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Abstract

Key message The rate of vessel tapering is highly conserved across a precipitation gradient in tropical trees, pointing
to a limit on tree height determined by a maximum basal vessel diameter.

Maximum tree height in the tropics decreases strongly with decreasing precipitation. The role of hydraulic architecture in
controlling this variation in tree height remains unclear. The widening of conducting xylem vessels from the apex to the
base of trees, also known as tapering, is important for maintaining the hydraulic conductivity along the tree stem. If in con-
trast vessel diameter were constant, then resistance would increase with path length constraining flow rates as tree height
increases. Whilst previous research has shown that vessel diameter scales with tree height at a similar rate (similar power law
exponent) across biomes and taxa, knowledge on these relationships across precipitation gradients within a single species is
incomplete, especially for the tropics. Here we report how vessel density and diameter at the tree base differ for two tropical
Cedrela species across four sites varying in precipitation from 1014 to 2585 mm year™'. We find that maximum tree height
decreases with decreasing precipitation across sites from 42 to 13 m. Despite the strong differences between sites in maxi-
mum tree height and water availability, tapering is indeed remarkably conserved and close to published scaling with height
based on multi-species analyses. Thus, for a given tree height, basal vessel diameter does not vary between sites, whilst the
maximum basal vessel size is two times smaller at the drier site (with the shortest trees) compared to the wettest site (with
the tallest trees). This suggests a possible limitation of tree height determined by a maximum basal vessel diameter that can
be sustained, given increasing embolism risk with increasing dryness. Our results show no hydraulic adaptation across this
wetness gradient and reveal a clear relationship between maximum tree height and maximum basal vessel size.

Keywords Xylem tapering - Wood anatomy - Tree height - Vessel diameter

Introduction

Trees need light to grow and function, and thus strive to
reach the canopy to optimise light capture in forests. At the
same time, trees need to keep their leaves well-watered,
requiring transport of water to the canopy against gravity
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and friction. It has therefore been hypothesised that tree
height might be limited by frictional losses and gravity
(Ryan and Yoder 1997). Evidence for this hypothesis comes
in part from patterns of increasing maximum tree height
with water availability, suggesting a strong role for water
availability in the limitation of maximum height (Tao et al.
2016; Liu et al. 2019).

Water flow from the roots to treetop is driven by pull
(negative pressure) from the leaf exerted on the water col-
umn. The xylem water transport network can be considered
as a series of interconnected tubes that branch from the
base of the tree trunk to provide water to the leaves (Tyree
and Ewers 1991). One of the main impediments to water
flow is resistance, Z, caused by friction which decreases
with the fourth power of the vessel diameter, according to
Hagen—Poiseuille's law, i.e.
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According to this equation (modified for a single conduit
from Tyree and Ewers (1991)), the increase in resistance
with greater path length, / (i.e. increase in tree height), for
a fluid with viscosity n can be counteracted by increasing
vessel diameter, d. Hence, one strategy for trees to reduce the
frictional constraint on tree height is to steadily widen vessel
diameter from the top of the tree towards its base. To permit
constant volume flow and supply a branching canopy, ves-
sels will have to divide accordingly from base to tip. Based
on these principles, it has been shown that total frictional
resistance can be regulated to be independent of path length
through coordinated changes in vessel division and vessel
diameter with tree height (Savage et al. 2010; West et al.
1999). The pattern of widening and combining of xylem
vessels from tree apex to the base is also known as tapering.

