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Conifers and broadleaved trees coexist in temperate forests and are expected to differ in partitioning strategies between
leaf and stem. We compare functional balances between water loss and water supply, and between sugar production
and sugar transport/storage, and associate these with xylem growth to better understand how they contribute to these
life form strategies. We sampled canopy branches from 14 common species in a temperate forest in northeast China
and measured xylem area, phloem area, ray area, ray percentage, dry wood density, xylem conductivity and mean
xylem growth rate for branch stems, and the leaf area and specific leaf area for leaves, and calculated the leaf-specific
conductivity. Conifers and broadleaved trees did not differ significantly in tissue areas, xylem growth rate and the relation
between phloem area and leaf area. Conifers had higher xylem area but lower ray area relative to leaf area. For the
same xylem conductivity, phloem area and ray parenchyma area did not differ between conifers and broadleaved trees.
Xylem growth rate was similar relative to leaf area and phloem area. Our results indicate that conifers tend to develop
more xylem area per leaf area and more tracheid area at the cost of ray parenchyma area, probably to compensate for
the low water transport ability of tracheid-based xylem. The divergent strategies between conifers and broadleaved tree
species in leaf area and xylem area partitioning probably lead to the convergence of partitioning between leaf area and
phloem area. Consequently, conifers tend to consume rather than store carbon to achieve a similar xylem expansion per
year as coexisting broadleaved trees.

Keywords: allometry, canopy, functional balance, wood anatomy, xylem growth.

Introduction
Plant strategies are proposed to be defined as ‘grouping of
similar or analogous genetic characteristics which recur widely
among species or populations and cause them to exhibit similarities in ecology’ (Grime 2006). Plant strategies are normally
summarized across species to explain plant growth and survival,
which ultimately determine the fate of species or plant communities. The partitioning of resources to plant organs has been
seen as one of the most important plant strategies (Ostle et

al. 2009, Franklin et al. 2012). Functional balance between
leaf, stem and root (in both biomass and area) is one of
the approaches to quantify resource partitioning to different
plant organs (Enquist and Niklas 2002, Poorter et al. 2015,
Mencuccini et al. 2019). As water loss through leaves and
transport in xylem is essential to plant survival, the ratio between
xylem cross-sectional area and leaf area (the Huber value) is
often used to reflect the functional balance between water loss
and supply (Whitehead et al. 1984). The relationship between
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compensates for a lower xylem-specific conductivity (conductivity per sapwood area), less phloem area, ray parenchyma
area and xylem conductivity for a given leaf area, and a lower
phloem area and ray parenchyma area for a given xylem conductivity because their leaves produce assimilates at lower rates,
and therefore, they have lower capacity required for transport
and storage. Consequently, xylem growth rate is expected to
be higher for the amount of leaf area and phloem area in
broadleaved trees.
We focus on exposed branches in the upper canopy as (i)
these branches act as major contributors of transpiration and
carbon assimilation to the entire tree and (ii) it is feasible to
control the tapering impacts of xylem and phloem on their
related functionalities by standardizing branch length (Becker
et al. 2000, Petit and Anfodillo 2009).

