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Summary 

 Drought-induced xylem embolism is a primary cause of plant mortality. Although 
~70% of cycads are threatened by extinction and extant cycads diversified during a 
period of increasing aridification, the vulnerability of cycads to embolism spread has 
been overlooked.

 We quantified the vulnerability to drought-induced embolism, pressure-volume 
curves, in situ water potentials, and a suite of xylem anatomical traits of leaf pinnae 
and rachises for 20 cycad species. We tested whether anatomical traits were linked to 
hydraulic safety in cycads.

 Compared to other major vascular plant clades, cycads exhibited similar embolism 
resistance to angiosperms and pteridophytes but were more vulnerable to embolism 
than non-cycad gymnosperms. All 20 cycads had both tracheids and vessels, the 
proportions of which were unrelated to embolism resistance. Only vessel pit 
membrane fraction was positively correlated to embolism resistance, contrary to 
angiosperms. Water potential at turgor loss was significantly correlated to embolism 
resistance among cycads. 

 Our results show that cycads exhibit low resistance to xylem embolism and that 
xylem anatomical traits–particularly vessels–may influence embolism resistance 
together with tracheids. This study highlights the importance of understanding the 
mechanisms of drought resistance in evolutionarily unique and threatened lineages 
like the cycads.

Keywords: Xylem cavitation, hydraulics, drought induced embolism resistance, tracheid 

bordered pits, PV curve, cycads, xylem anatomy, water stress

Introduction 

Cycads have long been considered a relict of a once more diverse and globally distributed 

group (Mamay, 1969; Brenner et al., 2003). Cycads likely originated on the Laurasian 

landmass during the Carboniferous and expanded on Gondwana during the Jurassic (Coiro et 

al., 2023). Despite exhibiting little gross morphological change over the last 330 million 

years, molecular evidence suggests that modern cycads recently and rapidly diversified 

during the Neogene, a period marked by increasing aridity (Nagalingum et al., 2011; 

Condamine et al., 2015; Coiro et al., 2023). Current cycad diversity encompasses 367 extant 

species in ten genera belonging to two families (Cycadaceae and Zamiaceae) (Calonje et al., 

2022), of which 68% are threatened with extinction (IUCN, 2022). Extant cycads occur 

across a wide range of habitats, including both mesic and xeric habitats, forest understories, 

and open habitats (Norstog & Nicholls, 1997; Hill et al., 2004; Zhang et al., 2015). This 
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diversity in habitat and their diversification during a period of global aridification suggests 

that hydraulic physiology and drought tolerance may have been important in shaping cycad 

ecological niches. Given the current threats of climate change and human disturbance, there 

exists increasing urgency to understand and conserve cycads.

Globally, forests are threatened by rising temperatures and droughts, which push plants past 

their physiological thresholds, leading to hydraulic failure (Choat et al., 2012; Adams et al., 

2017; Brodribb et al., 2020; Tavares et al., 2023). As water availability declines, leaves lose 

turgor pressure and air embolisms can spread through the xylem (Tyree & Sperry, 1989; 

Brodersen et al., 2019). Resistance to embolism formation and spread, therefore, has been an 

important component of xylem evolution and diversification into ever-drier habitats 

(Pittermann et al., 2010; Pittermann et al., 2012; Larter et al., 2017; Skelton et al., 2021; 

Bouda et al., 2022). Embolism resistance is typically quantified from vulnerability curves 

(VCs) that depict the relationship between water potential and the percent decline in 

hydraulic capacity, with critical thresholds considered to be key indicators of drought 

tolerance (e.g. P12, P50, P88 that represent water potentials at 12%, 50%, 88% declines in 

hydraulic capacity or the percentage of air discharged from the xylem). In addition to 

exhibiting differences in the vulnerability to embolism spread, plants can also exhibit 

differences in how closely they operate to these critical embolism thresholds, termed 

hydraulic safety margins (HSMs) (Choat et al., 2018; Brodribb et al., 2020; Tavares et al., 

2023). HSMs are calculated as the difference between critical water potentials, such as 

between the dry season water potential (Pmin) and P50  (HSM50) or P88 (HSM88. Thus, HSMs can 

contextualize plant water potentials relative to a species’ vulnerability to embolism (Powers 

et al., 2020; Skelton et al., 2021; Tavares et al., 2023).

Embolism resistance and hydraulic efficiency are thought to be linked to xylem anatomy. 

Wider, longer conduits that conduct water more efficiently than narrower, shorter ones are 

thought to have fewer conduit end walls where hydraulic resistance can increase tension and 

drive embolism spread, suggesting a mechanistic tradeoff between safety and efficiency  

(Hacke et al., 2006; Christman et al., 2012; Tyree & Zimmermann, 2013; Guet et al., 2015; 

Gleason et al., 2016; Levionnois et al., 2021). However, embolism resistance may not be 

directly related to conduit diameter  (Volaire et al., 2018; Trueba et al., 2019; Avila et al., 

2022; Jiang et al., 2022; Lens et al., 2022). As a result, the safety-efficiency tradeoff may be 
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weak (Gleason et al., 2016) or depend on the range of trait values covered and the level of 

data aggregation (Isasa et al., 2023). However, the relationship between conduit diameter and 

vulnerability is complex and may depend on the 3D topology of the conduit network, the 

proportions of vessels and tracheids, and nano-scale xylem traits (Lens et al., 2023; Olson et 

al., 2023; Pratt et al., 2023). 

Interconduit pits, which connect adjacent conduits, have also been thought to influence 

embolism spread through the xylem network. Interconduit pits may function either as safety 

valves that close under tension and prevent embolism spread or as pores that optimize 

hydraulic conductance of the xylem network by reducing hydraulic resistance between 

adjacent conduits (Kaack et al., 2021). Pits may represent ~50% of the total plant hydraulic 

resistance (Sperry et al., 2005; Hacke et al., 2006; Choat et al., 2008; Jacobsen & Pratt, 2018; 

Kaack et al., 2019). Thus, pit ultrastructure may influence both safety and efficiency by 

limiting embolism spread during drought while also allowing for water flow between 

adjacent conduits (Pittermann et al., 2005; Choat et al., 2008; Tyree & Zimmermann, 2013). 

Functionally important pit traits include the thickness of the interconduit pit membranes 

leading to narrower pit membrane pores in flowering plants (Lens et al., 2011), and the 

frequency of inter-conduit pits (Hargrave et al., 1994). Thicker pit membranes reduce the 

likelihood of an air bubble traversing the pit membrane to spread into adjacent conduits. Pit 

frequency may influence embolism vulnerability, and there may be a tradeoff between having 

numerous pits in order to promote hydraulic integration and having few pits to prevent 

embolism spread (Hargrave et al., 1994; Choat et al., 2004; Wheeler et al., 2005; Hacke et 

al., 2006). Thicker pit membranes in flowering plants (and gymnosperm species without a 

torus-margo pit membrane) are often associated with greater embolism resistance (Lens et al., 

2011; Li et al., 2016; Doria et al., 2019; Trueba et al., 2019; Kaack et al., 2021; Levionnois 

et al., 2021), and embolism-resistant species may sometimes exhibit narrower and more 

elliptically shaped pits and pit apertures and shallower pit chambers (Hacke & Jansen, 2009; 

Lens et al., 2011; Scholz et al., 2013). Taken together, these relationships between pit traits 

and embolism vulnerability suggest that plants with lower pit density, larger pit membrane 

area, larger pit aperture area, and less elliptical pits may be associated with higher hydraulic 

conductivity and lower embolism resistance (Pittermann et al., 2010; Lens et al., 2011; 

Brodersen et al., 2014; Jacobsen et al., 2016). Yet, the mechanistic link among anatomical 
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traits, hydraulic efficiency, and embolism vulnerability is complex, with no data for cycads 

(Gleason et al., 2016; Lens et al., 2022).

