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between tree carbon sources and sinks and reflect functional strategies through-
out different biomes. However, little is known about the contribution of NSC to
tree economics, and in particular, whether leaf, stem and coarse root traits co-
ordinate together into a whole-tree economics spectrum.

Twenty-four functional traits (including NSC content) were measured in leaves,
stem and coarse root xylem of up to 90 angiosperm tree species in temperate,
Mediterranean and tropical climates. By performing principal component analysis
and standardized major axis regression, we explored the relationships between
NSC and other functional traits, as well as the effects of climate and phylogeny

on these relationships.

. Our results revealed a covariation between leaf and coarse root NSC content and

leaf economic traits, whereas stem NSC content was largely decoupled from the
leaf economics spectrum that was mostly driven by leaf nitrogen content and
leaf mass per area. Coarse root xylem traits were closely correlated with leaf
traits, while most stem xylem traits were independent from the leaf economics
spectrum but covaried with coarse root traits. Trade-offs among traits in tropical
species opposed those from other climates. Evolutionary history affected rela-

tionships among certain traits but did not change overall patterns.

. We conclude that due to leaf habit, an extended growing season and heightened

defences, tropical species form distinct conservative resource acquisition strate-
gies. Across all climates, as the stem must provide an efficient transport route be-

tween roots and leaves, while maintaining the display of branch and leaf organs,
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1 | INTRODUCTION

Functional traits that impact tree fitness indirectly via their effects
on growth, reproduction and survival are widely studied to under-
stand plant ecological strategies (Diaz et al., 2016; Violle et al., 2007).
Trait patterns have been described using various concepts, with
the ‘economics spectrum’ currently being one of the most popular
models to describe how traits related to resource economics (Chave
et al., 2009; Reich, 2014; Wright et al., 2004). For example, the leaf
economics spectrum describes leaf-level resource use trade-offs,
opposing species with acquisitive or conservative leaf traits based
on leaf nutrient concentrations, leaf mass per area (LMA) and leaf
life span (Onoda et al., 2017; Osnas et al., 2013; Wright et al., 2004).

In analogy with the leaf economics spectrum, several studies have
reported resource economics trade-offs in different tissues, e.g. wood
(Chaveetal.,2009; Fortunel et al.,2012) and root (Carmona et al., 2021;
Prieto et al., 2015; Roumet et al., 2016) tissues, as well as at the whole-
tree level (de la Riva et al., 2016; Diaz et al., 2016; Freschet et al., 2010).
Some studies have suggested that the traits of leaves, stems and roots
are co-ordinated and thus provide a useful framework for exploring
the trade-off between acquisition and conservation of resources at the
whole-tree level (Reich, 2014). However, other studies on tropical spe-
cies have shown that trait variation may be decoupled among different
organs, suggesting that a consistent, whole-tree economics spectrum
is difficult to identify or would at least involve several functional axes
(Baraloto et al., 2010; Fortunel et al., 2012). These studies indicate
that the economics spectrum model is not ubiquitous at a whole-tree
level and across climates. However, differences in the spatial scales
considered may contribute to discrepancies among studies on the
topic of trait relationships (Escudero & Valladares, 2016). Therefore,
further understanding as to whether an economics spectrum exists at
the whole-tree level is necessary, especially across a broad range of
species and climates and by embracing broader functions related to
nutrient and water use.