Materials and methods
Study site
The study was carried out from June to July, 2017, in Changbaishan Nature Reserve, Jilin Province, NE China (41◦ 15 –42◦ 35 N,
127◦ 15 –129◦ 00 E). The site is a typical evergreen conifer
(except Larix) and deciduous broadleaf mixed forest (Zhou and
Dai 2012). The site has an altitude of around 800 m and has
a canopy crane installed with a height of 60 m and a radius
of 30 m. The climate is temperate continental climate affected
by the monsoon with long and cold winters, and warm, rainy
and short summers. Annual temperature is 3.6 ◦ C and annual
precipitation is around 700 mm.
Field work
We sampled 14 common species that were in reach of the
canopy crane or had canopies that were reachable by climbers
(Table 1). We collected canopy branches from four evergreen
and one deciduous conifer species, and nine broadleaved tree
species (Table 1). For each species, three individuals (except
Tilia mandshurica, for which only two individuals’ canopies were
accessible by the climber) were selected. From each individual
tree, a 0.5-m-long sun-exposed canopy branch was cut, and
the basal 10-cm branch segment was cut and preserved in
Formalin-Aceto-Alcohol (FAA) solution for anatomical analysis.
All leaves on the 0.5-m-long branch were collected into a Ziplock
bag for leaf-trait measurements. The stem segment of the branch
was taken at a fixed distance to apex (0.5 m) to control for
the effects of tapering in xylem and phloem transport cells
(Anfodillo et al. 2013, Petit and Crivellaro 2014).
In addition, branch samples in the canopy were collected
to determine the specific conductivity of the stem: for this
purpose, at least six branches were cut at 0.5-m length from
the apex for conifers or ca two times of maximum vessel length
for broadleaved trees for hydraulic measurements. All branches
were immediately treated: (i) side twigs were cut off, but ca
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the acquisition, transport and storage of carbohydrates is often
ignored in studies, but this relationship is also important to
reveal plant strategy (Zhang et al. 2016). In this paper, we
study both water- and sugar-related functional balances, to
better understand plant partitioning strategies, and discuss the
consequences for plant growth.
Conifers and broadleaved trees differ fundamentally in morphology, anatomy and functioning (Bond 1989, Tyree and Ewers
1991, Becker et al. 1999) but coexist in many temperate
forests (Schmitt et al. 2009). Broadleaved angiosperm trees are
often deciduous in temperate forests and have specialized cells
for water transport (vessels) and mechanical support (fibres)
in the wood. Conifers with needle-like-stereotyped shape and
size leaves use the same type of cells (tracheids) in their
wood for water transport and support. Conifers have a less
efficient transport system in the stem xylem and lower gas
exchange rates in the leaves (Becker et al. 1999, Brodribb and
Feild 2000, Brodribb et al. 2005), resulting in lower maximum
growth rates in well lit, well-watered habitats compared with
broadleaved trees (Waring 1983, Bond 1989, Waring et al.
2016). Meanwhile, conifers are expected to have less efficient
sugar transport in phloem (Hölttä et al. 2009, Petit and Crivellaro 2014, Jyske and Hölttä 2015), though empirical data are
scarce (Srivastava 1975, Thompson et al. 1979, Helfter et al.
2007, Liesche et al. 2015).
Trees compete with one another to display their leaves at
favourable high light conditions in the upper canopy. Their leaves
can achieve high gas exchange rates, but this comes with
high demands for water supply within the xylem and for sugar
transport in the phloem of the stem. While trees grow larger, they
balance their increasing leaf area with increasing supporting
xylem area (Duursma and Falster 2016, Kiorapostolou and Petit
2018) and with larger phloem area, though data for this are
scarce (Giaquinta 1978, Nikinmaa et al. 2013). More indirectly,
a relationship can be expected between leaf area and ray
parenchyma area, which serves for storage of water and sugars (Holbrook, 1995, Borchert and Pockman 2005, Plavcová
and Jansen 2015). Ray parenchyma is known to be lower in
cross-sectional fraction in conifers than in broadleaved trees.
(Morris et al. 2016), which is probably linked to a lower stem
capacitance in conifers (Martínez-Cabrera et al. 2009, Fu et al.
2019). In this study, we explore functional relations between
leaf area where carbon and water exchange occurs between
plant and atmosphere versus xylem area, phloem area and ray
parenchyma area as proxies for water transport, sugar transport
and water and sugar storage, respectively. We will show how
conifer trees and broadleaved trees organize their tissues in
different ways, and thus have different partitioning strategies.
Our study compares branches of canopy trees of conifer and
broadleaved tree species that coexist in a natural, temperate
forest. We expect that conifers differ from broadleaved trees
by having a larger xylem area for a given leaf area, which
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Table 1. Species list of sampled trees in Changbaishan forest. Their phenology and averaged diameter at breast height from sampled trees are given.
Species name