Water under highly negative pressures in the xylem is in
a metastable state that makes spontaneous cavitation and
heterogeneous air bubble nucleation possible (Knipfer et al.
2015; Tyree and Sperry 1989). More negative water poten-
tials are associated with greater risk of gas bubble formation
and spread (Sperry 1986; Sperry and Love 2015; Sperry
and Tyree 1988; Tyree and Sperry 1989). If these air bub-
bles, known as embolisms, become large enough, they may
reduce or block water flow to the leaves, or even result in a
complete loss of conductivity, culminating in dehydration
and tree death (Adams et al. 2017; Brodribb and Cochard
2009; Hammond et al. 2019). This is likely to be a major
mechanism of tree death during droughts (Adams et al.
2017), since lower soil water potential requires more nega-
tive pressures to induce water flow (Vilagrosa et al. 2012).
Taller trees that make wider vessels to counterbalance resist-
ance are likely to be more vulnerable to embolism (Olson
et al. 2018; Scoffoni et al. 2017; Sperry et al. 2006), and
trees thus face a trade-off between producing wider vessels
to increase conductance and greater vulnerability to embo-
lism (Levionnois et al. 2021; Lobo et al. 2018; Olson et al.
2018; Scoffoni et al. 2017; Sperry et al. 2006). Whilst there
is some debate about whether embolism occurs in the trunks
of tall trees, Wason et al. (2018) show that water potentials
may become low enough in the trunks of canopy trees to
cause air seeding in some species. Furthermore, Guan et al.
2022 showed little difference between leaves and stems in
their hydraulic safety margins, thereby suggesting that stems
are as likely to form embolism as more apical tissues. Obser-
vations suggest that tall trees suffer indeed higher mortality
during droughts (Bennett et al. 2015; Johnson et al. 2018b;
Stovall et al. 2019), possibly due to greater occurrences of
embolism. Thus, climate change-associated droughts may
decrease forest height in the future (Anderegg et al. 2019;
Fajardo et al. 2019; Shenkin et al. 2018; Stovall et al. 2019).
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Tapering is well documented in trees, with evidence
that trees tend to optimise water conductance by offset-
ting frictional losses through vessel widening (Anfodillo
et al. 2006; Olson et al. 2014; Petit et al. 2010). Building
on the work of West et al. (1999), Enquist (2002, 2003)
suggested that biomechanical constraints and the need to
reduce path flow resistance should lead to universal taper-
ing, or in other words, the rate of vessel diameter decrease
per unit height increase from the tree base to apex should
be the same across trees and taxa. Hydraulic optimality
models predict that xylem vessel diameter, D, tapers up
trees with distance, H, from the apex following a power
law D = H* with a scaling exponent a =0.2 (i.e. a linear
relationship between log(D) and log(H) with a slope of
0.2) (Anfodillo et al. 2006; Enquist 2003; Savage et al.
2010; West et al. 1999). Vessel widening at a rate lower
than the scaling exponent of 0.2 results in large hydrau-
lic resistance increases with path length, whilst tapering
above this optimal value results in relatively small gains
in resistance reduction and disproportionate increases in
risk to embolism and reduced mechanical strength due to
larger basal vessel diameters (Christensen-Dalsgaard et al.
2007; Fan et al. 2017; Knipfer et al. 2015; Olson et al.
2018; Savage et al. 2010; Scoffoni et al. 2017; Sperry et al.
2006). Multi-taxa studies show that a fundamental, univer-
sal scaling relationship exists between vessel diameter and
tree height across ecosystems and climates (Olson et al.
2014). This suggests that this trait is fixed or invariant with
respect to climate, but few studies have investigated how
vessel diameter changes with tree height across large water
availability gradients within single species.

It is still little known to what degree the relationship
between vessel diameter and tree height is an evolution-
ary adaptation, and whether this relationship is conserved
within a species growing under very different water avail-
abilities. This has implications for how trees cope with
changes in water availability and hydraulic stress associ-
ated with climate change, and affect the ability of trees
to grow taller and how mortality risks increase with tree
height (Anderegg et al. 2012; Rosell et al. 2017). This
study provides one of the first assessments of how trees
adjust hydraulic architecture in response to variation in
water availability within a widespread tropical tree spe-
cies. Some recent studies have looked at the effect of water
availability on hydraulic architecture in tropical trees, but
these include only relatively short trees (Liang et al. 2019),
or only young (5 year) even-aged plantation trees (Rame-
sha et al. 2022), and do not explicitly analyse relation-
ships with tree height from small saplings to maximum
height per site. We propose three different strategies (A
— C below and Fig. 1) as to how trees may adjust xylem
vessel diameter across differences in water availability:
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Fig. 1 Conceptual illustration of three possible hydraulic strate-
gies of trees in response to water availability. Upper panels show
the expected log—log relationships between vessel diameter and tree
height at wet (blue) and dry (red) sites. Lower panels show a sche-
matic diagram of the vessel tapering along the tree stem and hypo-
thetical difference in basal and apical vessel diameters between dry
and wet sites. See main text for description of the two strategies. Note
that the expected log—log relationship in the lower panels shows as

(A) Equal tapering across sites, but different basal vessel
size for a given tree height. For a given tree height,
trees at drier sites have vessels that are less conductive
compared to those at wetter sites. Trees prioritise safety
against water transport efficiency under drier conditions
and thus produce smaller basal vessels at the drier sites
at the cost of lowering maximum flow rates.

(B) Equal taper rate and basal vessel size for a given tree
height irrespective of water availability. Hydraulic
architecture does not change in response to changes in
water availability, and at a given height trees growing at
drier sites will thus experience greater hydraulic stress

Basal
vessel .
diameter

linear vessel tapering. This present study analyses the relationship
between basal vessel diameter and tree height. The log—log relation-
ships in the upper panel between vessel diameter and distance from
apex can represent similarly the relationship between basal vessel
diameterand total tree height (as measured here), or the change in
vessel diameters vertically from tip to base ( as done by Fajardo et al.
2020; Olson et al. 2014)

and embolism risk when compared to trees at wetter
sites.

(C) Reduced taper rate to reduce basal vessel size. For a
given tree height, trees at drier sites have identical api-
cal vessel diameter, but smaller basal vessels and thus
reduced embolism risk but higher resistance and thus
lower conductivity.

