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ABSTRACT 
Polyploidy shapes plant physiology and anatomy, yet the extent to which different ploidy levels influence drought responses 
remains unclear. Here, we investigated how ploidy affects cell‐level coordination and functional traits associated with water 
transport and retention. We used glasshouse‐grown plants of the carnation Dianthus broteri, a species complex composed of 
naturally distinct populations differing in cytotype: diploid (2×), low‐polyploid (4×), and high‐polyploid (6× and 12×). Leaf 
anatomical traits scaled with ploidy: higher‐ploidy cytotypes exhibited larger stomata and pavement cells, with coordinated 
reductions in stomatal and vein densities. However, the 12× cytotype deviated from this trend and displayed higher gmin and 
thinner epicuticular wax. Stem xylem anatomical traits and hydraulic vulnerability were largely conserved, except for thicker 
intervessel pit membranes in 6× and 12× individuals, which correlated with delayed embolism spread (P25). Plant structure– 
function trait combinations indicate that cytotypes differ in water‐use syndromes rather than aligning along a single dimension 
of drought response. Under drought conditions, lower ploidies maintained functional canopies through reduced water loss, 
whereas 12× showed a less conservative water‐use strategy and seasonal canopy loss. Altogether, we provide new insights into 
how polyploidy can influence drought adaptation and survival strategies via anatomical and functional trait shifts.   

1 | Introduction 

Ploidy, referring to the number of full chromosome sets in an 
organism, is a key factor influencing phenotype. Across the tree 
of life, plants are particularly prone to whole‐genome duplica
tions (WGD; Otto and Whitton 2000; Zhang et al. 2020), which 
often give rise to polyploid lineages (i.e., organisms with more 
than two sets of chromosomes; Wood et al. 2009; Barker 
et al. 2016). The genomic, physiological, developmental, and 
reproductive changes associated with polyploidy are known to 

contribute to the evolutionary success of many plant lineages 
(Soltis and Soltis 2016; Van De Peer et al. 2017). However, 
evidence suggests that trait evolution following WGD is shaped 
by a complex interplay between short‐ and long‐term effects 
(Bomblies 2020), which complicates efforts to predict evolu
tionary outcomes. The direction and magnitude of polyploid 
divergence from diploids likely depend on complex regulatory 
networks (Ebadi et al. 2023) as well as contextual factors such as 
environmental conditions (i.e., differing selective pressures) and 
the timing of polyploid origins. 
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Among closely related taxa, ploidy often covaries with genome 
size, which in turn scales predictably with cell size (Šímová and 
Herben 2012; Roddy et al. 2020). The relatively consistent 
WGD‐driven gigas effect—where polyploids tend to exhibit 
larger cells than their diploid relatives (Stebbins 1971)—can, 
however, vary among cell types (Katagiri et al. 2016). This 
reflects the influence of polyploid regulatory complexity on 
developmental and anatomical coordination. Furthermore, 
empirical comparisons are often restricted to diploids and their 
immediate lower‐order polyploid descendants (e.g., 3× or 4×), 
neglecting higher‐order polyploids (> 4×). The latter polyploids, 
shaped by multiple rounds of genome duplication, may possess 
even greater potential for evolving complex phenotypic novel
ties. This opens an important research avenue into whether 
repeated genome duplication can generate extreme or previ
ously inaccessible phenotypes, as it may promote trait un
coupling (e.g., Balao et al. 2011; López‐Jurado et al. 2022) and 
expand the boundaries of trait space (Messier et al. 2017). In 
leaves, this degree of trait coordination is particularly important 
as it underpins whole‐plant water and carbon relations 
(Brodribb et al. 2013; Brodribb et al. 2017). Plants with higher 
gas exchange rates lose more water through transpiration and 
require a more efficient vascular system to sustain root‐to‐shoot 
water transport (Brodribb and Feild 2000; McKown et al. 2010; 
Manzoni et al. 2013), leading to critical functional covariation 
between stomata and veins (Brodribb et al. 2017). 

The capacity of polyploids to achieve novel trait values and 
combinations helps explain why they have been observed to 
exhibit both increased stress tolerance (Van De Peer et al. 2021; 
Tossi et al. 2022) and enhanced productivity (Greer et al. 2018; 
Trojak‐Goluch et al. 2021). In this context, the study of 
hydraulic traits is essential, as they govern both water transport 
and carbon assimilation. What is known is that polyploids often 
show wider xylem vessels than diploids—linked to the gigas 
effect (Barceló‐Anguiano et al. 2021; Losada et al. 2023)—which 
theoretically increases hydraulic conductance, according to the 
Hagen–Poiseuille equation (Zimmermann 1983). However, 
empirical findings are inconsistent. For instance, polyploids 
showed much higher hydraulic conductance than diploids in 
Chamerion angustifolium (Maherali et al. 2009), a herbaceous 
perennial from temperate environments, while the opposite 
pattern was reported in Atriplex canescens, an evergreen shrub 
from arid and semi‐arid regions (Hao et al. 2013). In turn, the 
lower conductance in A. canescens polyploids was accompanied 
by increased embolism resistance (Hao et al. 2013), whereas in 
C. angustifolium, greater conductance was observed alongside 
similar embolism vulnerability between ploidy levels (Maherali 
et al. 2009). These results across species with different growth 
forms and from contrasting environments indicate that the 
relationship between ploidy and hydraulic traits can vary, 
which may contribute to greater variability in the classic 
hydraulic efficiency–safety trade‐off (Gleason et al. 2016; 
Grossiord et al. 2020; Yan et al. 2020). This added complexity 
likely originates from unpredictable variation in certain com
monly measured xylem anatomical traits, such as vessel diam
eter, which has shown ambiguous associations with embolism 
resistance across different lineages (Lens et al. 2022, 2023). 

