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ABSTRACT  

   

Xylem conduits, a primary feature of most terrestrial plant taxa, deliver water to 

photosynthetic tissues and play a critical role in plant water relations and drought 

tolerance. Non-succulent woody taxa generally follow a universal rate of tip-to-base 

conduit widening such that hydraulic resistance remains constant throughout the plant 

stem. Giant cacti inhabit arid regions throughout the Americas and thrive in water-limited 

environments by complimenting water-storing succulent tissues with resource-efficient 

Crassulacean Acid Metabolism. Considering these adaptations, the objectives of this 

study were threefold: 1) determine whether xylem conduits in columnar cacti follow 

universal scaling theory as observed in woody taxa; 2) evaluate whether xylem hydraulic 

diameter is inversely correlated with xylem vessel density; and 3) determine whether 

xylem double-wall thickness-to-span ratio and other hydraulic architectural traits are 

convergent among phylogenetically diverse cactus species.  

This thesis investigates the xylem anatomy of nine cactus species native to the 

Sonoran Desert of Arizona and Mexico, the tropical dry forests of southern Mexico, and 

the Alto Plano region of Argentina. Soft xylem tissues closest to the stem apex underwent 

a modified polyethylene glycol treatment to stabilize for sectioning with a sledge 

microtome. Across all species: hydraulic diameter followed a basipetal widening rate of 

0.21 (p < 0.001), closely matching the universal rate of 0.20 for woody taxa; and xylem 

vessel density was inversely correlated with both length from stem apex (p < 0.001) and 

hydraulic diameter (p < 0.001). Double-wall thickness-to-span ratio had little to no 

significant correlation with either length from stem apex or hydraulic diameter. There 

was no significant difference in hydraulic architectural trait patterns between 
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phylogenetically diverse species with various stem morphologies, nor was there a 

significant correlation between conduit widening rates and volume-to-surface-area ratios.  

This study demonstrates that giant cacti follow similar internal anatomical 

constraints as non-succulent woody taxa, yet stem succulence and water storage behavior 

in cacti remain separate from internal hydraulic architecture, allowing cacti to thrive in 

arid environments. Understanding how cacti cope with severe water limitations provides 

new insights on evolutionary constraints of stem succulents as they functionally diverged 

from other life forms.  
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INTRODUCTION 

A primary feature of almost all terrestrial plant taxa is the presence of xylem 

conduits constructed of interconnected tubes that transport water from the rhizosphere to 

photosynthetic tissues. Xylem structure and function play a critical role in the overall 

water relations and drought tolerance of plants, as they need to deliver water to 

photosynthetic tissues over a wide range of biotic and abiotic conditions. Xylem conduits 

are located in the vascular tissue and vascular bundles throughout the plant and transport 

water from the roots to the photosynthetic tissues of the plant. In most vascular plants, 

this pathway is from the root to the leaves or the shoot tip. In cacti, xylem conduits 

transport water up the apex where new growth occurs as well as radially through the stem 

(Mauseth, 2006). Cacti inhabit arid and subtropical regions throughout the Americas and 

can thrive in these environments due to their unique water-use behaviors and adaptations 

(Williams et al., 2014; Hultine et al., 2019). This thesis investigates the anatomical 

patterns of giant cactus stem hydraulic architecture in comparison to those of non-

succulent woody taxa.  

Universal scaling theory in non-succulent woody taxa 

In order to maintain a relatively constant hydraulic resistance over the length of 

the hydraulic pathway, the xylem conduits of non-succulent woody taxa generally follow 

a set universal rate of tip-to-base widening (West et al., 1999; Anfodillo et al., 2006, 

2013; Olson et al., 2020; Mozzi, 2021). This universal scaling theory of xylem conduit 

widening is described by the power law: 

𝐷 ∝ 𝐿𝑏      (1) 
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where D is the xylem conduit diameter, L is the distance from the apex, and b is the 

exponent that describes the rate of widening (Table 1). Following this power law, 

conduits widen rapidly near the stem tip and more slowly toward the base of the stem 

(Olson et al., 2020). Previous empirical studies have established that xylem conduits 

widen basipetally at a universal rate of b = 0.20 among non-succulent woody taxa 

(Anfodillo et al., 2013; Olson et al., 2014), indicating that there are similar physical 

constraints on long-distance water transport in plant organs across phylogenetically 

diverse taxa (Anfodillo et al., 2006, 2013; Olson et al., 2020; Soriano et al., 

2020). Basipetal xylem conduit widening has developed across such taxa as an adaptation 

that appeals to the tradeoff between hydraulic conductivity and cavitation vulnerability 

(Olsen et al., 2020).  