Non-structural carbohydrates (NSC) are the primary substrates
and key energy sources for tree metabolic processes, and play a vital
role in multiple functions such as growth, osmoregulation, defence
and survival (Hartmann & Trumbore, 2016; Kozlowski, 1992; Sala
et al., 2012). NSC produced by photosynthesis can be quickly used
for immediate functions or stored for reserves and defence (Klein &
Hoch, 2015; Weber et al., 2019), which suggests an allocation-based
trade-off between carbon demand and supply. Thus, the content of
NSC and allocation patterns in leaves, stems and roots are considered

stem xylem design and NSC storage capacity lead to a stem economics spectrum
that is largely independent from the leaf spectrum, but is coupled with that of

coarse roots due to anatomical continuity.

climates, economics spectrum, functional traits, leaf habit, non-structural carbohydrates,

as indicators of balance between carbon sources and sinks (Martinez-
Vilalta et al., 2016). For example, species with a lower LMA tend to
have greater light capture potential and net photosynthetic rate, which
may result in an increase in photosynthates that are then transported
as soluble sugars (SS) for rapid plant growth (Li et al., 2016; Wright
et al., 2002). Additionally, tree species with tough leaves and high LMA
usually have more carbon investment in reserves and defence, allowing
individuals to persist when carbon demand is greater than supply (e.g.
under severe drought stress) (Anderegg & Anderegg, 2013; Poorter
& Kitajima, 2007). However, few studies have directly examined the
relationship between NSC and the economics spectrum in trees, and
whether NSC in different organs co-ordinates with economic traits
(e.g. LMA, nitrogen content and wood density) that define ecological
strategies, is still poorly understood. Due to the diverse roles played by
NSC in different tree organs (Hartmann & Trumbore, 2016), NSC in leaf
and woody organs are likely to exhibit different dimensional character-
istics in resource allocation strategies.

We explored the coordination of functional traits by measuring
suites of traits characterizing leaves, stems and coarse roots across
60-90 angiosperm tree species from temperate, Mediterranean
and tropical forests. Specifically, we sought to test the following
hypotheses: (H1) As a product of photosynthesis, NSC may be co-
ordinated with economics strategies, but due to the role played
by NSC in different organs, we hypothesize that leaf NSC content
would co-ordinate with leaf economic traits, while stem and root
NSC content would be independent of acquisitive and conservative
resource strategies in these organs. (H2) Functional differences be-
tween leaves and wood may lead to independent functional trade-
offs at the leaf versus stem and coarse root levels. However, given
the anatomical continuity of xylem tissues between stem and root
systems in woody plants, we hypothesize that leaf, stem and coarse
root traits would not be integrated along a whole-tree economics
spectrum, but coarse root structural traits such as wood density and

anatomical traits would be co-ordinated with stem structural traits.

2 | MATERIALS AND METHODS

2.1 | Study sites and species

This study was conducted in a temperate forest (Luz-Saint-Sauveur,
France; 43°08'N, 0°03'E), a Mediterranean forest (Montpellier,
France; 43°42’'N, 4°00’E) and a tropical forest (Paracou, French
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Guiana; 5°15’'N, 52°55'W). The Luz-Saint-Sauveur site has a tem-
perate climate, with the heaviest rainfall in the first half of the
year; the Montpellier site has a typical Mediterranean climate with
hot dry summers and cool wet winters; and the Paracou site has a
tropical climate with a distinct dry season from mid-August to mid-
November and a long rainy season. The mean annual precipitation
(MAP) is 1217, 588 and 3035 mm and the mean annual temperature
(MAT) is 11.8, 15.4 and 26.9°C for temperate, Mediterranean and
tropical sites, respectively. The temperature and precipitation data
were calculated using mean monthly data from the past 31 years (see
Zhang et al., 2023).

