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Abstract

+ Key message Abies fargesii var. faxoniana (Rehder et E.H. Wilson) Tang S Liu seedlings at high elevations compensate
for the low efficiency of their water conducting system and high phloem hydraulic resistance by the enhancement in
xylem:leaf area, phloem:leaf area, and phloem:xylem area.

« Context Maintenance of xylem and phloem transport is particularly important for the survival and growth of trees at the treeline.
How plants modify the allocation to leaf, xylem, and phloem structures to adapt to the treeline environment is an important issue.
+ Aims The purpose of this study was to estimate how xylem and phloem anatomy and volume as well as leaf functional traits of
A. fargesii seedlings vary with elevation.

+ Methods We examined elevation-related differences in a variety of phloem and xylem functional areas and hydraulic conduit
diameters of A. fargesii seedlings growing at elevations between 2600 and 3200 m in the subalpine conifer forest of southwest
China.

* Results Xylem area, last xylem ring area, and leaf:sapwood area significantly decreased, while xylem:leaf area, phloem:leaf
area, and non-collapsed phloem:xylem area significantly increased with elevation. Principal components analysis showed that
xylem area, non-collapsed phloem area, and xylem:phloem area were positively correlated with growth rates.

+ Conclusion Our results showed that A. fargesii tree seedlings at the treeline tend to facilitate growth and maintain functional
water and sugar balance between stem and leaves by the enhancement in xylem:leaf area, phloem:leaf area, and phloem:xylem
area, but not through differences in vessel lumen diameter.
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1 Introduction

Treelines are dynamic and have shifted in the past, and the
ecological processes and climatic determinants of the treeline
are not well understood. At the moment, two main hypotheses
attempt to explain treeline location on a global scale. The
“source limitation” hypothesis assumes that low temperatures
and short growing seasons limit the rates of CO, acquisition
(photosynthesis) or the rates of nutrient mineralization and
uptake (McNown and Sullivan 2013). As an alternative,
Korner (1998) proposed the “growth limitation” hypothesis,
which states that low temperatures limit the rates of cell divi-
sion and tissue formation from meristems. To date, many
studies have found support for the growth limitation hypoth-
esis in various treelines (Wiley and Helliker 2012; Dawes
et al. 2015), while others favor the source limitation idea
(e.g., Susiluoto et al. 2010). The growth limitation assumes
implicitly that plant anatomical structures are crucial for tree
performance in mountain regions (Rossi et al. 2008).
However, the existing theories on treeline formation still lack
evidence from the xylem and phloem anatomy of trees at the
treeline (Losso et al. 2018; Mayr et al. 2019).

Sources and sinks are linked to each other through the
coupled xylem and phloem transport systems (Steppe et al.
2015; Ruzicka et al. 2015; Savage et al. 2016; Sevanto et al.
2018). Xylem is responsible for water and solute transport
from the roots to the leaves. Water transport in the xylem is
a passive process, driven by the water potential difference
between roots and leaves. In contrast, phloem transport, re-
sponsible for sugar transport from the leaves to the roots, is
based on active loading of the phloem driven by osmotic pres-
sure as proposed by Miinch pressure flow hypothesis (Miinch
1930). At high elevations, low temperatures delay the xylem
transport due to the reduced leaf-to-soil water potential differ-
ence. Low temperatures also limit phloem transport either due
to increased viscosity of the sugary solution or decreased hy-
drostatic pressure gradient along the phloem (Holtta et al.
2006). Adaptations to low temperature may lead to changes
in xylem and phloem structures. Narrower xylem conduits and
lower leaf to sapwood area ratio have been reported in trees at
high compared to low elevations (Mayr et al. 2007; Creese
etal. 2011). Xylem:leaf area and phloem:leaf area are a proxy
for the balance of water supply versus water loss, and the
balance between sugar transport versus sugar production
(Zhang et al. 2016, 2020). In this context, we expect that
plants at high elevations produce more xylem area and phloem
area for a given leaf area, in an attempt to maintain functional
water and sugar balance between stem and leaves. This hy-
pothesis still needs to be tested.

We here present a conceptual model (Fig. 1) that claims
that trees at the treeline might express adaptive traits in order
to maintain efficient water and sugar transport under stressful
environmental conditions. Trees are generally exposed to
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water stress at the timberline, possibly induced by lower soil
temperatures at higher altitudes—which in turn may block
root water uptake (Mayr et al. 2019). Moreover, a combina-
tion of water stress and high vapor pressure deficit (VPD)
induced by strong winds enhances evaporative demands on
trees at treeline, which is expected to further increase potential
transpiration rates, resulting in negative leaf water potential at
high elevations. Because transpiration from the leaves creates
a water potential gradient that drives xylem water transport,
net translocation of sugars in the phloem must work against
this overall gradient created by transpiration (Holttd et al.
2006). As described earlier, phloem transport capacity de-
pends on xylem water potential. The higher the xylem tension
(more negative the water potential), the more difficult sugar
transport is (Savage et al. 2016). Moreover, the viscosity of
phloem sap is likely to increase at low temperate (Holtté et al.
2009). Consequently, phloem transport capacity at high ele-
vation can be limited either by increasing sap viscosity or a
decrease in turgor pressure during high xylem water tension
(Cernusak et al. 2003; Holtta et al. 2009). In this context,
plants could compensate for the low leaf water potentials
(minimize xylem tensions) through phenotypic adjustments
such as increases in water use efficiency, decreases in foliage
to sapwood area, and differences in xylem structural traits
(Fig.1). Similarly, acclimation of hydraulic conductivity and
plant water relations to high elevations, have been described
previously (Wan et al. 2001; Li et al. 2004; Poorter et al. 2010;
Pritzkow et al. 2014). We predict that, close to the treeline,
trees also adjust their phloem traits to increase the capacity of
the phloem to transport photosynthates to the sinks (Fig. 1).
These acclimations would be the increases in phloem tissue or
the high allocation of phloem per leaf area to offset increases
in phloem sap viscosity. So far, this reasoning still lacks a
direct test.

