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Abstract

Early angiosperm evolution, beginning approximately 140 million years ago, saw many innovations that enabled flow-
ering plants to alter ecosystems globally. These included the development of novel, flower-based pollinator attrac-
tion mechanisms and the development of increased water transport capacity in stems and leaves. Vein length per
area (VLA) of leaves increased nearly threefold in the first 30-40 million years of angiosperm evolution, increasing
the capacity for transpiration and photosynthesis. In contrast to leaves, high water transport capacities in flow-
ers may not be an advantage because flowers do not typically contribute to plant carbon gain. Although flowers of
extant basal angiosperms are hydrated by the xylem, flowers of more recently derived lineages may be hydrated
predominantly by the phloem. In the present study, we measured leaf and flower VLA for a phylogenetically diverse
sample of 132 species from 52 angiosperm families to ask (i) whether flowers have lower VLA than leaves, (ii) whether
flowers of basal angiosperm lineages have higher VLA than more recently derived lineages because of differences
between xylem and phloem hydration, and (iii) whether flower and leaf VLA evolved independently. It was found that
floral structures had lower VLA than leaves, but basal angiosperm flowers did not have higher VLA than more derived
lineages. Furthermore, the independent evolution of leaf and petal VLA suggested that these organs may be devel-
opmentally modular. Unlike leaves, which have experienced strong selection for increased water transport capacity,
flowers may have been shielded from such selective pressures by different developmental processes controlling VLA
throughout the plant bauplan.
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Introduction

Evolution of the modern angiosperm flower represents an
innovation that has reverberated across ecosystems globally.
Flowers have co-evolved with specialized pollinators, con-
tributing to early angiosperm success and to increases in ani-
mal diversification (Thien er al., 2000; Hu et al., 2008; Thien
et al., 2009). While major insights about developmental evolu-
tion in early angiosperms have focused primarily on flowers

(Bowman, 1997; Soltis et al., 2007; Endress, 2011; Mathews &
Kramer, 2012; Zhang et al., 2012), understanding floral evolu-
tion in the broader context of whole-plant physiology could
reveal new sources of selection acting on plant reproduction.
For example, constraints on reproductive investment influence
vegetative architecture, such as branch ramification (Harris &
Pannell, 2010) and leaf size (Bond & Midgley, 1988).

Abbreviations: PIC, Phylogenetic independent contrasts; VLA, vein length per area.
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Despite their unique developmental processes, flow-
ers and leaves are subject to the same environmental and
resource limitations, requiring carbon and water to be sup-
plied throughout development. As a result, trade-offs exist
between investments in vegetative and reproductive struc-
tures (Bazzaz et al., 1987; Reekie & Bazzaz, 1987a,b,c).
While some flowers may be able to contribute substantially
to the carbon costs of reproduction (Bazzaz & Carlson,
1979; Bazzaz et al., 1979; Galen et al., 1993), water must
be supplied to flowers and fruits by roots and stems, poten-
tially at the cost of vegetative function (Nobel, 1977; Galen
et al., 1999; Lambrecht & Dawson, 2007). Thus, under-
standing the ecophysiological mechanisms of floral water
balance may reveal new insights into the ecology and evo-
lution of flowers (Galen, 2000; Chapotin et al., 2003; Feild
et al.,2009a,b).

Despite the influence of floral water balance on vegeta-
tive physiology (Galen et al., 1999; Galen, 2000), reproduc-
tive development (Patifio & Grace, 2002) and pollinator
attraction and manipulation (Bertsch, 1983; von Arx et al.,
2012), surprisingly little work has focused on understand-
ing the water dynamics of flowering. In general, larger flow-
ers within a species require more water (Galen ez al., 1999),
but xylem sap flow rates through flower-bearing branches
are highly variable among species (Roddy & Dawson,
2012). How flowers are plumbed into the vegetative sys-
tem probably varies among species as well. Some authors
have assumed that higher, less-negative water potentials
of flowers compared with leaves means that flowers are
hydrated by the phloem (Trolinder ez al, 1993; Chapotin
et al., 2003). In contrast, blooming (anthesis) flowers of
extant, early-diverging angiosperm lineages are hydrated
by the xylem (Feild et al., 2009a,b), which may be why these
flowers wilt and die even under slight droughts. The distinc-
tion between phloem and xylem hydration is complicated
because in one early-diverging extant lineage, Magnolia
grandiflora, water potential gradients indicate that the
inner whorl of tepals is phloem hydrated while the outer
whorl is xylem hydrated (Feild er al, 20095b). Supplying
water via the phloem rather than the xylem during anthe-
sis may allow flowers to access a greater level of hydraulic
autonomy and release from drought stress occurring in the
rest of the plant, potentially facilitating pollinator attrac-
tion under otherwise adverse conditions. Phloem hydra-
tion may also indicate low water requirements of flowers
because flux rates through the phloem are much lower than
those through the xylem.