A total of 90 species of angiosperm trees was selected, with
20 species each in temperate and Mediterranean climates and 50
species in the tropical climate, spanning 33 deciduous species and
57 evergreen species (Table S1). For each species, three healthy,
adult, single-stemmed trees were identified, with a distance of
at least 20m between them. We collected leaf and stem sam-
ples for each tree, and coarse root samples for 60 tree species
(20 species in each climate). Samples were collected at the end
of the growing season in 2019 and 2020. We sampled all trees
between 7AM and midday, to reduce variability in NSC content
linked to photosynthate production. Leaves were chosen from
the same side of the tree where stem and root samples were col-
lected and divided into two groups. At a height of 1.3m, three
0.05m long cores were extracted from tree stems with a 4.3-mm
diameter increment borer. To collect samples of coarse roots, we
excavated a single lateral root (0.02-0.05m in diameter) and at
a distance of 0.3-0.5m from the base of the tree, we extracted
three increment cores or removed three 0.02-m-long segments
of root, depending on accessibility. We also collected one stem
core for temperate and Mediterranean trees in March 2021 (be-
fore bud burst) to capture variability in seasonal dynamics of NSC.
However, we found that stem NSC content did not show any sig-
nificant differences between the two sampling times, except for
the stem SS of Mediterranean trees (Figure S1). Therefore, the
following analyses were based on the autumnal NSC data, since
they may be a better indicator of the current year's carbon bal-
ance (Martinez-Vilalta et al., 2016). In total, 540 leaf samples, 930
stem cores and 540 coarse root segments were collected, and 24
functional traits were measured for each individual tree (Table 1).
Samples collected from temperate and Mediterranean forests did
not require permissions other than the landowner's consent, while
the collection of samples from tropical forests in French Guyana
was authorized by the French government (APA No. 1371201).

2.2 | Trait measurements

2.21 | NSC, carbon and nitrogen content
Immediately on returning to the laboratory, increment cores/root
sections were trimmed and a 0.02-m-long section was taken from

the outer sapwood. Then, these sections and one of two groups of

leaf samples were heated in a microwave oven (90s at 700 W) to stop
enzymatic activity (Quentin et al., 2015) and oven-dried at 60°C for
at least 72 h. Dried samples were ground into powder using a ball mill
(Retsch MM400, Germany), and the ground samples were stored in
sealed plastic tubes until chemical analyses were performed.

We collected a total of 270 leaf samples, 390 stem samples and
180 coarse root samples, but could not perform time-consuming
analytical methods on all samples. Therefore, we used the near-
infrared spectroscopy (NIRS) method to predict NSC, carbon (C) and
nitrogen (N) content (Ramirez et al., 2015). Near-infrared spectra
were first obtained for all samples on powders previously stabilized
in a conditioning room at a temperature of 20 +2°C and air humidity
of 65+ 5% (methods described by Zhang et al., 2022).

SS and starch content were determined on all leaf samples
(n=270) and a sub-sample of stems (n=113) and coarse roots
(n=140) using a colorimetric method (Zhang et al., 2022) and were
used to calibrate the NIRS method. The selected sub-sample com-
prised most species and represented a broad range of data. We
used the NIRS calibrations to predict SS and starch content for all
the leaf, stem and coarse root samples. SS and starch content were
expressed as a dry weight (mgg’l) and their sum is referred to as the
total NSC content.

Similarly, C and N contents per unit mass (%) were determined
in a sub-sample of leaves (n=110), stems (n=113) and in all coarse
root samples (n=180) using an elemental analyser (CHN model EA
1108, Carlo Erba Instruments, Italy) and were used to calibrate NIRS
readings.

Partial least squares regression (PLSR) was used to develop cali-
brations for the prediction of SS and starch contents (Table S2), and
C and N contents (Table S3), in leaves, stems and coarse roots sepa-
rately. The R? values of calibration ranged between 0.75 and 0.95 for
SS and starch, and between 0.87 and 0.92 for C and N, respectively.

