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Abstract

Leave’s vein xylem and stomata hydraulic traits should be critically linked to modulating plant responses to drought in leaves
of desert species, influencing traits at the whole-plant level and promoting adaptation. We tested for coordination among leaf
vein xylem anatomical traits across different hierarchical orders (hydraulic vessel diameter, vein area, free veins per area,
areolas per area, total free veins number, total areola number) and stomatal traits (stomatal size, stomatal density, stomatal
index, leaf total stomatal area, leaf total stomatal number) as well as their relationship with the leaf area in ten tree species
from the Sonoran Desert scrub, Mexico. Moreover, these traits were correlated with other hydraulic and functional traits
associated with resource use strategies (hydroscape area, stem-specific density, leaf mass per area, and leaf phenology).
Leaf total stomatal area and number were positively associated with vessel diameters at the midrib and with leaf total free
terminal veins and areola number, indicating coordination between water transpiration and transport. Also, interspecific
differences fit species along a physiological resource use spectrum, following an exploitative vs. conservative physiological
axis. Accordingly, species with lower leaf longevity (LL) and foliage duration at the canopy (FD) displayed higher values of
stomatal indices and free vein densities, higher stomata density; and anatomical traits related to higher hydraulic conductance
and gas exchange in comparison to species with higher LL and FD. Therefore, in this community, species have been selected
to take advantage of different temporal hydrological niches to enhance survival under unpredictable and highly seasonal
water availability.

Keywords Midrib vein - Petiole vein - Secondary vein - Stomatal density - Stomatal cell area - Terminal vein

Introduction

Plants from arid regions face low water availability as their
most important selective pressure (Gonzalez-Medrano
2012). Therefore, species adaptation to cope with this type
of stress has probably modified their anatomy and physiol-
ogy (Dimmitt 2015), ranging from drought-avoidant spe-
cies (deciduous woody species and ephemeral herbaceous
species with fast growth) to drought-resistant species (long-
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lived evergreen species with slow growth) (Dimmitt 2015,
Lambers y Oliveira 2019). Leaves are the prime target for
selection to control water loss and transportation, because
they are responsible for gas exchange through stomata,
which is at the same time the source of transpiration and
the main resistance to water conductivity at the whole plant
level (Sack and Tyree 2005; Sack and Holbrook 2006).
As desert ecosystems will be the model for the reaction of
several other systems to the incumbent climatic changes
of the XXI century (IPBES 2018), it is critical to quantify
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the hydraulic characteristics of leaves from desert plants to
understand and predict species’ ecophysiological responses
under intensifying drought regimes.

The structure and function of the leaves involve an
inherent anatomical and physiological coordination
between the traits responsible for water delivery (xylem
traits) and those related to water loss and CO, uptake
through the stomata (Brodribb et al. 2017). The stoma-
xylem physiological link is subject to a trade-off between
enhancing water transpiration and acquiring CO, versus
restricting transpiration and reducing the probability of leaf
hydraulic pathways collapse but decreasing CO, uptake
(Brodribb et al. 2017; Li et al. 2018). Therefore, the number
and size of xylem and stomata, in addition to leaf area of
each leaf show coordinated development throughout the
leaf ontogeny to optimize leaf xylem water transport and
stomatal transpiration as leaves grow by passive epidermal
cell expansion (Carins Murphy et al. 2016; Brodribb et al.
2017). Thus, it is no surprise that leaf xylem (veins) and
stomata traits are also associated with other critical leaf
water transport and carbon assimilation traits. For water
to reach the evaporation surfaces at the mesophyll, at the
stomatal chambers, water should be conducted from basal
primary veins at the petiole to the minor veins, thus, vessel
tapering should occur to maximize the coverage of the leaf
surface (Coomes et al. 2008; Sack et al. 2012; Zhong et al.
2019), in turn, vessel widening from leaves to stem and roots
should occur to reduce water resistance from leaves to roots
of trees of different heights and higher transpiration surface
(Olson et al. 2021). This vessel tapering and widening is
expected to be strongly related to the leaf area, because
an important plant strategy is maintaining constant water
supply and demand per leaf area (Echeverria et al. 2019,
Zhong et al. 2020). In addition, the minor vein density
also influences the leaf's hydraulic conductance. Minor
vein density also shows correlations to stomatal density,
which, in turn, directly influences the maximum stomatal
conductance rate (Lawson and Matthews 2020; Sack et al.
2013). Finally, as the stomatal conductance of the leaf is
strongly correlated to the photosynthetic rate per area, we
might expect anatomical leaf xylem and stomatal traits to be
strongly related to the plant functional traits encompassed
in the plant economic spectrum (PES, Reich 2014; Volaire
2018). Furthermore, we might expect these anatomical traits
to be related to the iso-anisohydric continuum (Sack et al.
2013; Brodribb et al. 2017; Fu et al. 2019; Chen et al. 2021;
Gonzalez-Rebeles et al. 2021).

