ (locally frequent in high-altitude
desert habitats) and the rarer D. gonzalesii Svent.
and D. lemsii Bramwell, both occurring in the upper
pine forest zone. Two Descurainia spp. are endemic to
Gran Canaria: the rare D. artemisioides Svent. in the
western part of the island and D. preauxiana Webb ex
Christ. in southern and central regions of the island.
La Palma hosts one endemic species, D. gilva Svent.,
in the upper pine forest zone. There is also an uncer-
tain report of D. bourgeauana on La Palma (discussed
in Goodson et al., 2006). Phylogenetic reconstructions
of Descurainia in the Canary Islands have been per-
formed using the nuclear ribosomal internal tran-
scribed spacers (ITSs) and seven non-coding plastid
regions (Goodson et al., 2006). These results sug-

gested that populations of D. millefolia on the island
of Tenerife are differentiated from those populations
sampled on the islands of La Palma and La Gomera,
and are genetically closer to the other two taxa occur-
ring on Tenerife (D. gonzalesii and D. lemsii).

FIELD COLLECTION

We searched for potential locations of Descurainia
spp. using published literature sources and her-
barium vouchers, and then visited the sites during a
field trip in 2005. We sampled all named species, with
the exception of D. artemisioides, which is endan-
gered and is listed in the Red Book of Vascular Plants
of Spain (Bañares et al., 2004). If a species was
known to occur on several islands (D. millefolia), care
was taken to ensure that samples were collected from
each of them. Altogether, 17 populations of six named
species on four islands (eight species/island combina-
tions) were sampled (Table 1). Herbarium vouchers
are kept in PRC.

For each population, we sought to collect seeds from
at least 20 mother plants and kept seeds from each
mother plant separately. However, owing to the
limited number of fruiting plants during seed collec-
tion, progeny of only ten mother plants was collected
from populations PC1, PC2, MT1 and MT2, and
progeny of only two mother plants was collected from
MP3. Seeds were kept in a dry place until the begin-
ning of the experiment.

PHYLOGENETIC APPROACH

We calculated the relatedness of individual taxa using
a published tree based on seven plastid regions (fig. 3
in Goodson et al., 2006). Distances along the tree
branches, expressed as the sum of branch lengths from
the first population to the second population via the
closest connecting node, were taken as measures of
the phylogenetic relatedness of the populations. As the
populations used in the cited study and our popula-
tions were not necessarily the same, we lumped
together all populations for each species on each island
to correspond to the phylogenetic reconstruction of
Goodson et al. (2006). Our approach is justified
because the phylogenetic reconstruction was based on
sequences of the ITS nuclear region and several plastid
regions, which usually show limited variation at the
intraspecific level. This yielded the following ten
species/island units: D. artemisioides/Gran Canaria,
D. bourgeauana/La Palma, D. bourgeauana/Tenerife,
D. gilva/La Palma, D. gonzalesii/Tenerife, D. lemsii/
Tenerife, D. millefolia/La Gomera, D. millefolia/La
Palma, D. millefolia/Tenerife and D. preauxiana/Gran
Canaria. Two of these (D. artemisioides/Gran Canaria
and D. bourgeauana/La Palma) were not included in

386 T. HERBEN ET AL.

© 2014 The Linnean Society of London, Botanical Journal of the Linnean Society, 2014, 174, 384–398



T
ab

le
1.

L
is

t
of

po
pu

la
ti

on
s

u
se

d
in

th
e

st
u

dy
w

it
h

th
ei

r
co

de
s,

id
en

ti
ty

,
lo

ca
ti

on
in

fo
rm

at
io

n
,

h
ab

it
at

an
d

h
er

ba
ri

u
m

vo
u

ch
er

C
od

e
Ta

xo
n

Is
la

n
d

C
oo

rd
in

at
es

E
le

va
ti

on
(m

a.
s.

l.)
H

ab
it

at
V

ou
ch

er
n

o.

B
T

1
D

es
cu

ra
in

ia
bo

u
rg

ea
u

an
a

Te
n

er
if

e
28

°1
8′

22
.0

″N
,

16
°3

3′
29

.5
″W

20
80

S
ed

im
en

ts
(p

u
m

ic
e)

an
d

ro
ck

s
of

vo
lc

an
ic

or
ig

in
;

sp
ar

se
sc

ru
b

ve
ge

ta
ti

on
[S

pa
rt

oc
yt

is
u

s
su

pr
an

u
bi

u
s

(L
.f

)
C

h
ri

st
ex

G
.K

u
n

ke
l]