2.2.2 | LMA and wood density
Another group of fresh leaf samples (n=270) were scanned using
a scanner (Epson V39, Epson Inc., Japan) and the leaf area was de-
termined using Image) 1.52 software (https://imagej.nih.gov/ij/).
The leaves were then dried at 60°C for at least 72h and the weight
used to determine LMA (leaf dry mass divided by leaf area, gm™)
was calculated. We used the mean LMA value obtained from five
leaves of the same tree as the mean value for each tree. The LMA
and N content per unit mass in leaves are hereafter called ‘leaf eco-
nomic traits’, being the two major traits among the six considered
by Wright et al. (2004), that structure the leaf economics spectrum.
Stem (n=270) and coarse root (n=180) samples (with outer bark
removed) were used for stem wood density (SWD) and root wood
density (RWD) measurements. Stem and coarse root samples were
soaked in water for 24 h and the saturated volume was determined
using the water displacement method. After determining the satu-
rated volume, samples were dried in a well-ventilated oven at 105°C
for more than 72h and then the dry mass was determined. Wood
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TABLE 1 Summary and functional role of the 24 measured traits across 90 tree species for leaf and stem (coarse roots were measured in

60 tree species).

Organ
Leaf

Stem

Coarse root

Trait

Leaf carbon content

Leaf nitrogen content

Leaf mass per area

Leaf soluble sugars

Leaf starch

Leaf non-structural carbohydrates
Stem carbon content

Stem nitrogen content

Stem wood density

Stem soluble sugars

Stem starch

Stem non-structural carbohydrates
Stem total parenchyma fractions

Stem vessel fractions

Stem fibre (including tracheid) fractions

Root carbon content
Root nitrogen content

Root wood density

Root soluble sugars

Root starch

Root non-structural carbohydrates
Root total parenchyma fractions

Root vessel fractions

Root fibre (including tracheid) fractions

Abbreviation Unit Functional role

Leaf C % Resource capture

Leaf N % Resource capture

LMA gm™ Resource capture and defence

Leaf SS mgg™* Resource capture and defence

Leaf ST mgg™ Resource capture and defence

Leaf NSC mgg™* Resource capture and defence

Stem C % Storage, Structure and defence

Stem N % Storage, Structure and defence

SWD gem™ Transport, structure and
defence

Stem SS mgg™* Storage, structure and defence

Stem ST mgg ™ Storage, structure and defence

Stem NSC mgg™* Storage, structure and defence

Stem RAP — Storage, structure and defence

Stem VF — Transport, structure and
defence

Stem FFT — Transport, structure and
defence

Root C % Storage, Structure and defence

Root N % Storage, Structure and defence

RWD gcm'3 Transport, structure and
defence

Root SS mgg™ Storage, structure and defence

Root ST mgg™* Storage, structure and defence

Root NSC mgg™ Storage, structure and defence

Root RAP — Storage, structure and defence

Root VF - Transport, structure and
defence

Root FFT - Transport, structure and

defence

density was calculated as dry mass divided by saturated volume
(gcm's; Williamson & Wiemann, 2010).

2.2.3 | Wood anatomy

Stem (n=270) and coarse root (n=180) sections were placed in a
50% solution of alcohol and water. We used a sliding microtome
to cut 15-20pm thick cross sections. Cross-sections were stained
with a mixture of safranin and alcian blue (0.35g safranin in 35mL
50% alcohol with 0.65g alcian blue in 65mL deionized water) and
dehydrated using ethanol series (50%, 75%, 95% and 100%). Finally,
sections were mounted on glass slides and observed under a light
microscope (Olympus BX 60F; Olympus Co. Ltd, Japan). Three mi-
crophotographs of transversal sections for each stem and coarse
root sample were taken (one or two microphotographs were taken
for very few sections) with an APO x5 lens using a digital camera

(Canon EOS 500D; Canon Inc., Tokyo, Japan). The proportion of total
radial and axial parenchyma (RAP, i.e. the sum of radial parenchyma
and axial parenchyma, %) and vessel fraction (VF, i.e. the total vessel
area divided by xylem cross-section area) was then estimated using
ImageJ software. The remaining tissues fraction including fibres,
fibre-tracheids and tracheids (FFT) was calculated as: 1-RAP-VF.