The plant economic spectrum framework considers that
there is a trade-off in resource acquisition (Reich 2014).
On one extreme, there are plants that take advantage of
the favorable rainy season and have a fast acquisition of
resources. These plants are deciduous or annual plants
with cheap leaves, low leaf mass per area (LMA), low
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leaf longevity (LL) or foliage duration (FD), and low stem
density (SSD, Wright et al. 2004, Mendez-Alonzo et al.
2012, Gonzalez-Rebeles et al. 2021), which is related to a
higher capacity to move water through the xylem (Chave
et al. 2009). At the other end of the spectrum, some species
have a slow acquisition of resources throughout the year.
These plants are evergreen with expensive leaves with
high LL and FD (Wright et al. 2004, Mendez-Alonzo et al.
2012, Gonzalez-Rebeles et al. 2021). In addition, they can
present a higher stem density (Mendez-Alonzo et al. 2012,
Gonzalez-Rebeles et al. 2021) which is associated with
protection against xylem failure during water stress (Chave
et al. 2009).

Plant species can also be classified in the iso-anisohydric
continuum depending on their stomatal sensitivity and
fluctuations in water potential in response to the decrease
of soil water availability. When soil water availability
is reduced, the isohydric species show a faster stomatal
closure without substantial changes in leaf water potential.
In contrast, the anisohydric species maintain their stomata
open, supporting higher fluctuations in their leaf water
potentials (Tardieu and Simonneau 1998; Meinzer et al.
2016). In turn, the iso-anisohydric continuum is associated
with the PES (Fu et al. 2019; Fu and Meinzer 2019; Chen
et al. 2021, Gonzalez-Rebeles et al. 2021), with anisohydric
species being resource conservative and resistant to
cavitation, and isohydric species being resource exploitative
but vulnerable to cavitation (Gonzalez-Rebeles et al. 2021).
This study aims to find the links between leaf xylem vessel
widening and stomatal traits and their relationship with
phenology and functional traits that define the PES and iso/
anisohydric continuum in trees from the Sonoran Desert.

The Sonoran Desert is one of the most diverse deserts
in North America (Shreve 1951). Previous studies have
shown the high functional diversity of tree species related
to phenology and their responses to drought (Gonzalez-
Rebeles 2021, 2023). Canopy foliage duration, gas exchange,
hydraulic, and other functional traits allowed classifying
the species considering the iso-anisohydric and fast-slow
resource use frames. As structure and function should show
strong evolutionary couplings, we hypothesize species
to have interspecific differences in their anatomical traits
related to water demand and water supply. In addition, we
hypothesize that the scaling leaf vein and stomatal traits
will be related to leaf area, reflecting a way to maintain a
constant leaf hydraulic and photosynthetic productivity per
leaf area. We also expect a correlation between anatomical
xylem and stomatal traits reflecting water supply and
demand coordination. Furthermore, we hypothesize that
these species would diverge in their leaf vein and stomatal
traits in concert with their water and carbon resource use
strategies; with anatomical traits being coordinated with
traits associated with the iso-anisohydric continuum and
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the PES. These expectations were explored by testing
the associations of several stomatal traits (stomatal size,
stomatal density, stomatal index, leaf total stomatal area,
leaf total stomatal number) with leaf vein xylem traits of
different orders (hydraulic vessel diameter, vein area, free
veins per area, areolas per area, total free veins number
and total areola number) and in their relation with traits of
the iso-anisohydric continuum (hydroscape area) and PES
(stem-specific density, leaf mass per area, leaf phenology)
across ten species of trees of the Sonoran Desert Scrub
vegetation close to Hermosillo, Sonora, Mexico.

Materials and methods
Study sites

This study was performed in two sites covered by desert
scrub vegetation: the archeological reserve La Pintada
(28° 35’ 18 N 110° 57'51°’W; elevation 269 m a.s.l.),
and the Centro Ecol6gico del Estado de Sonora (CEES,
29°01'41’N 110° 57'09”° W; elevation 245 m a.s.l.), both
within the southern part of the Sonoran Desert (Shreve
and Wiggins 1964). Within the study area, the short-wet
season occurs from July to October, and the long dry season
from November to June. Precipitation occurs mainly due to
summer monsoon rains (ca. 80% annual precipitation) and
secondarily due to low-intensity precipitation events during
winter. However, the intensity of monsoon rains varied
greatly throughout the years, and the intervals between rain
events may be highly unpredictable (Ezcurra and Rodrigues
1986). Summer maximum temperatures are commonly
above 40 °C; winter minimum temperatures may be lower
than 10 °C, and frost is absent, allowing the persistence of
high plant diversity, including elements from the Neotropical
and Nearctic biogeographical realms (Brito-Castillo et al.
2010). In La Pintada, the mean annual precipitation for
the last 9 years (2014-2022) was 342 mm, and the average
maximum temperature was 45.7 °C (Ortiz Meteorological
station, CESAVE-SIAFESON 2023). In CEES, the mean
annual precipitation for the same period was 386.5 mm, and
the average maximum temperature was 45.2 °C (La Tracolita
Meteorological station, CESAVE-SIAFESON 2023).

