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Summary

� Maintaining water balance has been a critical constraint shaping the evolution of leaf form

and function. However, flowers, which are heterotrophic and relatively short-lived, may not

be constrained by the same physiological and developmental factors.
� We measured physiological parameters derived from pressure–volume curves for leaves

and flowers of 22 species to characterize the diversity of hydraulic traits in flowers and to

determine whether flowers are governed by the same constraints as leaves.
� Compared with leaves, flowers had high saturated water content, which was a strong pre-

dictor of hydraulic capacitance in both leaves and flowers. Principal component analysis

revealed that flowers occupied a different region of multivariate trait space than leaves and

that hydraulic traits are more diverse in flowers than in leaves.
� Without needing to maintain high rates of transpiration, flowers rely on other hydraulic

traits, such as high hydraulic capacitance, to maintain turgor pressure. As a result, instead of

employing a metabolically expensive but durable carbon (C)-based skeleton, flowers may rely

predominantly on a metabolically cheaper, hydrostatic skeleton to keep their structures on

display for pollinators, which has important implications for both the costs of reproduction

and the biomechanical performance of flowers, particularly during drought.

Introduction

Reproduction is a critical phase in plant life history, in which a
strategy of survival and growth transitions to one of maximizing
fitness. For most angiosperms, producing flowers is critical to this
process because they promote outcrossing through the dispersal
and dissemination of pollen, commonly through intimate associ-
ations with animal pollinators (Sprengel, 1793, 1996; Crane
et al., 1995; Vogel, 1996; Fenster et al., 2004). In order to attract
pollinators, flowers are typically borne on aerial shoots at the top
of the plant canopy, where temperatures are highest and
humidity lowest. Despite their similar canopy placement to
leaves, flowers are more ephemeral – typically lasting for only a
few days – and predominantly heterotrophic. These two funda-
mental differences between leaves and flowers have shaped their
evolution and provide an excellent case study of how selection on
metabolism might influence anatomical and physiological traits.

Flowers are prone to selection by multiple agents, which
together have increased the diversity of floral form. Flowers are
under selection by their pollinators, and specialized pollination
syndromes have promoted diversification and increased morpho-
logical disparity (Stebbins, 1951; Fenster et al., 2004; Whittall &
Hodges, 2007; Crepet & Niklas, 2009; Chartier et al., 2014,
2017; O’Meara et al., 2016). Flowers also suffer antagonistic rela-
tionships with herbivores (Strauss, 1997). Although the incredi-
ble diversity of floral morphologies and the rapid rates of floral

trait evolution imply that any form is possible (Moyroud &
Glover, 2017), flowers are nonetheless constrained by their devel-
opmental programs, and pollinator-driven floral evolution is
resisted by the physiological costs of producing and maintaining
flowers (Berg, 1960; Strauss & Whittall, 2006; Roddy et al.,
2013). The existence of diverse, opposing agents of selection
could help to promote variation in floral traits within species
(Strauss & Whittall, 2006), as well as providing more numerous
axes along which species can differentiate, leading to more,
equally fit phenotypic solutions (Niklas, 1994).

One commonly acknowledged but rarely quantified agent of
selection includes the physiological costs of producing and main-
taining flowers. All flowers must supply resources during their
development in order to produce and maintain a structure on dis-
play for pollinators and that can protect developing embryos.
Furthermore, flowers are produced and function in the context of
the entire plant, and investment in flowers can often come at the
cost of the function of vegetative organs (Bazzaz et al., 1987;
Reekie & Bazzaz, 1987a,b,c; Galen, 1999; Galen et al., 1999;
Lambrecht & Dawson, 2007; Lambrecht, 2013). The allocation
of resources to vegetative growth or reproduction are critical
components of plant life-history strategy (Bazzaz et al., 1987).
Yet the costs of reproduction are typically quantified solely in
terms of biomass (Reekie & Bazzaz, 1987a,b), even though the
water costs of producing and maintaining flowers can be high
and can feed back to affect both short-term and long-term
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physiological functions of leaves (Galen, 1999; Galen et al.,
1999; Lambrecht & Dawson, 2007; Roddy & Dawson, 2012).
How these nonpollinator agents of selection, such as physiologi-
cal traits linked to water supply and turgor maintenance, vary
among species and might have contributed to floral evolution
and diversification has remained largely unstudied. Yet, recent
studies have shown strong phylogenetic signal in floral hydraulic
traits (Roddy et al., 2016), suggesting that floral diversification
may be linked to innovations in floral physiology, just as innova-
tions in leaf anatomy and physiology among the angiosperms are
associated with changes in lineage diversity and ecological domi-
nance (Brodribb & Feild, 2010; de Boer et al., 2012; Simonin &
Roddy, 2018).