In leaves and leaf homologues, such as sepals and pet-
als, xylem and phloem are organized into vascular bundles
or veins. One of the major advances among early angio-
sperm lineages compared with non-angiosperms was the
development of densely veined leaves, expressed as the
amount of vein length per unit of leaf surface area (Feild
& Arens, 2007; Brodribb & Feild, 2010). Increased vein
length per area (VLA; also commonly referred to as ‘vein
density’) brings xylem-based liquid water closer to the
sites of evaporation and carbon fixation inside the leaf.
Such increased hydraulic supply capacity yields a greater

capacity for transpiration and photosynthesis (Sack &
Frole, 2006; Brodribb et al., 2007). Based on Cretaceous
fossil angiosperm leaves as well as on phylogenetic recon-
structions across extant basal lineages, angiosperm VLA
is estimated to have increased nearly threefold during the
first 30-40 million years of angiosperm diversification
(Brodribb & Feild, 2010; Feild et al., 2011). Increasing
the upper limit of leaf VLA allowed angiosperms to
assimilate carbon and accumulate biomass more rapidly
than non-angiosperms, perhaps facilitating their ecologi-
cal domination beginning in the Cretaceous (Brodribb &
Feild, 2010).

How floral venation influences floral water balance and
evolution, however, remains unexamined. Because flowers
generally require less water than leaves (Blanke & Lovatt,
1993; Higuchi & Sakuratani, 2005; Feild er al, 2009b;
Lambrecht ez al., 2011; Roddy & Dawson, 2012), selection
may have acted in different directions on petal and leaf
venation. In contrast to selection for increased water trans-
port capacity in leaves, selection probably favoured reduced
water transport in flowers. Alternatively, modular devel-
opmental processes could have buffered floral hydraulic
traits from the strong selection for increased VLA in leaves.
Unlike leaves, most petals do not synthesize substantial
amounts of carbon, mitigating the need for high transpi-
ration rates normally requisite for maintaining high rates
of photosynthesis. If petals and leaves experienced differ-
ent constraints on their water balance, then their hydraulic
traits may have evolved independently and may be develop-
mentally modular and possibly also functionally modular.
Developmental modularity would occur if the underly-
ing developmental processes causing vein branching fre-
quency, and thus VLA, were different for flowers and leaves.
Alternatively, correlated evolution of leaf and petal VLA
would suggest that a common developmental programme
underlies VLA throughout the plant bauplan. In this case,
the strong selective advantage of high VLA in leaves carried
along petal VLA by overwhelming any selection for low
petal VLA. Thus, any reduction in the water requirements
of flowering may not be reflected in petal VLA, a trait more
associated with water supply than water loss. Whether petal
VLA decreased while leaf VLA increased depends on the
extent to which floral and foliar VLA experienced selection
in different directions.

In the present study, we examined VLA evolution in
flowers and leaves across the angiosperm tree of life and
test three main hypotheses. First, because flowers gener-
ally require less water than leaves, we predicted that floral
structures would possess lower VLA than associated leaves.
Secondly, because flowers of more recently derived angio-
sperm species may be phloem hydrated, we hypothesized
that flowers of these species would have lower VLA than
flowers of basal angiosperm lineages. Thirdly, although pat-
terns of venation in different structures are related in many
lineages (Melville 1960, 1969), we hypothesized that if flow-
ers and leaves experienced different selection regimes for
water transport capacity, then flower and leaf VLA evolved
independently.
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Materials and methods

Sampling

The majority of sampled taxa were collected from living specimens
in the University of California Botanical Garden and the Tilden
Botanical Garden, both in Berkeley, CA, USA. Collecting primarily
from common gardens ensured that species were well watered and
had grown in similar environmental conditions. We targeted plants
with large, recently opened flowers on exposed, sunlit branches,
and collected flowers and fully expanded leaves from one to three
individuals per species. Other early-diverging lineages were sampled
from natural populations in the field (see Supplementary Table S1 at
JXB online). Despite the diversity of our sampling, there remained
three large phylogenetic gaps in our dataset, the graminoid mono-
cots, the Asteraceae, and the Orchidaceae. Although these groups
account for a substantial amount of all angiosperm diversity, their
floral morphologies are markedly different from most other clades.
Furthermore, species with small, wind-pollinated flowers were
largely excluded.

