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Abstract
Premise: Tree structure and function are constrained by and acclimate to climatic
conditions. Drought limits plant growth and carbon acquisition and can result in
“legacy” effects that last beyond the period of water stress. Leaf and twig‐level legacy
effects of past water abundance, such as that experienced by trees that established
under wetter conditions are unknown.
Methods: In an 18‐year forest irrigation experiment, we explored the lasting struc-
tural impact of past water richness on leaves and twigs of Pinus sylvestris using
synchrotron‐based X‐ray microscopy. We compared 47 anatomical traits among
never‐irrigated control trees, trees irrigated for 18 years, and formerly irrigated trees,
7 years after their return to control‐level water availability in this naturally dry forest.
Results: We found that legacy effects induced by a period of experimental irrigation
continue to shape the structure of new leaves and twigs long after a sharp decrease in
water availability. Legacy effects shaping twigs were present but dissipating, while leaf
traits displayed long‐lasting effects on structural strategy, with extreme values for
traits associated with high water stress and low productivity.
Conclusions: Mature trees acclimating to an increasingly dry world may be at a
disadvantage compared to young trees that have known only chronic drought.
However, these young trees may be capable of thriving in sites of drought‐related
forest decline especially if planted while larger individuals are still present to support
tree establishment. Without a legacy of past water abundance, trees in future forests
may be better equipped to cope with our rapidly changing climate.

K E YWORD S

functional traits, leaf anatomy, legacy effects, Pfynwald experiment, Pineaceae, Pinus sylvestris, tree
mortality, water stress

The ways in which past conditions, such as drought, shape
future tree performance may determine the impacts of cli-
mate change on forests (Anderegg et al., 2015; Müller and
Bahn, 2022). Water scarcity limits plant growth and carbon
acquisition and leads to post‐drought “legacy” effects that
limit tree productivity and stress tolerance for multiple
years (Cosgrove 1987, 2005; Peltier et al., 2022; Blumstein
and Furze, 2023). Droughts, especially extended hot
droughts, can therefore have impacts on tree and ecosystem
function that persist for several years, increasing during
successive drought years (Anderegg et al., 2015; Kannenberg
et al., 2020; Szejner et al., 2020; Müller and Bahn, 2022;
Sillett et al., 2022) and possibly contributing to long‐term
acclimation (Gessler et al., 2020). Such climatic legacy

effects have important implications for our ability to predict
forest carbon assimilation and retention. For example,
drought‐legacy effects influence carbohydrate depletion and
cause decreases in trunk growth (Anderegg et al., 2015;
Kannenberg et al., 2019; Peltier and Ogle, 2019; Peltier
et al., 2022; Blumstein and Furze, 2023). Whether or not
carbohydrate depletion or chemical acclimation to drought
periods occur, the anatomical structure of wood and ever-
green leaves acclimates to water availability in the short
term (Dobbertin et al., 2010; Oldham et al., 2010; Beier
et al., 2012; Eilmann et al., 2013; Azuma et al., 2016; Chin
and Sillett, 2019), in ways that could leave lasting per-
formance effects across and beyond organ lifespan. Fortu-
nately, forest‐scale manipulative experiments (e.g., Beier
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et al., 2012; Barbeta et al., 2013; Paschalis et al., 2020) and
long‐term monitoring plots (e.g., Acker et al., 1998; Schaub
et al., 2011; Thimonier et al., 2001; Wolf et al., 2009; Smith
et al., 2015), which are increasingly common, can be
leveraged to address these unknowns across scales, from
climate to anatomy.