JS
20

05
-1

12

B
T

2
D

.b
ou

rg
ea

u
an

a
Te

n
er

if
e

28
°1

6′
03

.3
″N

,
16

°3
3′

12
.2

″W
20

70
S

ed
im

en
ts

(p
u

m
ic

e)
an

d
ro

ck
s

of
vo

lc
an

ic
or

ig
in

;
sp

ar
se

sc
ru

b
ve

ge
ta

ti
on

(S
pa

rt
oc

yt
is

u
s

su
pr

an
u

bi
u

s)
JS

20
05

-1
15

B
T

3
D

.b
ou

rg
ea

u
an

a
Te

n
er

if
e

28
°1

3′
14

.1
″N

,
16

°3
7′

40
.1

″W
21

30
S

ed
im

en
ts

an
d

ro
ck

s
of

vo
lc

an
ic

or
ig

in
(p

u
m

ic
e)

;
sp

ar
se

sc
ru

b
ve

ge
ta

ti
on

(S
pa

rt
oc

yt
is

u
s

su
pr

an
u

bi
u

s)
JS

20
05

-1
01

G
iP

1
D

.g
il

va
L

a
P

al
m

a
28

°4
6′

41
.0

″N
,

17
°5

4′
22

.8
″W

17
00

W
ea

th
er

ed
ro

ck
;

sp
ar

se
gr

as
sl

an
d

ve
ge

ta
ti

on
JS

20
05

-1
45

G
oT

1
D

.g
on

za
le

si
i

Te
n

er
if

e
28

°1
5′

54
.1

″N
,

16
°3

3′
14

.0
″W

20
70

S
ed

im
en

ts
(p

u
m

ic
e)

an
d

ro
ck

s
of

vo
lc

an
ic

or
ig

in
;

sp
ar

se
sc

ru
b

ve
ge

ta
ti

on
(S

pa
rt

oc
yt

is
u

s
su

pr
an

u
bi

u
s)

JS
20

05
-1

17

L
T

1
D

.l
em

si
i

Te
n

er
if

e
28

°2
1′

48
.7

″N
,

16
°2

7′
54

.0
″W

19
70

B
ar

e
so

il
;

pi
n

e
fo

re
st

(‘P
in

ar
’)

JS
20

05
-1

24
M

G
1

D
.m

il
le

fo
li

a
L

a
G

om
er

a
28

°0
7′

05
.9

″N
,

17
°1

9′
38

.1
″W

82
5

W
ea

th
er

ed
ro

ck
;

sp
ar

se
ve

ge
ta

ti
on

do
m

in
at

ed
by

E
ri

ca
ar

bo
re

a
L

.
(‘F

ay
al

-B
re

za
l’)

JS
20

05
-1

78

M
P

1
D

.m
il

le
fo

li
a

L
a

P
al

m
a

28
°4

2′
23

.1
″N

,
17

°5
6′

50
.0

″W
54

0
W

ea
th

er
ed

ro
ck

;
sp

ar
se

ve
ge

ta
ti

on
do

m
in

at
ed

by
E

ri
ca

ar
bo

re
a

(‘F
ay

al
-B

re
za

l’)
JS

20
05

-1
52

M
P

2
D

.m
il

le
fo

li
a

L
a

P
al

m
a

28
°4

8′
11

.7
″N

,
17

°5
7′

54
.3

″W
30

0
W

ea
th

er
ed

ro
ck

;
sp

ar
se

h
er

ba
ce

ou
s

ve
ge

ta
ti

on
JS

20
05

-1
53

M
P

3
D

.m
il

le
fo

li
a

L
a

P
al

m
a

28
°4

0′
48

.6
″N

,
17

°5
0′

47
.9

″W
10

20
W

ea
th

er
ed

ro
ck

in
th

e
va

ll
ey

of
a

te
m

po
ra

ry
br

oo
k

JS
20

05
-1

60
M

T
1

D
.m

il
le

fo
li

a
Te

n
er

if
e

28
°3

4′
21

.5
″N

,
16

°0
9′

24
.5

″W
54

0
W

ea
th

er
ed

ro
ck

;
sp

ar
se

ve
ge

ta
ti

on
do

m
in

at
ed

by
E

ri
ca

ar
bo

re
a

(‘F
ay

al
-B

re
za

l’)
JS

20
05

-7
9

M
T

2
D

.m
il

le
fo

li
a

Te
n

er
if

e
28

°3
4′

23
.0

″N
,

16
°0

9′
03

.2
″W

37
0

W
ea

th
er

ed
ro

ck
;

sp
ar

se
ve

ge
ta

ti
on

do
m

in
at

ed
by

sp
ec

ie
s

of
E

u
ph

or
bi

a
L

.
(‘T

ab
ai

ba
l’)

JS
20

05
-7

5

M
T

3
D

.m
il

le
fo

li
a

Te
n

er
if

e
28

°3
3′

21
.1

″N
,

16
°1

5′
53

.7
″W

62
0

W
ea

th
er

ed
ro

ck
;

sp
ar

se
ve

ge
ta

ti
on

do
m

in
at

ed
by

E
ri

ca
ar

bo
re

a
(‘F

ay
al

-B
re

za
l’)

JS
20

05
-7

4

M
T

4
D

.m
il

le
fo

li
a

Te
n

er
if

e
28

°1
8′

02
.3

″N
,

16
°5

0′
30

.4
″W

20
5

W
ea

th
er

ed
ro

ck
JS

20
05

-5
8

M
T

5
D

.m
il

le
fo

li
a

Te
n

er
if

e
28

°2
1′

43
.4

″N
,

16
°5

3 ′
29

.6
″W

20
5

W
ea

th
er

ed
ro

ck
;

sp
ar

se
ve

ge
ta

ti
on

do
m

in
at

ed
by

E
u

ph
or

bi
a

sp
p.