Leaves and flowers were collected simultaneously and transported
to the laboratory for sample processing. Approximately 1cm? sec-
tions were taken from midway between the leaf midrib and margin,
midway between the base and tip of the leaf and placed in 2-4%
NaOH for clearing. Except for the field-collected specimens, we
did not remove the leaf epidermis before imaging. Because of the
high variability in vein density within a petal, we collected multi-
ple 1 cm? sections from all parts of the petals and sepals and placed
them in 2-4% NaOH. For structures that were smaller than 1cm?,
we placed the entire petal or sepal into NaOH for clearing. For all
structures, sections were taken from multiple leaves or flowers per
species and pooled into one vial for each structure of each species.
After 2-4 weeks, leaves were briefly washed in dH,O, transferred to
a 3% bleach solution for a few minutes, washed again in dH,O, and
then placed into 95% ethanol. Sepals, petals, and tepals were simi-
larly transferred to ethanol, except that most of them did not require
clearing for as long, nor did they require bleaching to complete the
clearing process. Once in ethanol, most samples were quickly stained
with Safranin O. Except for the few field-collected samples, we used
a Leica DM2500 microscope outfitted with a Nikon DS-Fil camera
at 5-20% magnification. We captured one to two images per section
from each of five to 12 sections per species. Vein densities were meas-
ured using ImagelJ (version 1.440; Rasband, 2012) and the mean was
determined. Based on our estimates, at least five samples needed to
be measured to reduce the variance to within 5% of the mean of 20
fields (data not shown).

Statistical and comparative analyses

To perform analyses of trait evolution, we grouped some struc-
tures together based on their presumed function and on their trait
values. Sepals, bracts, and outer whorl tepals did not differ sig-
nificantly in VLA and are collectively referred to here as ‘sepals’.
Petals, hypanthia, and inner whorl tepals of basal angiosperms
did not differ significantly in their vein densities and were grouped
together and are referred to as ‘petals’. Differentiated perianths
have evolved as many as six times among the angiosperms (Zanis
et al., 2003), and distinct petals may be derived either from sta-
men-like structures or bract- or leaf-like structures (Irish, 2009).
These distinctions, like our groupings of structures, are based on
morphological characters, such as the number of vascular traces.
To determine whether VLA differed between structures, we used a
linear mixed-effects model that treated plant structure (leaf, sepal,
petal, flower) as a fixed effect and plant structure nested within
species as a random effect. We used Bonferroni-adjusted, Tukey
post-hoc pairwise comparisons to compare VLA between plant
structures, using the g/ht function in the package multcomp for R
(version 2.14.1; R Core Team, 2012). To compare differences in
vein density between major clades, we used analysis of variance
with Tukey post-hoc comparisons to estimate pairwise differences
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in vein density between clades. For all subsequent phylogenetic
analyses, we used In-transformed vein densities.

We obtained a phylogenetic supertree of our sampled taxa using
the online version of Phylomatic (Webb & Donoghue, 2005). The
resulting undated ultrametric tree was imported into Phylocom 4.2
(Webb et al., 2008) so that recent node age estimates could be written
into the tree file using the bladj function. We obtained node age esti-
mates for as many nodes as possible in our undated supertree from
Bell et al. (2010). Note that bladj was used primarily to write these
node age estimates into our tree file, rather than to anchor a few
nodes and evenly distribute the remaining, unanchored nodes. This
dated supertree is poorly resolved for recent divergences (e.g. diver-
gences within genera) but represents, we believe, the best approach
to analysing trait evolution on such a phylogenetically broad data-
set. Polytomies in this tree were resolved by adding short branches
that represented approximately 1 million years.

Because we lacked measurements for some structures of some
species, trees were pruned to include only tips with non-missing data
in both traits for each pairwise trait comparison. Phylogenetic inde-
pendent contrasts (PICs; Felsenstein, 1985) were calculated using
the pic function in the package ape for R (version 2.14.1; R Core
Team, 2012). PICs quantify the amount of trait disparity that occurs
at each node in a phylogeny based on the trait values of the descend-
ent taxa or nodes and the branch lengths between the parent and
daughter nodes. PICs are a way to control for the non-independence
of sampling related lineages. Independent contrast methodology
allows one to test whether two traits repeatedly co-evolve in a coor-
dinated way. For example, a significant, positive correlation between
PICs for two traits would mean that large divergences in one trait
repeatedly occur at the same nodes as large divergences in the sec-
ond trait. Thus, significant correlations between PICs of two traits
are commonly used to determine whether two traits have undergone
correlated evolution. The conservative, non-parametric Spearman
rank test was used to test for pairwise correlations between In-
transformed traits and for pairwise correlations between PICs. All
reported P values have been adjusted for the number of simultane-
ous comparisons using the Bonferroni correction.