Species selection

We selected ten representative tree species of the Sonoran
Desert Vegetation based on previous knowledge of their
foliar phenology (Turner et al. 1995, Table 1). In previous
studies, we characterized their phenology, several hydrau-
lic, morphological, and physiological characteristics of

Table 1 Species selected to quantify the relationship between phe-
nology and leaf and stem traits related to water status in the Sonoran
Desert Scrub of the State of Sonora, Mexico. Leaf habit (LH) based
on Turner et al. (1995): D (deciduous), E (evergreen), and abbre-
viation (Abb.) of the species. Leaf compoundness (LC): Simple (S),
Compound (C)

Species Family Abb LH LC
Bursera fagaroides (Kunth) Engl. Burseraceae Bufa D C
Bursera laxiflora S. Watson Burseraceae Bula D C

Jatropha cordata (Ortega) Miill.  Euphorbiaceae Jaco D S

Arg.
Lysiloma divaricatum (Jacq.) J.F.  Fabaceae Lydi D C
Macbr.
Olneya tesota A. Gray Fabaceae Olte E C
Parkinsonia microphylla Torr. Fabaceae Pami D C
Fouquieria macdougalii Nash Fouquieriaceae Foma D S
Bonellia macrocarpa subsp. Primulaceae Boma E S
pungens (A. Gray) B. Stahl &
Kdllersjo
Sapindus saponaria L. Sapindaceae Sasa E C

Guaiacum coulteri A. Gray Zygophyllaceae Guco E C

leaves and stems for adult trees, and their foliar dynamics
were monitored (Gonzalez-Rebeles et al. 2021). Also, the
following anatomical characteristics were measured: the
hydraulically weighted mean vessel diameter of the stem,
midrib, and petiole, as well as the stomatal index of the
leaf abaxial surface (Gonzalez-Rebeles et al. 2021). In this
study, we deepen the anatomical analysis by quantifying
20 anatomical leaf characteristics of the same trees related
to leaf hydraulics and gas exchange. We also correlated
these characteristics with their respective plant phenologi-
cal and physiological traits (Gonzalez-Rebeles et al. 2021).

The studied species presented either simple or
compound leaves (Table 1), and we considered the
leaflet and the petiolule of the compound leaf species as
an anatomical and functional equivalent to the leaf and
petiole of the simple leaf species for all the morphological
and anatomical analyses (Niinemets 2006). The petiolule
will be referred to as the petiole and the leaflets as leaves
in the rest of the document.

To evaluate the physiological and anatomical relation-
ships and differences among species, 27 traits were con-
sidered (Table 2). These included 20 newly quantified ana-
tomical traits in determining the structural coordination
of stomata and leaf vein xylem. In addition, we included
seven previously measured traits in the same species and
individuals, including hydroscape areas, leaf phenology
traits (leaf longevity, LL, and canopy foliage duration,
FD), and morphological traits (leaf mass per area, LMA,
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Table 2 (continued)

G-R *

Pvalue
0.435

CV

1.38

Mean value (SE)

Unit

Symbol
LSA

Traits

3.678

81,047.91+20,936.23

134,569,881.7 +26,680,028.84
9.65+0.44

pm?

Leaf total stomatal area

0.221

10.106
0.025

80
0.32
1.53

1.

LSN
Stol

Leaf total stomatal number

0.938

Salisbury Index

0.008

100.167
34.305

6695.61 +1538.47
3281.44 +850.27

LTVN
LTAN

Leaf total free terminal vein number

0.063

74

1.

Leaf total areola number

and stem-specific density, SSD). Methods and values for
the hydrological, phenological, and morphological traits
were extracted from Gonzalez-Rebeles et al. (2021).

Anatomical traits of branches

Branches from 0.68 cm to 1.01 cm in diameter, being
4-5 years old (five scars from the apex), were collected
from five individuals per species in September 2017. A
portion of the stems collected was fixed in a solution of
formaldehyde-acetic acid—ethanol (FAA, Ruzin 1999) for
24 h and then washed and stored in a glycerol-ethanol-water
(1:1:1) solution until sectioning. Afterward, the sections
were cut in a sliding microtome (18-20 um thick), stained
with safranin-fast green, and mounted in synthetic resin
(Terrazas et al. 2011).

Vessel frequency per square mm (F) was counted in
10 X magnification in a field of a size area of 0.747 mm?, and
the diameter of 50 vessels per individual (d) was measured
at a 40 X magnification using an image analyzer (Image-Pro,
Media-Cybernetics, Rockville USA). In the transverse stem
sections, vessel diameter (d) was calculated to obtain the
hydraulically weighted mean vessel diameter of the stem
(dhS, Coomes et al. 2008, Gonzalez-Rebeles et al. 2021):

th:ZdS/Zd“.

Leaf anatomical traits

Leaves of five individuals per species were collected at
the end of the growing season (September 2017) for leaf
anatomical determinations. Leaf segments were fixated in
FAA (Ruzin 1999) for 24 h and then introduced in 60%
ethanol. Then, the segments were dehydrated in a tissue
processor (TP1020, Leica Wetzlar, DE) and embedded in
paraffin following Martinez-Cabrera et al. (2009). Transverse
and paradermal sections of petioles and laminas 12—14 pm
thick laminas were sectioned with a rotary microtome,
stained with safranin-fast green, and mounted in synthetic
resin (Terrazas et al. 2011). As in the case of branches, the
hydraulically weighted mean vessel diameter (dhP, from
Coomes et al. 2008) was obtained for the base of the petioles
using the same set of methods.

Leaf anatomical traits transverse sections
In the transverse sections of petioles and lamina, vessel
diameter (d) was calculated to obtain the hydraulically

weighted mean vessel diameter of the terminal vessels
(dhT), the vessels of the secondary veins (dh2), the midrib

@ Springer
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(dhl) and the petiole (dhP), by also calculating the relative
conductance following Coomes et al. (2008).