Interestingly, although axial water transport occurs predominantly via tracheids in cycads, 

some cycad species also have vessels, which are thought to have been one of the key 

innovations allowing angiosperms to transport higher fluxes of water (Jacobsen, 2021). In 

theory, species with a higher proportion of tracheids would be more resistant to embolism 

spread than species with a higher percentage of vessels (Pratt et al., 2023), though data for 

cycads is lacking. Moreover, cycad species tend to have homogenous pit membranes similar 

to those of angiosperms (Schneider et al., 2007; Jacobsen, 2021; Pang et al., 2023) and ferns 

(Carlquist & Schneider, 2007), but different from the torus-margo pits of most non-cycad 

gymnosperms (Pittermann et al., 2005; Carlquist & Schneider, 2007; Choat et al., 2008). 

While increasing torus is associated with higher embolism resistance among conifers 

(Bouche et al., 2014), pit size and tracheid size also influence embolism resistance (Song et 

al., 2022). Yet, some pit traits of cycads differ from those of other vascular plant lineages and 

are linked to native climate (Pang et al., 2023). For example, cycads have interconduit pit 

membranes larger than those of ferns and angiosperms but smaller than those of non-cycad 

gymnosperms, and cycads native to mesic habitats have larger pit membranes and lower pit 

density (Dp) than xeric species (Pang et al., 2023). These patterns suggest that pit traits may 

influence embolism vulnerability, which may, in turn, influence drought tolerance and habitat 

affinities. 

Cycads are an excellent system in which to test xylem structure-function relationships 

because congeneric species are closely related, recently diverged, and exhibit high diversity 

in overall morphology (Stevenson et al., 1996; Zhang et al., 2015), habitat affinities 

(Whitelock, 2003), and leaf structure (Zhang et al., 2015; Zhang et al., 2017; Coiro et al., 

2020; Glos et al., 2022; Coiro et al., 2023). The unique morphology and smaller, less 

permeable pit membranes among cycads (Zhang et al., 2015; Tomlinson et al., 2018; 

Jacobsen, 2021; Pang et al., 2023) suggest cycads may exhibit unique relationships among 

anatomical traits and embolism vulnerability. Additionally, the two cycad families differ 

ecologically in ways that may reflect differences in embolism vulnerability: Cycadaceae 

diversified earlier and occur in wetter habitats than Zamiaceae (Jiang et al., 2016; Meng et 

al., 2021; Coiro et al., 2023). However, embolism vulnerability has not before been 
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quantified for cycads. Therefore, we asked: (1) How do embolism resistance and HSMs vary 

among cycad clades compared to other plant lineages (angiosperms, pteridophytes, and non-

cycad gymnosperms)? (2) Are tracheid and vessel traits correlated with embolism 

vulnerability and HSMs in cycad leaves? (3) Do pit traits of tracheids or vessels correlate 

with hydraulic safety? To address these questions, we measured embolism vulnerability and 

used light microscopy (LM), scanning electron microscopy (SEM), and transmission electron 

microscopy (TEM) to quantify pit and tracheid traits among 20 cycad species (Fig. 1, Table 

1). We also measured dry season midday water potentials to estimate the minimum seasonal 

water potential (Pmin) and pressure-volume (PV) curves to calculate hydraulic safety margins 

(HSMs). We predicted that the long-lived, durable leaves of cycads would be highly resistant 

to drought-induced embolism and that their variation in their vulnerability to embolism would 

be linked to anatomical traits, such as interconduit pit frequency and thickness, which have 

been shown to influence vulnerability to embolism spread in other plant groups.

Materials and Methods

Plant material

Three to five healthy individuals from each of ten Cycadaceae species and ten Zamiaceae 

species, representing five of the ten cycad genera (Table 1), were sampled from the Nanning 

Botanical Garden, Nanning, Guanxi Province, China (22°47′12.93′′, 108°23′3.30′′). Plants 

were watered approximately weekly depending on precipitation. On each plant, one sun-

exposed rachis with intact pinnae was cut in the evening or early morning, sealed in a black 

plastic bag with wet tissues, then transported to the laboratory within an hour. Rachises were 

recut under water and allowed to rehydrate while covered with a black plastic bag for ~8 

hours.

Measurement of vulnerability curves

The pneumatic method was used to estimate embolism vulnerability on rachises with intact 

pinnae for all 20 species (Pereira et al., 2016), based on our previous validation of the 

pneumatic VCs with the bench-drying method for three cycad species (Qin et al., 2022). We 

used the Pneumatron device for automated measurements of air discharge (AD) using a 

reservoir volume of 3.5 ml (Pereira et al., 2020). The reservoir pressure was monitored by the 

Pneumatron every 0.5 sec for one minute per measurement, with ten-minute intervals 

between measurements.
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The basipetal end of each fully hydrated rachis was cut in air with a sharp razor blade to clear 

obstructions for air flow and then connected to the Pneumatron (Pereira et al., 2016; Pereira 

et al., 2020). Because most species exude mucilage that clogs tubing, we recut the rachis to 

remove accumulated mucilage periodically until no more mucilage was seen at the cut end. 

During VC measurements, rachises with leaves were slowly dehydrated in a dark, 

temperature-controlled room, allowing water potentials to remain equilibrated throughout the 

measurements (Sperry et al., 1988). The duration of the drydown for each sample varied from 

8 to 30 days depending on the species. Periodically during this period, xylem water potentials 

of pinnae were measured using a Scholander pressure chamber (0.01MPa resolution; PMS 

Instrument Company, Albany, OR, USA). Prior to excising pinnae for water potential 

measurement, pinnae were covered with aluminum foil and sealed in a plastic bag for at least 

1 hour, so that they could equilibrate with the rachis water potential. Immediately after 

excising the pinna, the cut surface on the rachis was sealed with a quick-drying adhesive to 

prevent leakage during subsequent AD measurements (Pereira et al., 2016). For each sample, 

we made 9-10 water potential measurements throughout the duration of the AD 

measurements. AD measurements were stopped when the rachises and pinnae had dehydrated 

and no more air was discharged in at least 60 consecutive measurements. To match water 

potential to AD, we assumed water potential declined linearly between consecutive water 

potential measurements, allowing interpolation of water potential at every time point. 

Most of the vulnerability curves exhibited two plateaus, with the first plateau representing 

empty mucilage canals and the second plateau representing fully embolised conduits. The 

percent of AD at each measurement (PADi) into the reservoir was calculated as (Pereira et 

al., 2016):

𝑃AD𝑖 = 100 ∗ (AD𝑖 − ADmin) / (ADmax − ADmin)

where AD𝑖 is the amount of air discharged for measurement i, ADmin is the minimum amount

of air discharged from the fully hydrated branch, and ADmax is the maximum amount of air 

discharged from the branch when completely desiccated. PAD was plotted against water 

potential and a logistic function used to estimate critical water potentials (Pammenter & 

Vander Willigen, 1998):
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PAD =100 / (1+ exp ((Sp / 25)(Px – P50))) 

where Sp (%PAD MPa-1) is the slope of the curve. From this equation, the P12, P50, P88 were 

calculated for PAD of 12%, 50%, 88%, respectively. Because measurement of gas discharge 

before Ψtlp is affected by open conduits, we followed recent protocols to exclude water 

potentials above Ψtlp (Miranda et al., 2023).  

