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Within- and across-genus scaling of
vessel diameter reveals consistent
hydraulic responses to rainfall
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Summary

e Xylem vessel diameter and lumen fraction are expected to track water
availability via the hydraulic safety—efficiency trade-off yet observed trait—
rainfall relationships are weak and inconsistent. This discrepancy may partly
reflect the conflation of within- and across-lineage effects in comparative
datasets.

e We tested this possibility by analysing hydraulically weighted vessel diameter
(Dh) and vessel lumen fraction (VLF) across 480 Australian native species from
129 genera. Using linear mixed-effects models with genus-level centering, we
partitioned trait—climate relationships into within- and across-genus
components along a precipitation gradient, comparing results to a conventional
linear model.

e Dn scaled positively with mean annual precipitation (MAP) at both within- and
across-genus levels, with similar slopes but differing intercepts among lineages.
The centering model explained 11.0% of variance from MAP alone and 78.6%
including taxonomic effects, versus 2.8% for the conventional model. VLF
showed no significant climate relationship, with variation associated mainly with
phylogenetic grouping.

e Separating within- and across-group responses offers a possible explanation
for inconsistencies reported in vessel size—climate scaling: vessel size tends to
increase with rainfall, while much of the remaining variance may relate to
differing baseline hydraulic strategies across lineages, reflected as intercept
differences. Within-subject centering is underused in plant ecology and could
help reduce ecological fallacies in phylogenetically diverse studies.

Key words: vessel diameter, vessel lumen fraction, mean annual precipitation, wood
anatomy, climate scaling, within-subject centering
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Introduction

The hydraulic traits of plants vary systematically across climatic gradients, shaped by
the opposing selective pressures of maximising water transport capacity and avoiding
drought-induced embolism. The hydraulic safety-efficiency trade-off predicts that
species in wetter environments should favour higher xylem conductivity, investing in
vessel anatomy that maximises water transport capacity at the cost of greater
vulnerability to drought-induced embolism. Conversely, species in drier environments
should favour safer, lower-conductivity xylem that resists cavitation under more
negative water potentials (Tyree & Ewers, 1991; Sperry et al., 2008; Pfautsch et al.,
2016). These predictions have been attributed to commonly observed hydraulic
outcomes: embolism resistance scales with mean annual precipitation globally (Choat
etal., 2012), and eco-evolutionary optimality models predict that sapwood conductivity
should decline as soils dry, as the costs of embolism risk outweigh the photosynthetic
benefits of higher water transport rates (Towers et al., 2024). Vessel size and vessel
lumen fraction (VLF), the proportion of the cross-sectional area of the stem occupied
by vessel lumen, are among the most mechanistically direct contributors to
conductivity. Larger vessels provide disproportionately large increases in conductivity
at the risk of higher hydraulic failure (Tyree & Zimmermann, 2002), while higher VLF
allows for more conducting area at the cost of reducing the available space for non-
lumen functions such as parenchyma and fibre tracheids (Zanne et al., 2010).
Consequently, these traits should vary with rainfall, with wider vessels and higher VLF
favoured in wetter environments where hydraulic demand is greater and cavitation
cost lower (Carlquist, 1977; Tyree & Zimmermann, 2002; Pfautsch et al., 2016; Towers

et al., 2024).
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Despite strong theoretical expectations, the relationship between vessel size and
rainfall is inconsistent across studies and often weaker than relationships involving
other hydraulic traits. Several studies report only weak vessel size responses to
substantial aridity gradients (Cornwell & Ackerly, 2009; Martinez-Cabrera et al., 2009;
Morris et al., 2018; Liu et al., 2019; Zheng et al., 2019; Peters et al., 2021), whereas
outcomes such as predawn water potential, turgor loss point, and hydraulic
conductance respond more reliably (Choat et al., 2012; Peters et al., 2021). Vessel
size also responds to temperature, particularly across freezing boundaries due to the
impacts of freeze-induced embolisms (Zanne et al., 2014; Morris et al., 2018). Some
have also argued that any apparent aridity signal reflects vessel tapering and height-
climate covariation rather than a direct hydraulic response (Olson et al., 2014; Fajardo
et al., 2020). Collectively, these findings call into question the role of vessel size in
plant responses to aridity, prompting a stronger focus on more direct measures of
hydraulic behaviour such as P50 (Choat et al., 2012; Gleason et al., 2016; Liu et al.,

2019).