Conduit widening helps woody taxa maintain a relatively constant hydraulic 

resistance over the length of the hydraulic pathway—in the case of plants, the height of 

their stems. Wider xylem conduits (or vessels) establish greater hydraulic conductivity, as 

described by the Hagen-Poiseuille law, which dictates that hydraulic conductivity is 

dependent on both conduit diameter and path length (West et al., 1999). While wider 

xylem conduits allow for greater hydraulic conductivity, they also lose stability as size 

increases and become more susceptible to cavitation at a given water potential (Sperry & 

Tyree, 1988). Cavitation occurs when there are large bending stresses in the bordering 

double-walls between water-filled and air-filled, or embolized, vessels due to the 

negative pressure in the water-filled conduits and the resulting tension pulls air from the 

embolized vessels (Sperry & Tyree, 1988, Hacke et al. 2001, Fichot et al., 2010). Thus, a 

balance between hydraulic conductivity and risk of cavitation is required to optimize 
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plant water balance under various environmental conditions. The thickness (t) and span 

(w) of the double-wall between conduits can influence the chances of cavitation: thicker 

walls relative to wall span have greater reinforcement against cavitation (Hacke et al. 

2001). Lower thickness-to-span ratios represent weaker walls between paired conduit 

vessels, which can lead to decreased xylem hydraulic conductivity as xylem pressure 

becomes more negative due to increased incidences of embolized vessels (Fichot et al., 

2010; Hacke et al., 2001). At the same time, to counteract the lower hydraulic 

conductivity of smaller vessel sizes, sapwood with smaller conduit vessels will often 

have a larger number of vessels (McCulloh et al., 2003). In woody taxa, this increase in 

vessel density can be observed in the tissue near the apex of the plant stem.  

Table 1. List of symbols referred to in this thesis with definitions and units.  

Symbol Definition Units 

D Diameter μm 

L Length from the stem apex cm 

b 
Exponent of power function, 

rate of conduit widening 
-- 

d Conduit diameter μm 

Dh Hydraulic mean diameter μm 

V Stem volume  m3 

S Stem surface area m2 

t Conduit double-wall thickness μm 

w Conduit double-wall span μm 
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Basipetal widening has been extensively researched throughout a wide selection 

of phylogenetically diverse non-succulent woody taxa (Anfodillo et al., 2006; 2013; 

Olson et al., 2014; 2020; Soriano et al. 2020), but it has only begun to be explored in 

cacti (Mozzi, 2021; Caspeta, 2022).  

Cactus water-use behaviors and water-efficiency strategies 

Cacti inhabit arid and subtropical regions throughout the Americas and can thrive 

in these stressful, water-limited environments by complimenting the water-storage 

capacities of their succulent parenchymatous tissue with resource-efficient Crassulacean 

Acid Metabolism (CAM; Nobel, 1991; Nobel, 1996; Williams et al., 2014; Hultine et al., 

2019; Mozzi 2021). Almost a third of cactus species are among the most threatened taxa 

and will likely remain under threat as the impacts of climate change continue (Hultine et 

al., 2023). Within the family Cactaceae, giant columnar cacti in particular hold important 

cultural, economic, and ecological value throughout the regions they inhabit (Williams et 

al., 2014; Hultine et al., 2016). Columnar cacti as described in this thesis are those of 

gigantic growth forms with ribbed stems and can be single- or multi-stemmed (Mauseth, 

2006).  

One important adaptation that sets giant cacti apart from other vascular plants is 

the succulent parenchymatous tissue located between the dermis layers and the vascular 

system that store massive amounts of water that helps these plants survive droughts 

(Mauseth, 2000; Mauseth, 2006). Figure 1 displays half of a radial cross-section of a de-

spined cactus stem and its anatomical features. The dermis layers of the plant include the 

epidermis that facilitates gas exchange and the thick hypodermis that provides rigidity 

and strength to support the expansion of the cortex (Mauseth, 2006). The cortex is the 
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main organ that cacti use to store excess water. The outer cortex, located within the ribs 

of the stem, contains both chlorophyllous and water-storage tissue, while the inner cortex 

located between the base of the ribs and the central vascular system is primarily used for 

water storage (Mauseth, 2006). Xylem tissue can be found in the woody vascular tissue in 

the cactus stem, between the cortex and the pith. The pith can store both water and 

starches and helps facilitate the radial movement of water from the center of the stem out 

into the photosynthetic tissues in the outermost cortex (Mauseth, 2006).  

 

Figure 1. Anatomical features of a radial cross section of a de-spined cactus stem: dermis 

layers, outer and inner cortex, xylem (vascular) tissue, and pith.   
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The succulent water-storage tissue in cactus stems decouples water transport into 

the stem from gas exchange and allowing the plant to function as usual regardless of 

whether soil water is available (Mozzi 2021). The primary driver of long-distance water 

transport in cacti is therefore not stomatal regulation of water vapor to the surrounding 

atmosphere, but rather osmotic gradients in their stem storage tissues.  