The first strategy, equal tapering across sites but different
basal vessel size for a given tree height, has previously been
suggested as a mechanism of trees to cope with increasingly
hydraulically stressful growing conditions (Enquist 2002;
Rosell et al. 2017). As competition for light decreases, trees
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could prioritise traits designed to deal with water stress (i.e.
make narrower and safer vessels) above traits that allow
faster growth (i.e. greater hydraulic conductivity) (Brenes-
Arguedas et al. 2011; Markesteijn et al. 2011). Evidence for
this strategy has been observed in the widespread Australian
genus Eucalyptus, where species growing in drier environ-
ments tend to have reduced basal vessel diameter for a given
tree height relative to congeneric species in wetter sites,
likely driven by genetic variation between species (Pfautsch
et al. 2016). Support for the second strategy, equal taper
rate and vessel size (B), comes from recent studies assessing
the role of climate on vessel anatomy within species. These
show that tapering amongst wet and dry sites is similar and
thus for a given height average vessel diameter is the same
(Avakoudjo et al 2022; Fajardo et al. 2020; Garcia-Cervigon
et al. 2018; Lechthaler et al. 2019; Pfautsch et al. 2016; War-
wick et al. 2017). One recent study showed vessel diameter
information in two species across a precipitation gradient in
temperate southern Chile at a fixed distance from the apex
in trees of fixed height (Garcia-Cervigon et al. 2018). They
showed that in Embothrium coccineum vessel diameter at
fixed distance from apex increased from dry to wet condi-
tions (suggesting A or C depending upon whether vessel
diameter at the apex is fixed or not), whereas in Nothofagus
antarctica no significant increase was observed (suggesting
scenario B). Similar to the results presented for Embothrium
coccineum, Liang et al. (2019) showed that for Castanopsis
fargesii across a broad precipitation gradient vessel diam-
eter at a fixed point below the apex and at fixed tree height
increased from wet to dry conditions (thus suggesting either
scenario A or C).

Strategy C allows for different vessel scaling dependent
on tree height for the same species in response to differ-
ences in water availability. To our knowledge, there is little
evidence for differing tapering rate across climates, either
within or between species. Similar vessel scaling with tree
height appears to be a universal property of trees, but spe-
cies may deviate from the general rule. Recent research has
shown that across short-rotation plantations of Melia dubia,
trees grown in wet sites versus dry sites had similar apical
vessel diameter but larger stem vessel diameter, after con-
trolling for path length (Ramesha et al. 2022). This hints at
different rates of vessel widening from the apex across water
availability gradients (i.e. scenario C), though notably the
authors obscure their findings with regards to vessel scaling.

We here test which tapering strategy is observed in two
congeneric species in the tropical genus Cedrela. We use
wood anatomical analyses to study how xylem vessel size
and density are related to tree height and change along a
water availability gradient across four sites in South and
Central America. Vessel anatomy—tree height relationships
across broad climate gradients within taxa can provide
insights to what degree trees can adapt vessel anatomy to
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different growing conditions, and could help explain varia-
tion in maximum tree height along gradients of water avail-
ability (Fajardo et al. 2019; Moles et al. 2009; Rosell et al.
2017; Scheffer et al. 2018; Tao et al. 2016).

Methods
Species

Cedrela is a widespread neo-tropical tree genus in the
Meliaceae family. In this study, two species were sam-
pled: C. odorata (L.), found throughout the neotropics, and
C. salvadorensis (Standl.), restricted to Central America.
C. odorata grows predominantly on well-drained soils at
altitudes below 1300 m (Cintron 1990). Genetic studies
of Cedrela have suggested that C. odorata may be poly-
phyletic, with a distinction between Central American
C. odorata and South American C. odorata populations
(Finch et al. 2019; Muellner et al. 2009, 2010). Cedrela
trees are deciduous regardless of water availability and
restrict growth to the wetter portion of the year, thus pro-
ducing semi-ring-porous tree rings (Baker et al. 2017).
C. odorata is a fast growing species (Brienen et al.
2010; Worbes 1999) with a relatively low wood density
(0.32-0.35 g cm™>) occurring across a very broad precipi-
tation range from a-seasonal wet tropical forest to highly
seasonal dry forest (Baker et al. 2017; Gutierrez-Vazquez
et al. 2012). It is able to attain heights of over 40 m, and
can increase in height by more than 1 m per year in a wet
tropical climate (Lamb 1968). It responds to low water
availability by reducing radial growth (Worbes 1999).
C. odorata is shallow rooted under most conditions and
strongly relies on water from the upper 30 cm of soil (Cin-
tron 1990; Schwendenmann et al. 2015).