Light microscopy

All measurements were made on one fully expanded, sun-exposed rachis with pinnae 

sampled from each individual. Cross-sections of the rachis were made ~30 cm from the 

rachis tip using a sliding microtome (RM225, Leica Inc.) at a thickness of 30-60 μm. Sections 

were bleached for 10 min, rinsed in water, stained with Safranin O (0.5% w/v in water) for 5 

min and Alcian Blue (1% w/v in 3% acetic acid) for 20 secs - 1 min, then mounted on glass 

slides. Images of rachis cross-sections were taken at 5x and 10x, with fields of view of 

approximately 3.99 mm2 and 0.89 mm2, respectively, using a compound microscope outfitted 

with a digital camera (DM3000, Leica Inc.). About 50 - 80 images were taken for each rachis 

and stitched together using Leica Application Suite (v.4.11; Switzerland). We measured 

number of conduits (N), conduits density (Td), long/short diameter of conduits, and double 

conduit wall thickness (Tw) using ImageJ (Rueden et al., 2017).

To determine tracheid length (Lt), we cut longitudinal rachis segments (~5 cm in length) 

from the same rachis sampled for cross-sections into ~5-mm thick blocks and incubated them 

at 70°C in a 1:1 solution of H2O2 (30%) and acetic acid (100%) until all pigments had been 

removed. Blocks were removed from this solution, placed in a petri dish with water for 3-5 

minutes,  and  flattened  with  forceps,  allowing  tracheids  to  be  stained.  All  samples  were 

stained with Alcian Blue (1 % w/v in 3 % acetic acid) for 10 min, washed in water, mounted 

on slides, and imaged at  5x.  About 10-25 images were taken  for each rachis sample and 

stitched together.  Lt of  ~50 tracheids  per species was measured from the stitched images 

using ImageJ (Fig. 1).

Pit characteristics from scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM)

Freshly collected rachises were cut into 1-3 cm long pieces and placed in 100 ml 5% FAA 

(90:5:5  ratio  of  70% ethanol, acetic  acid,  formaldehyde) at  room temperature  (25°C)  to 

prevent expansion or shrinkage. Longitudinal sections ~1-cm long were made with a sliding 

microtome at a thickness of 2-3 mm, fixed to aluminum sample holders with carbon double-
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sided tape (Nisshin EM Co., Ltd.), air-dried for 12 h at room temperature, and coated with 

gold using a sputter coater (Cressington 108Auto) for 40 secs  at  0.08 mA under an argon 

atmosphere  to  produce  a  20-nm-thick  gold  layer.  A  scanning  electron  microscope  (FEI 

Quattro  S)  with a  voltage of 2 kV was used to  visualize  inter-tracheid  pits  according to 

standard protocols (Jansen et al., 2009; Lens et al., 2011). Mean values for all pit traits (Table 

2) were based on at least 50 measurements from SEM images of various inter-tracheid walls 

per plant. 

Because vessels have been found in cycads  (Huang & Zhang, 1999;  Huang et  al.,  2017; 

Jacobsen, 2021), we examined maceration slides of all 20 species to identify vessel elements. 

Because it is difficult to distinguish between tracheids and vessels in cross-section in cycads, 

we estimated the proportions of tracheids and vessels from longitudinal sections of vascular 

bundles imaged with SEM (Fig. 1). For a given area of interest (AOI), all vessel elements and 

tracheids were measured for area, diameter and length. The percentage per image area of 

vessels or tracheids was calculated as vessels (or tracheids) % = vessel areas (or tracheid 

areas) / area of AOI x 100%.

For TEM measurements, ~1-cm long segments from the freshly collected rachis were cut into 

1x2-mm blocks. These blocks were fixed within 10 min after sampling in 500 μl of buffered 

glutaraldehyde (25% glutaraldehyde 3 ml, 0.2 mol sodium phosphate buffer 15 ml, ddH2O 12 

ml) for one night under a vacuum (~50 kPa). Samples were cleaned for 15 min under vacuum 

with 0.1 mol NaH2PO4 buffer three times, transferred to a 1% KMnO  ₄ solution for 1-h under 

vacuum, then cleaned again under vacuum for 15-min in 0.1 mol NaH2PO4 buffer three times. 

Samples were then moved through an ethanol dehydration series with ~10 min per step (30%, 

50%,  70%,  90%,  and 100%),  followed  by another  20-min  dehydration  in  100% acetone 

100%. Samples were then moved through an acetone (100%): Epon resin (Pelco; Epon resin: 

Dodecenyl succinic anhydride: Methyl Nadic 8:3:5) dilution series: 5-h in a 3:1 acetone:Epon 

resin, 5-h in 1:1 acetone:Epon resin, and 12-h in 1:3 acetone:Epon resin. Samples were then 

transferred to  100% Epon resin (Pelco;  Eponate 12 resin: Dodecenyl  succinic  anhydride: 

Methyl Nadic 8:3:5) for 12-h and heated at 37°C, 45°C, and 60°C for 12-h, 12-h, and 48-h, 

respectively,  to  polymerize  the  resin.  All  these  steps  occurred  under  the  same  vacuum 

conditions.
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With an ultra-microtome (Leica Ultracut EMUC7/FC7, Leica Inc.) 50-90 nm thick sections 

were cut and placed on copper grids (Athena, Plano GmbH, Wetzlar, Germany). Samples 

were stained in the dark with 1% uranyl acetate and 1% lead citrate for 10 min. We used a 

transmission electron microscope (HT-7700, Hitachi, Japan) at an acceleration voltage of 80 

kV and 18 mA to obtain digital images based on at least one cross-section of a rachis per 

individual and three individuals per species. Pit membrane thickness (Tpm) and pit chamber 

depth (Dpc) were measured on ~50 interconduit pit membranes obtained from 3-5 sections per 

species using ImageJ.

Hydraulic safety margins (HSMs)

Midday leaf water potentials (Pmin) were measured between 12:30–14:00 h in the peak of the 

dry season on consecutive sunny days and repeated for all species in years 2020, 2021, and 

2022. For each species, 3-5 sun‐exposed rachises from different individuals were excised and 

sealed in humidified plastic bags ~2 hr to allow water potential equilibration. Leaf water 

potential was measured by inserting one pinna into a Scholander-style pressure chamber. We 

took Pmin (mean values of three individuals) to be the most negative of the three 

measurements during the three years. Hydraulic safety margins were calculated from Pmin and 

VCs as HSM50 = Pmin - P50 and HSM88 = Pmin - P88.