However, studies that focus on one or a few genera have consistently found stronger
responses of vessel diameter to rainfall (Schreiber et al., 2015; Pfautsch et al., 2016;
Bourne et al., 2017), compared to larger, more diverse samples (Morris et al., 2018;
Peters et al.,, 2021; Wang et al., 2025), suggesting the relationship may be
phylogenetically structured. For example, Bourne et al. (2017) and Pfautsch et al.
(2016) each demonstrated a strong positive relationship between the vessel sizes to
rainfall within species of Eucalyptus. This suggests an intriguing possibility that
differences in hydraulic strategies across evolutionary lineages may manifest
themselves as differences in intercepts and/or slopes, which blur the relationship of

vessel size to climate in phylogenetically diverse studies (Fig. 1). If true, any study
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relationship where a strong one exists.
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Fig. 1 A conceptual figure showing the difference between a simple linear regression model (left) and a
within-subject centering model (right). Within-subject centering reveals the differences in slopes and
intercepts across different groups within the same set of data (black line) compared to only using the
overall data (grey line). It also visualises the differences in slope and intercept across different groups
(coloured dots and lines, mean values in larger circle) which are disregarded in a simple linear
regression.

A similar argument can be made for responses of VLF to rainfall or aridity.
Theoretically, we might expect VLF to increase with rainfall to enhance hydraulic
conductivity and growth where water is abundant (Gleason et al., 2013). Additionally,
a high VLF may also increase vessel connectivity and facilitate embolism spread,
resulting in drier environments favouring lower VLF (Avila et al., 2023). However, a
high VLF with a high density of smaller vessels may have advantages by providing
redundancy of alternative pathways for water flow around cavitated vessels (Tyree &
Zimmermann, 2002). Empirical studies show mixed evidence, with some finding a
positive relationship (Cornwell & Ackerly, 2009; Gleason et al., 2012) and others not

(Dong et al., 2022). But again, differences between major plant groups may blur the
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relationship. Indeed, several authors have reported strong differences between major

taxa (genera, families) in the average VLF (Zheng et al., 2019).

There are strong theoretical reasons to expect lineage-specific differences in both the
intercept and slope of vessel trait—rainfall relationships. Hydraulic outcomes are
inevitably influenced by multiple factors beyond water availability alone: vessel size
and lumen fraction interact with wood density, vessel grouping, pit membrane
properties, and the balance between conducting and non-conducting tissue, all of
which vary among lineages and may shift the baseline level of conductivity
independently of rainfall (Zanne et al., 2010; Barotto et al., 2016; Choat et al., 2018;
Levionnois et al., 2021; Mrad et al., 2021). Where a lineage has evolved a particular
anatomical strategy — dense wood, grouped vessels, or high tracheid investment, for
example — this will interact with the general vessel size response to water availability,
producing differences in intercept even where the direction of the rainfall relationship
is conserved. Stearns (1992) argues that such lineage-specific effects are a general
feature of trait evolution: traits adapt to climate, but also to one another, such that the
same selective pressure can produce different anatomical solutions in different
groups. The cross-sections in Figure 2 illustrate this directly, showing notable
differences in vessel arrangement, size distribution, and tissue composition across
taxa exposed to similar climatic conditions. We therefore expect the physical
relationship between vessel anatomy and conductivity to be expressed differently
across lineages, not because the underlying hydraulics differ, but because the

anatomical context in which vessels operate does.

In principle, accounting for differences in intercept or slope among major taxa is

straightforward. By fitting an appropriate statistical model, we can both test for the
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separation of the responses within and across taxonomic groups and simultaneously
reveal stronger effects of specific traits. For example, Isasa et al. (2023) found that
separating responses within and across species revealed the interspecific relationship
of Dn to P50 that was otherwise not seen in pooled data. Yet, most large-scale studies
use simpler linear models that pool all variation (Gleason et al., 2016; Zanne et al.,
2018; Morris et al., 2018; Liu et al., 2019; Peters et al., 2021), thus disregarding the
potential differences in response within and between each higher-level phylogenetic
group. In this context, it is not surprising that studies focusing on one genus reveal

stronger patterns, as they are effectively isolating variation from other factors.