Despite the importance of flowers to both angiosperm ecology
and evolution, even basic information about their physiological
function is lacking (Gleason, 2018). Because flowers are predom-
inantly heterotrophic and do not assimilate substantial amounts
of carbon (C) (but see Galen et al., 1993), it is thought that they
may not need to transpire large amounts of water (Blanke &
Lovatt, 1993; Liu et al., 2017; Roddy et al., 2018). Flowers tend
to have fewer veins and stomata than their conspecific leaves, as a
result of a decoupling of the developmental programs controlling
these hydraulic traits in leaves and flowers (Lipayeva, 1989;
Roddy et al., 2013, 2016; Zhang et al., 2018). However,
although flowers may not need high transpiration rates, water can
be used to build metabolically cheap, hydrostatic structures that
can remain upright when turgid, even if they fail when water is
limiting (Vogel, 2013). When resources are limiting, selection
would favor certain combinations of traits over others in order to
accommodate the multiple selective agents acting on flowers.
Because the exchange rate of water for C is high (c. 400 : 1;
Nobel, 2005), selection may favor flowers that require little C
and rely instead on a turgor-driven, hydrostatic skeleton. Thus,
the drought strategies of flowers may be directly linked to their
biomechanical properties.

The differences between leaves and flowers in metabolism and
longevity suggest that flowers may have been released from obey-
ing the same scaling relationships between hydraulic traits as
leaves. Whereas leaves must efficiently transport large fluxes of
water to maintain transpiration and photosynthesis, flowers,
which are heterotrophic, need not transport as much water, and
flowers typically have lower densities of veins and stomata
(Lipayeva, 1989; Roddy et al., 2013, 2016; Zhang et al., 2018).
As a result, flowers may rely on high hydraulic capacitance (i.e.
large change in water content per change in water potential) to
minimize water potential declines that could otherwise lead to
embolism formation and spread (Chapotin et al., 2003; Zhang &
Brodribb, 2017; Roddy et al., 2018), a strategy important to veg-
etative structures as well (Meinzer et al., 2003, 2009; McCulloh
et al., 2014). Furthermore, high hydraulic capacitance might
delay turgor loss and allow flowers to remain turgid and upright
even while water content declines. But the tradeoff to high
hydraulic capacitance is that it can delay physiological responses
to fluctuating environmental conditions (Nobel & Jordan,
1983). The morphological complexity of flowers and the fact that
they need not maintain high transpiration rates (Roddy &

Dawson, 2012; Roddy et al., 2016) suggest that flowers and
leaves may exhibit a greater diversity of hydraulic and drought
strategies than leaves.

One classic method for characterizing hydraulic strategies of
leaves has been measurement of the relationship between water
content and water potential as leaves slowly desiccate, with the
resultant relationship termed a ‘pressure–volume curve’ (Scholan-
der et al., 1965; Tyree & Hammel, 1972; Schulte & Hinckley,
1985). A variety of parameters related to cell and tissue water
relations can be derived from these curves (Table 1), and those
most commonly used include the water potential at turgor loss
(Ψtlp), hydraulic capacitance before turgor loss (C1,mass), and the
bulk modulus of cell wall elasticity (ebulk). Here we measured
pressure–volume relationships in leaves and flowers of 22 species,
including magnoliids, monocots, and eudicots, from temperate
and subtropical environments to quantify the variation in floral
drought responses (Table 2). Based on differences in life span
and function, we predicted that flowers would have higher (less
negative) turgor loss points (Ψtlp) and higher hydraulic capaci-
tance than leaves, reflecting a strategy of using hydraulic capaci-
tance to minimize declines in water potential (Chapotin et al.,
2003; Roddy et al., 2018). Second, we predicted that, despite dif-
ferences in longevity and metabolism, flowers would exhibit the
same scaling relationships as leaves because both leaves and flow-
ers are governed by the same basic principles of water movement
at the cellular level, even if the total fluxes of water being trans-
ported mighy differ. Third, we predicted that although traits
might exhibit similar scaling relationships in leaves and flowers,
because flowers are under different selective regimes they would
exhibit greater variation in traits than leaves.

Materials and Methods

Plant material

Species were chosen to include a broad phylogenetic sampling
and were selected based on the amenability of measuring water

Table 1 List of traits derived from pressure–volume curve analysis.