(‘T
ab

ai
ba

l’)
JS

20
05

-6
2

P
C

1
D

.p
re

au
xi

an
a

G
ra

n
C

an
ar

ia
28

°0
3′

44
.0

″N
,

15
°3

9′
32

.1
″W

48
0

W
ea

th
er

ed
ro

ck
;

sp
ar

se
ve

ge
ta

ti
on

JS
20

05
-2

12
P

C
2

D
.p

re
au

xi
an

a
G

ra
n

C
an

ar
ia

27
°5

9′
28

.4
″N

,
15

°3
8′

27
.7

″W
13

40
W

ea
th

er
ed

ro
ck

;
sp

ar
se

ve
ge

ta
ti

on
JS

20
05

-2
11

PHYLOGENETIC SIGNAL IN GROWTH AND REPRODUCTION 387

© 2014 The Linnean Society of London, Botanical Journal of the Linnean Society, 2014, 174, 384–398



the experiment, but were included in the analysis of
phylogenetic data. Goodson et al. (2006) showed
D. millefolia to be paraphyletic, with the populations
from different islands clustering more closely with
other taxa than their purported conspecifics of differ-
ent geographical origin. Thus, in our study, we
have applied the label of ‘taxon’ to each of the ten
above-listed units, and focused on the eight such taxa
that we sampled. Average distances between pairs of
these taxa were calculated as means of the pair
phylogenetic distances between each of the sampled
populations of a given taxon and each of the sampled
populations of the other member of the pair in Goodson
et al. (2006).

EXPERIMENTAL DESIGN AND DATA COLLECTION

The cultivation experiment started in January 2006.
Seeds were sterilized in a weak potassium permanga-
nate solution and sown in small plastic containers in
trays filled with potting soil and sand (2 : 1) in a
glasshouse, and watered regularly. After 1 month, the
seedlings were individually replanted into 3 × 3 cm2

containers filled with potting soil and sand (1 : 1).
After another month of growth, already established
seedlings were planted into round containers of
17 × 17 cm2 (c. 4 litres) in size with potting soil and
sand (2 : 1) and watered daily. Twenty plants from
each population were used; care was taken to use only
one plant from each progeny of one mother plant for
the experiment, whenever possible. The containers
were kept in an unheated glasshouse on the premises
of the Institute of Botany at Průhonice (50°00′N,
14°30′E) in the Czech Republic. After two further
weeks of growth in the large containers, the plants
were assigned to two treatments (i.e. ten replicate
plants from each population in each treatment, the
overall size of the experiment being 340 plants). If
several plants from one mother plant were in culti-
vation, they were allocated to different treatments to
minimize the number of half-siblings in each treat-
ment. Plants in the high-water treatment were
watered daily, whereas plants in the low-water treat-
ment were watered approximately once every 5 days.
The positions of plants in the experiment were shuf-
fled approximately once every 3 weeks to avoid
random effects of microenvironmental variation.
Plant growth parameters were measured several
times during the experiment (depending on the trait,
see below). The parameters measured were plant
height, number of leaves, number of branches and
number of flowers. The experiment was terminated in
January 2007, when plants were harvested, dried (at
60 °C) and weighed. The roots were washed to remove
the substrate, dried and weighed. All but one plant
survived until the end of the experiment.

DATA ANALYSIS

Data from the growth experiment were processed to
produce the following dependent variables for each
individual: (1) plant height over the course of the
experiment, after 68, 138 and 360 days (end of the
experiment); (2) relative growth rate (RGR; see
below); (3) number of branches and number of flowers
at the end of the experiment; (4) onset of flowering; (5)
biomass of individual plant parts at the end of the
experiment; and (6) biomass allocation to individual
plant parts at the end of the experiment. These vari-
ables are referred to as traits below.