Large-scale testing of lineage-specific anatomical strategies has long been
constrained by the labour-intensive nature of microscopic analysis and the
methodological heterogeneity of compiled trait databases. Vessel anatomy requires
microscopic analysis of stem cross-sections, and studies using consistent
methodology across large numbers of species are rare. Most direct measurements
are confined to small sample sizes — typically single genera or a handful of co-
occurring species — making it difficult to separate the effects of water availability from
those of phylogeny, tree size, or local environmental variation (Pfautsch et al., 2016;
Peters et al., 2021). Large-scale analyses of vessel traits have instead relied on data
accumulated across diverse sources and methodologies (Zanne et al., 2010; Morris
et al., 2018; Liu et al., 2019), which introduces considerable variation in sampling
protocols, stem position, and trait definitions. Few studies have examined vessel size
and lumen fraction across more than 100 species using consistent methods, leaving

the generality of the predicted rainfall relationships poorly tested.
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Here, we use historical wood collections to assemble a large, phylogenetically diverse
dataset to overcome some of the sampling constraints limiting previous work. Although
historical specimens often lack precise georeferencing, these collections allow for
large-scale analyses of anatomical measurements across a wide climate range at a
scale not achievable through direct field sampling. We use this dataset to test how
vessel size and VLF vary with rainfall across a broad range of taxa, and whether
accounting for phylogenetic structure resolves the inconsistent relationships reported
in the literature. We hypothesise that (1) vessel diameter and VLF increase with
rainfall overall; (2) separating the within- and across-group effects would account for
a large portion of the variance in the trait-climate relationships, improving model fit
over conventional linear models; (3) and that the direction and magnitude of within-

genus responses will diverge, reflecting lineage-specific anatomical strategies.
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Materials and Methods

Dataset and sampling

Source material comprised historical stained wood slides curated by the Forestry
Corporation of New South Wales and accessed through the National Herbarium of
New South Wales at the Australian Botanic Gardens Mount Annan. The sampled
dataset encompasses 480 native Australian species across 129 genera and 32
families. The wood collection was created primarily for the purposes of species
identification of timber, some samples as early as the 1920s. The samples were taken
from near the base of the trees, on the outer heartwood near the sapwood boundary
for consistency in wood construction. The arrangement of vessels, fibre, and
parenchyma are distinct across lineages which allow for relatively easy identification

to the genus level (Fig. 2).
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Fig. 2 Differences in wood anatomy across different genera and families. Corymbia, Eucalyptus,
Melaleuca, and Syzygium species have notable differences in wood anatomy despite all being part
of the Myrtaceae family. Scale bars are 500 um.

The source material and the sampled species are biased towards canopy species
considered for use in forestry, such as Eucalyptus (Table 1). However, the sample
remains largely representative of the Australian woody vegetation since Australia’s
forests are dominated by eucalypt (i.e., Eucalyptus, Corymbia, and Angophora
species) and Acacia species (ABARES, 2023), and the sampled species cover a large

proportion of the climate niches occupied by Australian native species (Fig. 3).
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Fig. 3 Climate distribution of all tracheophytes species in Australia (darker green represents more
species). The overlaid black points are the study species (n = 480).

Table 1 The dataset has a heavy sampling bias towards species of interest to forestry, clearly
shown by the top 5 most sampled genera representing 47% of total sample diversity.

Number of species % of total

Myrtaceae 221 46
Eucalyptus 131 27
Corymbia 21 4
Syzygium 17 4
Melaleuca 14 3

Other Myrtaceae 38 8
Fabaceae 56 12
Acacia 44 9

Other Fabaceae 12 3
Remaining species 203 42

Each wood slide was marked with the species name and a unique tree code and
typically had two images available. The images selected were for Australian native
species collected in Australia only. Images were excluded if the wood sample itself had
excessive damage due to improper sample handling (i.e., large tears) that significantly

altered the geometry of the vessel lumen. Images with poor image quality (i.e., blurry,
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low contrast) were included if the vessels were distinct and undamaged, as the image

processing step allowed for accurate measurements.

The APCalign R package (Wenk et al., 2024) was used to update the species names
to the latest accepted taxonomy and to confirm native status according to the
Australian Plant Census (APC) and the Australian Plant Name Index (APNI). APC is
the standard taxonomy endorsed by the Council of Heads of Australasian Herbaria
(CHAH) where taxonomy is agreed upon by major Australasian herbaria. APNI is the

index that documents and lists the plant names and references present in the APC.