Trait Description Units

SWC Saturated water content g H2O g�1 dry mass
C1,mass Hydraulic capacitance before

turgor loss, per dry mass
mol H2O kg�1MPa�1

C2,mass Hydraulic capacitance after
turgor loss, per dry mass

mol H2O kg�1MPa�1

Ns,mass Moles of osmotically active
solutes, per dry mass

mol kg�1

ebulk Bulk modulus of elasticity MPa
RWCtlp Relative water content at

the turgor loss point
%

Ψtlp Water potential at the
turgor loss point

MPa

Ψsft Osmotic potential at full turgor MPa
WT,mass Moles of water extracted between

full turgor and turgor loss,
per dry mass

mol kg�1
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potentials on their flowers or inflorescences. Because the Scholan-
der-style pressure chamber requires that a minimum length of the
petiole or pedicel extend through the compression fitting, we
measured only species with pedicels that were at least c. 1 cm
long. Although we could have included short segments of sub-
tending stems, we avoided this inclusion of material other than
that associated developmentally with the flower. Plants were
grown outdoors, under well-watered conditions, in botanical gar-
dens and on university campuses (Table 1). These sites and
species included both temperate (Marsh Botanical Garden, New
Haven, CT, USA; Arnold Arboretum, Jamaica Plain, MA, USA;
University of California Botanic Garden, Berkeley, CA, USA)
and subtropical (campus of Guangxi University, Nanning,
China) sites. Flowering shoots were collected from at least three
individuals per species and immediately recut underwater in the
early morning and allowed to rehydrate for at least 30 min before
individual flowers or leaves were excised for measurement. Potted
plants of Rosa sp., Anthurium andraeanum, and Dendrobium sp.
were maintained in a well-watered condition before sampling. The
morphology of monocot leaves precluded measurements in the pres-
sure chamber, with the exception of A. andraeanum. For this species,
the entire inflorescence, including both the spathe and the spadix,
were measured.

Measurement of pressure–volume parameters

Shoots were allowed to rehydrate and water potentials to equili-
brate for at least 2 h before individual flowers or leaves were
excised and initial water potentials measured. Initial water
potentials were always higher than �0.15MPa. Following

standard methods, pressure–volume curves were constructed for
each sample by repeatedly measuring the bulk water potential
using a pressure chamber (0.01MPa resolution; PMS Instru-
ments, Albanay, OR, USA) and subsequently measuring the
mass to determine the relationship between water potential and
water content (Scholander et al., 1965; Tyree & Hammel,
1972; Schulte & Hinckley, 1985; Sack et al., 2010; Sack & Pas-
quet-Kok, 2011). Because samples were not fully hydrated
(0MPa) even at the initial measurements, the saturated water
content (SWC) was estimated by extrapolating the regression of
water mass vs water potential to estimate the water mass at
0MPa and subsequently dividing by the dry mass. Because rates
of water potential change are nonlinear and water potential ini-
tially declines rapidly, specimens were only briefly exposed to
ambient laboratory air and then enclosed in humidified plastic
bags for c. 20 min to allow equilibration of water potentials
among tissue types. After the specimens reached the point of
turgor loss, the duration of their exposure to a dry laboratory
atmosphere was lengthened to allow sufficient declines in water
potential. The pressure chamber was kept humidified with wet
paper towels to prevent evaporation during the water potential
measurement. The balancing pressure was determined by slowly
increasing the pressure inside the chamber until water was
expressed at the cut petiole or pedicel surface, at which time the
pressure inside the chamber was slowly decreased to ambient
pressure. Immediately afterwards, the specimen was weighed on
a balance with a resolution of 0.0001 g. After the conclusion of
the measurements, each specimen was oven-dried at 70°C for at
least 72 h before determining dry mass. In contrast to prior
measurements on leaves, we expressed pressure–volume

Table 2 List of species and their collection locations.