Sites and sampling procedure

Cedrela trees were sampled at four sites (Fig. 2A), Oax-
aca (Mexico, Cedrela salvadorensis), Yucatan (Mexico,
Cedrela odorata), Selva Negra (Bolivia, Cedrela odorata),
and Yasuni (Ecuador, Cedrela odorata). These sites span
an aridity gradient characterised by a change in annual
precipitation from 1014 to 2585 mm year™!, and change
in length of dry season (months < 100 mm mo™') from 8
to 0 months (Fig. 2C-F). Precipitation data are from one
(for Selva Negra) or two weather stations closest to each
site (Peterson and Vose 1997). For Oaxaca, the stations
are Santiago Chivela (16.7 N, 95E) and Ixtepec (16.6 N,
95.1E), for Yucatan Xcupil (19.7 N, —89.9E) and Champo-
ton (19.4 N, —90.7E), for Selva Negra, an unnamed station
(9.72 N, 66.5E), and for Yasuni, Tiputini (—0.8 N, —75.4E)
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Fig.2 Location of sampling sites (A), diameter-height allometries
at the sampling sites (B), and site monthly precipitation (C-F)
with mean annual precipitation in red text (mm) and mean monthly
temperature as the red line. Climate data were taken from an aver-

and Nuevo Rocafuerte (—0.92 N, —75.4E). Sites differ in
soil type with well-drained karstic soils at the two driest
sites (Table 1) and clay-based soils at the wetter two sites.
Forests at the two driest sites in Mexico can be classified
as seasonally dry forest (Perez-Garcia et al. 2010; White
and Hood 2004), with the lowest water availability for
trees in Oaxaca. At this site, mean annual precipitation is
similar to that in Yucatan, but precipitation is concentrated
over fewer months (Fig. 2) and occurs in few high intensity
events associated with hurricane activity (Brienen et al.
2013). In addition, trees at this site grow on steep karstic
slopes, resulting in a xerophytic, low stature vegetation
(Perez-Garcia et al. 2010).

For each tree, we measured tree diameter and estimated
tree height by eye. Whilst this method is prone to errors
and biases, we attempted to limit those errors using two
independent estimates from experienced forest scientists.
Note that the measurement error is likely larger for tall

age of the two closest climate recording stations to each site, except
for Selva Negra, which had only one close climate recording station
(Peterson and Vose 1997)

trees (~ 5 m) than for short trees (~ 1 m). Additionally, we
compared tree height estimates by eye with tree height
measured in felled trees for a similar tropical forest site
in Bolivia, where DBH-height relationships were shown
to be very similar for both methods (see supplementary
Fig. 3). The maximum tree height decreased from 42 m
in Yasuni, the wettest site, to 13 m at the driest site in
Oaxaca (Table 1). All sites are old growth forests although
two of the sites (Selva Negra and Yucatan) have experi-
enced selective logging in the past of less than one tree
per hectare.

To measure how xylem vessel diameter and density var-
ies across sites and tree heights we used tree cores taken
from the base of trees in vivo, or stem disc sections from
the bases of felled trees or from small saplings (Brienen
et al. 2010). We used a 5.15 mm borer at the Oaxaca site
and 10 mm increment borers at the wetter three sites. The
use of different borer diameters was due availability at the
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Fig.3 Schematic of two sampling approaches to assess the effect of
tree height on vessel anatomy. In the inter-tree approach, we meas-
ured vessel diameter and density only in the outer wood at the base
of different trees of known heights (hatched boxes). In the intra-tree
approach, we sampled sections along the stem cross section at the
base of trees at increasing distances from the tree pith within individ-

vessel density was calculated as the mean number of ves-
sels per unit area using the full area of the image.

Analysis

In agreement with existing studies, we found that the rela-
tionships between the dependent variables, vessel diame-
ter (D) and density (d) with the independent variable, tree
height (H), follow a power law (i.e.D o« H*), where o is the
power law exponent. To examine further how the basal ves-
sel diameter and density tree height relationships varied
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ual trees (open boxes). This results in within-tree ontogenetic patterns
of changes in vessel anatomy with height, where we derived height
at various sections using site allometric relationships between tree
diameter and height (see Fig. 2B, allometry for all sites). Left hand
photographs show the surface of Cedrela tree cores that were used for
image analysis, the scale bar is 1 mm

between sites, we used linear mixed effects models (LMMs)
of the following form:

log(D) ~ B, + p,log(H) + p,site + f;(site * log(H)) + py; + €;

Here p; is the random intercept for each individual tree
i and ¢; is the residual error for each individual tree. We
incorporated a random intercept for individual trees since
74 individual trees were sampled more than once (i.e. along
the stem disc or tree core, intra-tree approach, see Fig. 3).
Inclusion of these random intercepts improved the model fit