Results

In total, our dataset included 132 species from 90 genera and
52 families (Supplementary Table S1). Plant structure was a
significant predictor of VLA (F=133.79, P <0.0001), and all
pairwise, post-hoc, Bonferroni-adjusted comparisons were
also highly significant (all pairwise P <0.0001; Fig. 1). Leaf
VLA ranged from 1.09 for Disporopsis pernyi to 12.68 mm
mm> for Calycanthus occidentalis, sepal VLA ranged from
0.50 for Smilacina stellata to 12.70mm mm™ for Scutellaria
californica, and petal VLA ranged from 1.00 for Disporopsis
pernyi to 6.65mm mm > for Calystegia stebbinsii. Despite sub-
stantial overlap in the ranges of VLA for these three structures,
mean leaf VLA (5.47mm mm?; P <0.001) was significantly
higher than mean sepal VLA (3.78 mm mm %, P <0.001), which
was higher than mean petal VLA (2.44mm mm2; P <0.001).
Some clades differed significantly in their VLA values
(Fig. 2). Tukey post-hoc analyses showed that monocot
leaf VLA was significantly lower than leaf VLA of the
Ranunculales, fabids, malvids, and asterids (all pairwise
P <0.001). While slightly higher than the monocots, leaf
VLA of basal angiosperms fell within the lower tails of the
ranges for all the other major clades. Sepal VLA showed
similar patterns to leaf VLA. Tukey post-hoc analy-
ses showed fabid, malvid, and asterid sepal VLA to be
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Fig. 1. Boxplot of VLA for leaves, sepals, and petals. All pairwise
differences are highly significant (P <0.001). Median values are
indicated by the solid line in the middle of the boxes.

significantly higher than monocot sepal VLA (all pairwise
P <0.001). Malvid sepal VLA was also marginally higher
than Ranunculales sepal VLA (P=0.088). Interestingly,
there were no significant differences between any pairwise
clade comparisons of petal VLA, although the sampled
non-graminoid monocots had generally lower petal VLA
than the other major clades.

All pairwise correlations between In-transformed traits
were also significant (Fig. 3A—C); species with higher leaf
VLA generally also had higher sepal and petal VLA. The
highest correlation coefficient was between leaves and sepals
[r=0.57, degrees of freedom (df)=84, P <0.001]. Leaf and
petal VLA (r=0.34, df=102, P <0.001) were more strongly
correlated than sepal and petal VLA (r=0.32, df=90, P
<0.01). However, correlations of independent contrasts
showed somewhat different patterns (Fig. 3D—F). There was
no significant correlation between leaf and petal contrasts
(r=0.13, df=102, P=0.19), although there were significant
correlations between leaf and sepal VLA contrasts (r=0.40,
df=84, P <0.001) and between sepal and petal VLA con-
trasts (r=0.27, df=90, P <0.05). These patterns of correla-
tions observed between traits and PICs across the entire
phylogeny were consistent with cladewise trait and PIC cor-
relations. In particular, no clade showed a significant cor-
relation between leaf and petal VLA contrasts (data not
shown).

Discussion

Our results strongly support the idea that VLA has evolved
independently in petals and leaves (Fig. 3), demonstrating
that vegetative and reproductive organs are developmentally
modular. Furthermore, because VLA is so critical to water
supply in leaves, flowers and leaves may also be physiologi-
cally modular. These results support observations that flower
and fruit water status can remain relatively unaffected by
large variation in plant water status (Trolinder ez al., 1993).
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Fig. 2. Boxplots of VLA for (A) leaves, (B) sepals, and (C) petals
for each major clade included in this study. Basal, magnoliids and
Austrobaileyales; mono, monocots; Ran, Ranunculales; malv,
malvids; ast, asterids. See Supplementary Table S1 for list of
species in each clade.

Consistent with our first hypothesis, floral structures exhib-
ited significantly lower VLA than leaves (Fig. 1). In particu-
lar, mean petal VLA was less than half that of leaf VLA. The
maximum measured leaf and sepal VLA values were similar,
reflecting the functional similarities of many leaves and sepals.
However, the maximum petal VLA was approximately half
that of either leaves or sepals. In leaves, a high VLA is asso-
ciated with higher efficiency because it enables higher rates
of transpiration and photosynthesis per unit leaf area and
because conduits in leaves with high VLA have higher intrin-
sic hydraulic conductance (Brodribb ez al., 2007; Feild and
Brodribb, 2013). In contrast, a low VLA in non-photosynthetic
petals may translate into higher efficiency because less water
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Fig. 3. Pairwise (A-C) trait and (D-F) phylogenetic independent contrast correlations. Correlation coefficients and P values are shown

for statistically significant correlations based on Spearman rank tests.

and carbon are needed for a given floral display area. However,
if the intrinsic hydraulic conductance of conduits in petals is
associated with VLA as it is in leaves, then the carbon costs
of a high VLA in petals may not be that large. Recent work
on petal development in Arabidopsis thaliana suggests that
leaf and petal shape may be controlled by variations on the
same underlying developmental process. Such commonality
may constrain the range of possible forms in both structures
while allowing selection to act on each structure independently
(Sauret-Gtieto er al., 2013), therefore producing often similar
venation patterns in different structures (Melville, 1960, 1969).