Height-based RGR was calculated as
log logh h

t t
2 1

2 1

( ) − ( )
−

, where h2 and h1 are the plant

heights at the end and the beginning of the period
over which RGR is calculated, respectively, and t2 and
t1 are the last and first days of that period, respec-
tively. RGR was calculated for two intervals: between
the 52nd and 98th day of the experiment (early RGR)
and between the 98th and 138th day of the experi-
ment (late RGR). The early RGR captures the early
growth phase and the first response to differential
water availability in the low-water treatment,
whereas the late RGR captures the speed at which
the plants approach their final sizes. As flowering
data were not collected on a daily basis, the date of
onset of flowering was estimated assuming a linear

rate of flower development as t t
f t t

f f
0 1

1 2 1

2 1

= −
−( )

−( )
,

where t0 is the date to be estimated, t1 and t2 are
two successive recording dates after flowering was
recorded, and f1 and f2 are the numbers of flowers
recorded at these dates. Plants that were alive but
had not flowered when the experiment was termi-
nated were, by convention, assigned an onset of flow-
ering at the end of May 2007, assuming that these
plants would flower in their second year. Biomass
allocation was calculated as a proportion of the
respective plant part (inflorescence, roots, stem with
leaves, branches with leaves) out of the total plant
biomass measured at the end of the experiment.
These values were employed only in analyses that
used aggregate data over populations or taxa. In
statistical models of individual plants [general linear
models (GLMs) below], allocation to a given plant
part was analysed by taking the biomass of that part
as a dependent variable and the total plant biomass
as a covariate, instead of analysing allocations
directly.

We used unrotated principal component analysis on
a correlation matrix of trait values to summarize
correlations among traits at the level of individual
plants, to represent major trait syndromes (linear
combinations of traits) and to separate variation in
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shape from variation in size (for a discussion, see, for
example, Somers, 1986). Biomass allocation variables
were not included in this analysis because of their
high correlation with absolute biomass values. Trait
scores for individual plants were then analysed in the
same manner as other dependent trait variables; they
are denoted as Factor 1 and Factor 2 below [to dis-
tinguish them from the principal coordinate analysis
(PCoA) axes that express phylogenetic relatedness
between the taxa] and were used as independent
variables in the analyses.

All dependent variables at the level of individual
plants were analysed by means of GLMs using S-Plus
ver. 2000 (MathSoft, 2000). Untransformed values of
individual trait values were used because of their
approximately normal distribution and homoscedas-
ticity; reproduction-related variables (number of
flowers, inflorescence biomass and inflorescence allo-
cation) were square-root transformed before the
analysis to improve homogeneity of variances. Two
basic models were fitted to the data: (1) an ahistorical
model with treatment, taxon and population (nested
in taxon) as independent variables, and all meaning-
ful interactions of these variables, to assess G × E
interactions as a measure of variation in plasticity;
and (2) a phylogenetic model. To fit a phylogenetic
model assessing G × E interactions, we used the
approach of Diniz-Filho, de Sant’Ana & Bini (1998)
(see also Desdevises et al., 2003). We summarized
the matrix of phylogenetic distances using non-
standardized PCoA employing the function dudi.pco
from the ade4 package for R (Dray & Dufour, 2007);
the analysis included the two taxa (D. artemisioides/
Gran Canaria and D. bourgeauana/La Palma) that
did not have corresponding plants in the experiment.
Scores along the first two PCoA axes (first and second
axes accounting for 65.4% and 20.8% of the total
variation, respectively) were employed to capture
phylogenetic relatedness of the eight taxa used in our
experiment. The phylogenetic model was thus fitted
to the experimental data with treatment, PCoA axis 1
score, PCoA axis 2 score, taxon (nested in PCoA axis
1 score and PCoA axis 2 score) and population (nested
in taxon) as independent variables, and all meaning-
ful interactions of these variables. F-tests were
used to evaluate the significance of the individual
terms of each of these models, accounting for the
hierarchical structure of errors: taxon was thus used
as the error level for PCoA axis 1 score and PCoA
axis 2 score (phylogenetic model only) and population
for taxon. Variance components of individual vari-
ables were calculated using the function varcomp
in S-Plus 2000 (MathSoft, 2000) with restricted
maximum likelihood as the estimation method,
employing the same models as in the ahistorical GLM
tests.

The phylogenetic signal of each trait mean and
plasticity at the taxon level were further assessed
using Pagel’s λ (Freckleton, Harvey & Pagel, 2002).
For this analysis, we used the mean and plasticity of
each of the measured traits for each taxon, with
plasticity defined as the difference in mean pheno-
typic values between treatments divided by the mean
across treatments; plasticity in factor scores was
defined as the factor score difference between treat-
ments. Two tests were performed, testing the signifi-
cance of the data under the hypothesis λ = 0 (no
phylogenetic signal) and under the hypothesis λ = 1
(Brownian model of trait evolution over the phyloge-
netic tree, i.e. complete phylogenetic signal) using
function pgls from the package caper for R (Orme,
2012). If neither of these tests was significant, we
assumed that the power of the test was too low to
draw any conclusion about the phylogenetic pattern
in the trait. To account for interpopulation variation
within taxa, identical analyses were performed at the
population level with the means and plasticity of each
trait defined as above. For the population-level analy-
sis, we assumed that phylogenetic distances between
populations within each taxon were equal to the
mean within-taxon between-population distance from
Goodson et al. (2006).