Species Family Habit Collection location

Magnoliids
Calycanthus occidentalis Hook. & Arn. Calycanthaceae Shrub UC Botanical Garden, Berkeley, CA, USA
Calycanthus floridus L. Calycanthaceae Shrub Marsh Botanical Garden, New Haven, CT, USA
Calycanthus chinensis (W.C. Cheng & S.Y. Chang) P.T. Li Calycanthaceae Shrub UC Botanical Garden, Berkeley CA, USA
Liriodendron tulipifera L. Magnoliaceae Tree Marsh Botanical Garden, New Haven, CT, USA
Magnolia sieboldii K. Koch Magnoliaceae Tree Arnold Arboretum, Boston, MA, USA
Magnolia stellata (Siebold & Zucc.) Maxim Magnoliaceae Tree Marsh Botanical Garden, New Haven, CT, USA
Magnolia x loebneri P. Kache Magnoliaceae Tree Marsh Botanical Garden, New Haven, CT, USA

Monocots
Anthurium andraeanum Linden ex Andr�e Araceae Shrub Guangxi University, Nanning, Guangxi, PRC
Lilium lancifolium Thunb. Liliaceae Arnold Arboretum, Boston, MA, USA
Dendrobium sp. Orchidaceae Guangxi University, Nanning, Guangxi, PRC
Hemerocallis lilioasphodelus L. Xanthorrhoeaceae Marsh Botanical Garden, New Haven, CT, USA

Eudicots
Clematis sp. Ranunculaceae Liana Marsh Botanical Garden, New Haven, CT, USA
Aquilegia sp. Ranunculaceae Shrub Marsh Botanical Garden, New Haven, CT, USA
Ceiba speciosa (A.St.-Hil.) Ravenna Malvaceae Tree Guangxi University, Nanning, Guangxi, PRC
Rosa sp. Rosaceae Shrub Guangxi University, Nanning, Guangxi, PRC
Bauhinia blakeana Dunn Fabacaeae Tree Guangxi University, Nanning, Guangxi, PRC
Calliandra haematocephala Hassk. Fabacaeae Shrub Guangxi University, Nanning, Guangxi, PRC
Bougainvillea glabra Choisy Nyctaginaceae Shrub Guangxi University, Nanning, Guangxi, PRC
Cornus florida L. Cornaceae Tree Marsh Botanical Garden, New Haven, CT, USA
Bidens pilosa var. radiata (Sch.Bip.) Sherff Asteraceae Herb Guangxi University, Nanning, Guangxi, PRC
Stewartia pseudocamelliaMaxim. Theaceae Tree Arnold Arboretum, Boston, MA, USA
Rhododendron sp. Ericaceae Shrub Marsh Botanical Garden, New Haven, CT, USA
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parameters on a dry mass basis, rather than on a surface area
basis, to facilitate comparisons between flowers and leaves,
because the complex morphologies of flowers and their high
degree of shrinkage during desiccation prevented accurate mea-
surements of surface area after pressure–volume measurements
were complete. Example curves for leaves and flowers are
reported in Supporting Information Fig. S1.

Phylogeny

We used PHYLOMATIC (v.3.0) to generate a family-level
supertree using the R package ‘BRRANCHING’. This supertree is
in good agreement with the most recent understanding of the
relationships between angiosperm families (Angiosperm Phy-
logeny Group, 2016). Nodes in the tree were dated using age
estimates from Magall�on et al. (2015), and all branch lengths
smoothed using the function ‘bladj’ in PHYLOCOM (Webb
et al., 2008). This dated phylogeny was used in all subsequent
phylogenetic analyses. For comparisons of trait values between
leaves and flowers (phylogenetic paired t-tests), data were not
available for monocot leaves, and so the phylogeny was
pruned of these species for these analyses.

Data analysis

All statistical analyses were performed in R (v.3.5.0; R Core
Team, 2018). Two metrics of phylogenetic signal were calculated
for each trait, Pagel’s k and Abouheif’s Cmean because of the
robustness of these two measures (M€unkem€uller et al., 2012),
using the package PHYLOSIGNAL (Keck et al., 2016). Phylogenetic
paired t-tests (Revell, 2012) were used to compare differences in
each trait between leaves and flowers, as well as paired t-tests that
did not account for shared evolutionary history. Because the
leaves of the three monocot species were not measured, these
species were entirely omitted from paired t-tests, although values
for their traits are reported in Fig. 1.

Standard major axis (SMA) regression was used to deter-
mine scaling relationships between traits (the function ‘sma’ in
the package SMATR; Warton et al., 2012) because we had no a
priori information about the direction of causation between
variables. To determine whether flowers and leaves exhibited
similar scaling relationships, we compared slopes and inter-
cepts between structures. It is possible that flowers and leaves
exhibit the same scaling relationships (i.e. equivalent slopes
and intercepts) but that, for example, flowers may have higher
values of both traits being analyzed. For comparisons of
slopes, the likelihood ratio test (LRT) statistic was reported,
and for comparisons of elevation and shifts along common
slopes, the Wald statistic was reported. For all comparisons
except for the relationship between the osmotic potential at
full turgor (Ψsft) and Ψtlp, data were log-transformed. How-
ever, for visualization purposes, data were plotted in arithmetic
space with regression lines appropriately transformed. In figure
insets, data were plotted in log space for comparison. Because
previous studies have pointed to a critical role of hydraulic
capacitance in flower water relations, we focused our analysis