Phenology

DBH

D

Age

MVL

Sample method

Pinaceae
Pinaceae
Pinaceae
Pinaceae
Pinaceae

Evergreen
Deciduous
Evergreen
Evergreen
Evergreen

21.2
31.8
39.6
31.9
56.6

0.67
0.54
0.69
0.84
0.79

4–8
5–6
3–5
3–5
4–6

-

Climber
Climber
Climber
Climber
Crane

Sapindaceae
Betulaceae
Oleaceae
Juglandaceae
Salicaceae
Fagaceae
Malvaceae
Malvaceae
Ulmaceae

Deciduous
Deciduous
Deciduous
Deciduous
Deciduous
Deciduous
Deciduous
Deciduous
Deciduous

29.8
38.7
91.0
26.2
26.8
72.3
49.8
23.4
36.4

0.55
0.44
0.86
1.10
0.45
0.82
0.81
0.70
0.60

4–7
3–4
4–8
2–3
2–3
4–7
4–7
3–4
3–7

0.66
0.19
0.86
0.39
0.58
0.61
0.24
0.71
0.88

Climber
Climber
Crane
Crane and climber
Climber
Crane
Crane
Climber
Crane

Diameter at breast height (DBH) (cm), averaged branch diameter (D, cm) of the branch segment (at 50 cm from the tip of canopy branch) and
range of age (year) are given. Maximum vessel length (MVL, m) of broadleaved tree species is indicated. Species names are standardized by The
Plant List (http://www.theplantlist.org).

10-cm base was left in order to avoid cavitation propagation to
the main stem by cutting; (ii) fresh water was sprayed on the
whole branch, and the cut ends were wrapped with Parafilm; and
(iii) each branch was put into a black plastic bag and wrapped.
Leaf-trait measurements
All leaves from each branch of broadleaved species were
scanned (CanoScan LiDE 220) and the total leaf area (LA,
cm2 ) calculated using ImageJ software (v.1.44; developed by W.
Rasband, National Institutes of Health, Bethesda, MD, USA). For
conifers, ca one-tenth of their fresh needle leaves were scanned
(CanoScan LiDE 220) and measured (ImageJ software, v.1.44).
We doubled the scanned area of needle leaves as the measured
leaf area (Waring 1983, Körner 1995). The total leaf area was
estimated by the proportion of measured leaf weight to the total
leaf weight. Leaves were then oven (PH240A) dried at 65 ◦ C
for 48 h and weighed (Leaf dry mass, LD, g). Specific leaf area
(SLA, cm2 g−1 ) was calculated as:
SLA = LA/LD
Anatomical measurements
Permanent cross-sections were made using the paraffin embedding method for further anatomical measurements. One 1- to
1.5-mm-thick branch piece was cut with a razor blade from each
10-cm stem segment that was embedded in the FAA solution.
These pieces were dehydrated with a series of 50–96–100%
ethanol. After this, they were infiltrated with limonene at air
temperature and then with melted paraffin at 65 ◦ C in an oven
(PH240A). Afterwards, we embedded these pieces into paraffin
blocks using a Leica EG1150H Paraffin Embedding Station
(Leica Biosystems Nussloch GmbH, Nussloch, Germany). After