Our second hypothesis that basal angiosperm flowers
developed higher VLA than flowers of more recently derived
eudicot lineages was not supported (Fig. 2). The mean and
maximum vein densities of basal angiosperm tepals were
not any higher than those of petals from the other major
clades. Such a result is perhaps not surprising because ancient
angiosperm lineages (i.e. Austrobaileyales) possess very low
leaf VLA (Boyce et al., 2009; Feild et al., 20094). The dif-
ference between leaf and tepal VLA among basal lincages
(Austrobaileyales and magnoliids) and the monocots was
much smaller than the differences between leaf and petal
VLA of the more recently derived eudicot clades (Fig. 2).
Leaf VLA of these more recently derived lineages increased
dramatically during the Cretaceous (Boyce er al, 2009;
Brodribb & Feild, 2010), leading to large differences between
leaf and petal VLA. Thus, in contrast to our hypothesis,
selection may not necessarily have favoured reductions in
petal VLA. Rather, petals may not have been exposed to the

strong selection for high VLA in leaves if different develop-
mental processes give rise to leaf and petal VLA.

The large range of petal VLA among the eudicots may
reflect the greater diversity of ecological contexts in which
these species exist compared with the magnoliids and
Austrobaileyales (Feild et al, 20094). Among the eudicots,
there was remarkable variation in petal VLA even within
some genera, further supporting the evolutionary lability of
this trait. Alternatively, the large range of petal VLA among
all eudicot clades may reflect the myriad developmental ori-
gins of the petal (Zanis et al., 2003). Petals are derived from
stamen-like structures (andropetaloidy) in some lineages or
from bract- or leaf-like structures (bracteopetaloidy) in other
lineages (Irish, 2009). Apart from their often similar gross
morphologies, stamen-derived and bract-derived petals may
differ in some key anatomical or physiological traits.

Although petals of reportedly phloem-hydrated eud-
icot flowers (Trolinder ez al., 1993; Chapotin et al., 2003)
and Magnolia tepals have lower VLA than xylem-hydrated
Magnolia tepals (Feild et al., 2009b), there were no significant
differences in petal VLA between major clades (Fig. 2C),
implying that petal VLA may not reliably indicate xylem ver-
sus phloem hydration. Despite reports that a variety of fruits
(Ho et al., 1987; Greenspan et al., 1994; Dichio et al., 2002)
and some flowers (Trolinder ez al., 1993; Chapotin et al.,
2003) are phloem hydrated, there is no general consensus on
the frequency of phloem hydration of flowers. Furthermore,
reports of phloem hydration of flowers have been equivocal.
Flowers are not better hydrated than subtending stem xylem,
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nor is it clear whether maintaining higher water potentials of
flowers compared with subtending stems requires hydration
by the phloem. Interestingly, recent work on grapes (Choat
et al., 2009) and tomatoes (Windt ez al., 2009), both of which
were previously reported as being phloem hydrated (Ho ez al.,
1987; Greenspan et al., 1994), has shown that phloem-deliv-
ered water may buffer fruit water status from variation in
xylem import rather than supplying the predominant amount
of water to the fruit. The water supply dynamics of flowers
and fruits may be more complicated than the simplistic model
of hydration by either the xylem or the phloem, and water
may flow bidirectionally to and from reproductive organs
(Johnson et al., 1992). For example, while xylem sap flows
towards mango (Mangifera indica) inflorescences during the
day (Higuchi & Sakuratani, 2005), xylem sap flows away from
developing fruits during the day and towards them at night
(Higuchi & Sakuratani, 2000).

Our third hypothesis that VLA has evolved independently
in flowers and leaves was also mostly supported by our
results (Fig. 3D-F). Patterns of venation in petals and leaves
have been thought to be correlated with venation patterns
in leaves (Melville, 1960, 1969). Indeed, our results showed
that, when not controlling for phylogeny, all pairwise cor-
relations of VLA traits were highly significant. However,
phylogenetic independent contrast correlations were not
similarly significant. The stronger correlation between sepal
and leaf contrasts than between sepal and petal contrasts
suggested that functional constraints may trump devel-
opmental constraints. These nuanced results illustrate the
interplay between evolution, development, and physiology.
We speculate that sepal and bract VLA have evolved with
both leaves and petals because sepals and bracts commonly
perform vegetative functions, such as photosynthesis and
protecting the developing flower, yet develop at the same
time as reproductive structures. These results generally sup-
port the idea of functional modularity between vegetative
and reproductive structures (Fig. 3E; Berg, 1959; 1960).
Despite the expectation under the Berg hypothesis that
selection should favour stronger correlations among floral
traits than between floral and leaf traits, our results showed
that sepal VLA contrasts and leaf VLA contrasts were more
strongly correlated than were sepal and petal VLA contrasts
(Fig. 3D, F). Such a result may be expected if the function
of VLA is different in petals than it is in sepals and leaves.
For example, phloem hydration of petals may alleviate the
need for veins to function for water transport, as they prob-
ably do in sepals and leaves.