Cacti are also a part of the 6% of angiosperm species that utilize CAM 

photosynthesis as opposed to the largely dominant C3 photosynthetic pathway, and as a 

result are able to avoid excessive evapotranspiration (Silvera et al., 2010; Bräutigam et 

al., 2017). CAM photosynthesis temporally separates the photosynthetic reactions 

between day and night. At nighttime when evapotranspiration rates are low, CAM plants 

open their stomata to acquire carbon dioxide to assimilate into a 4-carbon sugar called 

malate. During the daytime, the stomata of CAM plants close to avoid high 

evapotranspiration rates. Concurrently, malate is decarboxylated back into carbon dioxide 

and the Rubisco enzyme is exposed to a higher concentration of carbon dioxide than 

occurs in C3 plants (Winter et al., 2005; Berry et al., 2013). Consequently, the water use 

efficiency—the ratio of carbon dioxide fixation to loss of water—of CAM plants is far 

greater than that of C3 plants. CAM plants require less water for an equal accumulation 

of biomass than C3 plants when grown in similar conditions, making them well-adapted 

to arid environments (Nobel, 1991; Winter et al., 2005).  

Cacti display various growth forms and water-use strategies. Even within 

columnar cacti, water storage behaviors can vary greatly. Volume-to-surface-area (V:S) 

ratios well represents such variation between columnar cactus species. The V:S ratio of a 

given cactus stem reflects physiological trade-offs between the water storage capacity of 
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succulent tissues and whole-stem photosynthetic capacity (Williams et al., 2014). 

Columnar cactus species with lower V:S ratios have a greater photosynthetic capacity, 

which can be beneficial for growth and reproduction under favorable environmental 

conditions. Conversely, species with higher V:S ratios have a greater water storage 

capacity, which can be beneficial during droughts (Williams et al., 2014; Hultine et al., 

2019). Such tradeoffs could influence xylem conduit patterns in columnar cacti.  

Investigating xylem architecture in giant columnar cacti 

Despite their divergent morphologies, cacti share a similar vascular system to 

woody taxa that is composed of vascular bundles that comprise both xylem and phloem 

tissues (Mauseth, 2006). Thus, it remains an open question whether xylem architecture of 

cacti follows similar conduit scaling laws as non-succulent plant taxa. The objectives of 

this study were threefold. 1) Determine whether columnar cacti follow the same 

“universal” rate of apex-to-base xylem widening observed in woody plant taxa. 2) 

Evaluate whether xylem hydraulic mean diameter is inversely correlated with xylem 

vessel density. And 3) investigate whether hydraulic architecture, including the 

previously mentioned hydraulic diameter and vessel density, as well as conduit double-

wall thickness-to-span ratio, is convergent among phylogenetically diverse cactus 

species.  

We studied the xylem anatomy of nine phylogenetically diverse giant arborescent 

and columnar cactus species (Table 2) native to the Sonoran Desert of Arizona and 

Mexico, the tropical dry forests of southern Mexico, and the Alto Plano region of 

Argentina. We investigated mean hydraulic diameter, vessel density and conduit double-

wall thickness-to-span ratio measured at multiple distances on the stems (n = 1 to 6 stems 
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per species) of several young specimens of these species, all under 2 m tall. I predicted 

that given the adaptations of cacti that allow them to thrive in arid environments and 

reduce the stress of water loss and lack of available external water: a) cacti will follow a 

basipetal conduit widening pattern similar to the universal pattern previously reported in 

non-succulent woody plant taxa; b) to compensate for smaller vessel diameters near the 

stem apex, vessel density will be higher near the stem apex than at the base; and c) the 

double-wall thickness-to-span ratio of paired conduit vessels and other hydraulic 

architecture will be similar among cactus species despite their different morphologies and 

phylogenetic diversity.  
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Table 2. List of species, natural distribution range, stem height, and number of cross-

sections per stem. Multiple stem heights and section numbers reported indicate multiple 

stems sampled. Stems listed are either newly acquired, *from Caspeta (2022), or **from 

Mozzi (2021).  

Species Natural distribution 

range 

Stem height 

(cm) 

Number of 

sections 

Carnegiea gigantea  Mexico and USA 55**  

50**  

44*  

40** 

35* 

29* 

6  

6  

3  

4  

2  

4 

Echinopsis spachiana Argentina and Bolivia 65** 5 

Echinopsis terscheckii Argentina and Bolivia 87** 13 

Neobuxbaumia tetetzo Mexico 55** 6 

Pachycereus pringlei  Mexico 63**  

55** 

6  

5 

Pachycereus weberi  Mexico 85** 6 

Lophocereus schottii Mexico and USA 55** 6 

Stetsonia coryne  Argentina, Bolivia and 

Paraguay 

70** 6 

Stenocereus thurberi  Mexico and USA 180  

175  

170  

90**  

79*  

70** 

6  

7  

6  

9  

6  

6 
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METHODS 

Collecting xylem tissue samples 

This study compiled data on young specimens under 2 m tall of nine giant 

columnar cacti species with columnar and arborescent adult growth forms from Mozzi 