the paraffin blocks got hard, we cut a 6- to 10-μm-thick crosssection per piece using a Leica RM2235 rotary microtome
(Leica Biosystems Nussloch GmbH). Then, we removed the
paraffin from the cross-sections with limonene and dehydrated
the pieces again by 50–96–100% ethanol series. Following
dehydration, all cross-sections were stained in a safranin/astra
blue solution and fixed in Neutral Balsam. After the Neutral
Balsam was air dried, photographs of entire cross-sections
were taken with a digital camera (Nikon DS-Ri1) mounted
on a microscope (Nikon ECLIPSE 80i) using Nikon Imaging
Software, NIS Elements (Nikon, Tokyo, Japan). To obtain a
photograph of the entire cross-section, sequential photographs
were stitched using PTGUIPRO (v.9.1.8; New House Internet
Services BV, Rotterdam, The Netherlands). Tissue areas of the
pith, xylem and phloem in the cross-sections were measured
firstly by ImageJ software (v.1.44). Then, ray parenchyma areas
of cross-sections were measured using the pie-observe method
describing in Zhang et al. (2016): we selected four pie-shaped
areas in four directions of a cross-section along rays, including
a ray along a side and excluding it on the other. For the phloem,
we determined the area covered by rays, phloem fibres and
sclereids. We subtracted the phloem ray, sclereids and fibre
area from the total phloem area, resulting in the tissue that is
important for axial phloem transport. This is referred to in the
text as axial phloem area. Branch age was measured by counting
rings in the stem cross-section. Finally, mean xylem growth rate
was calculated by xylem area dividing by branch age.
Hydraulic measurements
We determined xylem-specific hydraulic conductivity (K S ,
kg m−1 s−1 MPa−1 ) using a water flow meter system (Sperry
et al. 1988). Branch samples were trimmed into ca 1.5× the
Tree Physiology Online at http://www.treephys.oxfordjournals.org
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Conifer
Abies nephrolepis (Trautv. ex Maxim.) Maxim.
Larix gmelinii (Rupr.) Kuzen.
Picea koraiensis Nakai
Pinus densiflora Siebold & Zucc.
Pinus koraiensis Siebold & Zucc.
Broadleaf
Acer pictum Thunb.
Betula platyphylla Sukaczev
Fraxinus mandshurica Rupr.
Juglans mandshurica Maxim.
Populus tremula var. davidiana (Dode) C.K.Schneid.
Quercus mongolica Fisch. ex Ledeb.
Tilia amurensis Rupr.
Tilia mandshurica Rupr. & Maxim.
Ulmus laciniata (Trautv.) Mayr

Family
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KS = FL/(P AS ),
where F (kg s−1 ) is the water flow rate, L is segment length (m),
P is pressure difference between the two ends of the segment
(MPa) and AS (cm2 ) is the conducting sapwood area. Then, the
xylem conductivity of 50-cm-branch segment was estimated by
K S multiplied by xylem area.
Wood density measurements
After hydraulic measurements, one 10-cm-long branch segment
was cut and fresh volume (V, cm−3 ) was determined using
the water displacement method. The branch segment was then
dried in an oven (PH240A) at 65 ◦ C for 48 h and weighed (DW,
g), and dry wood density (WD, g cm−3 ) was calculated as:
WD = DW / V
Statistics
Differences between broadleaved tree and conifer species in
tissue sizes, xylem growth rate, xylem-specific conductivity and
ray parenchyma percentage were tested using a linear mixed
model with 41 individuals from 14 species. Life form was set as
a fixed factor to test the mean differences between broadleaved
tree and conifer species. Age was set as a fixed factor to control
its effect, and species was set as a random factor to account for
multiple observations within species.
We tested allometric trends using a linear mixed model as
well. In the model, we compared areas of two tissues types
(usually leaf area versus a stem tissue area), and tissue areas
with xylem growth rate. We included life form as a fixed factor to
examine the intercept difference between two life forms. Species
was set as a random factor to account for multiple observations
within species. All variables were log10 transformed.
All statistical tests were conducted using RStudio (Version
0.99.903) packed with R 3.3.3 (R Development Core Team
2016). Linear regressions were performed with the lm function
in the lme4 package (Bates et al. 2007).
Phylogeny
To examine how plant traits may have been influenced by phylogeny, we constructed a phylogenetic tree using the program
Phylomatic (http://phylodiversity.net/phylomatic, accessed 22
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February 2019). We constructed a species-level tree with trait
value being averaged within species. Phylogenetic conservatism
in all traits was then analysed using Blomberg’s K statistic, which
compares the observed signal in a trait to the signal under
a Brownian motion model of trait evolution on a phylogeny
(Blomberg et al. 2003). K values closer to zero correspond
to a random or convergent pattern of evolution, while K values
greater than 1 indicate strong phylogenetic signal and conservatism of traits. To examine possible coordinated divergences
in water- and sugar-related traits, we analysed phylogenetic
independent contrast values (PICs) using Pearson product–
moment correlations (Zanne et al. 2010). Phylogenetic analyses
were performed using RStudio (Version 0.99.903) packed with
R 3.3.3 (R Development Core Team 2016) including packages
APE (Paradis et al. 2004) and Picante (Webb et al. 2010).