What happens to twig and leaf structure when water is
no longer plentiful, and how long do trees take to produce
structures that better reflect a water‐limited anatomical
baseline? In most forests experiencing climate change today,
the trees were established in previous centuries and have
experienced much wetter times. The lasting impact of past
water availability on tree structure may thus be more
important to forest functioning than the better‐documented
legacy effects of drought because the largest forest trees of
today were established under water‐rich conditions that no
longer exist (Balting et al., 2021; Vicente‐Serrano
et al., 2022). The Pfynwald forest irrigation experiment,
where natural precipitation was doubled for 20 years
(“Irrigated” treatment), may be the only place in the world
where it is possible to assess the impacts of both past and
present water availability on the structure of mature trees in
a natural forest (Zweifel et al., 2020; Bose et al., 2022).
Irrigation‐induced changes in Pinus sylvestris including
increased radial growth, carbohydrate storage, fine root
growth, and leaf expansion as well as decreased crown
transparency, resulted in a “water‐rich” tree syndrome that
may be ill‐suited for the low water availability of rain‐fed
“Control” conditions in this dry system (Dobbertin
et al., 2010; Eilmann et al., 2013; Schönbeck et al., 2018;
Brunner et al., 2019; Zweifel et al., 2020). Halting irrigation
in this system after 11 years (“Irrigation‐stop” treatment)
resulted in a gradual return to control levels of radial trunk
growth and leaf length over 4 years (Zweifel et al., 2020).
However, this trend of slowing growth in formerly irrigated
Irrigation‐stop trees has continued to progress below the
current Control growth rate, resulting in individual trees
that grow less annually than they had before the irrigation
period (Vitali et al., 2024). Perhaps this lack of vigor is
because summertime transpiration in Irrigation‐stop trees
declines more abruptly than in Control trees (Zweifel
et al., 2020), but it is also potentially due to persistent
structural modifications to the photosynthetic organs and
the twigs that support them. As the end of the hydraulic
chain, leaves and twigs experience the lowest water poten-
tials in the tree, while being responsible for all carbon
assimilation; thus, it is imperative to explore anatomical‐
scale legacy effects on leaves and twigs. The capacity of these
key organs to tolerate and adjust to reduced water availa-
bility defines the ability of individual trees and tree species
to survive in an increasingly hotter and dryer world, shap-
ing ecosystems through their success or failure under cli-
mate change. But whether and how past water abundance
shapes these critical tree structures remains a complete
mystery—and the subject of our study here.

Does a history of high water availability influence
the structure and function of leaves and twigs through

long‐term legacy effects if dry conditions return or appear?
Our objective was to broadly explore the anatomy and
evidence of water stress in the form of acclimations for
tolerance or indications of hydraulic limitation in recently
produced leaves and twigs in relation to current and past
water availability at Pfynwald, one of the driest forests in the
Alps. Specifically, we ask, is there a structural legacy of high
water availability in the distal organs of trees? If so, what
trait syndromes are these manifested in? For leaves, or
twigs, or both? We hypothesized that experimentally Irri-
gated trees would be structurally different from rain‐fed
Control trees. We also expected that previously irrigated,
Irrigation‐stop trees, which had returned to naturally low,
Control‐level water availability 7 years prior, would have
current‐year twigs and leaves that were indistinguishable
from those of rain‐fed Control trees. However, trees can be
surprising, and we do not know how long legacy effects may
linger. Such ecological legacy effects remaining from a pre‐
climate‐change world could have important implications for
our assessment of tree vulnerability to climatic factors and
for predicting forest success and ecological change with a
drier climatic baseline.

MATERIALS AND METHODS

Study site and sampling

In a dry portion of the Rhône River Valley, the Pfyn‐Finges
Nature Park, in Valais, Switzerland is the site of the Pfyn-
wald forest irrigation experiment (46°18′N, 7°3′E, 615 m
a.s.l.). The Pfynwald Experiment began in June 2003 and
covers 876 mature, naturally regenerated Scots pine (Pinus
sylvestris) trees with an average age >100 years and a canopy
height of ~10–11 m. The site is located at the dry edge of the
distribution of Scots pine, and drought‐induced tree mor-
tality is common in that region (Hunziker et al., 2022). The
experiment was established after tree mortality events of the
1990s that had been associated with patterns of decreasing
regional rainfall (Bose et al., 2022; Hunziker et al., 2022).
From April to October, four of eight 1000‐m2 experimental
plots have been irrigated each year at a level consistent with
local rainfall (3.8 mm per night, 600 mm added annually),
approximately doubling water availability (Irrigation treat-
ment), while the other four plots were monitored, but not
irrigated (Control treatment), receiving water exclusively
from rainfall. After 2013, the Irrigation treatment was halted
in one half of each irrigated plot (Irrigation‐stop treatment),
and not resumed. In March 2022, we collected distalmost
treetop twigs and leaves from 25 individual trees (N = 9
Control, 6 Irrigated, and 10 Irrigation‐stop trees; Appendix S1)
using canopy‐access scaffolds. We used the most recent
growth only, i.e., twigs and leaves produced in the previous
2021 growing season. That October we collected an additional
leaf sample from each of five new trees to balance our
study design to include 10 trees per treatment (i.e,
N= 1 new Control, 4 new Irrigated; Appendix S1). Twigs were
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not analyzed from this second collection because they would
have grown, whereas leaves are far more anatomically stable.
Leaves used from the second collection were of the same 2021
cohort as the first collection.