Image processing

The historical wood collection was available as digitised images. The images were
digitally cleaned due to visual artefacts from the digitisation and from the wood slides
themselves (Fig. S1). Brightness, contrast, and white balance were corrected to
ensure the vessel lumen were as clear and distinct as possible. Changes to the size
of the vessel lumen were minimised to prevent misleading measurements. Vessels
were selected by cropping a vertical section of the image, prioritising undamaged
sections of the sample. All images used the same scale with 4x magnification and
~0.9905 mm per pixel. This meant that species with smaller vessels typically had
significantly more vessels measured per image. On average, there were three images
per species, and approximately 80 vessels measured per image. The mean vessel
area was calculated per species by averaging all measured vessels for that species

across all images.

The vessels were measured primarily using a semi-automated script in the image

analysis software QuPath v0.6.0 (Bankhead et al., 2017). The process is based on
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image segmentation and pixel thresholding as the lumen area of the vessels are
distinctly brighter in colour and much larger in size than the non-vessel lumen parts of
the image. The process is mostly automated, with the script initially highlighting most
of the vessel lumen correctly. However, manual checks were conducted per image to
ensure the lumen areas were selected correctly. The script highlights areas that are
large enough to be considered a vessel, but this varies across different taxa and

samples.

Anatomical measurements

The vessel size measurement used is the hydraulically weighted diameter (Dn) which
accounts for the disproportionately large increase in conductivity for a relatively small
increase in diameter, according to the Hagen-Poiseuille Law. This approach has been
used in many studies (Peters et al., 2021; Isasa et al., 2023). It is calculated as the

function (Equation 1) adapted from Sperry and Saliendra (1994):

_id

ST

(1)

The diameter, d is derived from the area measurements of each vessel, A, assuming

the shape of the vessel to be circular (Equation 2):

d=2x\/g. (2)
T

The measurements of the vessel areas were verified by comparing the data to the
measurements from Zanne et al. (2010). For the Dn analyses, only full vessels (Fig.

S1, green lines) were used. The part vessels (Fig. S1, blue lines) were used for the
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VLF analyses where the part vessel areas still count towards the total vessel lumen

area.

Vessel lumen fraction (VLF) was used as a proxy for vessel connectivity, as used in
Avila et al. (2023). It is calculated as the sum of all vessel areas (including part vessels)

divided by the total area of the image multiplied by a hundred (Equation 3):

A
VLF = ZAvessel 100, 3)

image

Species climate distribution

Since the samples were not precisely georeferenced, it was not possible to create
sample-level climate data. Instead, species-level climate data were created by using
GBIF occurrence data (GBIF.org, 2026) and historical MAP data (1970-2000) from
WorldClim 2.1 (Fick & Hijmans, 2017). Climate data using occurrence data have been
used by other studies as a method of representing a species’ entire range (Morris et

al., 2016) and have evidence of being a reliable proxy (Bourne et al., 2017).

The GBIF data was filtered to only include observations after 1900, inside Australia,
and only tracheophytes to limit the processing power and file sizes required to create
the climate preference tables. Only occurrence data with a coordinate accuracy of
1,000 m or less and marked as human observations were used to match the spatial
resolution of the climate rasters. Only species with 10 or more occurrence records
were used to exclude species with limited information. The climate variable selected
for the analyses was mean annual precipitation (MAP) as it is the most common
representation of climate in similar studies. The values for MAP for each observation

were extracted from the 30 seconds resolution (i.e., one pixel represents roughly 1 km
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x 1 km) WorldClim 2.1 raster files and averaged for each species to represent its

climate preference.
Statistical analyses

All statistical analyses were conducted in R v4.5.3 (R Core Team, 2026) using the
easystats v0.7.5 (Ludecke et al., 2022), gimmTMB v1.1.14 (Brooks et al., 2017), and
tidyverse v2.0.0 (Wickham et al., 2019) packages. All analyses were conducted on
species-level mean trait values by averaging all measurements across all images for
a species. Taxonomic grouping was used as the main indicator for phylogenetic
structure. This approach has limitations, with taxonomy ever-changing. However, our
analyses found conserved wood anatomical traits within genera (Fig. 2) which likely

reflect shared evolutionary lineages.