(2021) with data on Carnegiea gigantea and Stenocereus thurberi from Caspeta (2022) 

and additional xylem conduit data obtained from S. thurberi specimens grown outdoors 

and collected from the Desert Botanical Garden (DBG) in Phoenix, AZ. Existing cactus 

xylem data from Mozzi (2021) and Caspeta (2022) was similarly acquired from cactus 

stems grown outdoors under uniform conditions. Table 2 displays the list of all species 

included in the study, their natural range of distribution, total length from base to apex of 

each stem sampled, and total number of cross-sections per stem.  

Newly acquired cactus specimens were processed at the Dryland Plant 

Ecophysiology Lab at the DBG. Each stem was de-spined with small clippers and pliers 

to avoid injury during stem dissection and sampling. Stems were then cross-sectioned at 

multiple lengths from the stem apex depending on the total height of the stem (new data: 

n = 6 to 7 cross-sections per stem, existing data: n = 2 to 13). Cross-section sampling was 

concentrated near the stem apex to better capture the non-constant variation of hydraulic 

architecture as reported in non-succulent woody taxa, where xylem conduits widen 

quickly within a short distance from the apex of the stem. Each stem cross-section was 

photographed with a 1 cm piece of paper for accurate scaling during cross-section surface 

area (cm2) and total xylem tissue area (cm2) measurements (Figure 2A).  
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Figure 2. Cactus samples taken 80 cm from the apex from a Stenocereus thurberi 

specimen. A: Radial cross-section of a de-spined stem; xylem tissue outlined in black 

provides an example of where samples were isolated from the cross-section. B: Double-

stained xylem tissue sample with identification of xylem conduits.   



  12 

From each stem cross section, 3-4 samples of xylem tissue were isolated from the 

side corresponding to the selected length from stem apex. Careful attention was taken to 

avoid sampling uneven xylem tissue that can occur when stems grow at an angle. Each 

sample of xylem tissue was sectioned with a GSL1 sledge microtome equipped with A-

type 0.38 NT-cutter paper-knife blades. The blades were replaced at each new stem 

cross-section to maintain sufficient sharpness for creating xylem tissue slices 20 μm in 

width. Each xylem tissue sample was carefully sliced and placed from the microtome 

blade to a microscope slide using a small brush. During the sampling process, the xylem 

tissue samples and slices were kept hydrated with deionized (DI) water.  

To differentiate between lignified and non-lignified cells, the xylem tissue slices 

were double-stained (Figure 2B) by adding 5-6 drops of 1:1 mixture of safranin and astra 

blue dyes to the samples on microscope slides. The xylem tissue slices were soaked in the 

dye mixture  for 10 minutes, then rinsed with DI water to avoid staining diffusion and 

flushed with consecutive solutions of 50%, 70%, and 100% ethanol to remove moisture. 

After dehydration, the xylem tissue slices were dried with lint-free paper towels and 

permanently mounted onto the microscope slides using Permount mounting medium. 

Completed microscope slides were set to dry between magnets for at least 24 hours.  

Xylem tissue samples within 10 cm of the stem apex underwent a modified 

polyethylene glycol (PEG) treatment to stabilize soft xylem tissues for microtome 

sectioning, following the procedure outlined in Mozzi et al. (2021). This procedure 

involves: 1) submerging each sample of xylem tissue taken from cross-sections within 10 

cm from the apex in a 25% solution of PEG in DI water, covering the solution to avoid 

evaporation of water, and leaving it for 24 hours; 2) transferring the xylem samples to a 



  13 

50% PEG solution, covering again and leaving it for another 24 hours; and 3) transferring 

the samples to a 70% PEG solution and baking them at 60°C until all water evaporated. 

After infiltration with PEG, the xylem tissue samples were sectioned as usual with the 

sledge microtome, with the exception of using ethanol instead of water to prevent the 

xylem tissue from drying out before staining, as PEG is water soluble.  

Completed and dried microscope slides were photographed at 10x magnification 

with a Moticam Pro 282A camera mounted on an Olympus CX41 light microscope. 

Xylem tissue and stem cross section photographs were measured with ImageJ (ImageJ 

1.53k) and scaled using a calibration of 0.15 mm and 1 cm, respectively.  