23 |

Replication statement

Number of
replicates at the

Scale at which the
factor of interest is

Scale of inference applied appropriate scale

Individuals Species 3 individuals per
species

Climates Climates 3 climates
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24 |

Statistical analyses

Data were transformed using natural logarithms to correct for devia-
tions from normality except for SWD and RWD that were normally
distributed. We performed a principal component analysis (PCA) on
leaf traits using LMA and leaf N content that relate to the leaf eco-
nomics spectrum and leaf C content to examine differences between
species from different climates. To examine the degree of associa-
tions between leaf, stem and coarse root traits, we used the stand-
ardized major axis (SMA) regression method (Warton et al., 2006) to
determine the relationships among leaf economics spectrum prox-
ied by the principal component of the first axis (LESPC1) and other
traits (e.g. NSC, SS, starch, wood density, chemical and anatomical
traits). We also performed SMA regression analysis directly on leaf N
content and LMA to determine their relationships with other traits.
We performed PCA on each organ and at the whole-tree level to
examine overall trait co-ordination. PCA analysis with phylogeneti-
cally independent contrasts (PICs, Felsenstein, 1985) included was
also conducted to account for the influence of species evolutionary
histories. We constructed a phylogenetic tree (Figure S2) including
all 90 species using the R package V.PhyloMaker (Jin & Qian, 2019),
with the GBOTB phylogeny as the backbone (Smith & Brown, 2018).
In addition, a mixed effects linear model was performed to exam-
ine the effect of climates (temperate, Mediterranean and tropical)
on first axis (PC1) scores of leaf, stem, coarse root and whole-tree
PCAs. We included climates as fixed factor and species as random
factor. Tukey's honestly significant difference (HSD) post hoc tests
were then performed to identify variation among these groups when
significant differences were found. All statistical analyses were per-
formed in R version 4.0.2 (R Core Team, 2022).

3 | RESULTS

3.1 | Relationships between leaf economic traits,
NSC content and xylem traits

For the PCA on leaf traits for 90 tree species (Figure S3), the first
axis accounted for 56.3% of variation, running from species with
acquisitive leaf traits (high leaf N and low LMA) to species with con-
servative leaves (low leaf N and high LMA). The SMA regressions
showed that there was a significant and negative relationship be-
tween LESPC1 and leaf NSC (as well as SS and starch content) when
all species were grouped. There was also a significant and negative
relationship between LESPC1 and coarse root NSC, but not with
stem NSC (Figure 1a-i). When focusing on climates, LESPC1 was sig-
nificantly associated with leaf NSC in tropical species and with root
NSC in Mediterranean species.

With all species pooled together, LESPC1 was not associ-
ated with stem C, N or SWD (Figure 2a-c) but was positively re-
lated to coarse root C and RWD and negatively with coarse root N
(Figure 2d-f). When focusing on climates, significant and positive
relationships were found between LESPC1 and SWD and RWD in

Mediterranean species, but negative relationships between LESPC1
and RWD in tropical species (Figure 2c,f). There were significant
and positive relationships between LESPC1 and stem and coarse
root RAP but negative relationships between LESPC1 and stem and
coarse root VF with all species pooled (Figure S4). Negative rela-
tionships between LESPC1 and coarse root VF were also found in
temperate and Mediterranean species, while the opposite trend was
found in tropical species (Figure S4).

When using SMA regressions to directly test the relationships
between leaf N content and LMA with other traits, the patterns be-
tween traits (especially for LMA) were similar to those using LESPC1
as a proxy (Figures S5-S7).

We also found that leaf NSC was not associated with either stem
or coarse root NSC, but stem NSC was significantly related to coarse
root NSC (Figure S8). Additionally, SWD was positively associated
with RWD, and positive relationships were also observed between
corresponding stem and coarse root xylem cell fractions (Figure S8).