Results
Conifers and broadleaved trees had a similar pith area, xylem
area and phloem area in their canopy branches. Ray percentage,
xylem-specific conductivity, leaf-specific conductivity and mean
xylem growth rate did not significantly differ between conifers
and broadleaved trees. Conifers had lower leaf area, specific leaf
area and dry wood density (Table 2).
For all explored relationships, slopes were the same between
the two life forms, and only the intercept varied or not, depending on the relationship. Xylem area, axial phloem area, ray
parenchyma area and xylem conductivity increased with leaf
area in both conifers and broadleaved trees (Figure 1). Conifers
had a higher intercept in the linear relation between xylem area
and leaf area, but a lower intercept in the linear relation between
ray parenchyma area and xylem conductivity with leaf area. Axial
phloem area and ray parenchyma area increased with xylem
conductivity in both conifers and broadleaved trees (Figure 2).
Mean xylem growth rate increased with leaf area and axial
phloem area (Figure 3).
Phylogenetic signal K values were <1 for pith area, xylem
area, phloem area, axial phloem area, ray area, ray percentage,
leaf area, xylem-specific hydraulic conductivity, xylem growth
rate and xylem conductivity, with corresponding P-values >0.05
(Table S2 available as Supplementary Data at Tree Physiology
Online). All relations in Figures 1–3 were significantly correlated
when considering phylogenetic divergences, using independent
contrasts (Table S3 available as Supplementary Data at Tree
Physiology Online).

Discussion
In this study, we compared canopy branches between conifers
and broadleaved trees in the same natural temperate forest. We
studied their partitioning strategies through functional balances
within branches by quantifying allometric relationships between
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length of the maximum vessel length (MVL) under water. The
MVL was predetermined for each species (Table 1) by the air
injection method as described in Ewers and Fisher (1989). The
remaining branch segments were flushed with 10 mM degassed
KCl solution at 100-kPa pressure for 1 h to reach a maximum
flow rate. Afterwards, the upstream ends were connected to KCl
solution with ca 5 kPa. The distal segment was connected to a
pipette. A steady flow rate was obtained after ca 3- to 5-min
equilibrium. The K S was then calculated as:
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Table 2. Canopy branch traits of conifers and broadleaved tree species in Changbaishan forest.
Unit

Pith area
Xylem area
Phloem area
Ray percentage
KS
Wood density
Xylem growth rate
Leaf area
LSC
SLA

cm2
cm2
cm2
%
kg m−1 s−1 MPa−1
g cm−3
cm2 year−1
cm2
10−4 kg m−1 s−1 MPa−1
cm2 g−1

Means

Life form

Conifer

SE

Broadleaf SE

0.019
0.29
0.10
5.03
0.84
0.40
0.066
1495.25
1.66
60.29

0.0053
0.028
0.011
0.27
0.13
0.0092
0.0093
127.85
0.28
9.75

0.026
0.27
0.13
12.46
3.81
0.47
0.072
2666.20
4.19
137.74

t

Age∗ Life form

Age
P

0.0080 0.124 0.902
0.031
0.050 0.960
0.018
0.601 0.552
0.59
2.014 0.051
0.60
0.873 0.388
0.013
2.149 0.039
0.013
0.217 0.830
469.82 2.163 0.039
0.64
−0.346 0.731
11.72
2.243 0.031

t

P

t

−1.661
0.458
1.114
−0.239
−1.126
0.182
−2.032
1.458
−1.485
0.038

0.108
0.650
0.275
0.813
0.269
0.857
0.052
0.157
0.147
0.970

−0.203 0.841
−0.448 0.657
−0.652 0.520
1.251 0.220
0.926 0.361
−1.121 0.272
−0.506 0.617
−2.292 0.030
1.594 0.120
0.140 0.890

P

Absolute pith area, xylem area, phloem area, ray percentage, xylem-specific conductivity (K S ), wood density, xylem growth rate, leaf area, leaf-specific
conductivity (LSC) and specific leaf area (SLA) for conifers (n = 5) and broadleaved tree species (n = 9) are shown. Group differences were tested
with a linear mixed model using 41 individuals from 14 species. Branch age (years) was set as a fixed factor and species was set as a random
factor to account for multiple observations within species. Their interactions were also included in statistics. All variables were log10 transformed
except ray percentage and wood density. Means of each variable and their SE were given. P < 0.05 was indicated by bold letters.