Anatomical analyses

Following the initial March 2022 collection, samples were
immediately transported to the Swiss Light Source at the Paul
Scherrer Institute in Villigen, Switzerland (3 h by train) where
they were scanned the same night using synchrotron‐based
X‐ray tomographic microscopy (microCT) at the TOMCAT
beamline (Stampanoni et al., 2006). All 50 scans (1 leaf and 1
twig from each of 25 individual trees; see Appendix S1) were
taken with a 10× objective, which gives 0.65 µm resolution.
Using a beam energy of 20 keV, we captured ~1mm of
sample height (volumes varied), with scans of 1501 projec-
tions of 100ms exposure (i.e., ~2.5min), with no repetitions
made on the same sample in case of failed scans to reduce the
risk of radiation damage or water loss. Each scanned twig was
cut to a length of 2 cm (10–20× longer than the tracheids in
this species) and scanned in the middle of this section to
avoid any cutting artefacts such as embolisms or lost resin.
Leaves were kept whole during scanning and sealed in
polyimide tape to avoid water loss while keeping high
X‐ray transmittance. Images were reconstructed at TOM-
CAT using both absorption phase reconstruction (Marone
and Stampanoni, 2012; pictured in Figure 1: twig) and
phase‐contrast enhancement reconstruction (Paganin
et al., 2002; pictured in Figure 1: leaf). MicroCT allowed
the measurement of the size and circularity of transfusion
tracheids and counts of fibers and amyloplasts in leaves
and measurement of tracheid length in twigs, none of
which were possible with traditional histology. The final
five leaf samples collected near the end of summer were
sectioned fresh with a microtome using the method of
Chin and Sillett (2017). For all 30 leaf samples (both col-
lections), we made acrylic resin imprints of adaxial and
abaxial leaf surfaces to capture stomatal anatomy; the resin
(nail polish) was placed directly onto glass slides, and
leaves were laid in the resin with the appropriate side down
and then popped off when dry (Chin and Sillett, 2017).

We selected and measured a wide range of anatomical
traits (29 leaf traits, and 18 twig traits; Appendix S2) that
covered attributes associated with either hydraulic limita-
tion or water stress tolerance and sets of traits that ex-
pressed ecological strategy such as productivity, local stor-
age, size and surface to volume ratios, defense, and
variations in water‐use strategy (Appendix S2). All traits
were measured using the program Fiji (Schneider
et al., 2012). We relied on the linear measurement tool for
lengths and diameters, areas were hand traced as needed,
and transfusion tracheid circularity and size were measured
with “analyze particles” after isolating the tissue. Traits ex-
tracted from microCT images were measured on the
reconstruction where they were most distinct.

Data analyses

Our focus for this study was on broad patterns of multi-
variate trait differences; thus, univariate tests were not used
for individual anatomical traits. (Means, standard devia-
tions, and coefficients of variation [CVs] for traits are
provided in Appendix S1.) Instead, we discuss the 47 indi-
vidual anatomical traits in the context of their ranking
among treatments and membership in functional groupings
or “trait syndromes”, rather than assigning probabilities to
their differences. We took two complementary approaches
to exploring the distance of the twigs and leaves from the
three Pfynwald treatments in multivariate anatomical
trait space: (1) analysis of space occupancy in reduced‐
dimensional trait space using the geometry of principal
components analysis (PCA) axis scores, and (2) a probabi-
listic assessment of the differences among treatments using
two complementary approaches; multiresponse permuta-
tion procedures (MRPP) and analysis of variance using
distance matrices (Adonis). All multivariate analyses (PCA,
MRPP, and Adonis) were implemented with the R package
vegan (Oksanen et al., 2022).