3.2 | Trait correlation among leaves, stems, coarse
roots and at the whole-tree level

When we performed PCAs for leaf, stem, coarse root and at the
whole-tree level, we found that relationships between NSC and
functional traits differed in each organ (Figure 3a-d). At the whole-
tree level, PC1 and PC2 explained 20.0% and 15.9% of the trait
variation, respectively (Figure 3d). The first PCA axis was defined
by leaf and root N, VF, leaf NSC, C, LMA, SWD and RWD, while
the second PCA axis was defined by stem and root NSC, RAP, FFT,
stem N and root C. Stem C was not strongly associated with either
axis (Figure 3d). When including PICs in the PCA, although the per-
centage of explained variation and the relationships between certain
traits changed, the overall pattern of co-ordination among leaf, stem
and coarse root traits remained largely consistent. For example, leaf
traits covaried with coarse root traits, while stem traits were inde-
pendent from leaf spectrum (Figure S9).

Tree species in the three climates showed different resource
allocation strategies (Figure 3). The score on the first PCA axis of
temperate and Mediterranean species was significantly lower than
that of tropical species at the leaf, coarse root and whole-tree level,
while no significant difference in the first PCA axis score was found
at the stem level (Figure S10).

4 | DISCUSSION

4.1 | Links between NSC and leaf economics
spectrum

Partially in agreement with our first hypothesis, we found that
leaf economic traits covaried with leaf and coarse root NSC, but
not with stem NSC. This finding is partly consistent with those
found by Ramirez et al. (2021), who showed that the position of
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tree species along the plant acquisition and conservative strat-
egy spectrum was a predictor of NSC in leaves, but not in stems
and coarse roots. Additionally, we also showed that leaf NSC aug-
mented with increasing leaf N and decreasing LMA, suggesting
that species with an acquisitive resource strategy could accumu-
late more NSC in their leaves than those with a conservative re-
source strategy. Lower LMA and higher leaf N is usually associated
with higher net photosynthetic rate (Onoda et al., 2017; Wright
et al., 2004), and thus the increase in leaf NSC with increasing
N possibly resulted from increased carbon uptake (Li et al., 2016;
Wright et al., 2002).

We found that stem NSC displayed an orthogonal trend with leaf
economics spectrum (along the first PCA axis), which may be due
to the stem's distinct functional roles compared to leaves or roots.
Leaves and fine roots acquire resources that need to be transported

to organs located at the opposing extremities of the tree. The stem
must provide a transport route that is efficient, while maintaining
the display of branch and leaf organs. Therefore, the design of the
xylem space must reflect an optimized route for water and nutri-
ent transport that takes into account seasonal demands for NSC, as
well as climatic constraints, such as prolonged dry and cold periods
(Kawai et al., 2022).

The dynamics of NSC in stem xylem are relatively slow and
NSC can accumulate over periods of many years (Hartmann &
Trumbore, 2016). This ‘older’ NSC could contribute to annual
growth, especially in temperate deciduous species (such as Fagus
and Quercus species), where storage of NSC occurs before the win-
ter months and can be remobilised the following spring (Barbaroux
& Bréda, 2002; El Zein et al., 2011). Therefore, stem NSC remains
relatively immobile and varies little unless a disturbance occurs, and
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so contributes to the lack of co-ordination with functional traits as-
sociated with the leaf economics spectrum.

Compared to the stem, the NSC in coarse roots is usually much
greater and similar to that of fine roots (Wang et al., 2018), whose
growth partially depends on the carbohydrates produced by the
leaves (Liu & Wang, 2021). This may explain why a negative relation-
ship between coarse root NSC and leaf economics spectrum was
found (i.e. greater root NSC with increased leaf N content but lower
LMA).