Figure 1. Relations of leaf area with (a) xylem area, (b) xylem conductivity, (c) axial phloem area and (d) ray area for temperate tree species in
Changbaishan forest. Grey dots represent broadleaved trees and open dots represent conifers; the deciduous conifer Larix is represented by crosses.
Overall significant effects are indicated by solid lines. Dashed lines represent broadleaved trees and dotted lines represent conifers. ∗ P < 0.05,
∗∗∗
P < 0.001; n.s., not significant.
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Figure 3. Relations of (a) leaf area and (b) axial phloem area with xylem growth rate for temperate tree species in Changbaishan forest. Grey dots
represent broadleaved trees and open dots represent conifers; the deciduous conifer Larix is represented by crosses. Significant correlations are
indicated by solid lines. ∗∗∗ means P < 0.001. n.s. not significant.

the leaf area and stem tissue areas. These balances represent
the coordination of water loss in the leaves versus water
transport in the xylem and storage in the ray parenchyma in the
stem, and the coordination between carbon gain in the leaves
versus sugar transport in the phloem and storage in the ray
parenchyma. In addition, we related these tissue sizes to growth
for both conifers and broadleaved trees. In phylogenetic analysis,
only ray percentage was phylogenetically controlled (Table S2
available as Supplementary Data at Tree Physiology Online).
All the allometric relationships arose repeatedly and widely
throughout the evolutionary history (Table S3 available as Supplementary Data at Tree Physiology Online) (Zheng et al. 2019).
Partitioning in leaf area and xylem area in conifers and
broadleaved trees
As expected, conifers had more xylem area for the amount
of supported leaf area (Figure 1a). This is consistent with
results from surveys in the temperate zone (Brouat et al. 1998,
Becker 2000) and a scaling study across Europe (Petit and
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Kiorapostolou 2018) comparing evergreen conifers with deciduous broadleaved trees. Given that conifers have a lower xylem
conductivity (Figure 1b), this confirms that conifers compensate
their less efficient water conducting system by producing more
xylem for a given leaf area. Accordingly, we observed that
conifers and broadleaved tree species did not differ in leafspecific conductivity (Table 2).
However, no such allometric differences were observed when
comparing (evergreen) conifers with evergreen angiosperms
first year shoots in temperate and Mediterranean areas (Brouat
et al. 1998, Becker 2000, Lusk et al. 2007). This is remarkable
because evergreen angiosperms tend to have a higher branch
hydraulic conductivity than coexisting evergreen conifers (Lusk
et al. 2007). These studies however focused on saplings or very
small branches (diameter <7.5 mm) with lower water supply
demands. Possibly, the high light levels and high transpiration
demands for the exposed branches of our studied canopy trees
resulted in the divergence between conifers and broadleaved
trees (Thomas and Winner 2002), whereas such divergence is
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Figure 2. Relations of xylem conductivity with (a) axial phloem area and (b) ray area for temperate tree species in Changbaishan forest. Grey dots
represent broadleaved trees and open dots represent conifers; the deciduous conifer Larix is represented by crosses. Significant correlations effects
are indicated by solid lines. ∗ P < 0.05, ∗∗∗ P < 0.001. n.s., not significant.
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less clear for saplings in the forest understory (Meinzer et al.
1999, Mencuccini and Comstock 1999, Brodribb and Feild
2000).
Partitioning in leaf area, phloem area and ray parenchyma
area in conifers and broadleaved trees

Ray and phloem development with xylem growth rate
Contrary to our expectation, conifers and broadleaved trees tend
to achieve similar xylem growth rates when scaled with leaf area
or phloem area (Figure 3). Though it is widely known that leaf
area positively relates with stem growth (Waring et al. 1980,
Waring 1983), and that phloem has important effects on plant