Under stress, particularly drought, acquiring sufficient embo
lism resistance is a key adaptation for plant survival (Blackman 

et al. 2010; Lens et al. 2013; Shao et al. 2023). This is especially 
relevant given the reported tendency of polyploids to colonise 
environmentally extreme habitats (Rice et al. 2019; Folk 
et al. 2020). Polyploids may also rely on other strategies to cope 
with stress, such as increasing tissue water storage (Preisler 
et al. 2022; Pacey et al. 2022), reducing water loss via finer 
stomatal control (Martin‐StPaul et al. 2017), or having less 
permeable cuticles under high evaporative demand (Duursma 
et al. 2019; Slot et al. 2021). However, the extent to which these 
responses are specifically associated with polyploidy remains 
uncertain. At a broader scale, polyploidy may even shift a 
species' ecological strategy (López‐Jurado et al. 2022)—for ex
ample, favouring drought survival over drought resistance, 
particularly in perennials (Volaire 2018). In addition, plant 
survival can be enhanced not only by maintaining function 
during drought, but also by strategic reductions in growth or 
photosynthesis to conserve carbon (McDowell et al. 2008; 
Bielenberg 2011), or even by early senescence to reduce leaf 
surface area and water loss (Schippers et al. 2015). In all cases, 
the context‐dependent nature of trait evolution in polyploids 
and the wide array of mechanisms underlying plants' drought 
tolerance explain the lack of consistent patterns in climatic 
niche differentiation between diploids and polyploids 
(Meirmans and Kolář 2025). 

In this study, we used Dianthus broteri (Caryophyllaceae) as a 
perennial model species to investigate how ploidy shapes leaf 
cell coordination and drought‐adaptive strategies. D. broteri is a 
subshrub autopolyploid species complex endemic to the Iberian 
Peninsula, comprising four ploidy levels (2×, 4×, 6×, and 12×; 
Balao et al. 2009). Available reproductive data indicate that 
D. broteri individuals are self‐compatible but predominantly 
outcrossing, with pollinator‐mediated reproduction docu
mented in detail for the 12× (Balao et al. 2024) and field 
observations for the remaining ploidy levels. No natural hy
bridisation has been observed among these cytotypes, and 
previous work supports their treatment as genetically and eco
logically differentiated evolutionary units (Balao et al. 2010). 
Genome size scales consistently with ploidy across cytotypes, 
with a roughly six‐fold increase in DNA content from 2× to 12× 
(Balao et al. 2009). Lower ploidies (2× and 4×) occur in areas 
with moderate annual rainfall and summer temperatures, 
whereas 6× and 12× are associated with lower water availability 
and warmer summers. Within this group, 6× populations are 
found in regions with the lowest annual precipitation, and 12× 
experience the highest atmospheric evaporative demand 
(López‐Jurado et al. 2019a; Table S1). These contrasting en
vironmental conditions suggest that cytotypes have been ex
posed to different selective pressures. In this context, the 
previously reported decoupling of morphological traits (floral 
and vegetative; Balao et al. 2011) and resource‐use traits (López‐ 
Jurado et al. 2022) in D. broteri raises the possibility that 
repeated genome duplication may facilitate the evolution of 
alternative functional trait combinations that are less con
strained by typical scaling relationships. More recently, higher‐ 
ploidy D. broteri individuals were found to exhibit increased 
stomatal conductance and hydraulic efficiency compared with 
lower ploidies (López‐Jurado et al. 2025b). However, the 
drought responses of these 2× to 12× cytotypes, particularly 
their hydraulic safety and water loss control, have not yet been 
explicitly tested. 
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In line with the rationale outlined above, we aimed to evaluate 
whether polyploidy facilitates greater gas exchange and water 
supply capacity while maintaining similar or even higher 
thresholds of embolism vulnerability. We hypothesised that this 
potential functional advantage in polyploids would be under
pinned by anatomical adjustments in both leaf and stem tissues 
that deviate from expected genome‐size scaling relationships. 
Overall, we predicted that different ploidy levels would display 
contrasting whole‐plant drought responses. In particular, we 
expected higher ploidy levels to be characterised by shifts in the 
coordination between traits related to water supply and water 
loss. These shifts may help explain their occurrence in more 
extreme environments as a result of both polyploidy and en
vironmental selection. 

2 | Materials and Methods 

2.1 | Plant Material and Sampling Design 

Plants from the four ploidy levels of Dianthus broteri were 
obtained from seeds collected from seven to ten individuals 
across three natural populations per cytotype (Table S1). Each 
cytotype was therefore represented by multiple independent 
open‐pollinated maternal lines spanning its geographic distri
bution, rather than by a single genotype or by progeny from a 
single mother plant. Hydraulic vulnerability and xylem anat
omy were measured on 6‐month‐old individuals derived from 
these maternal lines, ensuring a comparable developmental 
stage and a shared maternal genetic origin within each cyto
type. Leaf anatomical traits and the remaining physiological 
measurements were assessed on 1‐year‐old individuals repre
senting multiple maternal lines per cytotype. Within each ex
perimental set, sampled leaves were healthy, fully expanded, 
and mature, and were taken from comparable nodal positions 
within the canopy (mid‐canopy leaves). 

All plants were grown from germination under identical 
glasshouse conditions: day/night temperatures of 25/21°C, rel
ative humidity between 40% and 60% and unfiltered natural 
light (ranging from 200 µmol photons m−2 s−1 to 1200 μmol 

photons m−2 s−1 during the day). Plants were cultivated in 2.5‐L 
pots filled with a 3:1 mixture of potting substrate (composed of 
composted fine pine bark and coarse‐washed river sand) and 
perlite. Experiments were conducted at either the University of 
Tasmania (leaf epidermal anatomy, vein density, and drought 
experiments) or Naturalis Biodiversity Center (stem hydraulic 
vulnerability and xylem anatomy). Pots were watered daily to 
prevent premature xylem embolism formation before hydraulic 
vulnerability and drought experiments, as well as during the 
measurement of all anatomical traits (Table 1). 