Calculating and analyzing conduit architectural traits  

Xylem conduit diameters (d) were calculated as the diameter of an equivalent 

circle from vessel area measurements of at least 100 xylem vessels per length from stem 

apex. Hydraulic mean diameter (Dh) was then calculated at each length according to the 

following equation from Anfodillo et al. (2006) and Mozzi (2021), 

𝐷ℎ =
∑ 𝑑𝑛

5𝑁
𝑛=1

∑ 𝑑𝑛
4𝑁

𝑛=1
       (2) 

This equation reflects the actual conductance of various-sized xylem conduits as it 

considers the disproportionate contribution of larger conduits to hydraulic conductivity, 

given that a few large conduits can transport the same amount of water as many small 

ones (Sperry et al. 1994). Xylem vessel density was calculated as vessels/mm2, 

measuring the vessel count over xylem tissue area and averaged for each length from 

stem apex.  

Double-wall thickness-to-span ratio was measured as (t/w)h
2 , where wall span (w) 

is the length of the border between the paired vessels and double-wall thickness (t) is the 
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average thickness at three points—at each end and at the midpoint—along the border 

where vessels are joined. (t/w)h
2 was measured in S. thurberi and C. gigantea and 

calculated from measurements of paired vessels where at least one vessel is within +/- 8 

μm (Fichot et al., 2010) of the hydraulic mean diameter at that length from stem apex (n 

= 1 to 26).  

Volume-to-surface-area ratios (V:S, m3 m–2) were calculated as the ratio of cross-

sectional area to perimeter from cross-section images. Cross-sectional area and perimeter 

accurately represent volume and surface area, respectively, since in columnar ribbed cacti 

both of the former can be multiplied by the total stem length to get the latter (Mauseth, 

2000; Williams et al., 2014). V:S ratios were calculated at each cross-section and then 

averaged per species.  

All data were analyzed using R (R Core Team, 2020), RStudio (Posit team, 2022), 

and the tidyverse package (Wickham, 2017). Hydraulic diameter, vessel density, and 

double-wall thickness-to-span ratio were tested for normality in R using the Shapiro-Wilk 

test and each species was tested against each other using an ANOVA and Tukey test. 

Using the tidyverse package, a logarithmic regression analysis was performed on 

hydraulic diameter and vessel density data to calculate the rate of conduit widening and 

rate of vessel density change, respectively. This was done for all species in total and 

individually. Double-wall thickness-to-span ratio and V:S ratio underwent a linear 

regression analysis. For all tests, only P values of less than 0.05 were considered 

significant.  
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RESULTS 

Hydraulic diameters and conduit widening 

Hydraulic diameters (Dh, μm) widened at a rate of 0.211 (R2 = 0.613, p < 0.001) 

when plotted against length from stem apex (cm) for all nine columnar cactus species 

(Figure 3A), which is nearly identical to the theoretical rate of widening of 0.20 (Olson et 

al., 2020). When plotted for each individual species (Figure 3B), the rate of widening (b) 

ranged from 0.113 in Echinopsis spachiana (R2 = 0.871, p = 0.020) to 0.361 in 

Pachycereus weberi (R2 = 0.896, p = 0.001). All individual species widening rates were 

significant (p < 0.050) and 7 out of 9 species had strong correlation between hydraulic 

diameter and length from stem apex (R2 > 0.700). C. gigantea and Pachycereus pringlei 

had slightly lower correlation with length from stem apex (R2 = 0.573 and R2 = 0.602, 

respectively). However, there was no significant difference in conduit widening rates 

between the individual species.  

Figure 4 shows the hydraulic diameters for individual C. gigantea and S. thurberi 

specimens. The conduit widening rates in S. thurberi ranged from 0.120 to 0.198 (p < 

0.050), while in C. gigantea they ranged from 0.239 to 0.305 (p < 0.050). While there 

was slight variation, there was also no significant difference in conduit widening rates 

between different specimens of the same species.  
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Figure 3. Hydraulic diameters (Dh, μm) along the length from the stem apex (cm) in all 

specimens across nine columnar cactus species (n = 20 stems). A: Conduit widening rate 

of all species, differentiated by shape, was 0.211 (R2 = 0.613, p < 0.001). B: Conduit 

widening rates for each species, differentiated by color and shape, ranged from 0.113 in 

E. spachiana (R2 = 0.871, p = 0.020) to 0.361 in P. weberi (R2 = 0.896, p = 0.001). 
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Figure 4. Hydraulic diameters (Dh, μm) along the length from the stem apex (cm) for C. 

gigantea (blue) and S. thurberi (green). Graphs on the left show the logarithmic curve for 

each species, while graphs on the right show logarithmic curves for each stem specimen 

sampled (n = 6 per species). Conduit widening rates for S. thurberi specimens ranged 

from 0.120 to 0.198 and for C. gigantea specimens from 0.239 to 0.305 (p < 0.050). 
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Vessel density  

Across all species, vessel density (vessels/mm2) decreased at an exponential rate 

of -0.701 (R2 = 0.715, p < 0.001) when plotted against length from stem apex and fitted 

with a logarithmic regression line (Figure 5). Additionally, there was a significant inverse 

correlation between vessel density and hydraulic diameters across all species that 

followed an exponential rate of -2.804 (Figure 6, R2 = 0.751, p < 0.001).  