Pressure–volume curves

Shoots with leaf pinnae were collected from at least three individuals per species at night or 

at predawn and transported back to the laboratory, then recut underwater and allowed to 

rehydrate for at least 6-h while covered with a black plastic bag. Initial water potentials of 

leaf pinnae were always close to -0.2 MPa. Pressure–volume curves were constructed for 

each sample by repeatedly measuring bulk water potential using a pressure chamber and 

weighing the sample mass (±0.0001g, model ML204T; Mettler Toledo) to determine the 

relationship between water potential and water content (Scholander et al., 1965; Sack & 

Pasquet-Kok, 2011; Roddy et al., 2019; Jiang et al., 2022). Prior to each water potential 

measurement, samples were equilibrated in humidified plastic bags for ~20 min. The pressure 

chamber was kept humidified with wet paper towels to prevent evaporation during 

measurement. At the end of measurements, pinna area was measured using a LI-3000A leaf 

area meter (Li-Cor) and the sample was oven-dried at 70 °C for at least 72-h before 

determining dry mass. From these curves, we calculated saturated water content (SWC), 
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absolute capacitance (CT), water potential at turgor loss point (Ψtlp), and water content at the 

turgor loss point (RWCtlp), as well as leaf mass per area (LMA) (Table 2).

Data analysis

All statistical analyses were performed using R (version 4.1.3, R Development Core Team). 

We used linear regression and standard major axis (SMA) regression (R package 'smatr') to 

determine the relationships between traits (Warton et al., 2012), and the statistical tests were 

considered significant at P <0.05. Principal component analysis (PCA) was carried out using 

the  ‘vegan’  package.  Mean  trait  values  were  z-scaled  and  centered  prior  to  calculating 

principal  components,  and  we  removed  strongly  correlated  traits  with  similar  functional 

implications to prevent having more traits than the number of taxa. Correlations among P12, 

P50, P88, HSM50, HSM88, and the PC1 and PC2 scores were tested with Pearson correlations. 

Differences among cycads and other plant lineages were analyzed using one-way ANOVA, 

followed by Tukey post-hoc tests. Student’s  t-tests were used to determine differences in 

traits between Cycadaceae and Zamiaceae. Published data for P12, P50, P88, HSM50, HSM88, Dh, 

and  Lt of other vascular plant groups  were obtained from https://xylemfunctionaltraits.org/. 

Because only one species of non-cycad gymnosperm had data for leaves, this comparison 

necessarily was between primary xylem in cycad rachises and primary and secondary xylem 

in woody species of gymnosperms and angiosperms, which included stems and leaves. Data 

for most of ferns were from (Suissa & Friedman, 2021) and (Pittermann et al., 2011) using 

WebPlotDigitizer. 

In  addition  to  PCA,  we  also  used  Canonical  Correlation  Analysis  (CCA)  to  determine 

whether there were correlations between suites of traits. For CCA, we used four groups of 

traits: pressure-volume traits (SWC, CT,  Ψtlp,  RWCtlp), vessel traits (vessel proportion, vessel 

diameter, hydraulic weighted vessel diameter Dv, Lv, vessel Fpf, vessel Apit, vessel Rpit, vessel 

Dp, and  Tpm), tracheid traits (tracheid proportion,  Apit,  Apa,  Ap,  Fpf,  Fpa,  Rpit,  Rpa, Dp, Tpm,  Dt, 

CWR, Lt), and vulnerability traits (Pmin, P12, P50, P88). We used log-transformed traits and the R 

packages ‘CCA’ and ‘CCP’ to run analyses and test for significant relationships using the 

Wilks’ Lambda approximation of the F-statistic.

To account for the statistical non-independence of species with shared evolutionary history, 

we  incorporated  phylogenetic  covariance  into  our  regression  analyses.  We  pruned  the 

phylogenetic tree from  (Coiro et al., 2023) to include only our 20 species. We calculated 
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phylogenetically  corrected  generalized  least  squares  regressions  for  pairwise  trait 

combinations using the R packages "ape"  (Paradis & Schliep, 2018),  "caper"  (Orme et al., 

2012),  and  "phytools"  (Revell,  2012) with  functions  of  “read.tree”,  “dplyr”, 

“comparative.data”, “nlme”, and “gls” with “corBrownian” correlation structure.

Results 

Hydraulic safety of cycads

Most of the pneumatic non-adjusted VCs were sigmoid in shape (Fig. S1), some species 

exhibited substantial variation in VCs among individuals (e.g. E. manikensis, C. 

segmentifida, Z. furfuracea) (Fig. 2) after adjusting them for gas discharge prior to turgor 

loss.  Adjusting curves had little effect on P12, P50, and P88 (Fig. 2), though adjustment shifted 

the P12 significantly from -1.51 ± 0.12 in the non-adjusted curves to -1.95 ± 0.12 MPa (P < 

0.05) in the adjusted curves. Across all 20 species, mean values of P12, P50, and P88 were -1.95 

± 0.12 MPa, -2.26 ± 0.15 MPa, -2.57 ± 0.21 MPa, respectively (Table 3). P12 of cycads was 

similar to angiosperms, but more negative than pteridophytes, and non-cycad gymnosperms 

had the most negative P12 (Table 3). P50 of cycads was similar to angiosperms and 

pteridophytes, while non-cycad gymnosperms had the most negative values (Fig. 3a; Table 

3). No differences in P88 were found between cycads and pteridophytes, but angiosperms and 

non-cycad gymnosperms had more negative P88 than cycads (Fig. 3b; Table 3). Hydraulic 

safety margins (HSM50) of cycads were similar to pteridophytes and angiosperms, but  non-

cycad gymnosperms had the highest values (Fig. S2; Table 3). HSM88 of cycads were also 

similar to pteridophytes and angiosperms, non-cycad gymnosperms had the highest HSM88 

and pteridophytes the lowest values (Fig. S2; Table 3). P12, P50, and P88 were significantly 

more negative among Cycadaceae than among Zamiaceae, but these differences were not 

reflected in HSM50 and HSM88 because Pmin was also more negative among Cycadaceae than 

Zamiaceae (Table S1). 

Vessels were found in all 20 cycad species (Fig. 1; S3), but the proportions of vessels were 

relatively low compared to proportion of tracheids (Table 4), and vessel diameter (Dv) was 

similar as tracheid diameter (Dt), Lt was much longer than vessel element (Lv) (Table 4). 

Tracheid diameters (Dt) of cycads were significantly narrower than those of angiosperms, 
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similar to pteridophytes and non-cycad gymnosperms (Fig. S4a; Table 3), but cycads had 

significantly longer Lt than non-cycad gymnosperms (Fig. S4b; Table 3), similar to ferns.

Trait-by-trait relationships 

Overall, there were few significant correlations between anatomy and physiology among 

cycads for the traits measured here. No pairwise correlations between metrics of vulnerability 

to embolism (P12, P50, P88) and either tracheid and vessel traits (Dt, Lt, CWR, Dv,  Lv) or pit 

membrane thickness (Tpm) and depth of the pit chamber (Dpc) were significant (Fig. 4; Fig. 

S5), even after accounting for shared evolutionary history (Table S2, S3). P12, P50, P88, and 

HSM50 also showed no correlations to pit density (Dp), pit membrane shape (Rpit) of vessels or 

tracheids, except that P50 and P88 were negatively correlated with Rpit of tracheids (Fig. S6). 