2.2 | Leaf Epidermal Anatomy and Vein Density 

Fully mature leaves of D. broteri were detached from three 
1‐year‐old individuals per ploidy level, grown at the University 
of Tasmania. In the lab, they were cut into 1 cm2 squares under 
a stereomicroscope using a handheld razor blade and soaked in 
commercial household bleach (50 g L−1 sodium hypochlorite 
and 13 g L−1 sodium hydroxide) to clear the tissue. Bleach was 
removed by washing, and the inner leaf contents were brushed 
off, leaving epidermal peels with the cuticle attached. Epi
dermal preparations from the adaxial surface were then stained 
with dilute (< 0.1%) crystal violet to enhance contrast of cell 
outlines, rinsed, and mounted on microscope slides in phenol 
glycerine jelly. Digital photomicrographs of at least three 
fields of view per preparation were taken using an Eclipse 
50i microscope (Nikon, Tokyo, Japan) at ×100 magnification. 
The images were subsequently analysed using the 
EPIDERMALMORPH R package (Brown and Jordan 2023), 
which enabled the quantification of multiple informative leaf 
epidermal traits, including stomatal and pavement cell area and 
stomatal density (Table 1). 

For vein density measurements, a second set of mature leaves of 
comparable developmental stage was sampled from the same 
D. broteri individuals. Paradermal sections were obtained under 
a stereomicroscope by carefully removing the adaxial epidermis 
and palisade layer with a handheld razor blade. The sections 
were then cleared in commercial household bleach and stained 
with diluted (< 0.1%) toluidine blue to highlight lignin‐rich 

TABLE 1 | Leaf and Stem Anatomical Traits Included in This Study, With Their Acronyms, Definitions, and Calculation Methods.    

Acronym Definition Calculation  

— Stomatal area Surface area of an individual leaf stomata 
— Stomatal density Number of stomata per unit leaf area 
— Pavement cell area Surface area of an individual leaf epidermal pavement cell 
— Vein density Total length of veins per unit leaf area 
TEW Leaf epicuticular wax thickness Thickness of the epicuticular wax layer on the adaxial leaf surface 
AVL Vessel lumen area Area of an individual xylem vessel lumen in cross‐section, measured 

directly from thresholded images 
TV Vessel wall thickness Thickness of an individual vessel wall 
(TVW/DMAX)2 Theoretical vessel implosion 

resistance 
Square of double intervessel wall thickness divided by the maximum 
diameter of the largest vessel 

VG Vessel grouping index Ratio of the total number of vessels to the total number of vessel 
groupings (including solitary and grouped vessels) 

TPM Intervessel pit membrane 
thickness 

Thickness of the intervessel pit membrane measured at its thickest point 
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veins. After sufficient rinsing, the preparations were mounted 
in phenol glycerine jelly and photographed using the same 
Eclipse 50i microscope at ×100 magnification. Vein density was 
determined as the total length of leaf vascular tissue per unit 
leaf area using ImageJ (Schneider et al. 2012). 

The leaf epidermis was further characterised by measuring the 
thickness of the epicuticular wax layer on the adaxial surface 
(TEW; Table 1). Fully mature leaves were again sampled from 
three 1‐year‐old individuals per ploidy level. A mid‐leaf segment 
was embedded in corn syrup solution and oriented perpendicular 
to the cutting plane. Transverse sections (10–20 µm thick) were 
obtained using a freeze microtome, stained with a dilute solution 
(< 0.1%) of toluidine blue, rinsed in water, and mounted in 
glycerol jelly. Samples were then imaged at 40× magnification 
using a Zeiss Axio Imager.M2 compound microscope equipped 
with an AxioCam MRc5 digital camera (Carl Zeiss). Images were 
analysed using ImageJ (Schneider et al. 2012). 

2.3 | Minimum Leaf Conductance and Phase 
Transition Temperature 

Water conservation during drought is crucial to delaying 
dehydration injury and, therefore, defining drought adaptation 
strategies. We assessed this by quantifying residual water loss 
through the leaves following stomatal closure, expressed as 
minimum leaf conductance to water vapour (gmin). gmin was 
measured at six different temperatures, from 25°C to 45°C in 
4°C increments: 25, 29, 33, 37, 41, and 45°C. 

At each temperature point, seven leaves were sampled from 
seven 1‐year‐old individuals per ploidy level, all grown in the 
University of Tasmania glasshouse. Leaves were excised, placed 
in bags with a saturated atmosphere, and their cut bases sealed 
in the lab using paraffin wax. Before each dehydration experi
ment, leaves were scanned and their area measured using 
ImageJ (Schneider et al. 2012). 

Leaves were then gently hung using pegs from the trays of a 
temperature‐controlled dehydrating oven, equipped with a fan 
running to reduce boundary layer resistance. The oven was set 
to the target temperature for each measurement. Changes in 
leaf mass were recorded every 20–30 min using a precision 
balance (Mettler Toledo, resolution = 0.1 mg, Model MS204S, 
Port Melbourne, VIC, Australia). During weighing, samples 
were briefly removed from the oven. Measurements continued 
until the rate of water loss reached a steady state, indicating 
stomatal closure. Afterwards, leaves were dried at 60°C for 72 h 
to determine dry mass. 

Changes in leaf weight between timepoints were used to cal
culate water loss. The transpiration rate (R) was derived from 
changes in water mass in the leaf (w) over time (t), divided by 
the total leaf area (A): 

R w t A= /( × )

Here, A corresponds to the double‐sided area, as leaves of 
D. broteri are amphistomatic. This slope (R) was then used to 

calculate gmin based on the vapour pressure deficit (VPD). VPD 
was estimated using the Arden Buck equation (Buck 1981) from 
temperature and relative humidity measured by a data logger 
(HOBO model MX2302A; Onset Computer Corporation, 
Bourne, MA, USA) placed inside the oven. 

Values of gmin for each ploidy level and temperature were 
modelled using the segmented package in R (Muggeo 2008) to 
identify a single breakpoint in the gmin–temperature relation
ship. This was used to determine the phase transition temper
ature (Tp), the point at which gmin begins to increase rapidly. 

2.4 | Optical Vulnerability Technique 

2.4.1 | Image Capture 

Xylem vulnerability was quantified by visually recording em
bolism in mature basal stems, specifically in the portion just 
above the soil. Prior to vulnerability measurements, plants were 
transferred to a dark room for c. 1 h to allow for water potential 
equilibration. Plants were taken out of their pots, and roots 
were thoroughly washed to remove most of the soil before being 
covered with a wet paper towel. This was done to accelerate the 
dehydration process, so plants could progress from full hydra
tion to death within c. 5 d. The entire monitoring was con
ducted in darkness to avoid affecting the captured images, with 
only overhead illumination (using white light‐emitting diodes) 
directed at the monitored stems. 