Vascular bundle area was calculated by drawing a circum-
ference in the vascular bundles (only the area occupied by
the xylem without considering phloem or fibers). In some
species, there was more than one vascular bundle in midvein
and petiole. Therefore, we summed all the vascular bundles
to obtain the total vascular bundle area. We obtained the vas-
cular bundle area of the terminal vein (VAT), secondary vein
(VA2), midrib vein (VA1), and petiole (VAP).

Leaf anatomical traits paradermal sections

In the paradermal sections, for each individual, we
counted the number of terminal veins and areolas at a
10 x magnification in five fields of a size area of 0.747 mm?
each. The number of free terminal veins and areolas was
divided by the field size of 0.747 mm? to obtain the number
of free terminal veins per area (TV/A) and the number of
areolas per area (A/A). The leaf total free terminal vein
number (LTVN) was calculated by multiplying the leaf
area by TV/A. The leaf total areola number (LTAN) was
calculated by multiplying the leaf area by A/A.

For each individual, in the paradermal sections of the
abaxial and adaxial surface, we counted the number of
stomata at a 40 X magnification in five fields of a size area
of 0.046 mm? each. For the hypostomatic species (Bufa,
Bula, Jama, Lydi, Pami, and Sasa, abbreviations in Table 1),
we obtained the stomatal density (StoD) by dividing the
number of stomata observed in the abaxial surface by the
field area. For the amphistomatic species (Foma, Guco, Jaco,
Olte), we obtained the abaxial stomatal density (StoDab)
and the adaxial stomatal density (StoDad) by dividing the
number of stomata observed on each surface by the field
area, calculating the average stomatal density (StoD) the
following way (El-Sharkawy et al. 1985, Melgarejo et al.
2010):

StoD = (StoDab® + StoDad®) [ (StoDab + StoDad).

Epidermal cell density (ED) was also quantified per
square millimeter. For the amphistomatic species, the same
method of El-Sharkawy et al. (1985), as described above,
was used to obtain an average epidermal cell density. The
Salisbury stomatal Index (Stol, Salisbury 1927; Navea et al.
2002) was estimated as:

Stol = (StoD/(StoD + ED)) x 100.

Stomatal cell area (SCA) was calculated by measuring the
maximum width (W) and maximum length (L) of 10 guard
cells of 10 closed stomata in each leaf in a 40 X magnifica-
tion and, using the formula of Zhong et al. (2020):
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SCA =2+W=xL*mx.

Leaf total stomatal area (LSN) was obtained by
multiplying StoD by LA and SCA. Leaf total stomatal
number (LSN) was calculated by multiplying StoD by LA
(Zhong et al. 2020).

Data analysis

Interspecific differences between measured traits, but
controlling the lack of independence of species due to
common evolutionary history (Garland et al. 1993),
were analyzed using One-way phylogenetic ANOVA
(phyANOVA), a procedure that ponders the degrees of
freedom and the significance value of phylogenetically
close species using permutation and bootstrap
simulations using the phytools package in R (Adams and
Collyer 2018; Table 2).

To understand the relation between the 27 traits we cal-
culated a multiple Pearson’s correlation analysis in JASP
(JASP team, 2023, Table S1). To determine the leaf scal-
ing of the hydraulically weighted mean vessel diameter
(dh) and the vessel area (VA) of the petiole, midrib, sec-
ondary vein, and midrib, for each species we fitted straight
lines to a In-In transformed data by using standardized
major axis regression with the SMATR package in R (R
Development Core Team, 2020), considering alpha (o),
the slope, as an indicator of the scaling relationship across
vein hierarchical orders. We calculated the regressions of
the hydraulically weighted mean vessel diameter (dh) and
the Ln-transformed vessel area (VA) of the petiole, mid-
rib, secondary vein, and midrib with the Ln(x + 1)-trans-
formed values of leaf area. Also, we calculated the relation
between stomatal density (StoD), stomatal index (Stol),
and stomatal area (StoA) with the Ln(x + 1)-transformed
values of leaf area. To summarize the set of associations
among xylem, stomata, morphological and phenological
traits, we conducted a principal component analysis using
a matrix of the mean trait values of HA, FD, LL, VAL,
dhl, VAP, dhP, Stol, TV/A, LA, SSD, LMA, VAT for
the ten species using the FactomineR package in R (R
Development Core Team, 2020). Graphs were designed
and edited in GraphPad Prism (version 8.3.0 for Mac OS,
GraphPad Software, San Diego, California USA).

Results
Interspecific differences between traits

With the phylogenetic ANOVA, we found significant dif-
ferences among species in phenology, morphology, and
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anatomy: for leaf longevity (LL), canopy foliage duration
(FD), leaf mass per area (LMA), leaf area (LA), hydrauli-
cally weighted mean vessel diameter of the petiole (dhP),
number of free terminal veins per area (TV/A), leaf total
free terminal vein number (LTVN) (Table 2).