RESULTS
ANALYSIS OF PHYLOGENETIC DISTANCES

The first and second axes of the PCoA captured > 85%
of the variation in the matrix phylogenetic distances
among the ten taxon/island combinations. The first
PCoA axis reflected the two deepest divisions of
the tree obtained by Goodson et al. (2006), with D.
gilva and D. bourgeauana on one side, D. millefolia/
Tenerife and D. lemsii/Tenerife on the other side and
D. millefolia/La Palma, D. millefolia/La Gomera,
D. gonzalesii and both Gran Canaria species in the
middle (Fig. 1). The second PCoA axis primarily sepa-
rated Gran Canaria species (and D. millefolia on
islands other than Tenerife) from the rest.

GROWTH EXPERIMENT

Growth in height was rapid at the beginning of the
experiment, but soon slowed down, with little height
increase in the later phase of the experiment (from
the fourth month of the experiment onwards; Fig. S1).
Approximately 60% of the plants flowered. The effect
of treatment was significant for most variables.
However, there was no significant effect on the late
RGR, number of branches and onset of flowering
(Table 2).

The ahistorical GLM (Tables 2 and 3) showed that
most of the variation in the examined traits was
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Figure 1. Example of a trait with phylogenetic signal. Points represent individual taxa plotted using the scores of
principal coordinate analysis (PCoA) of phylogenetic relatedness; symbol sizes express the mean trait value for that taxon.
Means over both environments are shown. BT, Descurainia bourgeauana/Tenerife; GiP, D. gilva/La Palma; GoT,
D. gonzalesii/Tenerife; LT, D. lemsii/Tenerife; MG, D. millefolia/La Gomera; MP, D. millefolia/La Palma; MT, D. millefo-
lia/Tenerife; PC, D. preauxiana/Gran Canaria. For the tests, see Table 4.

Table 2. Significance tests (P values) of individual terms of the ahistorical general linear model (GLM), with taxon,
population, treatment and their interactions as the only explanatory variables. This model does not take into account
phylogenetic relationships among taxa. Values significant at α = 0.05 are in bold, values marginally significant at α = 0.1
are in bold italics. Taxon×Trt, taxon × treatment interaction; Pop×Trt, population × treatment interaction. All variables,
except heights and onset of flowering, were determined at the end of the experiment

Treatment Taxon Taxon×Trt
Population (nested
in taxon)

Pop×Trt (nested in
Taxon×Trt)

D.f. effect 1 7 7 9 9
D.f. error 306 9 9 306 306
Total plant height after 68 days < 0.001 0.447 0.427 < 0.001 0.063
Total plant height after 138 days < 0.001 0.452 0.707 < 0.001 0.732
Total plant height after 360 days < 0.001 0.268 0.023 < 0.001 0.921
Early relative growth rate 0.647 0.581 0.034 < 0.001 0.685
Late relative growth rate 0.230 0.002 0.180 0.261 0.248
Total number of flowers < 0.001 0.001 0.691 < 0.001 0.339
Onset of flowering 0.487 0.002 0.256 < 0.001 0.227
Total number of branches 0.147 < 0.001 0.131 0.028 0.130
Total above-ground dry mass < 0.001 0.051 0.087 < 0.001 0.281
Dry mass of all branches < 0.001 0.033 0.117 < 0.001 0.148
Dry mass of inflorescences < 0.001 0.010 0.039 0.000 0.974
Total root dry mass < 0.001 0.024 0.006 0.020 0.598
Allocation to all branches 0.286 0.117 0.327 < 0.001 0.115
Inflorescence allocation 0.015 0.029 0.064 < 0.001 0.646
Root allocation 0.010 0.511 0.281 < 0.001 0.121
Factor 1 score < 0.001 0.084 0.567 < 0.001 0.931
Factor 2 score < 0.001 0.112 0.033 < 0.001 0.373
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caused by the factors ‘taxon’ and ‘population (nested
in taxon)’, with the relative proportions of contribu-
tions of these levels to variance differing depending
on the variable examined. The taxa differed in
growth-related traits (late RGR, above-ground
biomass, branch biomass, root biomass) and in repro-
ductive traits (onset of flowering, number of flowers
and, marginally, allocation to flowering). When the
taxon-related variation was removed, there was sig-
nificant variation between individual populations in
almost all traits. The effect of water availability treat-
ments was also strong and affected many traits;
plants from the low-water treatment were smaller (in
height and above-ground biomass) and branched and
flowered less than plants assigned to the high-water
treatment (Table 2, Fig. S1). Several interactions
between taxon and treatment were significant and
numerically large (final plant height, early RGR,
mass of inflorescences, total root mass), but none of
the interactions between treatment and population
was significant (Table 2, Fig. 2).

The phylogenetic GLM showed only weak phyloge-
netic signal in the structure of the examined traits
(Table 4). There was a consistent phylogenetically
related difference in inflorescence biomass and allo-
cation and, to some extent, in above-ground biomass,
root biomass and allocation (Table 4; see also Fig. 1).
There was almost no phylogenetic signal in the
plastic response to water availability (i.e. phylog-

eny × treatment interaction). The only exception was
plasticity in plant size at the early phase of the
experiment.