on elucidating the drivers of this variation, which were
thought to include both SWC and ebulk. Furthermore, the
functioning of a hydrostatic skeleton depends on turgor pres-
sure, which is linked to Ψsft, Ψtlp and ebulk. ebulk is likely
influenced by cell wall thickening and, thus, the dry mass.
Therefore, SWC may be a critical and easily measurable trait
that links tradeoffs between hydraulic capacitance, ebulk and
Ψsft.

Principal component analysis was used to compare the distri-
butions and volume occupancy in multivariate space of leaves
and flowers. Principal components were calculated using the
function ‘prcomp’ on the data for each individual specimen mea-
sured to determine the loadings of traits. Means of the principal
component (PC) scores for each species and structure were calcu-
lated to compare the total multivariate space occupied by flowers
and leaves.

Results

Trait-wise differences between leaves and flowers

Although the range of each trait overlapped for flowers and
leaves, paired t-tests that did and did not correct for shared evolu-
tionary history revealed that flowers and leaves differed signifi-
cantly in almost every trait (Fig. 2; Table S1). Flowers had
significantly higher SWC (nonphylogenetic, t = 8.28, df = 25.63,
P < 0.0001; phylogenetic, t = 6.18, P < 0.0001), C1,mass (nonphy-
logenetic, t = 5.69, df = 22.85, P < 0.0001; phylogenetic, t =
3.96, P < 0.01), C2,mass (nonphylogenetic, t = 4.54, df = 20.99,
P < 0.001; phylogenetic, t = 2.86, P = 0.01), moles of osmotically
active solutes, per dry mass (Ns,mass; nonphylogenetic, t = 3.16,
df = 22.46, P < 0.01; phylogenetic, t = 3.46, P < 0.01), Ψtlp (non-
phylogenetic, t = 3.66, df = 34.00, P < 0.001; phylogenetic, t =
4.30, P < 0.001), and Ψsft (nonphylogenetic, t = 3.69, df = 33.71,
P < 0.001; phylogenetic, t = 4.76, P < 0.001), but lower ebulk
(nonphylogenetic, t = 2.01, df = 27.76, P = 0.05; phylogenetic,
t = 2.30, P = 0.04). There were no significant differences between
structures in relative water content at the turgor loss point
(RWCtlp; nonphylogenetic, t = 0.33, df = 33.63, P = 0.75; phylo-
genetic, t = 0.42, P = 0.68).

Coordination between traits

Capacitance both before (C1,mass) and after (C2,mass) turgor loss
was strongly predicted by SWC (Fig. 3a,b). The relationship
between SWC and C1,mass was described by a common slope and
intercept among leaves and flowers (log(C1,mass) = 1.62 log
(SWC) + 0.25; R2 = 0.81, P < 0.0001; slope, LRT = 0.16,
P = 0.69; intercept, Wald statistic = 3.46, P = 0.06), although
flowers were shifted along this common line (Wald statis-
tic = 66.46, P < 0.0001). Similarly, SWC predicted C2,mass across
species and structures with a single slope (log(C2,mass) = 1.70 log
(SWC) + 0.70; R2 = 0.76, P < 0.0001; slope, LRT = 0.03, P =
0.87; intercept, Wald statistic = 3.47, P = 0.06), although flowers
were shifted along this common axis (Wald statistic = 63.58,
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P < 0.0001). A single slope described the relationship between
C1,mass and C2,mass across species and structures (log
(C2,mass) = 1.05 log(C1,mass) + 0.44; R2 = 0.78, P < 0.0001;

Fig. 3c), and flowers were shifted along this common slope
towards higher capacitance values (Wald statistic = 53.84,
P < 0.0001).

Calycanthus 
floridus

Magnolia stellata

Lilium 
lancifolium

Dendrobium sp.

Aquilegia sp.