Leaf vessel scaling and its relation to leaf area

At the leaf level, species presented different relations in the
slope or the scaling (a) of the xylem vessel diameter to the
vascular bundle area (dh~VA; Table 3, Fig. S1). Species
presented an average o of 0.10, with a maximum of 0.18 in
Lydi and a minimum of — 0.04 in Pami. While most species
had a reduction in vessel diameter from the petiole to the
terminal veins, Boma, Olte, and Pami did not show evidence
of tapering. In some cases, terminal vein diameters were
even larger than secondary vein diameters, which affected
a. For example, in Pami, the xylem vessel diameters of the
terminal veins were larger than those of the secondary veins,
and that causes it to have a negative slope, and therefore
a negative scaling relationship. The vessel scaling (x) was
significantly correlated with the petiole vessel diameter
(dhP, r,=0.68, p <0.05). Species with larger differences
between vein orders (higher o) presented larger dhP than
species with lower a (Table S1, Supplementary Material).
Leaf area was correlated with most of the leaf xylem ana-
tomical traits measured, except for the diameters of termi-
nal veins (dhT) and vascular bundle area of terminal veins
(VAT) (Table S1). We found significant positive correlations
between the hydraulically weighted mean vessel of the peti-
ole (dhP, R?=0.48), of the midrib (dh1, R*=0.52), and the
secondary vein (dh2, R?=0.68) to the In(x + 1)-transformed
leaf area (Fig. 1 A, B, C). In addition, the In-transformations
of the vascular bundle area of the petiole (VAP, R>=0.68),
of the midrib (VAIL, R2=0.53), and the secondary vein
(VA2, R?=0.59) were also significantly and positively cor-
related to the In(x + 1)-transformed leaf area (Fig. 1 D, E, F).
In contrast, there were no significant associations between
the stomatal density (StoD, R?=0.12), stomatal index (Stol,
R2:O.10), and stomatal cell area (StoA, R2:0.31), or o
(R?=0.17) with the In(x + 1)-transformed leaf area.

Relationship between leaf xylem and stomatal traits

There were significant correlations with stomatal and
xylem traits (Fig. 2, Table S1). Species with higher leaf
stomatal number (LSN) presented higher vascular bun-
dle area of the petiole (VAP, rp=0.83, p<0.01), mid-
rib (VAIL, r,=0.81, p<0.01) and secondary vein (VA2,
rp=0.67, p <0.05), and higher leaf total vein number
(LTVN, r,= 0.64, p <0.05). Species with higher leaf sto-
matal area (LSA) presented higher hydraulic vessel diam-
eter of the petiole (dhP, rp:0.65, p <0.05), midrib (dhl,

r,= 0.64, p<0.05) and secondary vein (dh2, r,= 0.73,
p <0.05). Species with higher LSA also presented higher
VAP (r,=0.95, p<0.001), VA1 (r,=0.69, p <0.05), VA2
(r,=0.85, p<0.01), LTVN (r,=0.97, p <0.001) and leaf
total areola number (LTAN, rp:0.94, p<0.001). Spe-
cies with higher stomatal index (Stol) presented a higher
number of free terminal veins per area (TV/A, r,= 0.82,
p <0.01), a higher number of areolas per area (A/A,
r,=0.75, p<0.01) and lower hydraulic vessel diameter
of the terminal vein (dhT, r,=— 0.69, p <0.05). Species
with higher stomatal cell area (StoA) presented higher ter-
minal vein vascular bundle area (VAT, r,= 0.72, p<0.05)
and vessel diameter (dhT, r,=0.70, p <0.05), (Table S1).

General Xylem-Stomata coordination and their
relationship to traits related to the iso-anisohydric
continuum and the plant economic spectrum.

With Pearson’s correlation analysis, we found that the more
anisohydric species (higher hydroscape area, HA) were
correlated with lower vessel diameter in the petiole (dhP,
r,=— 0.660, p<0.05), midrib (dhl, r,=— 0.743, p<0.05)
and secondary vein (dh2, r,=- 0.695, p<0.05) in compari-
son with the less anisohydric species (Table S1, Fig. 3A).
In addition, species with higher stem density were related
to a lower dhP (rp= —0.722, p<0.05), dhl (rp= - 0.818,
p<0.01), and dh2 (r,=- 0.816, p<0.01), (Fig. 3B). Also,
species with higher leaf mass per area (LMA) presented
higher VAT (rp=0.779, p<0.01), (Fig. 4).

With the PCA analysis (Fig. 5), we found that the more
isohydric species (lower HA) presented higher xylem vessel
diameter in the petiole and the midrib, a higher petiole vas-
cular bundle area (VAP) but lower stem-specific density and
leaf mass per area than the more anisohydric species. Also,

Table3 Scaling (a) of the hydraulically weighted vessel diameter
(dh) with the vascular bundle area (VA) of the petiole, midrib, sec-
ondary vein, and terminal vein of ten trees of the Sonoran Desert
Scrub; with standardized mayor axis regressions. The equation
(dh=m (VA)+Db), the scaling obtained by the slope of equation (o),
the determination coefficient

Species  dh=m (VA)+b o R?>  P-value
Bufa dh=0.15(VA)+0.6 0.154 08 <0.001
Bula dh=0.17(VA)+0.4 0.173 0.9 <0.001
Foma dh=0.07(VA)+0.82 0.071 0.7 <0.0001
Guco dh=0.04(VA) +0.73 0.041 03 <0.02
Boma dh=0.03(VA)+0.84 0.029 02 0.24
Jaco dh=0.12(VA) +0.69 0.123 0.8 <0.001
Lydi dh=0.18(VA) +0.29 0.18 08 <0.0001
Olte dh=0.04(VA)+0.82 0.039 0.2 <0.05
Pami dh=-0.05(VA)+0.89  —0.046 0.2 0.19
Sasa dh=-0.11(VA)+0.68 0.109 08 <0.0001
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LA (In (LA+1) in cm?)