Individual species showed significant exponential decrease in vessel density along 

length from the stem apex (Figure 7), with exponential rates ranging from -1.174 in 

Neobuxbaumia tetetzo (R2 = 0.821, p = 0.013) to -0.358 in E. spachiana (R2 = 0.904, p = 

0.013). Vessel density trends had a strong correlation with distance from the stem apex 

(R2 > 0.800) and decreased significantly (p < 0.050) for all individual species. However, 

there was no significant difference in vessel density trends between individual species.  

Figure 8 shows the exponential decrease in vessel density for individual C. 

gigantea and S. thurberi specimens. Significant exponential rates of vessel density ranged 

from -0.892 to -0.446 in S. thurberi, and from a slope of -1.215 to -0.490 in C. gigantea 

(p < 0.050). While there was slight variation, there was again no significant difference in 

the exponential trends between different specimens of the same species. 
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Figure 5. Vessel density (vessels/mm2) along the length from the stem apex (cm) across 

all species, differentiated by shape, decreased at an exponential rate of -0.701 (R2 = 

0.715, p < 0.001).  
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Figure 6. Vessel density (vessels/mm2) in relation to hydraulic diameter (Dh, μm) across 

all species, differentiated by shape. Vessel density decreased with hydraulic diameter at 

an exponential rate of -2.804 (R2 = 0.751, p < 0.001). 
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Figure 7. Vessel density (vessels/mm2) along the length from the stem apex for each of 

nine columnar cactus species. Rates of decreases in vessel density ranged from -1.174 in 

N. tetetzo (R2 = 0.821, p = 0.013) -0.358 in E. spachiana (R2 = 0.904, p = 0.013). 
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Figure 8. Vessel density (vessels/mm2) along the length from the stem apex for C. 

gigantea (blue) and S. thurberi (green). Graphs on the left show the logarithmic curve for 

each species, while graphs on the right show logarithmic curves for each stem specimen 

sampled (n = 6 per species). Vessel density decreased at exponential rates ranging from -

0.892 to -0.446 in S. thurberi and from -1.215 to -0.490 in C. gigantea (p < 0.050).  
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Double-wall thickness  

In C. gigantea and S. thurberi specimens, double-wall thickness-to-span ratio, 

(t/w)h
2, decreased at a rate of -0.001 in both species when plotted against length from 

stem apex (Figure 9). However, the linear model was only significant for S. thurberi, 

although the model did not fit the data well (R2 = 0.024, p = 0.005). The trendline for C. 

gigantea, despite having a similar rate of decrease, showed no significant correlation with 

length from stem apex (R2 = 0.012, p = 0.467).  

When (t/w)h
2 was plotted against hydraulic diameter (Figure 10), each species 

showed a different rate of change, and again only the linear model for S. thurberi was 

significant but did not fit well (b = -0.059, R2 = 0.040, p < 0.001). The linear model for C. 

gigantea showed no significant correlation (b = -0.012, R2 = 0.001, p = 0.861). Double-

wall thickness (t, μm) increased significantly with hydraulic diameter at a rate of 0.059 in 

S. thurberi, although the linear model did not fit well (R2 = 0.040, p < 0.001). In C. 

gigantea, there was no significant change with hydraulic diameter (R2 = 0.001, p = 

0.861).  

Volume-to-surface-area ratio 

Across all species,  when comparing the conduit widening rate (b) to volume-to-

surface-area (V:S) ratio (m3m-2), there was no significant correlation (R2 = 0.011, p = 

0.787). Figure 11 shows the conduit widening rate and V:S ratio for each of the nine 

species.  
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Figure 9. Double-wall thickness-to-span ratio (t/w)h
2 over length from stem apex (cm) in 

C. gigantea (b = -0.001, R2 = 0.012, p = 0.467) and S. thurberi  (b = -0.001, R2 = 0.024, p 

= 0.005). 
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Figure 10. Double-wall thickness-to-span ratio (t/w)h
2 over hydraulic diameter (Dh, μm) 

in C. gigantea (b = -0.012, R2 = 0.001, p = 0.861) and S. thurberi  (b = -0.059, R2 = 

0.040, p < 0.001). 
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Figure 11. Conduit widening rates (b) of each species over their respective volume-to-

surface-area ratio (V:S, m3m-2). No significant correlation (R2 = 0.011, p = 0.787). 
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DISCUSSION 

Cacti survive in arid conditions with limited rainfall by storing water in the 

cortex, the succulent parenchymatous tissue between the dermis layers and the inner ribs, 

and in the pith, the centermost tissue of the stem. The resulting reservoir of water 

decouples water transport into the stem from photosynthetic gas exchange and instead 

water transport is largely driven by osmotic gradients throughout the stem, making axial 

water transport independent from stomatal conductance. CAM photosynthesis is another 

factor of water use efficiency in cacti. By limiting carbon uptake to nighttime, and 

therefore keeping stomata closed during higher daytime temperatures, cacti are able to 

avoid excess water loss. Usage of CAM photosynthesis varies across different plant taxa, 

and cacti generally rely exclusively on this photosynthetic pathway (Berry et al., 2013). 