Studies of morphological trait variation have shown similar
results and have highlighted the genetic basis for reproductive
and vegetative modularity. In Dalechampia scandens, floral
bract length was more coupled to variation in floral traits
related to pollination than it was to variation in leaf traits,
including leaf size (Pélabon ef al., 2011). Quantitative trait loci
mapping of leaf and flower size traits in A. thaliana showed
large, positive genetic correlations among either flower or leaf
traits, but not between flower and leaf traits (Juenger et al.,
2005). The degree to which floral and foliar traits are decou-
pled may vary unpredictably among species (Armbruster

et al.,1999; Hansen et al., 2007) and may depend on the traits
in question. Many of these studies, including those of Berg
(1959, 1960), have focused on variation in the size and shape
of flowers with little regard for physiological traits. Athough
they may share developmental motifs that define the ranges
of possible variation, physiological traits of leaves and petals
may arise from uncorrelated selection pressures.

In conclusion, new insights into the water relations of
reproduction are transforming our understanding of angi-
osperm evolution and plant water transport (Higuchi &
Sakuratani, 2005, 2006; Feild ez al., 2009a,b). In the pre-
sent study, we used a novel dataset to address long-standing
questions about the comparative evolution of flower and leaf
traits, focusing on vein length per area, a trait functionally
important to leaves and that evolved rapidly among angio-
sperm lineages (Brodribb & Feild, 2010; Feild et al., 2011).
Despite increased leaf VLA among recently derived angio-
sperm lineages, petal VLA has evolved independently and
has remained relatively low. These results suggest that veg-
etative and reproductive structures may be developmentally
modular. Future studies characterizing the linkages between
floral physiological traits, such as VLA or stomatal density,
and hydraulic functioning throughout a flower’s lifespan
would further refine our understanding of the evolution and
ecophysiology of flowers.

Supplementary data

Supplementary data are available at JXB online.

Supplementary Table S1. List of species, their families,
their major clade, and the collection sites analysed in this
study.

Acknowledgements

The authors thank Holly Forbes of the University of
California Botanical Garden and Joe Dahl of the East Bay
Regional Park District for granting access to the gardens,
Cindy Looy for providing microscope access, Ray Donheiser
for technical assistance, David Ackerly and Maureen Lahiff
for statistical advice, and two anonymous reviewers for criti-
cal feedback that improved this manuscript. This work was
funded by grants to A.B.R. from the Lawrence R. Heckard
Endowment of the Jepson Herbarium and the Department
of Integrative Biology at the University of California,
Berkeley. A.B.R. was supported by a National Science
Foundation Graduate Research Fellowship.

References

Armbruster WS, Di Stilio VS, Tuxill JD, Flores TC, Runk JLV.
1999. Covariance and decoupling of floral and vegetative traits in
nine neotropical plants: a re-evaluation of Berg’s correlation-pleiades
concept. American Journal of Botany 86, 39-55.

Bazzaz FA, Carlson RW, Harper JL. 1979. Contribution to
reproductive effort by photosynthesis of flowers and fruits. Nature 279,
554-555.

¥T02Z ‘0S A2 uo Aapsieg eiulojie) Jo A1siealun e /Bioseuinolploixo-gx|y:dny woly pspeojumog


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert247/-/DC1
http://jxb.oxfordjournals.org/

Bazzaz FA, Carlson RW. 1979. Photosynthetic contribution of
flowers and seeds to reproductive effort of an annual colonizer. New
Phytologist 82, 223-232.

Bazzaz FA, Chiariello NR, Coley PD, Pitelka LF. 1987. Allocating
resources to reproduction and defense. BioScience 37, 58-67.

Bell CD, Soltis DE, Soltis PS. 2010. The age and diversification of the
angiosperms re-revisited. American Journal of Botany 97, 1296—-1303.

Berg RL. 1959. A general evolutionary principle underlying the origin
of developmental homeostasis. American Naturalist 93, 103-105.

Berg RL. 1960. The ecological significance of correlation
pleiades. Evolution 14, 171-180.

Bertsch A. 1983. Nectar production of Epilobium angustifolium L. at
different air humidities; nectar sugar in individual flowers and the
optimal foraging theory. Oecologia 59, 40-48.

Blanke MM, Lovatt CJ. 1993. Anatomy and transpiration of the
avocado inflorescence. Annals of Botany 71, 543-547.

Bond WJ, Midgley J. 1988. Allometry and sexual differences in leaf
size. American Naturalist 131, 901-910.

Bowman JL. 1997. Evolutionary conservation of angiosperm
flower development at the molecular and genetic levels. Journal of
Biosciences 22, 515-527.

Boyce CK, Brodribb TJ, Feild TS, Zwieniecki MA. 2009.
Angiosperm leaf vein evolution was physiologically and
environmentally transformative. Proceedings of the Royal Society B:
Biological Sciences 276, 1771-1776.

Brodribb TJ, Feild TS, Jordan GJ. 2007. Leaf maximum
photosynthetic rate and venation are linked by hydraulics. Plant
Physiology 144, 1890-1898.