However, the relationship between HSM50 and tracheid Dp became significant after 

accounting for shared evolutionary history (Table S2). Only the longest pit aperture axis 

(Dpal) and pit aperture shape (Rpa) of tracheids were correlated with metrics of vulnerability 

(Fig. S7; Table S2, S3), though these became non-significant after accounting for shared 

evolutionary history (Table S2). P12, P50, P88, HSM50, and HSM88 showed no correlations to 

vessel or tracheid proportions, except that tracheid proportion was positively correlated with 

HSM50 (Fig. 5), though this correlation was weakened after accounting for shared 

evolutionary history (P = 0.0506) (Table S2). However, P12, P50, P88, HSM50, and HSM88 were 

significantly correlated with pit membrane fraction (Fpf) and pit membrane size (Apit) of 

vessels but not of tracheids (Fig. 6; Table S2, S3). 

      

The two cycad families displayed significant differences in average trait values. Zamiaceae 

had significantly shorter Dpms, smaller Apit, and lower Fpf of vessels than Cycadaceae, as well as 

longer Dpal, higher Fpa, more elliptical pit (Rpit) and pit aperture (Rpa) shapes, thinner pit 

membranes (Tpm), and higher density of conduits than Cycadaceae (Table S4). Turgor loss 

points (Ψtlp) were significantly less negative in Zamiaceae than in Cycadaceae, and 

Zamiaceae had higher LMA (Table S5). Interestingly, Ψtlp was significantly correlated with 

Pmin, P12, P50, and P88, even after accounting for shared evolutionary history (Fig. 7; Table S2).

Multivariate analyses 

CCA revealed a significant correlation between the suite of embolism vulnerability traits and 

the suite of vessel traits. The first two dimensions of the CCA were significant, with 
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canonical correlations of 0.96 (λ = 0.003, F = 2.93, df = 36, P = 0.002) and 0.91 (λ = 0.038, F 

= 2.06, df = 24, P = 0.04). The first canonical dimension was most strongly correlated with 

vessel Dp (0.47) and Tpm (0.37) versus vessel proportion (-0.44), Dv (-0.44), and vessel Rpit (-

0.29). The second canonical dimension was most strongly influenced by vessel Fpf (0.72) and 

vessel Apit (0.57) versus vessel diameter (-0.13), vessel proportion (-0.13), and vessel Dp (-

0.13) (Fig. 8, S8; Table 5-6).  No other canonical correlations (e.g. tracheid traits vs. 

vulnerability, tracheid traits vs. PV traits, vessel traits vs. PV traits, PV traits vs. 

vulnerability) between suites of traits were significant.

PCA using species’ z-scaled and centered trait values for the 22 pit, tracheid, vessel, and PV 

traits (Table 2) revealed that the first two components explained 21.91% and 15. 58% of the 

total variation, respectively (Fig. S9). The first PC was driven mainly by both tracheid and 

vessel traits of Rpit, Rpa, Fpf, Dpc, Tpm, Apit, Dp, and RWCtlp, LMA, Ψtlp (Fig. S9). The second PC 

was most strongly associated with Apa, Tpm, Dt, CWR, and Lv (Fig. S9). Vulnerability traits P12, 

P50, P88, HSM50, and HSM88 showed no correlations with PC2 scores (Table S6). On the other 

hand, HSM50 and HSM88 were positively associated with PC1 scores, driven primarily by Rpit 

and Rpa of tracheids, Tpm and Dpc, and Fpf, Apit of vessels, as well as LMA and Ψtlp (Fig.S9; 

Table S6).

Discussion 

Despite their ecological and evolutionary importance, cycads have been largely overlooked in 

studies of plant water relations and hydraulics. Cycads started to prosper during the 

Carboniferous (Coiro et al., 2023), a period of global drying that culminated in terrestrial 

biodiversity loss during the Carboniferous rainforest collapse (Sahney et al., 2010). Such 

dramatic climate change is often a strong agent of selection, such that lineages diversifying 

during these time periods often show signs of adaptive changes in morphology, anatomy, and 

physiology (Crane et al., 1995; Pittermann et al., 2012; Condamine et al., 2015; Simonin & 

Roddy, 2018). Furthermore, extant cycads occur naturally across a range of habitats in 

tropical and subtropical regions (Calonje et al., 2022). These aspects of cycad ecology and 

evolutionary history would suggest that cycads would be drought-tolerant. Yet, our results 

show that cycads are more vulnerable to drought-induced embolism than most other 

gymnosperms.
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Embolism resistance, safety margins, and water relations of cycads

Given the diversification history and ecology of extant cycads, we had predicted cycads 

would be at least as resistant to embolism as other gymnosperms. However, our results 

showed that cycads had more vulnerable P50 than non-cycad gymnosperms (Fig. 3; Table 3). 

This pattern could be due to our comparison of cycad rachises to gymnosperm stems, even 

though cycad leaves are long-lived, or to cycads’ relying on drought resistance traits other 

than only embolism resistance.  For example, cycads have large, pachycaulous stems, large 

rachises with mucilage, and thick leaflets, all of which may allow for high water and 

carbohydrate storage that can prolong survival and delay water potential declines during 

protracted droughts (Marler, 2023). However, HSMs of cycads were as low as in other major 

plant groups, indicating that cycad water potentials frequently approach turgor loss and 

embolism spread, increasing their risk of hydraulic failure (Choat et al., 2012; Brodribb et al., 

2020). These low HSMs in cycads occurred even in plants that were regularly watered, 

suggesting that cycads may always operate near thresholds of turgor loss and embolism 

spread (Fig. 7).  Because high HSM50 can be a strong predictor of biomass accumulation 

(Tavares et al., 2023), low HSM50 among cycads may play a role in their slow rates of growth 

and biomass accumulation. The low margin of turgor loss, high vulnerability to embolism 

spread, and low hydraulic safety margins together suggest that cycads have a limited range of 

operational water potentials and that physiological drought may quickly impede 

photosynthetic carbon uptake. 

Many other cycad traits are consistent with a physiological strategy characterized by low 

rates of metabolism. Cycads exhibit high LMA and low SWC and hydraulic capacitance (CT), 

both of which are on the low end for angiosperm leaves (Table S5) (Roddy et al., 2019; An et  

al., 2023), all trait values consistent with low rates of photosynthetic metabolism (Wright et 

al., 2004; Zhang et al., 2015; Wang et al., 2022; Nadal et al., 2023). Yet, they benefit from 

symbiotic nitrogen-fixing cyanobacteria (Kipp et al., 2023), which may elevate their water 

use efficiency and potentially compensate for the limiting effects of low SWC on metabolic 

rates (Wang et al., 2022). While high hydraulic capacitance can forestall water potential 

declines (Smith-Martin et al., 2022), particularly in species with high vulnerability to 

embolism spread, cycads were both highly vulnerable to embolism and had low leaf 

hydraulic capacitance. Yet, in our bench-drying experiments to measure embolism 

vulnerability, shoots required 8-30 days to desiccate, suggesting that they may have low rates 
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of residual water loss, which is thought to be an important drought tolerance trait (Duursma et  

al., 2019; Roddy et al., 2023). Together, these lines of evidence suggest that limiting water 

loss through low rates of gas exchange and low residual conductance and high water storage 

stem capacitance as Joshua tree (Simpson, 1975) may be important to cycad drought 

resistance and may compensate for xylem that is vulnerable to embolism spread.