Bauhinia 
blakeana

Calliandra 
haematocephala

Bougainvillea 
glabra

Bidens pilosa 
var. radiata

Stewartia 
pseudocamellia

C1,mass

(mol kg–1 MPa–1)

tlp (MPa)
–1.5 –0.5

15 125

Time before present (Ma)

140 120 100 80 60 40 20 0

Fig. 1 Phylogenetic relationships of the species sampled with values of hydraulic capacitance before turgor loss (C1,mass) and the water potential at turgor
loss (Ψtlp) for flowers mapped on the tips. Photographs of species sampled highlight the morphological diversity. Branches are colored according to clade
(blue, magnoliids; orange, monocots; red, eudicots). All photos were taken by ABR.
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There was a highly significant, negative relationship between
C1,mass and ebulk (Fig. 4a), with slope and elevation tests revealing
that leaves and flowers have statistically indistinguishable
slopes (leaves, log(C1,mass) =�1.30 log(ebulk) + 2.45; R2 = 0.77,
P < 0.0001; flowers, log(C1,mass) =�1.10 log(ebulk) + 2.66;
R2 = 0.59, P < 0.001; slope test, LRT = 0.79, P = 0.37) but differ-
ent intercepts (Wald statistic = 69.63, P < 0.0001). Furthermore,

flowers are shifted along this common scaling axis (Wald statis-
tic = 26.83, P < 0.0001).

The relationship between ebulk and C2,mass showed a similar,
significant, negative relationship (Fig. 4b). However, there was
no significant difference in slope between leaves and flowers
(LRT = 0.009; P = 0.92), and a single slope existed among
both leaves and flowers (log(C1,mass) =�1.90 log(ebulk) + 3.78;
R2 = 0.26, P < 0.001).

There was no significant difference between leaves and flowers
in the relationship between Ψsft and Ψtlp (Ψsft = 0.84Ψtlp + 0.03;
R2 = 0.94, P < 0.0001; Fig. 5). Despite the fact that there was no
significant difference between leaves and flowers in intercepts
(Wald statistic = 0.08, P = 0.78), flowers were shifted towards
higher values in both traits (Wald statistic = 15.10, P < 0.001).

Multivariate analysis of traits

In multivariate space, the first two principal component axes
explained 51% and 27%, respectively, of the variation among
leaves and flowers of all species (Fig. 6a,b). Differences in the first
axis (PC1) were driven by a tradeoff between ebulk and traits
related to water content and discharge (SWC, C1,mass, C2,mass).
PC2 was driven primarily by a tradeoff between traits related to
osmotic concentrations and turgor loss (Ψtlp, Ψsft, RWCtlp,
Ns,mass). Flowers and leaves differed in the regions of trait space
they occupied, consistent with pairwise differences in most traits
(Fig. 2). The major differences between leaves and flowers were
driven by differences in PC1, with flowers occupying a larger vol-
ume of trait space than leaves (Fig. 6b).

Discussion

Here we show that, although similar scaling relationships govern
floral and foliar hydraulic traits, flowers encompass a wider diver-
sity of hydraulic trait values than leaves, owing, we hypothesize,
to the different selective pressures that have shaped their physio-
logical performance. Whereas selection favored smaller cells in
angiosperm leaves that allowed for higher densities of veins and
stomata to increase hydraulic conductance and gas exchange rates
(Boyce et al., 2009; Brodribb & Feild, 2010; Feild et al., 2011;
de Boer et al., 2012; Simonin & Roddy, 2018), flowers have
experienced no similar selection for smaller, more densely packed
cells capable of higher metabolic rates (Roddy et al., 2013, 2016;
Zhang et al., 2018). The relative developmental independence of
leaves and flowers, combined with selection for different tissue
organization, has enabled the independent evolution of these
complex structures (Table 3).

Similar scaling relationships govern leaf and flower
hydraulic architecture

Consistent with our first prediction, flowers had significantly
higher hydraulic capacitance both before and after turgor loss
and higher turgor loss points than leaves (Fig. 2). The relation-
ship between Ψtlp and Ψsft was the same for leaves and for flow-
ers, suggesting that methods for rapidly assessing turgor loss

−4 −2 0 2 4

●

−0.62−1.64

−0.37−1.23

ψsft
(MPa)

●

−0.76−1.88

−0.45−1.55

ψtlp

(MPa)

●

95.8778.83

97.4479.19

RWCtlp
(%)

●

43.86.18

25.934.73

ε bulk
(MPa)

●

1.460.27

3.50.23

Ns,mass
(osmol kg  )−1

●

1499.85

349.3240.49
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(mol kg−1 MPa  )−1

●

33.423.49

122.615.79
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(mol kg−1 MPa   )−1