Brodribb TJ, Feild TS. 2010. Leaf hydraulic evolution led a surge in
leaf photosynthetic capacity during early angiosperm diversification.
Ecology Letters 13, 175-183.

Chapotin SM, Holbrook NM, Morse SR, Gutiérrez MV. 2003. Water
relations of tropical dry forest flowers: pathways for water entry and the role
of extracellular polysaccharides. Plant, Cell & Environment 26, 623-630.

Choat B, Gambetta GA, Shackel KA, Matthews MA. 2009.
Vascular function in grape berries across development and its relevance
to apparent hydraulic isolation. Plant Physiology 151, 1677-1687.

Dichio B, Remorini D, Lang S. 2002. Developmental changes
in xylem functionality in kiwifruit fruit: implications for fruit calcium
accumulation. Acta Horticulturae 610, 191-195.

Endress PK. 2011. Evolutionary diversification of the flowers in
angiosperms. American Journal of Botany 98, 370-396.

Feild TS, Arens NC. 2007. The ecophysiology of early angiosperms.
Plant, Cell & Environment 30, 291-309.

Feild TS, Brodribb TJ, Iglesias A, et al. 2011. Fossil evidence for
cretaceous escalation in angiosperm leaf vein evolution. Proceedings
of the National Academy of Sciences, USA 108, 8363-8366.

Feild TS, Brodribb TJ. 2013. Hydraulic tuning of vein cell
microstructure in the evolution of angiosperm venation networks. New
Phytologist doi: 10.1111/nph.12311 (in press).

Feild TS, Chatelet DS, Brodribb TJ. 2009a. Ancestral xerophobia:
a hypothesis on the whole plant ecophysiology of early angiosperms.
Geobiology 7, 237-264.

Independent evolution of flowers and leaves | 4087

Feild TS, Chatelet DS, Brodribb TJ. 2009b. Giant flowers of
southern Magnolia are hydrated by the xylem. Plant Physiology 150,
1587-1597.

Felsenstein J. 1985. Phylogenies and the comparative method.
American Naturalist 125, 1-15.

Galen C. 2000. High and dry: Drought stress, sex-allocation trade-
offs, and selection on flower size in the alpine wildflower Polemonium
viscosum (Polemoniaceage). American Naturalist 156, 72-83.

Galen C, Dawson TE, Stanton ML. 1993. Carpels as leaves:
meeting the carbon cost of reproduction in an alpine buttercup.
Oecologia 95, 187-193.

Galen C, Sherry RA, Carroll AB. 1999. Are flowers physiological
sinks or faucets? Costs and correlates of water use by flowers of
Polemonium viscosum. Oecologia 118, 461-470.

Greenspan MD, Shackel KA, Matthews MA. 1994. Developmental
changes in the diurnal water budget of the grape berry exposed to
water deficits. Plant, Cell & Environment 17, 811-820.

Hansen TF, Pélabon C, Armbruster WS. 2007. Comparing
variational properties of homologous floral and vegetative characters
in Dalechampia scandens: testing the Berg hypothesis. Evolutionary
Biology 34, 86-98.

Harris MS, Pannell JR. 2010. Canopy seed storage is associated
with sexual dimorphism in the woody dioecious genus Leucadendron.
Journal of Ecology 98, 509-515.

Higuchi H, Sakuratani T. 2005. The sap flow in the peduncle of the
mango (Mangifera indica L.) inflorescence as measured by the stem
heat balance method. Journal of the Japanese Society of Horticultural
Science 74, 109-114.

Higuchi H, Sakuratani T. 2006. Water dynamics in mango
(Mangifera indica L.) fruit during the young and mature fruit seasons as
measured by the stem heat balance method. Journal of the Japanese
Society for Horticultural Science 75, 11-19.

Ho LC, Grange RI, Picken AJ. 1987. An analysis of the
accumulation of water and dry matter in tomato fruit. Plant, Cell &
Environment 10, 157-162.

Hu S, Dilcher DL, Jarzen DM, Taylor DW. 2008. Early steps of
angiosperm-pollinator coevolution. Proceedings of the National
Academy of Sciences, USA 105, 240-245.

Irish VF. 2009. Evolution of petal identity. Journal of Experimental
Botany 60, 2517-2527.

Johnson RW, Dixon MA, Lee DR. 1992. Water relations of the
tomato during fruit growth. Plant, Cell & Environment 15, 947-953.

Juenger T, Pérez-Pérez JM, Bernal S, Micol JL. 2005.
Quantitative trait loci mapping of floral and leaf morphology traits
in Arabidopsis thaliana: evidence for modular genetic architecture.
Evolution & Development 7, 259-271.

Lambrecht SC, Dawson TE. 2007. Correlated variation of floral and
leaf traits along a moisture availability gradient. Oecologia 151, 574-583.