To separate within- and across-genus responses, we fitted a linear mixed-effects
model with genus-level centering (Equation 4). This approach partitioned the data into
two distinct responses to rainfall: the across-genus effect (i.e., the variation in mean
trait values across genera) and the within-genus effect (i.e., the variation among

species within a single genus) as previously demonstrated in Figure 1:

Yijk = Bo + BacrossXj + .Bwithin(xijk - JEj) + Ugg + Up; + ulj(xijk - JEj) + &ji- (4)

This model represents the trait value (either Dn or VLF) as y;;; and MAP as x;, for
species i in genus j and family k. The predictor variable x;;, has been separated into
two components, x; for the genus-level mean MAP and x;, — x; for the species-level

mean MAP deviation from the genus-level mean MAP. This notation explicitly

separates the across-genus (bacross) and within-genus (bwithin) slopes. ug, and u;
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represent the variable intercepts for the genus and family levels, while the u;

represents the variable slope allowed for within-genus responses.

This statistical model was adapted from prior work by Isasa et al. (2023) and van de
Pol and Wright (2009). We added family as an additional random effect to account for
wider phylogenetic effects, as many of the genera tested fall within a few key families.
We also allowed both intercepts and slopes to vary at the genus-level to capture any
deviations in responses across genera. All continuous predictors and response

variables were log-transformed to satisfy normality assumptions.

The output of the model includes two R? values, the marginal and conditional R?. The
marginal R? is the proportion of the variance of vessel sizes accounted for by MAP
(the fixed effect) alone. The conditional R? is the variance accounted for by both MAP
and the taxonomic groupings (the fixed effect + all random effects). A large difference
between the marginal and conditional R? would indicate that taxonomic grouping

accounts for a significant fraction of the overall variation in data.

Variance partitioning using the performance R package reveals the contribution of the
differences in intercept and slope within taxonomic groups to the total overall variance,
which is possible from the decoupling of effects by levels. For example, a relationship
could be weak overall because the slopes may vary greatly across genera, but there

could be very consistent slopes across families.

To quantify the difference in responses between the new and traditional pooled
approaches, we compared this genus-level centering model to a conventional simple
linear regression of log-transformed both Dn and VLF against log-transformed MAP

with no random effects (Equation 5):
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yi=PBo+ ﬂpooledxi + & (5)

This equation has only one response, with slope bpocled and intercept bo. Model
performance was assessed using Akaike Information Criterion (AIC) and the

coefficients of determination R? alongside slope coefficients.
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Results

We analysed images for 480 species representing 129 genera and 32 families of
Australian native species. The most diverse family, Myrtaceae (n = 221), also
contained the largest genus of the study, Eucalyptus (n = 131). The mean hydraulically
weighted diameters (Dn) ranged from 12.98 to 123.80 mm, while vessel lumen fraction
(VLF) ranged from 3.13% to 31.86%. The measurements fell within the expected

ranges based on a global wood anatomy database (Zanne et al., 2010) (Figure S2).

Relationship of Dn with rainfall

The linear mixed-effects model with genus-level centering revealed that vessel size
scales predictably with rainfall at both within- and across-genus levels (Fig. 4a). The
across-genus effect (variation in mean Dn across genera) was highly significant (bacross
=0.37, SE = 0.11, 95% CI1[0.15, 0.59], P < 0.001). The within-genus effect (variation
among species within a genus) was equally significant and nearly identical in
magnitude (bwithin = 0.33, SE = 0.09, 95% CI [0.16, 0.51], P < 0.001). The precipitation
variables explained 11.0% of the observed variance in Dn (marginal R? = 0.110), while
the inclusion of genus- and family-level grouping effects increased explained variance

to 78.6% (conditional R? = 0.786).

The simple linear regression of Dn against MAP resulted in a shallower slope (bpooled =
0.16, SE = 0.04, 95% CI [0.08, 0.25], P < 0.001) and explained only 2.8% of the
variance (R? = 0.028, Fig. 4). It also had a much higher AIC value (AIC = 582.5)
compared to the model with genus-level centering (AIC = 193.1) which indicates a

much poorer fit to the data.
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VLF relationship with rainfall

VLF showed no significant relationship with rainfall at either genus or family level (Fig.
4b). The across-genus effect was non-significant (bacross = -0.003, SE = 0.09, 95% ClI
[-0.18, 0.17], P = 0.972) as well as the within-genus effect (bwitin = 0.11, SE = 0.11,
95% CI [-0.10, 0.32], P = 0.303). The mixed-effects model explained only 0.7% of the
variance of VLF with MAP (marginal R? = 0.007), but including the taxonomic grouping
accounted for 45.6% (conditional R?= 0.456). The simple linear regression for this trait
was also worse (AIC = 458.2 vs AIC = 369.2), and non-significant (bpooled = 0.06, SE =