@ Springer



276

Trees (2023) 37:269-284

according to AIC values, whilst inclusion of random slopes
(for each tree) did not improve the fit. Note that slopes were
similar for the two sampling approaches (i.e. inter and intra-
tree sampling, see supplementary Fig. 1) justifying the use
of one single statistical model for the two datasets. We log-
transformed vessel diameter and vessel density to satisfy
the assumption of linearity, as well as to permit comparison
with other studies (Olson et al. 2014). We used the Ime4 R
package to produce the LMMs (Bates et al. 2015). Pseudo
R? values were estimated for LMMs to assess the variance
explained by the model, with and without the random effects
as per Nakagawa and Schielzeth (2013) using the MuMIn R
package (Barton 2019). If the interaction effect of site with
height is not significant, then slopes between sites can be
considered similar. Bonferroni corrected 7 tests were then
carried out to determine if the intercepts differed between
sites, using the R package emmeans (Lenth 2018). All lin-
ear models were assessed for homogeneity of slopes using
the ANOVA R function, normality of the residuals (Shap-
iro—Wilk from the R package rstatix (Kassambara 2019) and
Q-Q plots) and homogeneity of variance (Bartlett test from
the R package stats; R Core Team 2018).

We also tested if there was a difference between sites in
mean vessel diameter and density of the 5 tallest trees. In
addition, we tested if there were differences between sites
in mean vessel diameter and density for a given height by
selecting only trees between 2.5 and 7.5 m tall. Mean height
varied slightly between sites, between 3.14 m and 5.43 m,
see Table S3). Non-parametric tests (Kruskal-Wallis, and
Wilcoxon signed-rank tests) were used since these subsets
of the data were not normally distributed. P values were
adjusted for multiple comparisons using Bonferroni correc-
tion. All analyses were performed in RStudio using R ver-
sion 3.5.1 (R Core Team 2018).

Results

The increase in mean basal vessel diameter with tree height
did not differ significantly between the four different sites
(i.e. slopes in mixed effects model were similar and there
was no significant interaction between height and site, see
Fig. 4A, B and Table 2). The model explained a high propor-
tion of the variance in vessel diameter across samples. Inter-
cepts of the model indicated that mean basal vessel diam-
eter for a given height only differed significantly (p =0.006)
between Selva Negra and Yucatan with 1.763 times greater
basal vessel diameters in Yucatan than in Selva Negra
(Table 2). Despite this difference, there was no evidence
that trees in drier sites have consistently larger or smaller
vessels for a given height than trees in wet sites.

In contrast to basal vessel diameter, we find that basal
vessel density decreased with tree height at a different rate
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for the different sites (Table 2). For trees at the driest site,
Oaxaca, vessel density declined more rapidly with tree
height (—0.876 log mm per log m) compared to the other
three sites (—0.53 to —0.64 log mm per m) (Fig. 4C, D,
Table 2). The wetter three sites, all with C. odorata, share
similar declines in vessel density with height (Table 2) and
have similar intercepts with no indication for drier sites to
have lower or higher vessel density (Table 2). The LMM
accounted for a high proportion of the variance in vessel
density across samples, with the fixed effects alone account-
ing for 84% of total variation and the model including ran-
dom effects accounting for 91%.

Finally, we tested for differences between sites in basal
vessel diameter and density of small, similarly sized trees
(ca. 5 m tall) and for the tallest trees. This shows that whilst
vessel density did not differ between trees of similar size,
the mean vessel diameter of the tallest trees increased with
site wetness, nearly doubling between Oaxaca and Yasuni
(Fig. 5A, C). For basal vessel density, we also find no differ-
ences in trees of similar size, but in the tallest trees, we find
significantly lower density in wet sites relative to drier sites
(P<0.05) (Fig. 5B, D).

Discussion

A basic question is how, within one tropical tree species, tree
hydraulic architecture varies across a strong water availabil-
ity gradient. This question may help understanding mecha-
nisms responsible for observed variation in maximum tree
height with water availability (Fajardo et al. 2019; Moles
et al. 2009; Rosell et al. 2017; Scheffer et al. 2018; Tao
et al. 2016), but has to our knowledge not yet widely been
examined in tropical trees. Our focus on these relation-
ships for a single species (or genus) reduces the number
of unknowns that are inherent in multi-species synthesis
studies. We assessed how tree hydraulic architecture varies
across a water availability gradient within the widespread
and important tropical genus Cedrela. We find that taper
rate and basal vessel size of Cedrela do not vary across sites,
corresponding to the strategy B in Fig. 1. Thus, variation in
basal vessel size is entirely controlled by tree height, and
does not vary with climate. This invariance in the basal ves-
sel size—tree height relationship across the water availability
gradient in our study is consistent with findings from two
temperate tree species across strong precipitation gradients
(Fajardo et al. 2020), and more generally with the observa-
tion that tree size is a better predictor for basal vessel size
than climate across a range of tree species and tree sizes
(Olson et al. 2014).