Lambrecht SC, Santiago LS, Devan CM, Cervera JC, Stripe
CM, Buckingham LA, Pasquini SC. 2011. Plant water status and
hydraulic conductance during flowering in the southern California
coastal sage shrub Salvia mellifera (Lamiaceae). American Journal of
Botany 98, 1286-1292.

¥T02Z ‘0S A2 uo Aapsieg eiulojie) Jo A1siealun e /Bioseuinolploixo-gx|y:dny woly pspeojumog


http://jxb.oxfordjournals.org/

4088 | Roddy et al.

Mathews S, Kramer EM. 2012. The evolution of reproductive
structures in seed plants: a re-examination based on insights from
developmental genetics. New Phytologist 194, 910-923.

Melville R. 1960. A new theory of the angiosperm flower. Nature 188,
14-18.

Melville R. 1969. Leaf venation patterns and the origin of the
angiosperms. Nature 224, 121-125.

Nobel PS. 1977. Water relations of flowering of Agave deserti.
Botanical Gazette 138, 1-6.

Patifo S, Grace J. 2002. The cooling of convolvulaceous flowers in a
tropical environment. Plant, Cell & Environment 25, 41-51.

Pélabon C, Armbruster WS, Hansen TF. 2011. Experimental
evidence for the Berg hypothesis: vegetative traits are more sensitive
than pollination traits to environmental variation. Functional Ecology
25, 247-257.

R Core Team. 2012. R Foundation for Statistical Computing. Vienna,
Austria. http://www.R-project.org/

Rasband WS. 2012. National Institutes of Health. Bethesda, MD,
USA. http://imagej.nih.gov/ij/

Reekie EG, Bazzaz FA. 1987a. Reproductive effort in plants.
1. Carbon allocation to reproduction. American Naturalist 129,
876-890.

Reekie EG, Bazzaz FA. 1987b. Reproductive effort in plants.
2. Does carbon reflect the allocation of other resources? American
Naturalist 129, 897-906.

Reekie EG, Bazzaz FA. 1987c. Reproductive effort in plants.

3. Effect of reproduction on vegetative activity. American Naturalist
129, 907-919.

Roddy AB, Dawson TE. 2012. Determining the water dynamics of
flowering using miniature sap flow sensors. Acta Horticulturae 951,
47-53.

Sack L, Frole K. 2006. Leaf structural diversity is related to hydraulic
capacity in tropical rain forest trees. Ecology 87, 483-491.

Sauret-Giieto KS, Schiessl K, Bangham A, Sablowski R, Coen
E. 2013. JAGGED controls Arabidopsis petal growth and shape

by interacting with a divergent polarity field. PLoS Biology 11,
e1001550.

Soltis DE, Chanderbali AS, Kim S, Buzgo M, Soltis PS. 2007.
The ABC model and its applicability to basal angiosperms. Annals of
Botany 100, 155-163.

Thien LB, Azuma H, Kawano S. 2000. New perspectives on the
pollination biology of basal angiosperms. International Journal of Plant
Sciences 161, S225-S235.

Thien LB, Bernhardt P, Devall MS, Chen ZD, Luo YB, Fan

JH, Yuan LC, Williams JH. 2009. Pollination biology of basal
angiosperms (ANITA grade). American Journal of Botany 96,
166-182.

Trolinder NL, McMichael BL, Upchurch DR. 1993. Water relations
of cotton flower petals and fruit. Plant, Cell & Environment 16, 755-760.
von Arx M, Goyret J, Davidowitz G, Raguso RA. 2012. Floral
humidity as a reliable sensory cue for profitability assessment by
nectar-foraging hawkmoths. Proceedings of the National Academy of
Sciences, USA 109, 9471-9476.

Webb CO, Ackerly DD, Kembel SW. 2008. Phylocom: software for
the analysis of phylogenetic community structure and trait evolution.
Bioinformatics 24, 2098-2100.

Webb CO, Donoghue MJ. 2005. Phylomatic: tree assembly for
applied phylogenetics. Molecular Ecology Notes 5, 181-183.

Windt CW, Gerkema E, Van As H. 2009. Most water in the tomato
truss is imported through the xylem, not the phloem: a nuclear magnetic
resonance flow imaging study. Plant Physiology 161, 830-842.

Zanis MJ, Soltis PS, Qiu YL, Zimmer E, Soltis DE. 2003.
Phylogenetic analyses and perianth evolution in basal angiosperms.
Annals of the Missouri Botanical Garden 90, 129-150.

Zhang W, Kramer EM, Davis CC. 2012. Similar genetic
mechanisms underlie the parallel evolution of floral phenotypes. PLoS
One 7, €36033.

¥T02Z ‘0S A2 uo Aapsieg eiulojie) Jo A1siealun e /Bioseuinolploixo-gx|y:dny woly pspeojumog


http://www.R-project.org/
http://imagej.nih.gov/ij/
http://jxb.oxfordjournals.org/