There were distinct differences in physiological traits between the two cycad families (Tables 

S1, and S4-5). That Cycadaceae had more negative Pmin and Ψtlp than Zamiaceae suggests that 

these two families may be diverging along the isohydric-anisohydric axis (Tardieu & 

Simonneau, 1998; McDowell et al., 2008) (Table S1, S5; Fig. 7). That Zamiaceae may be 

more isohydric than Cycadaceae is, perhaps, surprising given that Zamiaceae tend to occur in 

drier habitats than Cycadaceae (Meng et al., 2021). Notably, the species we sampled include 

some of the more mesic species of Encephalartos and do not include Dioon, which is thought 

to be drought-tolerant, suggesting that the differences between families observed here may be 

due, in part, to a sampling bias. More evidence is needed to further characterize these 

hydraulic strategies and how they may be linked to climate preferences. More generally, 

conifer species differing in their degree of isohydry vs. anisohydry exhibit different stomatal 

behaviors mediated by abscisic acid concentrations (Brodribb et al., 2014), but work on 

stomatal physiology in cycads has been limited (Haworth et al., 2011). 

Correlations between embolism resistance and anatomy

A variety of xylem traits have been posited as determinants of embolism resistance, including 

conduit dimensions, xylem network structure, frequency of interconduits pits, and the 

ultrastructure of interconduit pits and their membranes (Kaack et al., 2021; Lens et al., 2022; 

Pereira et al., 2023). Our measurements suggest that vessel but not tracheid was likely linked 

to vulnerability to embolism spread among cycads. Xylem conduit dimensions have long 

been thought to influence both hydraulic efficiency and safety (Hargrave et al., 1994; 

Christman et al., 2012; Guet et al., 2015; Levionnois et al., 2021). Cycads exhibited wider 

conduit and longer tracheids (Lt) than other non-cycad gymnosperms (Fig. S4; Table 3), both 

of which would lead to higher hydraulic conductivity per conduit and greater embolism 

vulnerability. However, embolism resistance among cycads was unrelated to conduit traits, 

including tracheid and vessel dimensions and tracheid cell wall reinforcement (Fig. 4-5), 

consistent with data for ferns (Pittermann et al., 2011), but in contrast to data for conifer 
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stems (Song et al., 2022). Though larger xylem conduits have been thought to confer greater 

embolism vulnerability (Pittermann et al., 2006; Gleason et al., 2016), many studies have 

failed to find relationships between conduit dimensions and embolism vulnerability in a 

variety of taxa, now including cycads (Volaire et al., 2018; Trueba et al., 2019; Avila et al., 

2022; Jiang et al., 2022). Notably, for cycads studied here, we investigated the relationships 

in primary xylem which might be different from the secondary xylem in other plant taxa. 

Cycads had longer and wider tracheids than other gymnosperms as ferns (Pittermann et al., 

2011), which would increase their hydraulic efficiency and potentially allow for higher rates 

of water transport and competitive ability.

The frequency of interconduit pits may also influence embolism spread. Wider conduits 

would have more interconduit pits because they have more surface area even if the frequency 

of pits on the conduit surface were constant. Since embolism spread needs only one pit, more 

pits would increase the likelihood of embolism spread between adjacent conduits (Hargrave 

et al., 1994; Choat et al., 2004). Similarly, a higher pit frequency on the conduit surface (i.e. 

higher Fpf) would also increase the total number of pits on a conduit and the likelihood of 

embolism spread (Wheeler et al., 2005; Hacke et al., 2006).  However, cycads exhibited no 

significant relationships between embolism resistance and tracheid traits (tracheid diameter 

and length, interconduit pit area Apit, density, and fraction Fpf) (Fig. S6, S10; Table S2). 

However, higher Fpf and Apit of vessels were associated higher embolism resistance (Fig.6; 

Table S3), notably in contrast to predictions (Lens et al., 2023; Pratt et al., 2023).

The structure of pit membranes may also influence embolism resistance. Because pit 

membranes are composed of layers of crossing fibers, an air bubble must be pulled through 

the pores of the pit membrane in order to move between connected conduits. Thin pit 

membranes are more likely to have larger pores than thicker pit membranes, providing an 

explanation for why pit membrane thickness is a good predictor of embolism resistance (Lens 

et al., 2011; Doria et al., 2019; Trueba et al., 2019; Kaack et al., 2021; Levionnois et al., 

2021). However, among cycads there was no correlation between pit membrane thickness and 

embolism vulnerability (Fig. S5). Rather, tracheid pit shape and pit aperture shape were 

correlated with P50 and P88 (Figs.S6-7; Table S2) and have been shown to also correlate with 

native climate among cycads (Pang et al., 2023). 
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These results suggest that embolism resistance in cycads may be due to complex relationships 

among anatomical traits. The CCA results revealed that xylem vessel traits and vulnerability 

were related in the first two dimensions, with higher Tpm, vessel Dp, vessel Fpf, and vessel Apit 

being most strongly associated with more negative Pmin, P12, P50, and P88 (Fig. 8, S8; Tables 5-

6). That Tpm and vessel Dp emerged as important traits in the CCA but exhibited no significant 

pairwise relationship with any critical water potential highlights that relationships among 

anatomical traits may be more important than any single trait. Though some angiosperms 

exhibit strong relationships between a single anatomical trait and embolism vulnerability 

(Lens et al., 2011; Li et al., 2016; Doria et al., 2019; Trueba et al., 2019; Kaack et al., 2021; 

Levionnois et al., 2021), our results highlight that embolism vulnerability is likely influenced 

by complex interactions among multiple traits (Pittermann et al., 2021; Lens et al., 2023). If 

changes in one trait are easier to evolve than changes in multiple traits, then our results 

suggest that cycads may be less adaptable to climate change than angiosperms. Alternatively, 

if small changes to many traits are easier to evolve than large changes to a single trait, then 

cycad physiology may be more adaptable than that of angiosperms.

Conclusion

Cycads provide an excellent opportunity to understand the evolutionary history of xylem 

structure-function relationships. All cycads studied here had vessels and were consistently 

more vulnerable to embolism with narrower hydraulic safety margins than other 

gymnosperms. Furthermore, many of the xylem traits thought to influence embolism 

resistance in other plant groups revealed no significant correlations with embolism resistance 

among cycads. Rather, the anatomical determinants of embolism resistance among cycads 

may depend on the many interactions between these anatomical traits, especially vessel traits. 

Differences in embolism resistance and xylem anatomy between the two extant cycad 

families suggest species in these two families may employ divergent physiological strategies 

to cope with drought. Although cycads have declined in dominance since their peak prior to 

the Cretaceous angiosperm revolution, their rapid and recent diversification in the face of 

aridification suggests that physiological and anatomical evolution may have been an 

important axis of evolution (Crane et al., 1995; Condamine et al., 2015; Simonin & Roddy, 

2018). Understanding these ecophysiological strategies and tolerance may prove crucial in 
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conserving the ~70% of extant cycads that are currently endangered and in predicting their 

responses to future climate change.
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Supporting Information

Additional Supporting Information may be found online in the Supporting Information 

section at the end of the article.

Fig. S1. Percentage of air discharged as a function of xylem water potential for 20 cycad 

species (a-t). 

Fig. S2. Hydraulic safety margins of HSM50  (Minimum seasonal water potential – P50) and 

HSM88 (Minimum seasonal water potential – P50) values of different plant lineages. 