0.04, 95% CI [-0.01, 0.14], P = 0.110, R? = 0.005).
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Fig. 4 The overall relationship of hydraulically weighted vessel diameter (D) and vessel lumen
fraction (VLF) to rainfall (n = 480). The across-genus response corresponds with the average
within-genus response, both of which differ in slope and intercept to the simple linear regression.
The individual within-genus responses show markedly consistent slopes, mainly differing in
intercepts.
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Variance partitioning

The analysis of random effect variance revealed the significant influence of
phylogenetic groupings on the overall variance seen for both traits (Table 2). For Dn,
the differences in intercepts across genera accounted for the largest proportion of the
random effect variance (SD = 0.323), with family intercepts (SD = 0.214), and genus-
level slopes (SD = 0.313) also being major contributors. Similar results were found
with VLF, with the differences in intercept across genera and families being significant
contributors (SD = 0.169 and 0.222, respectively). However, the residual variance was

much higher (SD = 0.314).

Table 2 Sources of variance from the within-genus level centering model.

SD (s) Variance (s?) % of total
variance
Dn
Genus (slope) 0.313 0.098 32.8%
Genus 0.323 0.104 35.0%
(intercept)
Family 0.214 0.046 15.3%
(intercept)
Residual 0.225 0.051 16.9%
VLF
Genus (slope) 0.186 0.035 16.4%
Genus 0.169 0.028 13.5%
(intercept)
Family 0.222 0.049 23.4%
(intercept)
Residual 0.314 0.099 46.7%

Within-group responses

For genera with ten or more species, it was evident that the responses of D to rainfall

were consistently positive, with similar slopes (Fig. 5a). The differences across genera
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emerged mainly from the difference in intercepts. For example, Eucalyptus, Corymbia,
and Flindersia clearly diverged from both the across-genera response and the family
(Myrtaceae) random effect in intercept but had very similar slopes. It was also evident
that Fabaceae was skewed towards Acacia due to the sampling disproportionately
favouring Acacia species. The responses for VLF across rainfall were also consistent,
with some exceptions. Unlike Dn, some genera had noticeably different slopes
compared to the across-genera response. Specifically, Flindersia and Melaleuca had

notably more positive slopes compared to all the other genera (Fig. 6a).
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Discussion

By explicitly partitioning within- and across-genus responses to mean annual
precipitation, our results demonstrate that hydraulically weighted diameter (Dn) varies
consistently with rainfall across diverse lineages, offers a promising explanation for
the long-standing inconsistencies in macroecological trait-climate relationships. Here,
we synthesise these findings with theoretical expectations of hydraulic trade-offs and
anatomical coordination, examine the distinct evolutionary behaviour of vessel lumen
fraction (VLF), and evaluate how phylogenetic structure, plant height, and analytical
choices shape trait-environment scaling. Together, these sections clarify how lineage-
specific architectural baselines obscure functional responses in pooled datasets and
highlight the utility of hierarchical modelling for advancing large-scale plant hydraulics

research.

Consistent rainfall scaling of Dn across hierarchical levels

Separating the within- and across-genus responses reveals a consistent, positive
scaling of hydraulically weighted diameter with rainfall, resolving long-standing
inconsistencies in macroecological studies. Our within-genus centering model,
adapted from van de Pol and Wright (2009) and Isasa et al. (2023), demonstrated that
Dn scales predictably with rainfall at both hierarchical levels, with highly conserved
slope magnitudes (Fig. 4a) that strongly support our hypothesis that vessel size
increases in wetter environments. By explicitly partitioning trait-climate relationships,
our model explained 78.6% of the total variance in Dn compared to only 2.8% for a
conventional pooled regression, suggesting that taxonomic (and likely phylogenetic)

structure accounts for the majority of observed variance. In contrast, VLF showed no
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significant relationship with rainfall at either the genus or family level, with variation
primarily driven by phylogenetic grouping (Fig. 4b). This divergence in climate
responsiveness mirrors findings from taxonomically restricted studies: whereas broad
compilations often report weak vessel-rainfall links (Cornwell & Ackerly, 2009; Morris
et al., 2018; Peters et al., 2021), single-genus analyses consistently reveal stronger,
more predictable responses (Pfautsch et al., 2016; Bourne et al., 2017). Our results
demonstrate that these seemingly conflicting outcomes arise from conflating within-
lineage scaling with across-lineage baseline differences. These patterns closely align
with the hydraulic safety-efficiency trade-off, yet their obscuration in pooled datasets
highlights how phylogenetic structure can mask otherwise predictable trait-climate

relationships.