First, for the two PCAs for twigs and leaves, we retained all
18 twig and 25 of 29 leaf traits (as noted in Appendix S2).
Among these traits, we could not detect bivariate nonlinearities,

FIGURE 1 Synchrotron‐based X‐ray tomographic microscopy
(microCT) images of intact Pinus sylvestris twig and leaf shown in cross
section. These 0.65‐µm‐resolution images (50 total) were used to measure
most of the 49 leaf and twig traits assessed (see details in Appendix S2).
Vascular embolisms (arrows) were present in all samples due to a recent
thaw event.
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and skewness and kurtosis of individual traits were minor.
The four excluded leaf traits were those for which we only
had microCT data (Appendix S2). The PCAs were done on
the correlation matrix because of the different scales; for
both twigs and leaves, we retained three axes. Individual,
twigs or leaves were ordinated on these axes, and for each
treatment, we calculated their three‐dimensional volumes
and their pairwise intersections using the R package hy-
pervolume (Blonder et al., 2022). In the case of twigs,
which had an uneven sample size, we corrected the three‐
dimensional volumes (hereafter, Vc) occupied by each
treatment by dividing by N3. This space‐occupancy
approach is geometric and not statistical in nature, so we
also employed multivariate trait‐based analyses of
treatment‐group identity.

For the same trait sets as for the PCA, we used MRPP to
determine the probability that the treatments had more
internal consistency than expected by chance, that is, the
chance‐corrected within group agreement among and
between treatments. This Monte Carlo style test was done
over 50,000 permutations using Euclidean distance. The
MRPP was preferred because it has almost no assumptions
and its low‐sensitivity “name‐tag swapping” approach
should only detect practical differences. We then substan-
tiated our MRPP results using Adonis (i.e., adonis2 in the R
package vegan), again with Euclidean distance and 50,000
permutations. Adonis is a least squares regression‐based
ANOVA technique that adds to our MRPP interpretation
by allowing us to consider the total trait variance explained
by treatment class within a Euclidean distance matrix. In the
case of twigs, Adonis was especially useful in addressing
possible dispersion bias in the MRPP due to among‐
treatment volumetric differences in trait space revealed by
the PCA and to sample size differences. We repeated the
Adonis tests for the five twig traits (marked with an asterisk
in Figure 2) that we considered to be directly linked to
chronically low water availability.

RESULTS

Twigs

Irrigation‐stop twigs appeared to be undergoing an active
transition from Irrigated back to Control‐like anatomical
structure and were intermediate in nearly half of their traits
(Figure 2, medium‐colored bars). When all 18 twig traits
were considered collectively, the traits did not differ signifi-
cantly among treatments at Pfynwald, whether compared
together or pairwise (Table 1). Even Control and Irrigation‐
stop trees were much less different from each other than seen
at the leaf level, with 100× greater structural overlap in PCA
trait space (Table 1, Figure 3: top left). Twig traits that stood
out as clearly distinct in Irrigation‐stop trees were related to
chronically low water availability (marked with asterisks in
Figure 2). These water‐stress traits differed between Control
and Irrigated tree twigs (Adonis: R2 = 0.3302, F = 5.9153,

P = 0.0169) and Control and Irrigation‐stop trees (R2 = 0.207,
F = 4.1626, P = 0.0354), but not between Irrigated and
Irrigation‐stop trees. Unlike leaves, it was Control twigs that
had the greatest relative global‐trait plasticity, with a ~7.5×
greater Vc than that of Irrigated twigs. Irrigation‐stop twigs
occupied an intermediate volume in the trait space, with a
position that further suggested twig‐level regression toward
the Control (Table 1, Figure 3: top left).