Three 6‐month‐old plants per ploidy level of D. broteri were 
selected for optical visualisation of embolism in stems. These 
individuals, grown at Naturalis Biodiversity Center, had fully 
expanded, mature leaves at the time of measurement. First, a 
thin layer of peripheral tissues surrounding the xylem was cut 
longitudinally and removed under a stereomicroscope using a 
flexible razor blade, improving xylem exposure and providing a 
clearer view of the embolism events. Previously performed 
cross‐sections facilitated this process by ascertaining the opti
mal amount of tissue to remove without damaging xylem ves
sels in the wood cylinder. The exposed xylem was covered with 
hydrogel (Tensive Gel; Parker Laboratories Inc., Fairfield, NJ, 
USA) prior to measurements to slow down evaporative 
water loss. 

The monitored stem parts were fixed onto a rectangular piece of 
glass using black tape to prevent distortion during drying. 
Photographs were taken at ×5 magnification every 90 s using a 
Nikon D700 camera (Nikon Corporation, Tokyo, Japan) 
mounted on the ocular of a Wild M3 stereomicroscope (Leica 
Microsystems, Wetzlar, Germany). Image collection continued 
until no embolism events were detected for at least 12 h, at 
which point embolism was considered to have reached 100% of 
xylem conduits. 

2.4.2 | Plant Water Potential 

Plant water potential (Ψ) was measured using a Scholander‐ 
type pressure chamber (PMS Instruments, Albany, OR, USA) 
on non‐transpiring leaves adjacent to the monitored stem, fol
lowing the recommendations of Rodriguez‐Dominguez et al. 
(2022). Ψ measurements were taken every 8 h until all 
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monitored xylem conduits were fully embolized. Linear 
regressions of Ψ against time showed a strong fit (R2 > 0.92; 
p < 0.05) across all plants, regardless of ploidy level. This 
approach allowed for the generation of continuous Ψ data 
throughout the measurement period. Given the experimental 
conditions—plants disconnected from soil and closed stomata 
during dehydration—hydraulic disequilibrium between tissues 
was not expected, at least until significant embolism events 
could compartmentalise plant organs. For this reason, stems 
were occasionally used to measure Ψ when leaves could not be 
properly sealed in the compression gland gaskets, causing gas 
leaks. 

2.4.3 | Image Analysis 

Xylem embolism was detected by tracking changes in light 
transmission through the stem, which reflect the transition of 
water‐filled conduits into air‐filled (embolized) vessels. These 
transitions appear in the images as localised changes in pixel 
intensity and were used to quantify the progression of embolism 
over time (Brodribb et al. 2016). Embolism events were identi
fied by frame‐to‐frame pixel differencing, and the cumulative 
affected xylem area was expressed as a proportion of the ex
posed xylem area. Image stacks for each monitored plant were 
analysed in ImageJ (Schneider et al. 2012) following the 
instructions from http://www.opensourceov.org/. The resulting 
percentage embolism was plotted against predicted Ψ to con
struct vulnerability curves. The water potentials at 25% and 50% 
cavitated xylem (P25 and P50, respectively) were extracted for 
each monitored individual. A unique stem vulnerability curve 
was produced for each D. broteri ploidy by pooling the data from 
the three individuals and fitting a ‘Weibull’ model using the 
fitplc package in R (Duursma and Choat 2017). 

2.5 | Xylem Anatomy 

2.5.1 | Light Microscopy (LM) 

Stems were collected from three 6‐month‐old, well‐watered 
D. broteri individuals per ploidy, grown from seeds of the same 
mother plants used in the optical vulnerability technique, to 
match anatomical traits with hydraulic vulnerability. Basal 
stem segments, sampled just above the soil surface and 
approximately 8 mm in length, were sectioned without em
bedding using a Reichert sliding microtome (Reichert, Vienna, 
Austria). Sections were then bleached with sodium hypochlorite 
and stained with a safranin–alcian blue mixture (35:65). Safra
nin was prepared as a 1% solution in 50% ethanol, and alcian 
blue as a 1% solution in pure water. Afterwards, the sections 
were dehydrated through a series of increasing ethanol con
centrations (50%, 75%, 96%) and mounted in Euparal. The slides 
were observed using a Zeiss Axio Imager.M2 compound 
microscope with an attached AxioCam MRc5 digital camera 
(Carl Zeiss). Images were analysed using ImageJ (Schneider 
et al. 2012), and anatomical traits (Table 1) were measured 
according to the recommendations of Scholz et al. (2013). 

2.5.2 | Transmission Electron Microscopy (TEM) 

Intervessel pit membrane thickness (TPM; Table 1) was quan
tified on the same stem samples used for LM. Match‐sized wood 

samples were kept as small as possible to ensure better fixation 
with glutaraldehyde 2.5% and formaldehyde 2% in a 0.1 M 
sodium cacodylate buffer (pH 7.2). They were rinsed three times 
in 0.1 M sodium cacodylate buffer, post‐fixed with 1% buffered 
osmium tetroxide and cleaned again with buffer solution. Next, 
samples were stained with 1% uranyl acetate, dehydrated 
through increasing concentrations of ethanol (30%, 50%, 70%, 
96% and twice in ≥ 99%) and embedded in Epon 812n (Electron 
Microscopy Sciences, Hatfield, England) for 48 h at 60°C in the 
oven. Trimming of Epon blocks into 2‐μm‐thick cross‐sections 
was subsequently done using a rotary microtome with a glass 
knife to shape transverse surfaces with vessel‐vessel contact 
areas. Subsequently, ultrathin (90–95 nm) sections were made 
using a Leica EM UC7 ultramicrotome with a diamond knife. 
Finally, these ultrathin sections were dried on film‐coated 
copper slot grids with Formvar coating (Agar Scientific, Stans
ted, UK) and post‐stained using uranyl acetate and lead citrate. 
Ultrastructural observations of intervessel pits were conducted 
using a transmission electron microscope JEM‐1400 Plus 
(JEOL, Tokyo, Japan) equipped with an 11‐megapixel camera 
(Quemesa, Olympus). TPM was quantified by taking measure
ments at two different spots on each pit membrane using Im
ageJ (Schneider et al. 2012). 