Interestingly, whilst this constancy of taper rates across
sites does not result in differences in basal vessel diameter
for a given tree height (Fig. 5A), we find that the maximum
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basal vessel size of the tallest trees is two times smaller at
the drier site compared to the wettest site (Fig. 5C). These
differences are explained by a general decrease in maximum
tree height from the wettest to the driest sites, from 42.5
to 13 m (Fig. 2B) and not by a change in the relationships
between tree height and vessel size (Fig. 4) for different
sites. A possible explanation for this lack of taller trees at
drier sites is that lower water availability pushes taller trees
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at these sites beyond the hydraulic limits of what can be
sustained with a (given) basal vessel diameter. Hydraulic
failure risk via embolism is generally thought to increase as
vessel diameter increases leading to increases in embolism
risk as tree height increases (Levionnois et al. 2021; Lobo
et al. 2018; Olson et al. 2018; Prendin et al. 2018; Scof-
foni et al. 2017; Sperry et al. 2006). This points towards
a role of basal vessel diameter, and related embolism risk,
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Table 2 Results of linear mixed effects models (LMMs) predicting effects of tree height and site on mean vessel diameter and vessel density

Results of Linear Mixed Effects Models, LMMs Basal vessel diameter Basal vessel density
Effects Height . F=882.1 *** Height :F= 748.9 ***
Site (F= 6.4 *** Site (F= 6.0 %%
Site : Height : F= 1.8 Site : Height :F= 7.9 ***
Site Terms (Cls) df Terms (Cls) df
Site level slopes and intercepts  Yasuni Slope (5,) 0.406 (0.359:0.453) 1213 -0.533 (-0.608: -0.457) 2 106.1
Intercept (S,) -3.090 (-3.221:-2.959)48 109.2 2.471 (2.264;2.678)" 99.6
Selva Negra Slope (8;) 0.474 (0.417 : 0.53) 104.9 -0.642 (-0.73;-0.552)2 98.1
Intercept (B,) -3.237 (-3.364 : -3.11)A 106.8 2.656 (2.454 :2.858)A 113.5
Yucatan Slope (8;) 0.393 (0.343: 0.443) 153.5 -0.551 (-0.636: -0.466)2 145.2
Intercept (8,) | -2.864 (-2.981 : -2.746) 124.1 2.579 (2.389: 2.769)A 119.7
Oaxaca Slope (f;) 0.448 (0.372: 0.523)2 144.7 -0.876 (-1.00:-0.75)" 136.7
Intercept (B,) | -3.108 (-3.239 : -2.975)"® 150.2 3.068 (2.846:3.29) 145.5

Site is included as an interacting fixed effects factor with tree height representing the homogeneity of slopes between sites (n.s. = p > 0.05,
** p <0.001, #*p < 0.0001). Intercept and slope of the site-specific models are shown with upper and lower confidence intervals (Cls). Differ-
ent letters after the site-specific intercepts and slopes (small letters for slopes, and capitals for intercepts) indicate significant differences. For ves-
sel density, Oaxaca was excluded from intercept comparisons since the slope differed significantly from the other three sites (for further details

of site slope and intercept comparisons see supplementary tables 1, 2)

in controlling maximum tree height. Vessel widening as
trees get taller causes trees at dry sites to reach their criti-
cal threshold for embolism at shorter tree height, as xylem
water potentials are lower for dry sites due to lower soil
water availability. In contrast, higher xylem water potentials
at wetter sites allow much greater vessel diameter—and thus
tree height—for the same embolism risk. This mechanism
could explain the decrease in tree height across sites as well
as the strong decrease in tree longevity from 308 years at the
wettest to 117 years at the driest site (Unpublished data, R.
Brienen; Unpublished data, P. Groenendijk; Brienen et al.
2010). This possible mechanism of hydraulics controlling
tree height and longevity across water availability gradients
suggested here for Cedrela may also be responsible for wide-
spread observations of reductions in tree height and longev-
ity with increasing aridity in the tropics (for tree height see
Klein et al. 2015; Tao et al. 2016, and for tree longevity, see
Locosselli et al. 2020).

Despite a debate regarding the extent to which vessel
diameter affects embolism vulnerability (Gleason et al. 2016;
Liu et al. 2020), various lines of evidence point towards links
between vessel diameter and embolism and eventually mor-
tality. Measurements of embolism risk of planted saplings
with height up to 4 m for three species reveal a decrease of
the water potential at 50% stem conductivity loss with tree
height (Olson et al. 2014). This latter finding is consistent
with the interpretation of our results, that basal vessel diam-
eter depends on tree height but not climate, and thus that
increased mortality risk at drier sites is probably related to
tree hydraulics. This interpretation is also consistent with
the results of a study by Shenkin et al. (2018) who investi-
gated the effect of the 2004/5 El Nino drought event on tree
mortality in natural forests in Bolivia. These authors found
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strongest increases of mortality risk with increasing drought
stress in tall trees and attribute the result to tree hydraulics.
Increased risk of tall trees under drought stress has also been
found in global meta-analyses (Bennett et al. 2015; Johnson
et al. 2018b), and a long-term Amazon drought experiment
(Rowland et al. 2015).