Leaves

In sharp contrast to twig traits, leaf traits (Figures 1, 2) had
wide‐ranging multivariate differences among the three treat-
ments of the Pfynwald Experiment (Table 1). Leaves produced
in 2021 on formerly irrigated (2003–2013) trees, i.e., “Irrigation‐
stop” trees, were relatively similar to leaves on continually
“Irrigated” (from 2003–present) trees (MRPP: A = 0.0371,
P= 0.13; Adonis: R2 = 0.13, F= 2.796, P= 0.0991). Instead of
returning to control conditions, Irrigation‐stop trees remained
significantly different from never‐irrigated, rain‐fed “Control”
trees on a multivariate level (MRPP: A= 0.2077, P= 0.0022;
Adonis: R2 = 0.36, F= 10.186, P= 0.0028). Irrigation‐stop trees
exhibited pronounced trait differences linked to hydraulics,
local investment, water stress, and productivity that collectively
distinguished their leaf structure from both Control and Irri-
gation treatments (Figure 3: right side). The anatomical signa-
ture of the small Irrigation‐stop leaves reflects an alternative,
and generally extreme, structural strategy where <14% of
traits were intermediate between Control and Irrigated trees
(Figure 2 : dark and light bars; Figure 3 : top right; Appen-
dix S1). On a multivariate level, Irrigated trees occupied ~3.5×
more of the collective PCA trait space (sample‐size corrected
volume: Vc) than leaves from Control trees, suggesting that
chronically low water availability decreased variability among
individuals. In the multivariate trait space, Control and
Irrigation‐stop overlapped in only 0.3% of their unified Vc

implying an absence of any reversion to their original condition
(Table 1). While Control trees invested in large leaves and both
local hydraulic capacity and conductivity as well as starch
storage, Irrigation‐stop trees were on the other extreme, with
the lowest leaf‐level investments (Figure 2 : light bars).

DISCUSSION

The memory of water

Seven years after the 11 years of experimentally elevated
water availability, mature trees in a natural forest continued
to exhibit pronounced anatomical differences in new leaves
and twigs. In contrast with studies of drought legacies, this
developmental memory of ample water may be longer
lasting, because, unlike drought legacies, it is not caused by
dips in carbohydrate reserves, which can be replenished
within months to a few years (Gessler et al., 2020). Devel-
opmental changes persisting after the climatic signal has
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F IGURE 2 (See caption on next page).
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passed imply that the epigenome has been altered, in line
with the multifaceted water‐rich tree syndrome of Irrigated
trees, noted since early in the Pfynwald experiment
(Dobbertin et al., 2010; Eilmann et al., 2013; Schönbeck
et al., 2018; Brunner et al., 2019; Zweifel et al., 2020). Leaves
had the most extensive evidence for persistence of a wide‐
ranging anatomical response to past water abundance
(Table 1). The newest crop of leaves on formerly irrigated
(2003–2013), Irrigation‐stop trees remain much more like
leaves on continually Irrigated (2003–present) trees than to
those on never‐irrigated, rain‐fed Control trees. Moreover,
the leaves of Irrigation‐stop trees do not appear to be in the
process of reverting back to Control‐like leaf structure
(Figure 2); instead, traits associated with hydraulics, local
investment, water stress, and productivity collectively differ
from both Control and Irrigation treatments (Table 1,
Figure 3: right side). On the basis of their collective struc-
tural differences, we predict that the Irrigation‐stop trees
will continue to grow more slowly and have long‐term
differences in drought susceptibility from Control trees. We
do not rule out a progressive functional decline in
Irrigation‐stop trees if they had been in any way still reliant
on reserves from the Irrigation period. Although legacy
effects on photosynthetic rate are well documented

(e.g., Kannenberg et al., 2020), we are not aware of any
previous work on leaf‐level anatomical traits, making
comparisons difficult. Regardless, the lack of reversion to-
ward Control‐form leaves 7 years after experimental irri-
gation was halted may be the longest‐lasting legacy effect
recorded in trees to date.