2.6 | Shared‐Pot Drought Experiment 

To assess how anatomical and functional traits in leaves and 
stems influence drought responses among D. broteri ploidies, 
we used a mixed‐planting approach as described by Blackman 
et al. (2025). Twelve 1‐year‐old D. broteri individuals (three per 
ploidy level), previously grown in separate pots in the Univer
sity of Tasmania glasshouse, were transplanted into three 10‐L 
pots. Each pot contained one individual of each of the four 
ploidies. The pots were filled with a fine‐textured 3:1 mixture of 
loam soil and potting mix, with added slow‐release fertiliser. 
This soil type promotes strong root–soil contact and reduces 
hydraulic isolation during drought, helping to maintain similar 
soil water availability among neighbouring plants despite dif
ferences in individual size (Sperry et al. 1998; Hultine 
et al. 2006). Plants were watered daily for 1 month prior to the 
onset of the dry‐down to allow substantial root overlap to 
develop within the shared soil, a condition shown to homo
genise plant water status among individuals in mixed‐planting 
experiments (Blackman et al. 2025). During this period, all in
dividuals exhibited fully green canopies. The dry‐down was 
initiated by withholding water, allowing soil moisture to grad
ually decline until individuals reached critical drought stress— 
defined as the point at which the first plant in each pot showed 
complete leaf senescence, which occurred after 20 days. At this 
point, the percentage of green canopy retention was visually 
estimated for each plant using close‐range photographs, cap
turing differences among individuals in the extent of drought‐ 
induced leaf senescence. 

2.7 | Statistical Analysis 

Generalised linear models (GLMs) were used to assess the effect 
of ploidy (fixed factor: 2×, 4×, 6×, and 12×) on all measured 
anatomical and physiological variables. No random effects were 
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included in the models. The level of statistical significance was 
evaluated on a case‐by‐case basis, following the thresholds 
specified for each test in the text and figures where relevant. 
When a significant effect of ploidy was detected, Tukey's post 
hoc HSD tests were used to perform all pairwise comparisons 
among ploidy levels. Model residuals were assessed for nor
mality using the Shapiro–Wilk test for each fitted model. Linear 
regressions were employed to examine correlations between 
leaf anatomical traits and TPM‐P25, allowing analysis of stem 
structure–function relationships. All analyses and figures were 
produced using R v.4.4.1 (R Core Team 2024). 

3 | Results 

We detected highly coordinated changes in key functional leaf 
traits—cell size (area) and density of epidermal and vascular 
tissues—among cytotypes of Dianthus broteri (Figure 1). 
Stomatal size ranged from 555 to 1125 µm2 and pavement cell 
size from 2275 to 5385 µm2; these two traits were positively 
correlated (R2 = 0.48, p < 0.05; Figure 1A). Although the den
sities of stomata and leaf veins varied to different extents (a 
fivefold change in stomatal density and a 1.4‐fold change in vein 
density), they were strongly positively correlated as well 
(R2 = 0.59, p < 0.01; Figure 1B). The well‐established inverse 
relationship between stomatal size and density—driven by 
spatial constraints—was also observed, with smaller stomata 
occurring in leaves with higher stomatal densities (R2 = 0.41, 
p < 0.05; Figure 1C). 

Notably, the observed variation in leaf anatomical traits was 
significantly linked to ploidy level (Figures 2, S1). Higher‐ploidy 
cytotypes tended to exhibit larger stomata and pavement cells 
(Figure 2A,B), coupled with reduced stomatal and vein densi
ties (Figure 2C,D). While the second‐highest ploidy level (6×) 
consistently differed from the 2× and 4×, the highest level (12×) 
slightly deviated from this trend. The 12× cytotype had signif
icantly larger stomata than the 2× and 4× (p < 0.05; Figure 2A), 
but this was not accompanied by a consistent increase in 
pavement cell size (p > 0.05; Figure 2B) or by decreases in 
stomatal and vein densities (p > 0.05; Figure 2C,D). 

Despite similar stomatal traits between higher‐ploidy D. broteri 
6× and 12× (Figures 2, S1), cuticular characteristics and gmin 

differed significantly, with the lower ploidy levels (2× and 4×) 
showing intermediate values. The 12× cytotype exhibited the 
thinnest epicuticular wax (lower TEW; p < 0.05) and lowest Tp 

(Figures 3, S2), while 6× had both the highest TEW and Tp 

(Figure 3). Regarding gmin, 12× showed consistently higher 
values within the pre–phase‐transition range (25°C–33°C; 
4.9 ± 0.2 mmol m−2 s−1) compared with 2×, 4×, and 6× 
(2.4 ± 0.1, 1.8 ± 0.2, and 2.6 ± 0.2 mmol m−2 s−1, respectively; 
p < 0.05; Figure 3). 

Unlike leaf epidermal anatomy, the stem vasculature of D. 
broteri was not significantly affected by ploidy. Xylem tissue and 
cellular‐level traits related to hydraulic safety remained stable 
across ploidy levels, with no changes in vessel lumen area 
(AVL), wall thickness (TV), theoretical implosion resistance 
((TVW/DMAX)2), or grouping index (VG; p > 0.05; Figures 4, S3). 

This stem anatomical uniformity translated into similar stem 
hydraulic vulnerability across ploidies. Ploidy explained only 
42% of the variation in stem P50, which ranged from −1.83 to 
−3.79 MPa among the 12 individuals assessed (Figure 5A). 
Nevertheless, vulnerability curves revealed differences in em
bolism progression between cytotypes (Figure S4). This was 
reflected in P25, which tended to occur at more negative water 
potentials in higher‐ploidy individuals, indicating greater 
resistance to early embolism (Figure 5B). These plants, partic
ularly 6× and 12×, were also characterised by greater intervessel 
pit membrane thickness (TPM). TPM was the only xylem ana
tomical trait that varied significantly with ploidy: on average, 
6× and 12× exhibited TPM values 66% higher than those of 2× 
and 4× (p < 0.05; Figures 5C, S5). These patterns converged in a 
significant negative TPM‐P25 relationship, with 6× and 12× cy
totypes combining thicker intervessel pit membranes with more 
negative P25 (Figure 5D). 