Fig. S3.  Macerations from rachises of four exampled cycads of  Cycas segmentifida,  Cycas 

sexsaminifera, Encephalartos concinnus, Cycas revoluta. 

Fig. S4. Tracheid diameter (Dt) and length (Lt) of different plant lineages. 

Fig. S5.  Relationships among  embolism resistance traits (P12, P50, P88) and interconduit pit 

traits. 

Fig. S6. Relationships among embolism resistance traits (P12, P50, P88, HSM50) and vessel or 

tracheid pit traits. 

Fig. S7. Relationships among embolism resistance traits (P12, P50, P88, HSM50) and tracheids 

pit aperture traits. 

Fig. S8. Canonical Correlation Analysis (CCA)  of dimension 1 and 2 for vessel traits and 

safety traits (Pmin, P12, P50, P88). 

Fig. S9. Principal component analysis (PCA) of selected 22 traits. 

Fig. S10. Relationships among tracheid/vessel diameter (Dt or Dv) and length (Lt or Lv) and pit 

traits. 

Table S1 Differences of hydraulic traits between Cycadaceae and Zamiaceae. 

Table S2 Detailed results of phylogenetically corrected generalized least squares (PGLS) 

regressions for pairwise tracheid trait. 
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Table S3 Detailed results of phylogenetically corrected generalized least squares (PGLS) 

regressions for pairwise vessel trait. 

Table S4 Differences of conduit and pit traits between Cycadaceae and Zamiaceae. 

Table S5 Differences in pinna traits between Cycadaceae and Zamiaceae. 

Table S6 Correlations among hydraulic safety traits and PC1 and PC2 scores from principal 

component analysis (PCA) analysis of the 20 cycad species. 

Figure legends

Fig. 1. Anatomical images of selected cycad species. Light microscopy images depict cross-

section  of  rachises  (a)  Cycas  sexsaminifera;  (b)  Encephalartos  manikensis.  (c-g)  Light 

microscopy images of tracheids,  (h-l) scanning electron micrographs of vascular bundles 

showing  tracheids  and  vessels,  and  (m-q)  transmission electron  micrographs  of  inter-

tracheid  pits  for  (c,h,m)  Cycas  sexseminifera,  (d,i,n)  Encephalartos  gratus,  (e,j,o) 

Encephalartos  laurentianus,  (f,k,p)  Encephalartos  manikensis,  and (g,l,q)  Encephalartos  

sclavoi. Note that the colored boxes in (l) depict the areas of different cell types: yellow is 

the entire area of interest, blue is the area of tracheids, and red is the area of vessels. 

Fig. 2. Percentage of air  discharged as a function of xylem water potential  for 20 cycad 

species (a-t). All curves were adjusted by excluding points measured above the turgor loss 

point. Dashed red lines indicate the P50. The dark blue solid line marks the sigmoidal fit.

Fig. 3. Embolism  resistance  (P50  and  P88)  among  different  plant  lineages.  Medians  ± 

interquartile ranges are depicted by black points and error bars on top of individual species 

values (colored points). (a) P50  values for angiosperms (n = 954), gymnosperms (n = 354), 

Cycadaceae (n = 10), Zamiaceae (n = 10), and pteridophytes (n = 18). (b) P88  values for 

angiosperms (n = 692), gymnosperms (n = 256), Cycadaceae (n = 10), Zamiaceae (n = 10),  

and pteridophytes (n = 14). Except for cycads, data include stems, trunks, and leaves of 
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woody  plants  downloaded  from  xylem  functional  traits  database 

(https://xylemfunctionaltraits.org/), and the data for five of the pteridophytes were sourced 

from Suissa and Friedman (2021).

Fig. 4. Relationships among embolism resistance (P12, P50, P88) and tracheid or vessel traits: 

(a-c)  tracheid  diameter  (Dt,  n  =  20);  (d-f)  tracheid  length  (Lt,  n  =  19);  (g-i)  cell  wall 

reinforcement (CWR, n = 20); (j-l) vessel diameter (Dv, n = 20); (m-o) vessel element length 

(Lv,  n  = 20).  Points  and error  bars  indicate  mean  ± SE (n  =  3  –  6  individual  plants). 

Cycadaceae are shown in blue points, and Zamiaceae are shown in yellow points.

Fig. 5.  Relationships among  hydraulic safety traits (P12, P50, P88, HSM50, HSM88) and (a-e) 

vessel and (f-j) tracheid proportions. Points and error bars indicate mean ± SE (n = 3 – 6 

individual  plants).  Cycadaceae are  shown in  blue  points,  and  Zamiaceae  are  shown  in 

yellow points.

Fig. 6. Relationships among hydraulic safety traits (P12, P50, P88, HSM50, HSM88) and vessel or 

tracheid pit traits: (a-e) vessel pit membrane fraction (Fpf,  n = 20); (f-j) vessel pit surface 

area (Apit,  n = 20);  (k-o) tracheid pit  membrane fraction (Fpf,  n = 20);  (p-t)  tracheid  pit 

surface area (Apit,  n = 20). Points and error bars indicate mean ± SE (n = 3 – 6 individual 

plants). Cycadaceae are shown in blue points, and Zamiaceae are shown in yellow points.

Fig. 7.  Relationships  between  turgor  lost  point  (Ψtlp)  and  (a)  P50,  (b) P88,  (c)  minimum 

seasonal water potential (Pmin), and (d) P12. Points and error bars indicate mean ± SE (n = 3 – 

6  individual plants).  Cycadaceae are shown in blue points, and  Zamiaceae are shown in 

yellow points.

Fig. 8. Pairwise trait correlation matrix from the  Canonical Correlation Analysis (CCA) to 

determine  correlations  between  vulnerability  traits  (Pmin,  P12,  P50,  P88), and  vessel  traits 

(vessel  proportion,  vessel  diameter  and  hydraulic  weighted  vessel  diameter  Dv,  vessel 

element length Lv, vessel pit membrane fraction Fpf, vessel pit membrane area Apit, vessel pit 

shape Rpit, vessel pit density Dp, and pit membrane thickness Tpm). 

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

https://xylemfunctionaltraits.org/


Table 1. The 20 cycad species for this study. 
Family Species Code

Cycadaceae Cycas debaoensis Y.C.Zhong & C.J.Chen Cd
Cycas diannanensis Z.T.Guan & G.D.Tao Cdi
Cycas elongata (Leandri) D.Yue Wang Ce
Cycas ferruginea F.N.Wei Cf
Cycas guizhouensis K.M.Lan & R.F.Zou Cg
Cycas hainanensis C.J.Chen Ch
Cycas revoluta Thunb. Cr
Cycas segmentifida D.Yue Wang & C.Y.Deng Cs
Cycas sexseminifera F.N.Wei Cse
Cycas szechuanensis W.C.Cheng & L.K.Fu Csz

Zamiaceae Ceratozamia latifolia Miq. Cla
Ceratozamia subroseophylla Mart.-Domínguez & Nic.-Mor. Csu
Encephalartos concinnus R.A.Dyer & I.Verd. Eco
Encephalartos gratus Prain Eg
Encephalartos laurentianus De Wild. El
Encephalartos manikensis (Gilliland) Gilliland Em
Encephalartos sclavoi De Luca, D.W.Stev. & A.Moretti Es
Encephalartos tegulaneus Melville Et
Macrozamia moorei F.Muell. Mm
Zamia furfuracea L.f. Zf