Fig.1 Linear regressions between leaf area (In (LA+1)) and A)
hydraulically weighted mean vessel diameter of the petiole (dhP), B)
midrib vein (dhl), and C) secondary vein (dh2). In addition, linear
regression between the In-transformed leaf area (In (LA + 1)) and D)

species with higher leaf longevity and leaf foliage duration
presented a higher terminal vessel bundle area but a lower
stomatal index and free veins per area than those with lower
leaf longevity.

Discussion

We found interspecific differences in anatomical charac-
teristics in leaf xylem traits, as well as significant associa-
tions between anatomical, hydraulic traits and phenologi-
cal, physiological, and morphological traits across species.
In addition, leaf area was strongly related to traits associ-
ated with water transport in the leaf, indicating a strategy

@ Springer
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Ln-transformed vascular bundle area of the petiole (In VAP), E) mid-
rib vein (In VA1), and F) secondary vein (In VA2) for ten tree species
of the Sonoran Desert Scrub

to maintain the water supply constant independently of
the leaf size. Furthermore, the distribution of xylem and
stomata in the leaf showed evidence of coordinated devel-
opment, as species with larger leaf total stomatal area also
presented larger midrib vessel diameters (dh1) and higher
midrib vein area (VA1), indicating that development is
integrated to optimize water transport through leaf xylem
and transpiration through stomata. Overall, species with
lower leaf longevity (LL) and canopy foliage duration
(FD), which also displayed traits related to a fast resource
acquisition strategy (low SSD and LMA), have a higher
stomatal index and free terminal vein density compared
to species with higher LL and FD, which corresponded to
species bearing more conservative acquisition traits (high



Trees (2023) 37:1743-1756

1751

Fig.2 Heat map for Pear-
son’s significant correlations
between xylem and stomata

Xylem Traits

traits of 10 tree species of the Stomatal
Sonoran Desert shrub. Different

shading represents different

P-values (<0.001 darker,<0.01 Traits

medium, <0.05 lighter, non-

VAP VAl VA2 VAT|dhP dhl dh2 dhT

LTAN LTVN|TV/A A/A

significant, or n.s. white). Traits
abbreviations as indicated in
Table 2

B 000

SSD and LMA). The hydroscape area, reflecting whether
species ranged from iso to anisohydry, was more strongly
related to anatomical variation within the petiole and the
primary and secondary veins than to stomatal traits or
terminal vein traits. Results integrate leaf and stem ana-
tomical characteristics with carbon and water resource use
strategies in Sonoran Desert trees.

Interspecific traits variation

Leaf area varied significantly between species, and the leaf
major veins traits were related to leaf area as has been shown
before (Fig. 1, Table S1, Supplementary material, Sack et al.
2012). Therefore, we expected interspecific variation in the
vessel diameter for primary and secondary veins, however,
these traits did not present significant differences between
species. In contrast, dhP presented significant differences
between species, which could be related to greater
investment in the petiole area to support larger leaves in
comparison to smaller leaves (Sack et al. 2013). In addition,
traits related to the number of terminal veins (TV/A and
LTVN) also presented differences between the 10 species.
A higher number of terminal veins is related to a higher
vessel length per unit area, a trait that has been shown to
vary between angiosperm species (Sack and Scoffoni 2013).

Leaf vessel scaling and its relationship to leaf area

We found a relationship between the scaling of the leaf vein
and stomatal traits that was not directly related to the leaf
area. However, we found that species with smaller petiole
vessel diameter (dhP) presented lower values of vessel scal-
ing (a), and species with higher dhP presented higher vessel
widening from the terminal veins to the petiole (Table S1,

- P<0.01

] ] ns

P<0.05

0- T T T T -o- dhP
2 4 6 8 0
3 -o- dh1
HA (MPa“)
20 -o- dh2
154
B
= 104
<
o
5—
0 T T T
0.3 0.4 0.5 0.6 0.7

SSD (g cm?)

Fig.3 Correlations of (A) hydroscape area (HA) and (B) stem-spe-
cific density (SSD) with hydraulically weighted mean vessel diameter
of the petiole (dhP, grey), midrib (dhl, black) and secondary vein
(dh2, red)

Supplementary material). Also, species with higher dhP
have a higher leaf area (Fig. 1). This indicates that species
with larger vessel tapering from the petiole to the terminal
veins present a higher water transport at the petiole level
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and a higher reduction in their vessel diameters and vein
area to reach the mesophyll and the stomata. This reflects
a strategy to maintain constant leaf hydraulic and photo-
synthetic productivity per leaf area as found by Echeverria
et al. (2019). In addition, to high dhP, we found that spe-
cies with higher leaf area presented higher dhl, dh2, and
higher VAP, VA1, and VA2 (Fig. 1), traits related to a more
efficient and faster water transport, indicating that species
must regulate the leaf hydraulic system per leaf area. Spe-
cies with larger areas must cover a larger surface to reach
all the mesophyll tissue and, therefore, they present petiole,
primary, and secondary veins with larger areas and larger
vessel diameters. This relation allows constant leaf-specific
conductance independently of the changes in leaf area. This
relation has also been observed in interspecific studies of
seedlings of species from Mediterranean vegetation (Zhong
2019, 2020) as well as intraspecific studies of species of
the tropical dry forest (Echeverria et al. 2019). Therefore,
there seems to be an indirect relation between the leaf size
and stomata reflected by the strong coordination between
water supply and demand. Interestingly, studies considering
the whole plant found that species with higher height also
present higher total leaf area, and higher widening of vein
and vessel diameters (Echeverria et al. 2019, Zhong et al.
2019; Soriano et al. 2020; Olson et al. 2021). This dynamic
is considered a strategy to maintain a constant water supply
and demand, as well as constant CO, assimilation, despite
size changes at tree, stem, and leaf levels (Echeverria et al.
2019, Olson et al. 2021).