Despite similar P50 in stems—and even slightly more negative 
P25 values with increasing ploidy—the shared‐pot experiment 
yielded one clear conclusion: D. broteri 12× was consistently the 
most affected cytotype in terms of canopy retention. All three 
12× individuals completely lost their green, photosynthetic 
leaves by the end of the dry‐down (Figure 6). In contrast, 2× 
and 6× individuals were significantly less affected by the 
imposed drought (p < 0.05; Figure 6), retaining on average 
65.0 ± 10.9% and 82.8 ± 11.3% of their canopy, respectively. 

FIGURE 1 | Coordinated changes in leaf anatomical traits across the four ploidy levels (2×, 4×, 6×, and 12×) of D. broteri, shown in different 
colours. (A) Relationship between stomatal and pavement cell size. (B) Relationship between vein density and stomatal density. (C) Relationship 
between stomatal size and stomatal density. Linear regressions were all significant. [Color figure can be viewed at wileyonlinelibrary.com]  
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The 4× cytotype maintained 31.1 ± 41.6% green foliage, with 
two out of three individuals preserving functional leaf patches, 
and was not statistically different from any of the other cyto
types (p > 0.05; Figure 6). 

4 | Discussion 

4.1 | Leaf Anatomical Traits Scale With Ploidy 
and Are Coordinated to Support Leaf Function 

As expected, in a within‐species series spanning a sixfold 
genome multiplication from 2× to 12×, epidermal cells enlarged 
with increasing ploidy (Doyle and Coate 2019; Pacey 
et al. 2022). This correlation between ploidy and cell size is not 
necessarily driven by a direct biophysical mechanism, as a given 
genome size allows a wide range of mature cell volumes (Roddy 
et al. 2020). Stomatal spacing is not governed by geometry 
alone: cell types within the leaf epidermis compete for limited 
surface area, and stomatal density patterns may reflect devel
opmental priorities rather than a hard packing limit (Baresch 
et al. 2019; Vieira‐Goncalves and Roddy 2025). Nevertheless, 

our findings are broadly consistent with the ‘passive dilution’ 
mechanism, whereby increases in epidermal (pavement) cell 
size are accompanied by lower densities of veins and stomata 
due to spatial optimisation (Carins Murphy et al. 2016; Brodribb 
et al. 2017). This relationship, predicted by mathematical 
models linking epidermal cell area, stomatal dimensions and 
density, and maximum stomatal conductance (Sack and 
Buckley 2016), was retained in D. broteri up to the 6× cytotype 
(Figure 2). Such coordinated shifts in cell size across tissues 
may help preserve functional relationships regulating water 
delivery and loss (Brodribb et al. 2013), even in the presence of 
developmental challenges associated with polyploidy (Katagiri 
et al. 2016; Robinson et al. 2018). Supporting this interpretation, 
canopy and hydraulic conductance were recently found to 
covary tightly across ploidy levels in D. broteri (López‐Jurado 
et al. 2025b). 

Interestingly, with the additional duplication to 12×, large sto
mata co‐occurred without a proportional decrease in stomatal 
or vein density, indicating that stomatal spacing is not strictly 
dictated by geometric limitations (Zhang et al. 2021). This 
pattern is consistent with observations that stomatal packing is 

FIGURE 2 | Boxplots of leaf cell size and density across the four ploidy levels (2×, 4×, 6×, and 12×) of D. broteri. Shown are stomatal size (A), 
pavement cell size (B), stomatal density (C), and vein density (D). Horizontal lines indicate medians, boxes the interquartile range, and whiskers the 
non‐outlier range. Different letters denote significant differences (GLM with Tukey's HSD, p values shown). [Color figure can be viewed at 
wileyonlinelibrary.com]  
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more flexible in angiosperms than in pteridophytes or gym
nosperms, and may be further relaxed in polyploids, which 
often exhibit altered gene expression (Spoelhof et al. 2017). In 
line with these traits, 12× D. broteri individuals have shown 
higher maximum stomatal conductance (López‐Jurado 
et al. 2025b). The observed deviations from the expected 
ratios between leaf anatomical traits that regulate water supply 
and demand provide a mechanistic basis for a shift toward a 
productivity‐maximising strategy in this ploidy. 

4.2 | Stem Xylem Anatomy Is Conserved Across 
Ploidy, With Intervessel Pit Membrane Thickness 
Emerging as a Key Functional Trait 

Despite the coordinated changes in leaf epidermal traits 
observed across ploidy levels, stem anatomy remained uniform. 
Ploidy had no detectable impact on vessel size (AVL) or wall 
thickness (TV and (TVW/DMAX)2), indicating that these traits 
linked to embolism resistance (Thonglim et al. 2021) are largely 
conserved as long as their key functional relationships with gas 
exchange are maintained. Although a handful of studies have 
examined stem xylem anatomy in relation to ploidy (Hao 
et al. 2013; Zhang et al. 2017; De Baerdemaeker et al. 2018; 

Barceló‐Anguiano et al. 2021; Losada et al. 2023), this is still an 
open area of research as most ploidy‐driven anatomical shifts 
documented in plants have focused on leaves (e.g., Van Laere 
et al. 2011; Baker et al. 2017; Tossi et al. 2022; Šmarda 
et al. 2023; Zhang et al. 2024a). The limited changes in vessel 
wall thickness across D. broteri cytotypes (Figure S3B, C) may 
be explained by the reduced deposition of lignin and cellulose in 
the secondary cell walls of polyploids relative to diploids 
(Corneillie et al. 2019), as observed in substantial parts of the 
wood cylinder in 6× and 12× (Figure 4). These two higher‐level 
cytotypes also show stems with more pronounced secondary 
growth compared to 2× and 4× (Figure 4), which has been 
associated with increased embolism resistance in predomi
nantly herbaceous angiosperm lineages (Dória et al. 
2018, 2019). Likewise, porous intervessel pit membranes— 
primarily composed of layers of cellulose microfibrils (Kaack 
et al. 2019)—became markedly thicker with increasing ploidy 
(Figures 5C, S5). In fact, intervessel pit membrane thickness 
(TPM) in 6× and 12× ploidies reached values above 1000 nm, 
exceeding the typical range reported for angiosperms (Jansen 
et al. 2009). Together, these patterns point to a resource‐ 
allocation trade‐off in which cellulose investment may be re
directed from secondary cell walls toward pit membranes in 
higher ploidies. This shift may also explain why TV and TPM in 