Lineage-specific anatomical contexts shift baseline hydraulic

strategies

The decoupling of within- and across genus effects clarifies why vessel size-rainfall
relationships appear weak in broad comparative studies but emerge strongly in
taxonomically restricted samples. Theory predicts that wetter environments should
favour higher xylem conductivity through larger vessels (Tyree & Ewers, 1991). Our
results support this expectation but reveal that evolutionary lineages embed vessels
within distinct anatomical contexts that shift their baseline conductivity independent of
climate. Where a lineage has evolved a distinct anatomical strategy such as dense
wood, pronounced vessel grouping, or high parenchyma investment, these traits
interact with rainfall-driven vessel scaling to shift baseline conductivity independently
of climate (Li et al., 2018). Consequently, genera like Eucalyptus and Flindersia

maintain significantly higher baseline vessel sizes across their climatic ranges while
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preserving the same rainfall response slope as other lineages. As Stearns (1992)
argued, traits adapt to climate but also to one another, meaning the same selective
pressure can yield different anatomical solutions across evolutionary groups. This
multivariate trait coordination likely explains why pooled macroecological datasets
often dilute climate signals and why isolating within-group variation consistently
recovers stronger patterns. Recognising that trait-climate scaling operates within
phylogenetically bounded architectural contexts necessitates statistical approaches

that explicitly partition hierarchical variation.

Hierarchical centering resolves macroecological inconsistencies

and ecological fallacies

Within-subject centering offers a robust statistical framework for macroecological
studies, mitigating the ecological fallacy that arises from pooling phylogenetically
diverse data. Standard linear models often conflate inter-group differences in mean
trait values with within-group responses to environmental gradients, which can
obscure functional patterns and lead to ecologically misleading conclusions (van de
Pol & Wright, 2009). By explicitly separating the across-genus mean from within-genus
deviations, our approach partitions intercept divergence from slope consistency,
preserving high-resolution functional signals without collapsing taxa into taxonomic-
level averages. This method proves superior to conducting separate regressions per
genus, which sacrifices broader ecological context and struggles with uneven sample
sizes, or to averaging traits at higher taxonomic levels, which discards intrageneric
variation entirely. This model’s ability to decouple hierarchical effects also aligns with
the principle that plant traits are functionally coordinated rather than evolutionarily

independent, making it highly transferable to other multivariate trait systems such as
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wood density, leaf economics, or hydraulic conductivity. A similar finding was seen
when we applied the same model to data from Liu et al. (2019), where the relationship
between vessel diameter and MAP was significantly strengthened compared to
conventional linear models. Nevertheless, this approach is not without trade-offs: we
used genus-level taxonomy as a proxy for the conserved hydraulic architecture within
evolutionary lineages, which may not perfectly capture evolutionary divergence (Wang
et al., 2025). Yet, despite these constraints, the framework successfully isolates
climate-driven scaling from lineage-specific architectural baselines. While this
methodological refinement clarifies vessel diameter responses, it also underscores
why anatomically derived proxies like VLF behave differently under the same

framework.

VLF reflects structural trade-offs rather than climate response

The absence of a rainfall signal for VLF reflects its derived nature and the tight trade-
offs between conducting tissue and structural functions in xylem. Unlike vessel
diameter, which dominates hydraulic efficiency through disproportionate scaling
according to the Hagen-Poiseulille law, VLF contributes to conductivity at a much lower
incremental rate (Zanne et al., 2010). Increasing the proportion of lumen space
inevitably requires sacrificing non-lumen tissues such as fibre tracheid and axial
parenchyma, which compromises mechanical stability in tall stems and reduces the
plants’ capacity for embolism recovery (Tyree & Zimmermann, 2002; Morris et al.,
2018). Consequently, VLF behaves more as a phylogenetically conserved trait than a
climate-responsive one. This pattern suggests that VLF is primarily constrained by
lineage-specific architectural investments rather than direct moisture-driven selection,

likely relating to the notable differences in wood anatomy across taxa (Fig. 2). Rather
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than serving as a reliable macroecological proxy for drought resistance or vessel
connectivity, VLF may be better understood alongside more direct functional indices
such as vessel grouping index or parenchyma to tissue ratios, which capture
connectivity and safety trade-offs more sensitively (Levionnois et al., 2021). These
anatomical constraints likely interact with other size-related factors, such as plant

height, which have long been proposed as hidden drivers of vessel size variation.