Divergence of Irrigation‐stop leaves from the Control‐
form has become so extreme that they are even less similar
to each other than the Irrigated and Control leaves are to
each other (Table 1). The post‐water Irrigation‐stop leaves
exhibited a unique, third structural strategy with only 4 of
29 traits intermediate between Control and Irrigated leaves
(Figures 2 and 3: top right; Appendix S1); most of the
structural traits were markedly smaller than in the other
treatments (Figure 2; Appendix S3), with a large fraction of
their limited cross‐sectional area devoted to thin‐walled
transfusion tracheids, which can buckle to release emer-
gency water supplies during drought stress (Chin
et al., 2022). Higher soil water supply increases the alloca-
tion of new assimilates to the root‐rhizosphere system in
Scots pine (Joseph et al., 2020) and can over time expand
the rooting zone (Gao et al., 2021). However, it is unlikely
that Irrigation‐stop trees still benefit from additional (dee-
per) water resources because transpiration in summer

F IGURE 2 Individual traits explored and their order among treatments. Greatest, intermediate, and lesser trait values are based on the raw means for
each trait. Twigs from the Irrigation‐stop treatment are often intermediate between Control and Irrigated trees, suggesting a shift back toward Control‐like
anatomical structure. Conversely, the leaves of Irrigation‐stop trees mostly had trait values more extreme than either of the other treatments demonstrating
both positive and negative legacy effects. Twig traits marked with “*” were used as proxies for water stress and compared among treatments, leaf‐traits
marked with “§” were excluded from the PCA due to missing values (see sample sizes and detailed trait explanations in Appendix S1). Consistently among
both twigs and leaves, organs on Irrigation‐stop trees showed signs of hydraulic limitation and water stress compared to Irrigated trees; however, in leaf
traits, anatomical indicators of such stress were even more prominent than in the Control trees. TT: transfusion tissue. Trait means, CV, and standard errors
are available in Appendix S2.

TABLE 1 Multivariate among‐treatment differences and trait‐space volumes. Collective and pairwise differences among treatments were assessed with
both multiresponse permutation procedures (MRPP, where A is the chance‐corrected within‐group agreement) and analysis of variance on the distance
matrix (Adonis), both using Euclidean distance. Using the first three axes from PCAs done for both twigs and leaves, we geometrically assessed the pairwise
unions and intersections of hulls occupied by each treatment in the 3D trait space. We also compared the 3D trait‐space volumes of each treatment,
correcting for sample size differences by dividing raw volume by N3 (Vc = corrected volume × 10,000) to serve as an index of relative global trait plasticity.

MRPP Adonis All‐treatment 3‐dimensional PCA hulls

A P R2 F P Union Intersection % Shared Treatment Vc

Twigs

All treatments 0.0140 0.2441 0.11 1.274 0.2656 — — — Control 1.71

Control vs. Irrigation‐stop –0.0139 0.6717 0.05 0.760 0.5687 0.1025 0.033389 32.58 Irrigation‐stop 0.48

Control vs. Irrigated 0.0555 0.0702 0.16 2.291 0.0770 0.0879 0.004638 5.28 Irrigated 0.23

Irrigation‐stop vs. Irrigated 0.0063 0.3123 0.07 0.977 0.3896 0.0508 0.002453 4.83 — —

Leaves

All treatments 0.1459 0.0041 0.29 5.417 0.0059 — — — Control 0.13

Control vs. Irrigation‐stop 0.2077 0.0022 0.36 10.186 0.0028 0.0382 0.00012 0.31 Irrigation‐stop 0.25

Control vs. Irrigated 0.0785 0.0444 0.15 3.206 0.0769 0.0525 0.001494 2.85 Irrigated 0.40

Irrigation‐stop vs. Irrigated 0.0371 0.1261 0.13 2.796 0.0991 0.0639 0.001421 2.22 — —
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declined strongly compared to controls after irrigation was
stopped (Zweifel et al., 2020), as further confirmed by the
stress syndrome evident in their leaves.