4.2 | Partial correlation of leaf,
stem and root traits not associated with whole-tree
economics spectrum

Consistent with our second hypothesis, we found that leaf traits
and certain coarse root traits (chemical traits and wood density)
were associated with each other to a certain extent, whereas most
stem traits were independent of leaf economic traits, revealing
an absence of a consistent whole-tree economics spectrum in
the species we studied. Our PCA results with and without PICs
confirmed this point, especially at the whole-tree level, with leaf
and several coarse root traits loading on the first axis, while stem

traits primarily loaded on the second axis. A possible reason for
the coupling of leaf and coarse root traits is that nutrient storage is
an important function of roots (Drew, 1987) and tree species with
high storage function would have lower leaf lifespan. However,
although coarse root NSC was closely associated with leaf eco-
nomic traits, we did not find a significant relationship between
coarse root NSC and leaf NSC, but between coarse root NSC and
stem NSC. NSC stored in woody organs (stems and coarse roots)
may only be mobilized to a small extent during normal function-
ing and are not used for immediate metabolism to the extent that
they are in leaves (Hartmann & Trumbore, 2016). Our results are
also in agreement with previous studies that reported a decoupled
relationship between leaf and stem economics in tropical woody
species (Baraloto et al., 2010), even when phylogenetic contrasts
were considered with species-level data, demonstrating that the
different investment in leaf and wood tissues optimized tree
growth and survival. As shown by multiple dimensions of traits'
trade-offs, a study of plant strategies must integrate certain com-
binations of leaf and wood economic traits (Baraloto et al., 2010).
Although stem traits are orthogonal to leaf economic traits, we
found close associations between stem and coarse root structural
traits, which are also in agreement with previous studies (Fortunel
etal., 2012). There are several functional analogies between stems
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and coarse roots, such as transport and storage. The anatomical
and hydraulic continuity of xylem between stem and root systems
(Fortunel et al., 2014; Tyree & Ewers, 1991) likely explains the co-
variation of stem and root structural traits, which indicates a simi-
lar investment strategy in wood tissues.

Although recent studies have also shown that there are con-
spicuous patterns of integration for leaf and wood traits toward a
whole-tree economics spectrum (de la Riva et al., 2016; Freschet
et al., 2010; Zhao et al., 2017), the inconsistent results regarding
resource economics suggest that trait co-ordination may be con-
tingent on the traits examined and the environmental conditions
(Méndez-Alonzo et al., 2012; Reich, 2014). For example, biotic fac-
tors, such as the impact of herbivores and pathogens, may contrib-
ute to the lack of a consistent, whole-tree economics spectrum, as
the physiological response of different organs to natural enemies
may differ, leading to different patterns of growth, photosynthe-
sis and primary metabolism (Johnson et al., 2016). Further studies
including empirical data and meta-analyses, taking into account
biotic and abiotic factors, are still needed to disentangle plant eco-
logical strategies across multiple scales (Freschet et al., 2010).

Another important caveat is that we only considered coarse
roots as a below-ground organ. A complete understanding of plant

responses to global environmental change requires an integrated
definition of the whole-tree economics spectrum covering all rel-
evant organs (Fortunel et al., 2012; Vleminckx et al., 2021), and
the lack of measurements on fine roots is a limitation of our study.
Further work should address the relationships between leaf eco-
nomic traits, NSC and tissue fractions in a more complete set of
organs including fine roots, which in many regards are the below-

ground analogues to leaves.

4.3 | Effects of climate zones on plant strategies

We found substantial variation in tree resource strategy across cli-
mates, which is likely structured by leaf habits (Zhao et al., 2017).
As many of the deciduous species we studied are found in the
Mediterranean, but are equally common in temperate biomes with
low LMA, it is not surprising that temperate and Mediterranean
tree species are inclined to the resource strategy of rapid acquisi-
tion. Deciduous species with thinner lamina and greater stoma-
tal conductance should have higher rates of photosynthesis per
unit leaf mass, associated with high N content, compared to ev-
ergreen species (Givnish, 2002). Most of the tropical tree species
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we studied were (semi)-evergreen species (42 out of 50) and had