We did not find a correlation between vessel scaling o and
leaf area, these could be related to atypical values of o for
some species. For example, Bula, Olte, and Pami presented
terminal conduits with higher area and diameter than vessels
of secondary veins (Fig, S1 Supplementary Material), which
for Olte and Pami can be related to their small leaf areas and
might have been in the limit of the resolution of our imaging
survey. However, Bula does not have small leaves, and for
the tree species, we found storage tracheids at the end of the
terminal veins that may serve as water reservoirs (Fig. S2
Supplementary Material, Evert 2006), thus probably enhanc-
ing the diameter. We did not find a significant correlation
between stomatal area and with leaf area. We expected that
the species with higher leaf area would present higher stoma-
tal cell area which could reflect a higher transpirational area
related to a higher transpirational demand in larger leaves
(Lawson and Matthews 2020). However, there are other ana-
tomical characteristics that are related to the transpirational
area of the leaf, such as the number of stomata in the leaf
(Zhang et al. 2022). For example, Sapindus saponaria, the
species with the largest leaf area (6.71 cm?) presented the
smallest stomata cell area (842 um?) but presented a higher-
than-average leaf stomatal cell number (477,499 stomata per
leaf) which is related to a higher transpirational area.
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Fig.4 Correlations of leaf mass per area (LMA) with vascular bundle
area of the terminal vein (VAT)

Leaf vein xylem traits are coordinated with stomatal
traits

Throughout evolutionary time, angiosperm species have
presented a balance between water supply (represented by
leaf xylem traits) and water demand (represented by stomatal
traits) which remains constant in different lifeforms from
different environments (Brodribb et al. 2017; Zhong et al.
2020; Wen et al. 2020; Zhang et al. 2022). In our study,
we found that leaf stomatal number and leaf total stomatal
area were both correlated with several major vein traits (i.e.,
vascular bundle area of the petiole, midrib, and secondary
vein, Fig. 2). Leaf total stomatal area was also correlated
with the hydraulic vessel diameter of the petiole, midrib,
and secondary vein. The coordination between major vein
traits and stomata indicates that species with larger leaves
and, therefore, higher stomatal number and area, present a
larger xylem conduct widening from the minor veins to the
major veins and petiole. This could be seen as a strategy
to reduce water transport resistance in leaves with larger
areas of transpiration, and therefore, larger water demand
as seen in seedlings of Mediterranean vegetation in Zhong
et al. (2019, 2020).

Stomatal traits were also correlated to minor vein traits.
Leaf stomatal number and area were both correlated with
the leaf total terminal vein number, moreover, leaf total
stomatal area was correlated with leaf total areola number. In
addition, the stomatal area was correlated with the terminal
vein area and vessel diameter. The relationship between
stomatal traits and minor veins has been found in many
environments and reflects a strong coordination between the
leaf development and the environment as a differential cell
expansion has a similar effect on the density of the xylem
and stomata (Carins-Murphy et al. 2016, Brodribb et al.
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Fig.5 Species (A) and variables (B) plots derived from the two prin-
cipal axes obtained from a principal component analysis summariz-
ing 13 quantitative traits for ten species of the Sonoran Desert Scrub,
Sonora, México. (A) Dispersion of species across the morphophysi-
ological space, abbreviations follow Table 1. Symbols: Closed trian-
gles=evergreen species with simple leaves, closed circles =evergreen
species with compound leaves, Open triangles =deciduous species

2017; Zhang et al. 2022). Even though our species coexisted
in the same environment, the different xylem and stomata
densities indicate different evolutionary adaptations to the
same environment (Brodribb and Field 2010) and reflect
different strategies to balance water demand and supply.

Hydraulic leaf traits and the iso-anisohydric
continuum and the plant economics spectrum

Species diverged in their leaf vein and stomatal traits in
concert with their water and carbon resource use strategies;
with anatomical traits being coordinated with traits
associated with the iso-anisohydric continuum and the PES.
We found that more anisohydric species (higher hydroscape
area, HA, Fu and Meinzer et al. 2019) presented lower vessel
diameters of the petiole, midrib, and secondary vein vessel
(Fig. 3). This coincides with studies in temperate and arid
vegetation in which more anisohydric species presented
resource conservation traits such as greater embolism
resistance and lower water conductance (Fu et al. 2019;
Chen et al. 2021). In addition, species with stem traits related
to slower resource use (reflected by a higher stem density,
Reich 2014) present lower vessel diameters of the petiole,