Many species of giant cacti in North America—including C. gigantea, Pachycereus 

pringlei, Lophocereus schottii, and S. thurberi—surpass the water-use efficiency of other 

plants and appear to only express two of the four standard phases of the CAM cycle 

(Huber et al., 2018; Hultine et al., 2023). These unique water-use efficiency strategies 

allow cacti to thrive in arid environments while being under similar anatomical 

constraints as non-succulent woody taxa.  

This study investigated several arborescent, multi-stemmed or columnar cacti 

(Cactaceae) species across multiple genera (Figure 11), and more specifically, the 

Cactoideae subfamily (Hernández-Hernández et al., 2011). Within this clade, most of the 

genera in this study belong to Echinocereeae, the second largest tribe of North American 

cacti (Pachycereus, Neobuxbaumia, Carnegiea, Lophocereus, Stenocereus); and 

Browningieae, a South American cactus tribe (Stetsonia) (Hernández-Hernández et al., 
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2011; Guerrero et al., 2018). Echinopsis, another South American genus, is generally 

polyphyletic (Hernández-Hernández et al., 2011; Schlumpberger & Renner, 2012). 

Within Echinocereeae, the genera can be further divided into two subtribes: 

Pachycereinae (Pachycereus, Neobuxbaumia, Carnegiea, Lophocereus) and 

Stenocereinae (Stenocereus) (Hernández-Hernández et al., 2011; Guerrero et al., 2018).  

Across all species in this study, conduit diameters followed a significant basipetal 

widening rate of b = 0.211 (Figure 3A, R2 = 0.613, p < 0.001), closely following 

universal scaling theory and conduit scaling measured in woody plant taxa (b = 0.20; 

Olson et al., 2020; Soriano et al., 2020). Xylem vessel density significantly decreased 

across all species along the length of the stem at an exponential rate of -0.701 (Figure 5, 

R2 = 0.715, p < 0.001), and also had a similar significant inverse correlation with 

hydraulic mean diameter across all species (Figure 6, exponential rate: -2.804, R2 = 

0.751, p < 0.001). Therefore, similar to non-succulent woody taxa, cactus stems balance 

out lower conductivity near the stem apex by having a greater density of vessels. As 

conduit vessels widen closer to the stem base, they are no longer present in such high 

density as smaller vessels are near the stem apex. 

Columnar cacti across all genera display varying morphological and anatomical 

traits. For example, in Stenocereus and Stetsonia, the inner ribs fuse to form a wooden 

ring at the stem base while the plants are in early stages of development, whereas in 

Carnegiea, Neobuxbaumia, and Pachycereus, the ribs fuse only partially or not at all 

(Mozzi, 2021). Additionally, the stems of different species within Cactoideae display a 

range of volume-to-surface-area (V:S) ratios, which reflect physiological trade-offs 

between the water storage capacity of succulent tissues and whole-stem photosynthetic 
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capacity (Williams et al., 2014; Hultine et al., 2016). In species of Stenocereus and 

Carnegiea, for example, the former has a lower V:S ratio, and therefore has a greater 

capacity for growth under suitable conditions, while the latter has a greater capacity for 

water storage, which can be beneficial during times of drought (Hultine et al., 2019).  

Despite the various water use strategies of different columnar cactus species 

(Figure 10), the widening rates of each species were not significantly different from each 

other. Nonetheless, conduit widening rates ranged from 0.113 in E. spachiana to 0.361 in 

P. weberi (Figure 3B). In non-succulent woody taxa, conduit widening rates range from 

0.1 to 0.3 within individuals (Olsen et al., 2020). The species closest to universal scaling 

theory was C. gigantea, with a mean widening rate of 0.206; however, only three of six 

specimens had significant individual widening patterns. In both S. thurberi and C. 

gigantea there was also no significant difference between the individual specimens 

sampled (n = 6). Both Pachycereus species showed a higher widening rate than most 

other species (P. weberi: b = 0.361 and P. pringlei: b = 0.267). Other species with a 

widening rate above 0.20 included Echinopsis terscheckii (b = 0.251), Stetsonia coryne (b 