Conclusion
Most of our expectations on the allocation differences between
conifers and broadleaved trees were not supported by our
data for the studied temperate forest in NE China. Conifers
maintain functional water balance between stem and leaves
by compensating their low hydraulic conductivity with a wider
xylem area. Broadleaved trees maintain functional carbon balance not by creating a larger phloem area per leaf area, but
possibly by having more or larger conductive cells in phloem;
this hypothesis still needs to be tested. The large ray area
in broadleaved trees may hint to their role in carbon storage
during winter, while the low ray area in conifers may be a
compromise for maximizing water transport. These partitioning
strategies may lead to a similar xylem growth rate of canopy
branches between conifers and broadleaved trees. In summary,
conifers tend to facilitate carbon gain (produce more xylem
area per leaf area) and consume carbon for xylem development
rather than preserve them in storage tissue as broadleaved
trees do. We suggest that the allocation between leaf area
(carbon gain) and phloem (carbon transport) and ray (carbon and water storage) area could be important indicators
in understanding adaptation of different life forms or phenology. More studies are required to draw firm conclusions on
this.
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Conifer and broadleaved tree species did not differ in axial
phloem area for a given leaf area (Figure 1c). This indicates that,
though broadleaved trees in general have a higher carbon gain
rate per leaf area, they might build up a more efficient phloem
transport system to move sugars to carbon sinks elsewhere in
trees rather than enlarging axial phloem area. This would be
consistent with Dannoura et al. (2011), who found a higher
velocity of carbon transfer in oak and beech compared with pine
in a temperate forest. Moreover, this is also supported by Hölttä
et al. (2014) and Jyske and Hölttä (2015), who showed that the
xylem hydraulic efficiency is closely coupled to phloem transport
efficiency, which can be expected from the coordination of
xylem conduit sizes and phloem cell sizes from the same
cambium (Petit and Crivellaro 2014). Yet, we lack an empirical
test whether broadleaved trees have a higher phloem specific
conductivity to compensate for a similar phloem area as conifers.
As expected, conifers have a lower ray percentage (Table 2)
and ray area per unit leaf area than broadleaved trees
(Figure 1d). This is in line with Morris et al. (2016), who
found lower ray percentage in conifers, and in line with the
strong phylogenetic effect that we found for traits related
to ray parenchyma. These results suggest that broadleaved
trees have a higher water and sugar storage capacity than
coexisting conifers. One reason for evergreen conifers to have
lower storage capacity could be their longer leaf life span
(Reich et al. 1995, Lusk 2001), which may lower the carbon
storage requirements for crown maintenance during winters.
In contrast, deciduous broadleaved trees may require a high
storage capacity for carbon to survive winter and renew leaves
every spring (Epron et al. 2012). However, the conifer species
Larix is also deciduous, and did not have a higher ray area per
leaf area than the other conifer species. As conifers’ xylem is
mainly built up with tracheids and ray parenchyma cells, tracheid
area is directly suppressed by larger ray parenchyma area.
This can lower the water transport ability in xylem. However,
the vessel area of broadleaved trees is independent of ray
area (Fortunel et al. 2014). Thus, conifers tend to maximize
water transport ability by minimizing the occupation of ray
parenchyma to meet water transport demand.

growth (Savage et al. 2016), the allocation comparisons on
canopy branches between coexisting conifers and broadleaved
trees have not yet been done. The convergent xylem growth
rate reveals that conifers may alter other traits to compensate
the low carbon fixation rate in leaves and slow mass flow in
phloem (Epron et al. 2012, Liesche and Schulz 2018), to
achieve a similar xylem growth rate to that of broadleaved trees.
In addition, xylem growth rate is not phylogenetically regulated
(Table S2 available as Supplementary Data at Tree Physiology
Online), suggesting that it indeed can be affected by other
traits. Producing low-cost wood (lower wood density; Table 2)
could be one of the strategies across conifers to overcome
these disadvantages. Besides, the similar allocation of phloem
area and ray area relative to the amount of xylem conductivity
(Figure 2) indicates that conifers and broadleaved trees may
actually have comparable allocation of sugars into transport and
storage area, leading to a similar xylem growth rate.
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