The leaf remembers what the twig forgets

The dissimilarity between leaves and twigs in the magnitude
and type of water‐legacy effects reveals a previously
unrecognized difference in sensitivity to climatic history
between these key organs. The far greater post‐water legacy
effects in leaves compared to twigs is especially intriguing in
terms of tree susceptibility to climatic variation. Our un-
derstanding of climatic legacy effects has recently expanded
(Zweifel et al., 2020; Peltier et al., 2022; Sillett et al., 2022;
Blumstein and Furze, 2023), but this work presents the first
evidence that periods of high water‐availability have en-
during impacts on leaves—the structures that regulate tree
performance and carbon assimilation. In sharp contrast to
leaves, Irrigation‐stop twigs were intermediate in 8 of 18
traits, suggesting an ongoing transition from Irrigated back
toward Control‐like anatomy. The even lower water po-
tentials of leaves compared to twigs may have led toward
selection for enhanced ecological memory at the leaf level.

The relative breadth of trait space occupied by a group
of trees experiencing similar conditions may indicate either

constraints or strategic options relating to optimum per-
formance under these growing conditions, where trait space
overlap provides a holistic view of similarity. Within the
multivariate trait space, Control twigs showed the greatest
plasticity, taking up ~7.5× greater trait volume than that
occupied by Irrigated twigs, with Irrigation‐stop twigs
occupying an intermediate volume and position in the trait
space (Table 1, Figure 3). The narrow anatomical strategy of
Irrigated twigs is clearly dissimilar from leaves, where Irri-
gated trees occupied ~3.5× more of the collective trait space
than leaves from Control trees. The conserved leaf‐trait
variation in both Control and Irrigation‐stop trees is
intriguing when considering that these two treatments
overlap in only 0.3% of their unified volumes in the mul-
tivariate trait space—less overlap than between some conifer
species (Chin and Sillett, 2019). In contrast, among twigs,
Control and Irrigation‐stop trees share >30% of their overall
anatomical structure (Table 1).

The suite of twig traits that stood out as characteristic of
Irrigation‐stop trees was that most associated with chroni-
cally low water availability; these traits, especially those
related to cell size, may therefore be considered constraints
due to hydraulic limitation on cellular expansion, rather
than acclimations (Figure 2). In pairwise comparisons, these
water‐stress traits were different between Control and Irri-
gated tree twigs and Control and Irrigation‐stop trees, but

F IGURE 3 PCA results for twigs and leaves. Hulls show treatment‐level overlap and trait‐space occupancy on the first 2 PCs. The twig plot highlights
trait‐space conservation among Irrigated trees and the intermediate nature of twig structure in Irrigation‐stop trees; on a multivariate level, these three
treatments did not differ significantly. In contrast, the leaf plot shows substantial among‐treatment differences in leaf structure and how leaves on Irrigation‐
stop trees occupy a unique and non‐intermediate portion of the shared trait space. Trait loading plots are directly below each PCA plot; centroids (blue dots)
indicate where they would be overlaid on the above plots. TT, transfusion tissue; xs, cross section. We interpret the loading vectors as clusters of related traits
driving the spread of twigs and leaves within the trait space. Individually labeled vectors can be found in Appendix S1.
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not between Irrigated and Irrigation‐stop trees. These traits
include tracheid diameter, length, and wall thickness, all of
which are related to hydraulic vulnerability, and epidermal
features related to surface conductivity (Figure 2). This
intriguing lack of return to reference conditions in traits
that are key to water‐stress tolerance may indicate a lasting
hydraulic weakness in twigs of formerly water‐rich
Irrigation‐stop trees. Bearing in mind that multivariate
differences between Irrigated and Control trees were minor
in all 18 twig traits measured here (Table 1), twigs had less
structural distance to traverse to revert to the Control form.
Regardless, the memory of water is held much more
strongly at the leaf level, which may have profound impli-
cations for the productivity and sensitivity of trees that have
known periods of abundant water.