FIGURE 3 | Minimum leaf conductance to water vapour (gmin) across a temperature range in the four ploidy levels (2×, 4×, 6×, and 12×) of D. 
broteri. Values are means ± SE. Vertical dashed lines indicate the phase transition temperature (Tp), marking the breakpoint in the gmin–temperature 
relationship. The thickness of the leaf epicuticular wax layer (TEW) is also shown for each ploidy. [Color figure can be viewed at 
wileyonlinelibrary.com]  
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D. broteri did not retain their previously described covariation 
(Jansen et al. 2009; Thonglim et al. 2021). To our knowledge, 
this is the first report of a ploidy‐associated increase in TPM, 
which is one of the main anatomical traits that show a con
sistent correlation with embolism resistance across a wide tax
onomic range of angiosperms (Li et al. 2016; Lens et al. 2022). 
Such an important finding has significant implications for un
derstanding stress resistance in plant polyploids and may 
inform future breeding and agronomic strategies. 

However, in Dianthus broteri, the increase in TPM did not 
translate into a safer overall hydraulic system (lower P50) in 
higher ploidies. This suggests partial decoupling between 
conduit‐level anatomy and whole‐plant hydraulic safety, 
potentially reflecting altered trait coordination under poly
ploidy. Embolism resistance emerges from multiple anatomical 
and physicochemical drivers (Lens et al. 2022), and our P50 

results are therefore likely explained by a combination of fac
tors, including the distribution of conduit failure thresholds and 
the largest pore constrictions within interconduit pit mem
branes, rather than scaling proportionally with mean TPM (Li 
et al. 2016; Kaack et al. 2021). Thick intervessel pit 
membranes—even in the lower ploidies of D. broteri—may 
nevertheless partially offset the potential hydraulic risks asso
ciated with high vessel connectivity (Johnson et al. 2020). All 
ploidies showed relatively elevated vessel grouping (VG; 
Figure S3D) values, indicating a highly interconnected xylem 

network with multiple potential pathways for embolism spread. 
Such connectivity is generally linked to faster embolism pro
gression leading to earlier hydraulic failure (Mrad et al. 2018; 
Wason et al. 2021). However, intervessel pit membranes act as 
safety barriers at each interconduit connection, regulating the 
movement of gas bubbles between adjacent vessels (Kaack 
et al. 2021; Zhang et al. 2024b). This function may be especially 
important during the early stages of drought, when most of the 
network remains functional, and embolism containment is 
more effective. As more vessels become embolized—each with 
numerous connections—the likelihood of embolism spread 
increases sharply (Wason et al. 2021; Roth‐Nebelsick and 
Konrad 2024). This interpretation aligns with the delayed em
bolism spread observed in higher ploidies with thicker pit 
membranes, as indicated by their slightly lower P25 values 
(Figure 5B,C). 

4.3 | Ploidy Levels Exhibit Contrasting Water‐ 
Use Syndromes Under Drought 

The general trend in D. broteri across ploidy levels is that stem 
hydraulic safety is largely maintained (Figure 5A,B), while plant 
water status becomes more buffered with increasing ploidy 
during drought (López‐Jurado et al. 2025b). However, this does 
not imply that higher‐ploidy plants consistently outperform 
their lower‐ploidy counterparts under all conditions. Instead, 

FIGURE 4 | Light microscopy images of cross‐sections at the basal part of the main stem from representative samples of the four ploidy levels 
(2×, 4×, 6×, and 12×) of six‐month‐old D. broteri individuals. A scale bar is included in each panel and is identical across all images. Black arrows 
indicate individual xylem vessels. [Color figure can be viewed at wileyonlinelibrary.com]  
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contrasting structure‐function trait combinations among cyto
types reflect integrated water‐use syndromes rather than a 
single unified drought response axis. The 2×, 4×, and 6× cy
totypes exhibit traits associated with more conservative water 
use and reduced sensitivity to soil drying at both physiological 
and structural levels. Supporting this interpretation, the three 
lower ploidies showed a greater capacity to limit leaf water loss. 
They exhibited higher epicuticular wax deposition than the 12× 
cytotype (TEW; Figure 3), which may contribute to their lower 
minimum leaf conductance (gmin; McAdam et al. 2025). In 
contrast, our data do not indicate a simple relationship between 
gmin and stomatal size or density across ploidies, differing from 
results reported in a multispecies study (Machado et al. 2021). 
For example, the 6× cytotype, despite having lower stomatal 
density and larger stomata than 2×, did not show lower gmin. As 
both ploidies fall within the lower range of stomatal trait values 
(Machado et al. 2021), this pattern may instead indicate dif
ferences in cuticle composition or structure that were not 
measured here (Bueno et al. 2019; Heredia et al. 2024). Inter
estingly, several drought tolerance traits become increasingly 
pronounced from 2× to 6×, arguably reflecting phenotypic 

innovations associated with polyploidy. In particular, 6× leaves 
exhibited the thickest and potentially most structurally stable 
wax layer, which reinforces cuticle impermeability and may 
contribute to their higher phase transition temperature (Tp; 
Burghardt and Riederer 2006; Bueno et al. 2019). This, in turn, 
promotes heat‐drought resistance in this cytotype (Schuster 
et al. 2016), alongside its functionally tolerant photosynthetic 
system (López‐Jurado et al. 2020). All these physiological and 
anatomical traits could help explain why 2×, 4×, and 6× plants 
showed significantly greater canopy retention following 
drought compared with 12× (Figure 6). 