●

5.831.84

13.244.93
SWC
(g g  )−1

Standardized trait value
Fig. 2 Standardized differences between leaves (triangles) and flowers
(circles) in hydraulic traits. Black points and lines indicate medians�
interquartile ranges for each structure. Colored points are mean values for
each species, colored by clade (blue, magnoliids; orange, monocots; red,
eudicots). Numbers indicate the maximum and minimum species means of
each trait for each structure. Asterisks indicate significant differences
between structures in phylogenetically controlled paired t-tests: *,
a = 0.05; **, a = 0.01. See the Results section for differences between
paired t-tests that did and did not correct for shared evolutionary history.
SWC, saturated water content; C1,mass, hydraulic capacitance before
turgor loss, per dry mass; C2,mass, hydraulic capacitance after turgor loss,
per dry mass; Ns,mass, moles of osmotically active solutes, per dry mass;
ebulk, bulk modulus of elasticity; RWCtlp, relative water content at the
turgor loss point; Ψtlp, water potential at the turgor loss point; Ψsft, osmotic
potential at full turgor.
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points in leaves (Bartlett et al., 2012) might be applicable to flow-
ers as well. In addition to hydraulic capacitance, the traits show-
ing the largest differences between flowers and leaves were SWC
and Ns,mass, with flowers having higher trait values for both traits.
Indeed, SWC was a strong predictor of hydraulic capacitance
before and after turgor loss (Fig. 3), which together with the ebulk
provided the major axis of differentiation between leaves and
flowers (Fig. 6). Thus, flowers tend to be composed of cells with
flexible cell walls that readily deform during desiccation, facilitat-
ing large changes in water content with minimal change in water
potential.

We predicted that the same scaling relationships would
explain covariation of traits for both leaves and flowers. Our
results overall supported this hypothesis, consistent with previ-
ous results for traits linked to floral water balance (Figs 3–5;
Roddy et al., 2016; Zhang et al., 2018). For example, differences
in hydraulic capacitance were driven by consistently higher
SWC in flowers compared with conspecific leaves (Fig. 3b,c
insets). However, in other cases, although scaling slopes were
equivalent for leaves and flowers, the intercepts differed; for a
given ebulk, flowers had higher C1,mass. This difference in inter-
cepts between leaves and flowers is a result of differences in
SWC (Fig. 3). But where is this extra water per unit dry mass
stored in flowers? First, cells in flowers could be larger such that
the ratio of vacuole volume to cell wall is higher, and some

evidence suggests that epidermal pavement cells and guard cells
might be larger in petals than in leaves (Zhang et al., 2018).
Additionally, the higher SWC of flowers could be a result of
extracellular water stored in the form of mucilage (Chapotin
et al., 2003), which we frequently observed in various floral
structures (e.g. petals, gynoecia) upon dissection. Furthermore,
the presence of extracellular mucilage has been linked to
increased hydraulic capacitance in both leaves (Morse, 1990)
and flowers (Chapotin et al., 2003), suggesting that storing
water as mucilage could be an effective way of avoiding declines
in water potential. These results provide strong support that
hydraulic structure–function relationships of flowers are the
same as or similar to those of leaves, even if leaves and flowers
are segregated at different ends of trait spectra.

Axes of floral physiological diversity

In contrast to previous results showing that there is strong phylo-
genetic signal in hydraulic traits of flowers (Roddy et al., 2016),
the traits presented here lack similar phylogenetic structure and
exemplify the diversity of extant flowers (Fig. 6; Table 2). In fact,
almost every trait was more variable among flowers than among
leaves (Fig. 2), which was reflected in the greater variation in
multivariate trait space among flowers (Fig. 6). Moreover, despite
this greater variation, flowers occupied a nearly distinct region of
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Fig. 3 Relationships between saturated water
content (SWC), hydraulic capacitance before
turgor loss (C1,mass), and hydraulic
capacitance after turgor loss (C2,mass). Insets
show log–log relationships and lines connect
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shown for flowers only, for visual clarity.
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multivariate trait space, compared with leaves. Among the 22
species studied, leaves of only three species and flowers of only
two species existed in the shared region of multivariate trait space.

Interestingly, the most similar conspecific structures were those
of A. andraeanum, the inflorescences of which included a large,
leaf-like spathe.