-1.0 0.5 0.0 05 1.0
PC 1 (44.3 %)

with simple leaves, open circles =deciduous species with compound
leaves. The species in the green circle are evergreen, and the species
in the orange circle are deciduous. (B) Trait correlative patterns and
traits associated with PC1 are present in solid black lines, traits cor-
related with PC2 are shown with dashed lines, traits correlated with
both PC1 and PC2 are shown in gray lines (Table S2). Trait abbrevia-
tions as in Table 2

primary and secondary veins. This association between stem
density and the overall hydraulic capability of the leaf xylem
agrees with the idea that hydraulic and functional traits
should be coordinated in leaves and stems, as posited by the
plant economic spectrum (Méndez-Alonzo et al 2012; Reich
2014). We found that fast-growing species with low stem
densities presented an efficient water transport (reflected
by a wide vessel diameter) and slow-growing species with
high tissue density presented a slower water transport
(reflected by a narrow vessel diameter, Reich 2014; Zhong
et al. 2019). Contrary to what we expected, species with leaf
traits related to slower resource use (reflected by higher leaf
mass per area, Reich 2014) presented higher terminal vein
area. However, as explained before, some species normally
considered as slow growing (Olte and Pami) presented
large water storage tracheids in the terminal veins (Fig. S1,
supplementary material) and therefore this species could be
affecting the correlation with LMA.

Our synthetic ordination analysis across species shows
that traits in the more isohydric species, such as Jaco,
Bufa, Foma, and Bula, could reflect a faster acquisition
of resources with stems and leaves of low construction
costs (with lower LMA) and vessels in leaves that allow
them to transport water faster to the transpiration area (see
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Chen et al. 2021, Fig. 5). However, these species also are
less resistant to drought since a higher conduct diameter
enhances their sensitivity to xylem embolisms (Sack and
Scoffoni 2013). On the other extreme, the species tending
towards anisohydry, such as Boma, Guco, and Olte, pre-
sented higher stem-specific density and leaf mass per area
but lower midrib/petiole vessel diameter, leaf area, and peti-
ole vessel bundle area. As expected, higher stem-specific
density and leaf mass per area imply higher construction
cost, more long-term carbon investment, and therefore,
higher leaf longevity and mechanical strength (Chave et al.
2009; Wright et al. 2004). Narrower xylem conduct diameter
and vein area are related to lower hydraulic transport and
less risk of embolism formation (Sack and Scoffoni 2013).
They might be a correlative consequence of the specific ten-
dency towards miniaturization of the hydraulic pathways.
These minute leaves are, therefore, more resistant to embo-
lism formation which probably helps them be more stress-
resistant (Chen et al. 2021).

On the second principal component, species differentiated
with respect to phenology (Fig. 5). Trees with higher leaf
longevity (LL) and higher foliage duration (FD) in the can-
opy had a lower density of free terminal veins (TV/A) and
a lower stomatal index (SI), such as Boma, Guco, and Olte.
A higher Stol is related to a lower epidermal cell area and
higher stomatal density (Sack and Buckley 2016). Leaves
with higher Stol and stomata density tend to have smaller
stomata which have faster rates of stomata opening, and
therefore, higher rates of CO, assimilation and stomatal con-
ductance than species with lower Stol and stomatal density
(Drake et al. 2013, Lawson and Matthews 2020). In addition,
species with higher free-ending veins per area (Lydi, Pami)
have previously been related to a higher vein length per area
(Sack et al. 2015) which is related to a higher xylem surface
area and a higher leaf hydraulic conductivity (Sack and Scof-
foni 2013; Sack et al. 2015). Therefore, Boma, Guco, and
Olte, the species with higher LL and FD presented traits
related to a lower stomatal conductance and leaf hydraulic
conductance and, therefore, a more conservative resource
use strategy that allows them to resist the long periods of
drought (Sack et al. 2013; Sack and Buckley 2016; Brodribb
et al. 2017). In contrast, trees with lower FD and LL present
a higher TV/A and a higher Stol which could reflect a higher
maximum stomatal conductance and higher leaf hydraulic
conductivity, promoting faster water transport and larger car-
bon assimilation rates during the short period that they have
leaves (Sack et al.2013; Sack and Buckley 2016; Brodribb
et al. 2017). Therefore, species are distributed in a gradient
between slow to fast water and carbon resource acquisition
in the two principal components.
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Conclusions

The 10 Sonoran Desert tree species present a diversity of
hydraulic traits that reflect a balance between water supply
and demand. Leaf xylem vessels are correlated with leaf
area which reflects a constant water supply to the leaves
independently of their leaf size. In addition, traits of the
leaf minor and major veins were coordinated with stomatal
traits related to the leaf transpiration demand. Furthermore,
tree species of the Sonoran Desert follow an anatomical and
physiological axis, ranging from exploitative to conservative
species, in which fast-deciduous species are characterized
by high diameter leaf vein xylem and high stomatal sizes,
turning them to be also prone to display higher hydraulic
conductance and gas exchange rates in comparison with
slow-evergreen species, which tend towards the opposite
values of these characters. In conjunction, our dataset
supports the notion that frost-free communities of the
Sonoran Desert bear a wide range of xylem and stomata
characteristics that generate a water provision-transpiration
balance and allow these species to achieve permanence
under extremely seasonal environments.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00468-023-02456-8.
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