All traits measured in individual plants were
strongly correlated (the first two principal component
axes explained 50.9%). Factor 1 essentially captured
the size variation of the plants (Fig. 3). Factor 1 thus
separated sturdier plants that invest more in vegeta-
tive growth from plants that grow quickly, flower
early and invest more in generative parts. GLM
analysis showed that both factor scores were strongly
related to treatment and population. Factor 1 had a
marginally significant effect of ‘taxon’, although the
amount of variation contributed by either ‘taxon’ or
‘population’ was low (Tables 2 and 4); it did not show
any phylogenetic signal. Factor 2 had a significant
effect of ‘taxon × treatment’ interaction (Tables 2 and
4), with a considerable proportion of variation caused
by ‘taxon’ (and ‘population’). Factor 2 also had a
significant phylogenetic signal in the mean value over
treatments and a marginally significant ‘PCoA
axes × treatment’ interaction (Table 4).

Individual trait means at the taxon level did not
show any significant difference from λ = 0, but showed
a number of significant differences from λ = 1
(Table 5). This indicated that, at the taxon level, there
was no strong phylogenetic signal in any of the study
traits. For several traits, there was no significant
difference from either λ = 0 or λ = 1, indicating that

Table 3. Variance components for individual trait variables in the ahistorical general linear model (GLM). All variables,
except height, growth rate and onset of flowering, were determined at the end of the experiment. Traits having variation
caused by the ‘taxon’ factor larger than variation caused by the ‘population’ factor are indicated in bold

Variable Taxon
Taxon ×
treatment

Population
(nested in taxon)

Population × treatment
(nested in
taxon × treatment) Residual

Total plant height after 68 days 0.000 0.013 0.372 0.040 0.575
Total plant height after 138 days 0.000 0.000 0.191 0.000 0.809
Total plant height after 360 days 0.000 0.028 0.244 0.000 0.728
Early relative growth rate 0.000 0.048 0.361 0.000 0.591
Late relative growth rate 0.233 0.035 0.000 0.026 0.705
Total number of flowers 0.489 0.001 0.043 0.029 0.437
Onset of flowering 0.383 0.018 0.056 0.021 0.522
Total number of branches 0.383 0.037 0.007 0.044 0.530
Total above-ground dry mass 0.113 0.063 0.097 0.011 0.716
Dry mass of all branches 0.118 0.065 0.069 0.035 0.714
Dry mass of inflorescences 0.211 0.090 0.130 0.000 0.570
Total root dry mass 0.048 0.127 0.048 0.000 0.777
Allocation to all branches 0.142 0.022 0.157 0.045 0.635
Inflorescence allocation 0.111 0.162 0.154 0.004 0.569
Root allocation 0.000 0.044 0.122 0.035 0.799
Factor 1 score 0.146 0.000 0.126 0.000 0.727
Factor 2 score 0.128 0.103 0.188 0.010 0.571
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there was insufficient power to assess the validity of
any phylogenetic hypothesis. At the population level,
there were a few significant differences from λ = 0
(indicating phylogenetic signal); this was the case for
flowering traits (number of inflorescences, inflores-
cence allocation, onset of flowering) and root traits
(biomass allocation to roots). However, all traits
showed significant differences from λ = 1 (Table 5),
meaning that the patterns of trait variation among
taxa were different from complete phylogenetic
dependence, i.e. that expected under random (Brown-
ian motion) evolution of the trait during the evolu-
tionary history of the lineage.

Individual trait plasticities showed a similar
pattern, with no significant differences from λ = 0 at
the taxon level, and a few (again flowering and root
biomass traits) at the population level. With one

exception, all means and plasticities differed from
λ = 1 at the population level. Significant phylogenetic
signal in plasticity (i.e. significant difference from
λ = 0) was shown by inflorescence number, biomass
and allocation, and root biomass and allocation
(Table 5). Evolution of inflorescence biomass was not
distinguishable from the Brownian model (i.e. com-
plete phylogenetic dependence).

DISCUSSION
PHYLOGENETIC SIGNAL IN INDIVIDUAL TRAITS

Using a monophyletic and ecologically divergent
insular plant group, our study addressed the effect of
phylogenetic relatedness on growth and reproductive
traits and their plasticities. Most growth and
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Figure 2. Changes of means of selected traits in response to treatments. Error bars indicate 95% confidence intervals.
Open bars, dry treatment; filled bars, wet treatment. Multiple populations of the same taxon are designated by identical
letters; for abbreviations of individual populations, see Table 1. BT, Descurainia bourgeauana/Tenerife; GiP, D. gilva/La
Palma; GoT, D. gonzalesii/Tenerife; LT, D. lemsii/Tenerife; MG, D. millefolia/La Gomera; MP, D. millefolia/La Palma; MT,
D. millefolia/Tenerife; PC, D. preauxiana/Gran Canaria. For the tests, see Table 2.
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allocation traits exhibited significant variation in
their means among population and taxa. In general,
growth-related traits (such as plant height) were
rather population specific with low variation among
taxa; in contrast, flowering and allocation traits typi-
cally had large and significant amounts of variation
residing at the taxon level and wide variation among
taxa.