= 0.254), and L. schottii (b = 0.349). E. spachiana, S. thurberi, and N. tetetzo had 

widening rates below 0.20 (b = 0.113, b = 0.157, and b = 0.163, respectively). Figure 11 

visualizes a phylogenetic tree for the nine species in this study and lists their respective 

rates of basipetal widening. 
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Figure 12. Phylogenetic tree of all nine columnar cactus species included in this study 

and their respective rate of basipetal widening, b. North American taxa are highlighted in 

dark blue and South American taxa are highlighted in light blue. Created using 

Interactive Tree of Life (iTOL version 6.7.1) and Cactaceae phylogenies from 

Hernández-Hernández et al. (2011) and Guerrero et al. (2018). 
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Exponentially decreasing vessel density along the length from the stem apex was 

also not significant between individual species, although there was a range of exponential 

rates of change from -1.174 in N. tetetzo to -0.358 in E. spachiana (Figure 7). Among the 

species with higher exponential rates of decreasing vessel density, those of N. tetetzo and 

P. schottii were -1.174 and -1.035, respectively. The lowest exponential rate belonged to 

E. spachiana (-0.358), while the next lowest belonged to E. terscheckii (-0.625). The rest 

of the species had more modest exponential rates above -0.701, the mean exponential rate 

of vessel density decrease across all species sampled. Similar to conduit widening 

comparisons between individual specimens sampled, there was also no significant 

difference in vessel density exponential rates of decrease between the individual stems in 

both C. gigantea and S. thurberi.  

Double-wall thickness-to-span ratio illustrates the relative structural stability of 

xylem conduit bundles. When the ratio of double-wall thickness to span is higher, paired 

conduit vessels are less likely to embolize and implode due to greater reinforcement of 

the shared conduit wall (Hacke et al., 2001). Double-wall thickness-to-span ratio in C. 

gigantea did not show significant correlation to either the length from the stem apex or 

hydraulic diameter (Figure 8: R2 = 0.012, p = 0.467; Figure 9: R2 = 0.001, p = 0.861). In 

S. thurberi, there was a significant but weak correlation to both the length from the stem 

apex and hydraulic diameter, with very low rates of decrease (Figure 8: R2 = 0.024, p = 

0.005; Figure 9: R2 = 0.040, p < 0.001). Therefore, both the threat and resistance to 

cavitation in paired xylem conduits throughout the length of the stem show no particular 

trend. In other words, despite observing larger-sized conduits near the stem base, there is 
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little to no increased chance of spreading embolism through xylem conduits along the 

length of the stem.  

Not only was there no significant difference in hydraulic architectural trait 

patterns between phylogenetically diverse species with various stem morphologies, but 

there was also no significant correlation between conduit widening rates and volume-to-

surface-area ratios (Figure 10). Therefore, stem succulence and water storage behavior in 

cacti may be separate from internal hydraulic architecture. If conduit widening is also an 

adaptation in cacti, as it is non-succulent woody taxa (Olson et al., 2020), then perhaps 

succulence in cacti developed at a later stage of evolution and the unique water-use 

efficiency strategies of cacti are the key to thriving in arid environments despite being 

under similar anatomical constraints as woody taxa. Cacti are of great ecological 

importance in arid ecosystems, yet they are also among the most threatened and 

endangered taxa on the planet (Hultine et al., 2023). Understanding how cacti cope with 

severe water limitations is crucial to desert ecology, especially with changing climates 

and rising temperatures.  
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CONCLUSION 

This study demonstrates that cactus xylem anatomy does not deviate from 

universal scaling theory, regardless of the water storage and water use behavior unique 

from woody plant taxa: rather than by stomatal regulation, the primary driver of long-

distance water transport in succulent-stemmed plants such as cacti are osmotic gradients 

in storage tissues. Xylem conduit widening closely follows the universal widening pattern 

of woody tree species and xylem vessel density trends compensate for changes in xylem 

conduit size to maintain hydraulic conductivity throughout the stem. Both conduit 

widening rates and vessel density do not significantly vary between phylogenetically 

diverse columnar cactus species despite their various water storage behaviors and stem 

morphologies. Double-wall thickness-to-span ratio lacks strong correlation with either 

length or hydraulic diameter; in other words, the threat of spreading embolism through 

bundles of bordering xylem conduits may remain constant regardless of anatomical 

differences along the stem. Across phylogenetically and morphologically diverse species 

of giant cacti, we find similar anatomical patterns that do not significantly deviate from 

each other. Additionally, we found no significant correlation between conduit widening 

patterns and water-use behaviors, represented by the diverse volume-to-surface-area 

ratios of each columnar cactus species. Thus, stem succulence and water storage behavior 

in cacti may be separate from internal hydraulic architecture.  

Giant cacti follow similar internal anatomical constraints as non-succulent woody 

taxa, and rather than occurring despite the unique water use behaviors and adaptations in 

cacti, it is due to these adaptations that they are able to thrive in arid environments while 

being under similar constraints as other vascular plants. Investigating xylem architecture 
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in cacti helps us understand how these species cope with severe water limitations and 

provides new insights on evolutionary constraints of stem succulents as they functionally 

diverged from other life forms.  
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