Although the relationships between traits were similar for flow-
ers and leaves, flowers nonetheless diverged in their positions
along these axes towards having higher water content and
hydraulic capacitance, which has important implications for how
flowers maintain water balance. The discharge of water from stor-
age components can decouple water uptake from water loss,
effectively preventing steady-state transpiration (Hunt & Nobel,
1987), which is especially important for the measurement of gas
exchange and isotope fluxes (Simonin et al., 2013). Buffering
declines in water content as a result of transpiration could be
important in flowers, which have low vein densities and hydraulic
conductance, and which may not be able continuously to supply
enough water for transpiration (Roddy et al., 2016, 2018). Fur-
thermore, the high hydraulic capacitance of reproductive organs
has the potential to buffer water potential variation in the stem
and leaves: diurnal declines in Ψstem can drive water flow from
fruits back into the stem and be replaced nocturnally (Higuchi &
Sakuratani, 2006). Hydraulic capacitance (C1,mass) can also com-
pensate for the high Ψtlp common among flowers. By allowing
water content to decline with minimal effect on water potential,
a high hydraulic capacitance can help to delay water potential
declines that lead to turgor loss (Morse, 1990; Meinzer et al.,
2009; Roddy et al., 2018). With few stomata and limited control
over them, flowers could rapidly lose turgor without the conduc-
tive capacity to match their hydraulic supply to their water loss.
Detailed studies of the water relations of Magnolia (Magnoli-
aceae) and Calycanthus (Calycanthaceae) flowers have shown that,
despite having both high hydraulic capacitance and hydraulic
conductance that can exceed that of their conspecific leaves, these
flowers are nonetheless prone to wilting (Feild et al., 2009a,b;
Roddy et al., 2018).

Implications for flower biomechanics

The variation in the hydraulic traits presented here have impor-
tant implications for the structure and biomechanical perfor-
mance of flowers. The low dry mass per area of flowers and their
high SWC (Fig. 2; Roddy et al., 2016) together suggest that flow-
ers might remain upright as a result of a hydrostatic skeleton
maintained by turgor pressure rather than a rigid, C-based skele-
ton. Structures with relatively high dry mass investment can
remain upright even in the absence of turgor pressure, but large,
showy flowers like Bauhinia blakeana and Lilium lancifolium,
which have low dry mass investment, must avoid turgor loss in
order to remain upright and on display for pollinators. Relying
on turgor pressure and a hydrostatic skeleton would increase the
susceptibility of floral attraction to water limitation, which could
be one explanation as to why intraspecific variation in flower size
is strongly influenced by water availability (Lambrecht & Daw-
son, 2007; Lambrecht, 2013). Although losing water is often
considered expensive, the poor conversion rate of water into
C (c. 400 : 1; Nobel, 2005) could overwhelm the benefit of
investing in long-lived C support structures, allowing flowers to
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be cheaper in terms of C but making them more vulnerable to
drought-induced failure. However, relying on turgor pressure to
keep corollas upright is not the only method flowers may use to
remain on display. Unlike leaves, floral corollas are often not pla-
nar, and many petals are curved or fused, which is a common
way of increasing flexural stiffness independently of the modulus
of elasticity (Vogel, 2013). Although the results presented here
are only suggestive of the possible biomechanical strategies and
tradeoffs flowers might use, linking the morphological,

physiological, and biomechanical aspects of variation in floral
form could yield novel insights into the multiple dimensions of
floral evolution.
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Table 3 Phylogenetic signal in each trait for leaves and flowers, and the
trait and phylogenetic independent contrast (PIC) correlations of each trait
between leaves and flowers.

Trait

Phylogenetic signal Correlations

Flower Cmean Leaf Cmean Flower k Leaf k Trait PIC

SWC 0.17 �0.24 0.63 0.00 �0.25 �0.28
C1,mass 0.11 �0.18 0.85 0.00 0.31 0.17
C2,mass 0.23* �0.1 1.12* 0.00 �0.29 �0.27
Ns,mass �0.13 �0.14 0.00 0.00 0.04 0.16
ebulk �0.10 0.09 0.00 1.34 0.10 0.07
RWCtlp 0.01 �0.08 1.34 0.00 0.28 0.43
Ψtlp 0.01 �0.16 0.63 0.00 0.22 0.44
Ψsft �0.05 �0.10 0.25 0.00 0.26 0.26

SWC, saturated water content; C1,mass, hydraulic capacitance before tur-
gor loss, per dry mass; C2,mass, hydraulic capacitance after turgor loss, per
dry mass; Ns,mass, moles of osmotically active solutes, per dry mass; ebulk,
bulk modulus of elasticity; RWCtlp, relative water content at the turgor loss
point; Ψtlp, water potential at the turgor loss point; Ψsft, osmotic potential
at full turgor. See Table 2 for the list of species compared. Species9 struc-
ture trait means and standard error are available in Supporting Information
Table S1.
*P < 0.05.
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