Hard times may make strong trees

The lingering effects of formerly high water availability may
result in trees that are potentially structurally mismatched to
current climatic conditions. Thus, we must ask, what is the
mechanism by which freshly produced twigs and, especially,
leaves still retain a legacy of high‐water availability? We
suspect that unexplored variation in root, trunk, and branch
anatomy, which would include active tissues produced dur-
ing the irrigation period, continues to impact leaf develop-
ment. Implicitly, the degree of responsiveness of trees to
current conditions may be directly tied to the turnover time
for both organs and reserves formed, renewed, or depleted
under previous conditions (Zweifel and Sterck, 2018; Zweifel
et al., 2020). If this is the case, then the legacy effects we see in
Irrigation‐stop trees may persist until all sapwood formed
under irrigation is converted to hydraulically inactive heart-
wood (Zweifel et al., 2020). Although species with a fast
turnover of carbohydrates and structures could have shorter
ecological memories (Zweifel and Sterck, 2018; Zweifel
et al., 2020), we expect conversion to heartwood to take ~60
years in Pinus sylvestris of this age (Gjerdrum, 2003) Potential
post‐irrigation legacy effects at the Pfynwald experiment were
placed into two classes by Zweifel et al. (2020): (1) positive
effects with trait values temporarily remaining intermediate
between irrigated and control trees before returning to con-
trol levels and (2) negative effects with trait values in formerly
irrigated trees initially more extreme than in control trees.
Such negative effects were apparent in the 40% lower radial
growth and smaller tracheid diameter (compared to control)
found in trunks in these same trees during sampling efforts
concurrent with ours (Vitali et al., 2024). Our work suggests
that both positive and negative legacy effects occur in P.
sylvestris, with positive effects most common in the generally
intermediate twigs and negative effects dominating leaf
anatomy (Figures 2 and 3 : bottom right). The importance of
leaf level processes is evidenced by the importance of crown
transparency, an index of tree vitality, in determining which
individual trees showed negative legacy effects in trunk
growth following after irrigation stopped (Vitali et al., 2024).

Beyond influences from persistent organs, the observed leaf‐
level legacy effects may have endured due to epigenetic
changes acquired during the 11 years of irrigation (Bose
et al., 2020), that may continue to shape phenotypic ex-
pression. If epigenetic changes persist, then leaves on the
Irrigation‐stop trees will either never return to the control
status or only do so after an indeterminate period of “epi-
genetic forgetfulness” (Sharma et al., 2022).

Importantly, trees are now establishing under “new
normal” conditions that would have historically been labeled
drought (Balting et al., 2021; Vicente‐Serrano et al., 2022).
Both Irrigated and Irrigation‐stop trees had traits suggesting
greater vulnerability to stressors, these included low invest-
ment in resin (which protects from pests), thinner leaves
(which lower drought tolerance), and minimal local invest-
ment in starch storage as amyloplasts (Figure 2), which
contributes to post‐stress recovery. Trees regenerating under
drought conditions may have a novel foliar trait syndrome
that influences forest productivity, energy balance, and stress
tolerance on a global scale. While we may expect greater
climatic stress tolerance in such future forests, we can
imagine scenarios where these forests are less productive or
have lower cooling capacity. Conversely, chronically low
water availability experienced by the parent‐tree generation
may enhance the resilience of new trees through heritable
changes to the epigenome (Bose et al., 2020). It is important
to note that during the Pfynwald experiment, the >100‐year‐
old Control trees have had opportunity to acclimate to “new
normal” dry conditions for longer than the trees in the other
treatments, a natural component to the experiment that
requires caution in our interpretations.

CONCLUSIONS

The newest cohort of establishing trees may be different from
the present adults, not due to selection over time, but due to
differences between the climatic contexts of future and adult‐
tree growth histories. Trees and forests underlie many pro-
posed natural climate solutions (Griscom et al., 2017;
Fargione et al., 2018); thus, accurate planning for forest
carbon sequestration potential will require exploration of
past, present, and future drivers of tree structure. The pres-
ervation of large, old trees in primary forests—the champions
of carbon storage—remains the top priority, yet this work
suggests that efforts focused on seedling‐stage forest regen-
eration may yield crucial information on very long‐term
shifts in climatic tolerance. New and existing forest‐scale
manipulative experiments (e.g., Beier et al., 2012; Barbeta
et al., 2013; Paschalis et al., 2020) and long‐term monitoring
plots (e.g., Acker et al., 1998; Schaub et al., 2011; Thimonier
et al., 2001; Wolf et al., 2009; Smith et al., 2015) can be
leveraged to address these unknowns and understand links
across scales, from climate through anatomy to long‐term
ecosystem stability. Our work suggests that trees “remember”
times of abundance and scarcity and provides a beacon of
hope for the strength of future forests.
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