What these studies cannot discern, however, is to what
extent increased mortality is indeed related to embolism risk
in the stem or rather the roots, or due to different drought-
related deleterious effects (Brodribb and Cochard 2009;
Brunner et al. 2015; McDowell et al. 2008). We can of
course also not rule out hydraulic adaptations that may offset
the decreases in water availability across sites and mitigate
drought stress. For example, trees may vary their inter-vessel
pit architecture which has been shown to vary across spe-
cies (Lens et al. 2016), and to a limited degree within spe-
cies (Kotowska et al. 2020), and could result in decreases in
embolism risk (Medeiros et al. 2019; Pittermann et al. 2010).
In addition, trees may increase investment in root tissue and
rooting depth (Brum et al. 2019; Dawson and Pate 1996),
or trees may reduce the effect of hydraulic stress through
strict control of stomatal conductance (i.e. isohydry) (Jones
1998; Tardieu and Simonneau 1998), or by shedding leaves
to avoid excessive water loss (Manzoni et al. 2015; Vico
et al. 2017). Cedrela trees are indeed likely to be at least to
some extent isohydric given their relatively large vessels
and high water potential at which 50% loss of conductance
occurs (> — 1 MPa stem p50), and high osmotic potential at
which leaves lose their turgor (> — 1.4 MPa) (Hoeber et al.
2014; Villagra et al. 2013a, b). Cedrela is also a deciduous
tree species, thereby limiting exposure to dangerously low
water potentials during the dry season. Nonetheless, trees
at the drier site are likely to experience greater hydraulic
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stress more frequently than trees of equivalent height at the
wet site, due to lower wet season rainfall levels (see Fig. 2
and Table 2) and fast draining karstic soils leading to very
low soil water potentials. This is confirmed by analysis of
tree ring and carbon isotope data from the same sites which
shows that diameter growth of Cedrela odorata trees in the
dry Yucatan site is more strongly limited by water availabil-
ity than trees growing at the wetter site in Bolivia (Brienen
et al. 2022).

We also show that for Cedrela trees vessel density
decreases as vessel diameter increases with tree height.
This is expected from tapering theory as vessels divide and
become smaller, increasing in vessel density (Savage et al.
2010; West et al. 1999). Vessel density increases may be able
to offset losses in conductance due to decreases in vessel
diameter, thus providing a potential strategy to avoid embo-
lism risk, whilst maintaining high conductance (Echeverria
et al. 2019). Therefore, we may have expected that trees in

279
B Vessel Density at 5m
< 12 NS.
ns

E ns

E ns

0 g1 ns

2 ns

7)) °

[)]

2

2 6 x — .

5 T

= ] I

g P e

© ' .

@ 31

[o) e

>

®©

®

a oA Kruskal-Wallis, p = 0.52

Qaxaca Yucatan Selva Negra Yasuni

D Vessel Density in the 5 tallest trees
& ns

£ -

E "

» 61 -

o ns

7]

[)]

Z

24 i —_——

7] PR

[=

(O]

3 =)
2 . :

n 2 _—

[ .

>

®©

%]

3 Kruskal-Wallis, p = 0.0057

0 r T r r
Oaxaca Yucatan Selva Negra Yasuni

ferences between sites is shown in the plots using a Kruskal-Wallis
test, as is significance of pairwise comparisons using Wilcoxon rank-
sum tests. Adjusted p values are shown: ns: not significant (p >0.05),
*:p <0.05,%*:p <0.005

drier sites would have higher vessel density and smaller ves-
sels. This does not appear to be the case in Cedrela across
the broad climate gradient covered in this study. C. salva-
dorensis trees from Oaxaca decrease in vessel density at a
higher rate than the wetter three sites. This may, however,
be due to inter-species variation, rather than any climatic
influence on vessel density per se.

The universal scaling of vessel diameter

Using global multi-species data, Olson et al. (2014)
found a mean slope of 0.46 (95% confidence interval of
0.41-0.51) for the relationship between log basal vessel
diameter and log tree height. Our slope values are very
similar to slightly lower (0.39-0.47, Table 2) compared to
the global data. The slopes of the relationship between log
basal vessel density and log tree height found here (—0.53
to—0.88) are also largely within the range of the values
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(0.73, 95% confidence interval of 0.86-0.61) reported by
Olson et al. (2014). Because of the global nature of their
study they suggested that regardless of growing conditions
trees should achieve similar rates of increase in vessel
diameter with tree height. Our study and the recent study
of Fajardo et al. (2020) show this also to be the case within
species across a gradient of very different water availabili-
ties. Together, these results suggest that the underlying
mechanism behind the process of vessel production at dif-
ferent heights is likely highly conserved in evolution.