Despite wide phenotypic variation among taxa, all
analyses showed that phylogenetic signal in these
traits was rather weak or undetectable. There was
weak evidence of phylogenetic conservatism in traits
related to reproductive output (number of flowers,
allocation to inflorescences) and biomass allocation to
roots. Flowering traits are known to be conservative
in many different groups (Wright & Calderon, 1995;
Chazdon et al., 2003; Griffiths & Lawes, 2006).
Although we cannot identify with certainty the key
selective processes that took place during the evolu-

tion of this group, it is likely that the colonization of
new habitats (e.g. lowland scrub, alpine zone or
pine forests) must have been linked to selection on
traits associated with adaptation to different water
regimes.

TRAIT PLASTICITY

In contrast with substantial taxon-level variation in
trait means, variation in plastic responses among
taxa was much lower, and differences between popu-
lations were even lower, with no significant popula-
tion × treatment interactions at the population level
(Tables 2 and 3). Low taxon-level and population-level
differences in plasticity were found despite the fact
that the mean plastic response (i.e. main effect of the
treatment) was strong in many examined traits. Plas-
ticity in most traits showed weak or a lack of phylo-
genetic signal; traits that showed conserved variation
in plasticity were often those that also showed con-
served variation in the means (such as total number
of flowers or total root mass; Table 5). The sparse data
available from other plant groups show no phyloge-
netic signal in growth traits (in response to light;
Pigliucci et al., 1999), but phylogenetic constraints on
plasticity in root allocation (Kembel & Cahill, 2005).

Low variation in trait plasticity among taxa and
populations has two possible explanations: (1) there
has been no differential selection on trait plasticity
between the habitats of individual species because the
habitats of all species are similar; or (2) habitats are
different, but plastic responses to different water
availability are strongly phylogenetically conserved in
the whole clade and do not respond at all to existing
selection (possibly also a result of the prevalence of
passive over active plasticity; van Kleunen & Fischer,
2005). Available evidence for water regimes of habi-
tats shows that: (1) drought is universal in the habi-
tats of all Descurainia spp.; and (2) it typically has
an important temporal component throughout the
season which may differ among habitats (Fernández-
Palacios, 1992). Published studies of drought-related
plasticity have shown extensive interactive effects of
treatment and source population or genotype on plas-
ticity when populations coming from habitats differ-
ing in water regime are compared (Sultan & Bazzaz,
1993; Heschel et al., 2004). This may indicate that
plasticity in drought-related traits need not be
strongly conserved and that similarity across all taxa
could indeed be caused by similarity in their habitats
(see also Niinements & Valladares, 2006). This is
further supported by the fact that most traits that
showed interaction between taxon and treatment did
not show a significant phylogenetic component in
their variation (such as total plant height or early
RGR).
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Figure 3. Principal component analysis of the traits:
loadings of individual variables. The first axis explains
39.2% and the second axis 11.7% of the total variation.
Trait abbreviations: Height2, total plant height on the
98th day; Height4, total plant height on the 138th day;
Height6, total plant height at the end of the experiment;
RGR12, early relative growth rate; RGR24, late relative
growth rate; Onsetfl, onset of flowering; Nobr6, total
number of branches; Nofl6, total number of flowers; Above-
Bio, total above-ground dry mass; BrBio, dry mass of all
branches; InflBio, dry mass of inflorescences; RootBio,
total root dry mass. Unless otherwise stated, all size
and allocation variables are measured at the end of the
experiment.
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LIMITATIONS OF THE STUDY

The power of the experiment to detect significant
within-taxon variation in means and plasticities was
constrained by the fact that some rare taxa (D. gilva,
D. gonzalesii and D. lemsii) were each represented by
only one population in the experiment. This means
that the amount of variation among populations was
estimated using only the most common species
(namely D. bourgeauana, D. millefolia from Tenerife
and D. millefolia from La Palma). However, examina-
tion of the pattern of variation in the examined traits
across these taxa showed no major interspecific dif-
ferences, suggesting that this is likely to be true for
the clade as a whole.

The low number of taxa in the whole group also
makes the identification of phylogenetic signals diffi-
cult (see Freckleton et al., 2002), and this was the
likely reason for the inconclusive results obtained at
the taxon level, where we did not find evidence of
phylogenetic constraints for most traits because of a
lack of power (Table 5). For these traits, the dataset is
not sufficiently informative concerning their phyloge-
netic dependence. Our population-level analysis using
17 data points was more powerful to detect significant
differences (Freckleton et al., 2002), and results from
these analyses are more robust. The tests were typi-
cally sufficiently powerful to reject one of the extreme

phylogenetic hypotheses (absence of any phylogenetic
signal vs. trait evolution determined by phylogenetic
dependence), but estimates of λ were still wide,
leaving considerable uncertainty about the actual
degree of phylogenetic dependence.