In contrast, the 12× cytotype showed large stomata and a thin 
epicuticular wax layer, coinciding with elevated gmin (Figure 3). 
Coupled with a lower Tp, 12× plants would be prone to greater 
water loss under high evaporative demand, increasing their 
vulnerability to rapid tissue dehydration (Cochard 2021). Dis
ruption of water transport to the leaves can then trigger run
away cavitation, ultimately increasing the risk of irreversible 
tissue damage (Tonet et al. 2023). An apparent mitigation of this 
sensitivity to dehydration in the 12× cytotype is its ability to 

FIGURE 5 | Hydraulic vulnerability measurements and their relationship with intervessel pit membrane thickness (TPM) in the four ploidy levels 
(2×, 4×, 6×, and 12×) of D. broteri. (A–C) Boxplots showing (A) xylem pressure inducing 50% loss of water transport (P50), (B) water potential at P25, 
and (C) TPM. Different letters denote significant differences (GLM with Tukey's HSD, p values shown). (D) Scatterplot showing individual data points 
for the relationship between P25 and TPM, with the linear regression indicated. Colours represent the four ploidy levels. [Color figure can be viewed at 
wileyonlinelibrary.com]  
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buffer declines in stem water potential due to enhanced water 
storage (López‐Jurado et al. 2025b) and to delay the spread of 
xylem embolism, as reflected by its marginally lower P25 values 
than 2×. These trait combinations point to a high water‐use 
behaviour in 12×, contrasting with the more conservative water 
use of lower‐ploidy cytotypes. 

Although stem xylem anatomical traits and P50 did not vary 
among ploidies, the lower leaf‐to‐root ratio and the maximum 
Huber value observed in 12× (López‐Jurado et al. 2025b) indicate 
greater investment in stems and roots relative to leaves. This 
enhances essential plant structural support and a reliable water 
supply to the canopy, which in turn may underpin the persist
ence of this ploidy across seasonal climatic variations. Greater 
allocation to roots would also promote the exploration of larger 
soil volumes (Poorter et al. 2012) and enhance water storage, 
potentially serving as a major source for meeting the transpira
tional demands via hydraulic capacitance (McCarthy et al. 2025). 
Notably, the root‐to‐shoot ratio of 12× individuals has been re
ported to increase under elevated temperatures (López‐Jurado 
et al. 2025a), suggesting plastic adjustment toward below‐ground 
investment. In this regard, recent evidence has shown that the 
12× cytotype outcompetes lower‐ploidy cytotypes (2× and 4×) 
under low water availability (Rodríguez‐Parra et al. 2025), indi
cating strong performance under soil moisture limitation despite 
contrasting aboveground responses. Consistent with this, 12× 
individuals showed widespread leaf senescence in the shared‐pot 
experimental dry‐down (Figure 6), although this response alone 
does not allow mechanistic distinction between active canopy 
reduction and hydraulically driven tissue loss. Field observations 
also report canopy loss during extreme hot‐drought summers in 
this cytotype, followed by rapid post‐drought canopy recovery 
(López‐Jurado et al. 2019b). Taken together, trait‐based, experi
mental, and field evidence suggest a seasonal drought response 
characterised by canopy turnover coupled with strong below‐ 
ground investment, rather than sustained leaf retention. This 
interpretation is further supported by reduced intrinsic growth 

rates in the 12× cytotype compared with lower ploidies 
(Rodríguez‐Parra et al. 2025) and by its rapid, acquisitive beha
viour inferred from leaf economic spectrum traits (López‐Jurado 
et al. 2022). 

5 | Conclusion 

Here, we investigate how ploidy shapes plant–environment in
teractions, focusing on plant water relations, hydraulic vulnera
bility, and functional leaf and stem anatomy in the carnation 
Dianthus broteri, a species complex comprising diploid (2×), low‐ 
polyploid (4×), and high‐polyploid (6× and 12×) cytotypes native 
to Spain and Portugal. Our study adds a new layer to the complex 
understanding of the biological consequences of polyploidy in 
plants. Vascular function was largely conserved among cytotypes, 
as xylem anatomical traits did not change with ploidy. However, 
we provide compelling empirical evidence that ploidy influenced 
cell size in the leaf epidermis, resulting in anatomical trait trade‐ 
offs in leaves that diverge from expected ratios between water 
supply and demand. These patterns highlight how a sixfold 
genome multiplication, together with distinct selective pressures 
acting on different organs depending on their role in water‐use 
behaviour, shapes overall plant function. Integrating these find
ings with previous work on this species suggests that D. broteri 
cytotypes exhibit contrasting drought response strategies, rather 
than following a simple directional shift with increasing ploidy. 
Lower ploidies (2×, 4×, and particularly 6×) exhibit traits asso
ciated with more drought‐tolerant behaviour, minimising water 
loss and maintaining an almost intact functional canopy after a 
period of water withholding. In contrast, the highest ploidy level 
(12×) experiences significant leaf loss under the same controlled 
drought conditions. However, greater investment in roots and 
stems may support seasonal leaf dieback and subsequent 
regrowth, potentially contributing to the protection of long‐lived 
hydraulic tissues in its stressful native habitats. Reliance on this 
acquisitive water‐use and canopy turnover strategy, however, 
could increase vulnerability under climate change. Taken 
together, these contrasting strategies suggest that shifts towards 
longer drought periods and higher atmospheric evaporative 
demand are likely to differentially filter cytotypes, favouring 
those with tighter control of water loss and sustained canopy 
function (2×−6×), while potentially limiting the persistence of 
highly acquisitive, high‐ploidy forms (12×). Altogether, our 
findings support the view that these extreme ploidies are rare in 
nature not only due to genetic and reproductive constraints (e.g., 
meiotic irregularities, epigenetic instability; Comai 2005), but 
also because deviations from fundamental functional trade‐offs 
can limit their establishment and survival in natural habitats.  
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Figure S1: Light microscopy images of the leaf cuticle in D. broteri 
ploidies.  
Figure S2: Light microscopy images of leaf epicuticular wax in 
D. broteri ploidies.  
Figure S3: Stem xylem anatomical traits from light microscopy cross‐ 
sections in D. broteri ploidies.  
Figure S4: Stem vulnerability curves in D. broteri ploidies.  
Figure S5: Transmission electron microscopy images of intervessel pit 
membranes in D. broteri ploidies.  
Table S1: Climatic characteristics of the sampled D. broteri populations.  
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