It is unclear how trees of very different taxonomy and
growing in very different climate and soils show such
similarity in their increase in basal vessel diameter with
height. Several possible mechanisms have been presented
to explain this constant scaling of vessel diameter with
height (Fajardo et al. 2020). One hypothesis proposed
by Woodruff and Meinzer (2011) and later discussed by
Fajardo et al. (2020) is that vessel diameter is controlled
by the turgor pressure at the site and time of the formation
of the vessel. Their hypothesis suggests the turgor pres-
sure is in turn controlled by height, with the xylem water
potential being more negative at greater heights, which
also likely limits embolism risk further down the tree
where vessels are wider. Our and Fajardo et al.'s (2020)
data show that basal vessel diameters for trees of a given
height are similar across climates whilst different xylem
pressures are likely to differ given difference in soil water
availability. It is therefore unlikely that this could explain
constant scaling of vessel diameter with tree height.

Additionally, the observed increase of vessel size
towards the base may be the result of a hormonal control.
Anfodillo et al. (2012) found that increases in xylem con-
duit width with distance from apex in a conifer is caused
by longer duration of cell expansion, which was hypoth-
esised to result from a gradient in the growth hormone
auxin from apex to base. In support of this, Hacke et al.
(2017) found that variation in vessel diameter for a given
height is likely mediated by endogenous, hormonal stimu-
lation of cell growth, and Johnson et al. (2018a) found
that treatment of Populus trees with an auxin transport
inhibitor caused the formation of shorter vessels of compa-
rably narrower diameter. However, auxin transport is also
affected by drought (Korver et al. 2018), which would lead
to differences in tapering across a climate gradient, and is
thus not consistent with our results.

Whilst the ultimate mechanistic process behind tapering
remains unresolved it is likely that the universal scaling of
vessel diameter with tree height is the result of natural selec-
tion due to a cost—benefit trade-off. This trade-off is likely
to be between small vessels with low flow rates for a given
body size impeding photosynthesis and thus productivity,
and large vessels that have innate vulnerability to embo-
lism (Knipfer et al. 2015; Olson et al. 2018; Scoffoni et al.
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2017; Sperry et al. 2006) and which may reduce mechanical
strength (Christensen-Dalsgaard et al. 2007; Fan et al. 2017).

The rate of vessel tapering is highly conserved across
taxa, but vessel diameter for a given height varies between
related species (Lechthaler et al. 2019; Lens et al. 2004;
Pfautsch et al. 2016). Plasticity in the diameter of ves-
sels produced has been demonstrated in the short term in
response to climate, similar to the effect of drought on tree
ring width (Zweifel et al. 2006). Using tree-ring data in two
tropical species, Locosselli et al. (2013) showed that vessel
area is positively correlated with precipitation and negatively
with temperature. Similar results were also obtained using
tree-ring chronologies of Tectona grandis (Pumijumnong
and Park 1999), and across drought periods in Chukrasia
tabularis in Bangladesh (Islam et al. 2019).

Thus, it is conceivable that trees can alter their rate of
tapering via endogenous stimulation in the short term, but
the costs of doing so over long periods of time outweigh the
benefits. Regardless of some evidence for short term plastic-
ity in vessel characteristics, our results and existing literature
show that the diameter and density of vessels for a given
height appear highly conserved within species (Fajardo et al.
2020; Lechthaler et al. 2019; Pfautsch et al. 2016; Warwick
et al. 2017), which suggests that most tree species cannot
support long-term changes in vessel diameter and density for
a given height due to risk of embolism or mechanical failure,
and potential detrimental costs to the trees’ carbon balance.
However, over evolutionary time scales, other adaptations in
tree physiology that offset such costs may enable small dif-
ferences in vessel diameter for a given height across related
taxa higher than species (Lechthaler et al. 2019; Lens et al.
2004; Pfautsch et al. 2016).

The invariant nature of basal vessel widening in relation
to rainfall, has consequences for the ability of trees to adapt
to future changes in rainfall in the tropics. Our results indi-
cate that water availability puts a limit on maximum basal
vessel size, which in turn seems to play a role in controlling
maximum tree height, as well as, tree longevity. Thus, rather
than adjusting their principal hydraulic architecture, tropical
trees growing in areas with decreasing rainfall are likely to
see a reduction in their longevity and overall change towards
shorter maximum tree height, consistent with observations
of decreases in tree height (Klein et al. 2015; Tao et al. 2016)
and tree longevity (Locosselli et al. 2020) with increasing
dryness in the tropics.

Conclusion

We find that vessel diameter and density are remarkably
similar for a given height, and that the rate at which basal
vessel diameter scales with tree height (i.e. tapering) is
remarkably conserved within species across sites varying
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in precipitation. Thus, trees do not adapt their hydraulic
architecture to mediate decreases in water availability. We
furthermore find that basal vessels of the tallest trees at the
wettest site are almost two times greater than trees at the dri-
est site, due to threefold difference in maximum tree height
between sites. These results suggest that tree height is at
least to some extent constrained by maximum basal vessel
size, and indicate greater hydraulic vulnerability of similar
sized trees at the drier sites. Our results could provide a
mechanism to explain decreases in tree height and longev-
ity with decreasing water availability as generally observed
in the tropics.
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