In addition, results on plastic responses are affected
by the choice of treatment used in this study. The
interpretation of plastic responses from the experi-
ment was based on the assumption that responses in
the glasshouse experiment approximate well to plant
behaviour in the field. The results showed that dif-
ferences between treatments were strong, and plants
in the low-water treatment clearly performed consid-
erably more poorly, indicating that the levels used
were meaningful. However, the glasshouse regime is
different from that in the field, and thus plastic
responses may represent a different portion of the
reaction norm of the species than that displayed by
plants under natural conditions. Given the strong
response of our plants to the experimental treat-
ments, however, it is reasonable to assume that the
sampled part of the reaction norm bears relevant
information concerning the expression of plasticity in
the study group.

The interpretation of trait plasticity should take
into account the fact that response to the low-water
regime is a combined effect of the behavioural
response of the plant to low water as a stimulus (by

Table 5. Significance tests (P values wherever < 0.1) of λ = 0 and λ = 1 at the taxon and population levels. All variables,
except height, growth rate and onset of flowering, were determined at the end of the experiment. Cases with insufficient
power to assess any phylogenetic hypothesis [i.e. when tests of both λ = 0 and λ = 1 are non-significant (n.s.)] are indicated
in italics

Level Taxon Population

Variable tested Mean Plasticity Mean Plasticity

Hypothesis λ = 0 λ = 1 λ = 0 λ = 1 λ = 0 λ = 1 λ = 0 λ = 1
Total plant height after 68 days n.s. n.s. n.s. 0.0673 n.s. 0 n.s. 0
Total plant height after 138 days n.s. n.s. n.s. 0.0025 n.s. 0 n.s. 0
Total plant height after 360 days n.s. 0.0404 n.s. 0.0151 n.s. 0 n.s. 0.0056
Early relative growth rate n.s. 0.0318 n.s. 0.0027 n.s. 0 n.s. 0
Late relative growth rate n.s. 0.0388 n.s. n.s. n.s. 0.0036 n.s. 0
Total number of flowers n.s. n.s. n.s. n.s. 0.0011 0.0007 0.0143 0
Onset of flowering n.s. 0.0902 n.s. 0.0572 0.039 0.0007 n.s. 0
Total number of branches n.s. 0.004 n.s. 0.006 0.0063 0.0078 n.s. 0
Total above-ground dry mass n.s. 0.0483 n.s. 0.0062 n.s. 0 n.s. 0
Dry mass of all branches n.s. 0.0063 n.s. 0.0224 n.s. 0 n.s. 0
Dry mass of inflorescences n.s. n.s. n.s. n.s. n.s. 0 0 0.005
Total root dry mass n.s. 0.009 n.s. 0.0411 0.0433 0 0.0549 0
Proportion of dry mass of all branches n.s. 0.0048 n.s. 0.0094 n.s. 0 n.s. 0
Proportion of dry mass of inflorescences n.s. n.s. n.s. n.s. 0.0709 0 0 n.s.
Proportion of root dry mass n.s. 0.008 n.s. 0.031 n.s. 0 0.084 0
Factor 1 scores n.s. 0.081 n.s. 0.0133 n.s. 0 n.s. 0
Factor 2 scores n.s. 0.0052 n.s. 0.0046 n.s. 0 n.s. 0
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altering its developmental programme, for example)
and of simple differences in productivity between the
treatments differing in water availability (i.e. active
and passive plasticity, respectively; van Kleunen &
Fischer, 2005). Multivariate analysis can help to sepa-
rate these components of plasticity: plasticity in the
second axis captures shape-related variation inde-
pendent of size, which is likely to be caused by a
behavioural response.

Another issue is the high level of residual variation
observed for many traits (Table 3). This can be par-
tially explained by genetic differences among indi-
viduals experiencing different levels of treatment. It
should be noted that genetically different individuals,
not clones, were used in each treatment, which intro-
duces some bias for the estimation of plasticity.
Maternal effects may also account for these results as,
in most cases, each plant was a descendent of a
different field-occurring mother plant. Despite these
limitations, we identified a number of significant rela-
tionships indicating sufficient power to reject the null
hypothesis in some cases.

CONCLUSIONS

Our study detected high levels of phenotypic variation
in growth and reproductive traits among individual
Descurainia spp., but the analyses did not support
strong phylogenetic patterns for these traits across
the studied taxa. Weak phylogenetic signals were
found in some reproductive traits (inflorescence
biomass and allocation) and biomass allocation to
roots, but most traits appear to have been labile over
the course of the radiation. These results suggest the
prevalence of putatively adaptive responses over con-
straints as a result of common ancestry. Levels of
plasticity in all the examined traits were similar
across taxa. Trait plasticity was even less phyloge-
netically constrained than trait mean values, which
probably favoured the colonization of habitats during
the evolution of this lineage.
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