Table 2. Definition of all traits for the study.
Symbol Definition Unit
Pit traits of rachis from scanning and transmission electron microscopy
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Dpms Diameter of the outer pit membrane along the shortest axis µm
Dpml Diameter of the outer pit membrane along the longest axis µm
Dpas Diameter of the outer pit aperture along the shortest axis µm
Dpal Diameter of the outer pit aperture along the longest axis µm
Apit Interconduit pit surface area or interconduit pit membrane 

surface area
µm2

Apa Intertracheid pit aperture surface area µm2

Fpf Pit membrane fraction=proportion of pit membrane area per 
conduit wall area

%

Fpa Pit aperture fraction = pit aperture surface area/pit membrane 
surface area 

%

Fp Pit fraction = mean fraction of the tracheid area occupied by 
intertracheid pits=ApAt

-1 = FcFpf

%

Fc Contact fraction = fraction of the total tracheid wall perimeter in 
contact with another tracheid

-

Ap Total intertracheid pit membrane surface area per tracheid area= 
FpAt

mm2 mm-2

At Average tracheid wall area = πDhLt
* mm2

Rpit Pit shape = ratio of the longest axis of outer pit membrane to the 
shortest axis

-

Rpa Pit aperture shape = ratio of the longest axis of outer pit aperture 
to the shortest axis

-

Dp Pit density=number of interconduit pits per conduit wall area no.µm-2

Tpm Pit membrane thickness nm
Dpc Depth of pit chamber from membrane surface to inner edge of 

pit aperture
nm

Vessel proportion
Vessel proportion = Vessel surface vertical section area/Area of 
interested

%

Tracheid proportion
Tracheid proportion = Vessel surface vertical section area/Area 
of interested

%

Vessel number Number of vessels in the area of interested from vertical section %

Tracheid number
Number of tracheids in the area of interested from vertical 
section

%

Anatomical and physiological traits of rachis from light microscopy
Dv or Dt Hydraulically-weighted vessel or tracheid diameter µm
Dh Hydraulically-weighted conduit diameter µm
Kth Theoretical hydraulic conductivity kg m-1 

MPa−1 s−1

N Number of conduit = total conduit number of a cross section for 
rachis

-

Td Conduit density = total conduit number of a cross section for 
rachis/area of a cross section for rachis

no.mm-2

Tw Double conduit wall thickness µm
CWR Conduit cell wall reinforcement, the thickness to span ratio of 

tracheid, (t/b)2
-

Lt or LV Tracheid length or vessel element length µm
Physiological and functional traits
SWC Saturated water content g g-1

Ψtlp Turgor loss point MPa
CT Absolute capacitance mol m-2 MPa-1

RWCtlp Relative water content at turgor loss point %
LMA Leaf mass per area g m-2

P12, P50, P88 Xylem water potential at 12%/50%/88% percentage of air 
discharged to the maximum air discharged

MPa

Pmin Midday water potential (Minimum seasonal water potential) MPa
HSM50, HSM88 Hydraulic safety margins = Pmin – P50 or Pmin – P88 MPa

969
970
971



Table 3. Statistical differences of hydraulic safety, tracheid diameter, and tracheid 
length among plant lineages. 

P12 (-MPa) P50 (-MPa) P88 (-MPa) HSM50 

(MPa)

HSM88 

(MPa)

Dt (µm) Lt (µm)

Angiosperms 1.44 ± 

0.06bc

2.80 ± 

0.06b

4.75 ± 

0.11a

0.08 ± 

0.08b

2.15 ± 

0.12ab

54.83 ± 

3.04a

-

Pteridophytes 0.92 ± 

0.11c

1.68 ± 

0.15c

2.59 ± 

0.18b

0.59 ± 

0.24b

0.84 ± 

0.21b

37.22 ±

2.65ab

8432.86 ±

1737.96a

Non-cycad 

gymnosperm

s

3.25 ± 

0.12a

4.83 ± 

0.13a

6.17 ± 

0.19a

2.00 ± 

0.17a

3.02 ± 

0.23a

15.98 ± 

0.63c

1583.80 ± 

117.11b

Cycads 1.95 ± 

0.12b

2.26 ± 

0.15bc

2.57 ± 

0.21b

0.88 ± 

0.10ab

1.20 ± 

0.14b

32.72 ± 

0.94bc

6637.85 ± 

445.49a

Note: Different letters indicate significant differences between taxa. Data for angiosperms and non-cycad gym-

nosperms were downloaded from xylem functional traits database (https://xylemfunctionaltraits.org//), and the 

data for pteridophytes were sourced from Suissa and Friedman (2021) and Pittermann et al. (2011).  P < 0.05, 

one-way ANOVA, values are means ± standard errors. Hydraulic safety traits (P12, P50, P88, HSM50, HSM88), tra-

cheid diameter (Dt), and tracheid length (Lt).

Table 4. Statistical differences of vessel and tracheid traits for the 20 cycads in this 
study. 

Characters Vessel Tracheid T Sig
Proportions 10.92±0.97 35.39±1.93 -11.33 0.000**
Vessel or tracheid 
diameter (Dv or Dt)

32.30±1.19 32.72±0.94 -0.276 0.784

Vessel or tracheid 
length (Lv or Lt)

2.00±0.02 3.60±0.19 -8.385 0.000**
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pit membrane fraction 
(Fpf)

34.61±1.37 54.39±1.50 -9.746 0.000**

Dpml 8.97±0.27 8.53±0.21 1.289 0.205
Dpms 6.68±0.29 7.35±0.19 -1.899 0.066
Pit membrane area Apit 48.53±3.22 50.43±2.14 -0.491 0.627
Pit shape (Rpit) 1.42±0.058 1.18±0.03 3.775 0.001**
Pit density (Dp) 0.008±0.000 0.01±0.001 -5.831 0.000**

Note: values indicate mean ± SE (n = 20). *: significant difference (P < 0.05), **: significant difference (P < 
0.01) from student’s t-tests. Diameter of the outer pit membrane along the longest axis (Dpml) and shortest axis 
(Dpms).

Table 5. Canonical correlation analysis of vessel traits and embolism resistance. *: 
significant correlation (P < 0.05).

Dimension Canonical 
Correlation

Rao’s F df1 df2 P

1 0.962 2.93 36 27.97 0.002*
2 0.915 2.06 24 23.80 0.042*
3 0.854 1.37 14 18.00 0.261
4 0.370 0.26 6 10.00 0.942

Table 6. Standardized canonical coefficients of anatomical and vulnerability traits for 
Dimension 1, 2 and embolism resistance traits of Table5. 

Anatomical traits Dimension 1 Dimension 2

vessel element length 7.51 5.56
vessel diameter 14.31 -20.10

vessel proportion -2.97 2.56
vessel pit shape (Rpit) -1.16 5.00

vessel pit membrane area 
(Apit)

2.93 6.97

pit membrane thickness 
(Tpm)

2.28 0.59

vessel pit membrane 
fraction (Fpf) 

-3.20 6.74

 vessel Dv -23.49 11.19
Embolism resistance traits
minimum seasonal water 

potential (Pmin)
4.87 -5.16

P12 89.54 1.44
P50 -245.87 3.78
P88 153.81 4.64
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