high LMA and are more likely to exhibit relatively conservative re-
source acquisition strategies because photosynthesis and growth
can be maintained throughout the year and thus resources are
relatively abundant. Furthermore, we also demonstrated that in
tropical species, the relationships between leaf economic traits
and leaf NSC, root wood density and root VF opposed those
species from other climates or when species from all climates
were pooled together, which indicates strong regional effects on
trait patterns. In general, temperate acquisitive species should
have more sugars but low wood density for a faster metabolism.
However, in tropical forests there is considerably greater taxo-
nomic diversity (Cunningham & Read, 2002), with large variation
in the light requirements across species (e.g. shade-tolerant vs.
light-demanding species), which mediates a trade-off between
growth and survival.

In addition, natural enemies such as herbivores and patho-
gens may also influence trait associations with changing herbivory
rates across latitudinal gradients, particularly for evergreen spe-
cies with long leaf lifetimes. For example, trees experience little or
no winter attack from invertebrates in the temperate zone, but in
the tropics they can be damaged by herbivores for several months
throughout the year (Lim et al., 2015) resulting in decreased water
and nutrient uptake. Thus, the associations among functional
traits and economics strategy could change across latitudinal sites,
which means that the study of economics strategies should not be
limited to a single climate but should be performed across differ-
ent climatic regions. Future studies that avoid the concentration
of tree species with similar ecological strategies in one climatic
zone and the uniform distribution of tree species with different
leaf habits across climatic zones will be important towards reach-

ing this goal.

5 | CONCLUSIONS

We investigated the co-ordination of functional traits including
NSC content that are associated with tree economic traits, across
90 deciduous and evergreen angiosperm species growing in three
contrasting climates. We found that leaf and coarse root NSC were
co-ordinated with leaf economic traits, while stem NSC was inde-
pendent from the leaf economic traits. In addition, we found there
was a decoupled relationship between leaf and stem economic
traits, and a coupled relationship between stem and several coarse
root traits. We conclude that stem xylem design and NSC storage ca-
pacity lead to a stem economics spectrum that is largely independ-
ent from leaf but not from the coarse root spectrum. We highlight
that species from different climates had distinct resource allocation
strategies at both the organ and whole-tree levels, suggesting a
strong effect of region on trait trade-offs. Further studies including
empirical data and meta-analyses, and accounting for the effects of
biotic factors, are still needed to understand tree strategies across
scales.
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Figure S1. Boxplots of stem non-structural carbohydrates contents
sampled in autumn and spring across 60 tree species from temperate
and Mediterranean climates.

Figure S2. Phylogenetic tree of the 90 tree species measured in the
study.

Figure S3. Principal component analysis of LMA, leaf nitrogen and
leaf carbon across 90 species to show the classical leaf economics
spectrum.

Figure S4. Standardized major axis regressions between LESPC1,
stem RAP, VF and FFT for 90 species and between LESPC1, root
RAP, VF and FFT for 60 tree species across climates.

Figure S5. Standardized major axis regressions between leaf N, LMA,
leaf NSC and stem NSC for 90 species and between leaf N, LMA and
root NSC for 60 tree species across climates.

Figure S6. Standardized major axis regressions between leaf N,
LMA, stem N and wood density for 90 species and between leaf N,
LMA, root N and wood density for 60 tree species across climates.
Figure S7. Standardized major axis regressions between leaf N, LMA,
stem RAP and VF for 90 species and between leaf N, LMA, root RAP
and VF for 60 tree species across climates.

Figure S8. Standardized major axis regressions between leaf, stem
and root NSC and between stem and root structural traits for 60
tree species across climates.

Figure S9. Principal component analysis of functional traits with
phylogenetically independent contrasts among 90 species for leaf
and stem, and among 60 species for root and whole-tree.

Figure S10. Boxplots of leaf PC1, stem PC1 scores across 90 species
and root PC1 and whole-tree PC1 scores across 60 tree species with
different climates.
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calibration for carbon and nitrogen.
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