Plant height, ontogeny, and multivariate trait coordination

The relationship between vessel size and climate is likely influenced by plant height,
ontogenetic changes in stem diameter, and broader trait coordination. A prominent
debate in plant hydraulics centres on whether vessel diameter scales primarily with
climate or simply tracks plant height, as vessels naturally widen toward the stem base
in taller individuals (Olson et al., 2014; Fajardo et al., 2020). Since plant height itself
is strongly correlated with moisture availability on broad scales (Moles et al., 2009),
height and rainfall can act as colinear drivers of xylem anatomy. Although we did not
explicitly model individual tree height, our genus- and family-level random intercepts
likely capture lineage specific maximum heights and developmental trajectories,
filtering out height-mediated vascular widening from climate-driven scaling. This aligns
with studies that find strong rainfall signals when phylogenetic or architectural context
is controlled (Pfautsch et al., 2016), while reconciling those that attribute vessel size
variation primarily to stature (Morris et al., 2018; Fajardo et al., 2020). Beyond height,
vessel anatomy does not evolve in isolation; it is continuously buffered or amplified by
coordinated traits such as wood density, axial parenchyma positioning, and vessel
grouping (Zanne et al., 2010; Choat et al., 2018). These architectural feedbacks

explain why baseline vessel sizes diverge across clades while preserving a conserved
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directional response to precipitation. Consequently, treating vessel diameter as an
isolated climate proxy risks misattributing phylogenetically fixed architectural
constraints to environmental plasticity. While our dataset and Australian context
strengthen these inferences, several methodological and geographical limitations

should be considered when extrapolating these patterns.

Sampling constraints, regional context, and future directions

Our conclusions are shaped by the nature of the dataset and the ecological context of
the study region. The sample is heavily weighted toward fast-growing canopy species
favoured in forestry, particularly Eucalyptus and Acacia, which together make up
nearly 60% of the diversity. While this reflects the structure of Australian forests
(ABARES, 2023), it may underrepresent slower growing or understory lineages with
distinct hydraulic strategies. Climate data were derived from species-level GBIF
occurrences paired with coarse-resolution WorldClim rasters, which lack microhabitat
precision and assume range-wide climatic averaging. Additionally, historical wood
slides lack precise georeferencing, tree age, and stem height, limiting explicit control
for ontogeny and local environmental variation. Ecologically, Australian woody
vegetation is largely frost-free, so drought rather than cold likely drives hydraulic
adaptation in our study system (Zanne et al., 2018). This makes our findings
particularly relevant for tropical and subtropical forests, though the hierarchical
modelling approach remains applicable to temperate and alpine regions where
drought and freezing interact. Future work should integrate molecular phylogenies,
directly measure ontogenetic and architectural variables, expand into phylogenetically
distinct biomes, and pair anatomical proxies with in-situ hydraulic traits like P50 and

specific conductivity.
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Conclusion

Our findings show that inconsistencies in vessel size-rainfall relationships largely arise
from pooling taxa with different baseline hydraulic strategies. Applying genus-level
centering to a phylogenetically diverse dataset reveals that hydraulically weighted
vessel diameter scales predictably with precipitation when hierarchical structure is
accounted for, while VLF behaves as a phylogenetically constrained trait shaped by
anatomical trade-offs. Separating within- and across-group responses clarifies these
patterns and offers a practical framework for future trait-climate studies. Together,
these results highlight the value of historical wood collections and hierarchical

modelling in linking local hydraulic function to broad biogeographical patterns.
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Fig. S1 Comparison of the full vessel area measurements (green lines) and part
vessel measurements (blue lines) from the unmodified (left) and modified (right)
images. Note the difference seen in the vessel in the top right of the images. The
image is a sample of Acacia falciformis collected from New South Wales, Australia.
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Fig. S2 Vessel measurements are within the expected values based on a global
angiosperm vessel trait dataset from Zanne et al. (2010). Only families that are
present in both datasets are shown.
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