Abies fargesii var. faxoniana (Rehder & E. H. Wilson)
Tang S. Liu, an evergreen alpine and subalpine endemic co-
nifer species, is widely distributed in the Sichuan province,
Southwest China. It plays a very important role in preventing
soil erosion and in retaining ecological stability (Wang et al.
Wang 2004). In this study, we analyzed leaf:sapwood area,
specific leaf area, xylem and phloem anatomy, and growth of
A. fargesii seedlings growing along an elevational transect of
600 m. We focused on seedlings because they have a
smaller and shallower root system than mature trees
and are therefore more susceptible to soil drying by
freezing than conspecific adult trees. Our aims were to
estimate how xylem and phloem anatomy, leaf function-
al traits of A. fargesii tree seedlings vary with eleva-
tions. We hypothesized that seedlings at the treeline
have larger xylem and phloem area fractions to compen-
sate for the low conductivity because of the low water
transport ability of the xylem, high phloem sap viscosity
and associated high resistance in cold soils.
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Fig. 1 Conceptual model of phloem and xylem transport and the traits
that affect the transport. Blue arrows show negative effects, and red
arrows show positive effects on transport. Reductions in xylem
tensions, as caused by most adaptations to soil drying by freezing,
facilitate the phloem transport because phloem transport occurs against

2 Materials and methods
2.1 Study area and sampling

The study area is located in the Wanglang Nature Reserve
(32°49' — 33°02°N, 103°55' — 104°10’E, 2300-4980 m above
sea level), Southwest China. The treeline in the area is approx-
imately 3600 m. This region has wet, cool summers and dry,
cold winters. We selected trees at three elevations along a 600-
m elevation transect, beginning at 2600 m and extending up to
3200 m (Table 1). The selected transect was southeast ex-
posed. Our study plots at 2600 m were situated on a slope of
15°, but at 2900 m and 3200 m the slope was 25°. Weather
data at the three elevation areas were collected from nearby
meteorological stations belonging to the Wanglang Nature
Reserve Agency. From 2600 m to 3200 m, the mean annual
air temperature drops from 4.4 to 1.5 °C, and the mean annual
precipitation ranges from 700 to 900 mm. In winter, the depth

\NOn-collapsed phloem : xylem area

Phloem cell lumen diameter

the hydrostatic pressure gradient, while xylem transport is with the
hydrostatic gradient. Trees at the treeline require large functional xylem
and phloem areas to compensate for the low water transport ability of
xylem and high phloem sap viscosity at the treeline

of'the frozen soil is over 40 cm. Soils are mountain dark brown
coniferous forest soils. The dominant canopy trees for the
three altitude plots are A. fargesii. The stand densities were
578, 602, and 403 trees ha ' at 2600 m, 2900 m, and 3200 m
altitude, respectively. Stands at 2600 m have an average
height of 17.0 m and an average DBH of 40.0 cm, stands at
2900 m have an average height of 12.0 m and an average
DBH 0f 27.0 cm, and stands at 3200 m have an average height
of 5.0 m and an average DBH of 6.5 cm. The duration of the
growing season lasted from mid-May to the end of August,
with the length of the growing season 109 days in 2015.
Samples were collected randomly from ten distinct sites at
each elevation, which were considered replications.
Individuals of similar age (5—7 years) were selected (10 indi-
viduals at each elevation, a total of 30 individuals). All sam-
ples of branches and needles were collected from tree seed-
lings in stands within a very limited geographic range, and
only from sun-exposed tops of tree seedlings to standardize

Table 1 Stand characteristics of
the study plots

S1

S2

S3

Community type

Altitude (m)

Aspect (°)

Slope (°)

Soil type

Mean annual temperature (°C)
Mean annual precipitation (mm)
Average height (m)

Average DBH (cm)

Woody plant density (trees hm )
Plant coverage

Spruce forest
2600

Spruce forest
2900

Spruce forest
3200

SE10 SE10 SE20

15 25 25

Dark brown soil Dark brown soil Dark brown soil
44 2.5 1.5

700 780 825

17 12 5

40 27 6.5

578 602 403

0.6 0.7 0.5
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for the effects of inclination, irradiance, soil characteristics,
and microclimate. A pyranometer in the 300—-1150 nm range
(SKO1-D, Australia) with an accuracy of +3% was used to
measure the incoming total solar radiation. During the grow-
ing season (from June to September), the mean daily solar
radiation of forest understory was 65.74 + 45.06 MJ m >
d' at the elevation of 2600 m, 60.37 + 45.71 MJm > d "'
at the elevation of 2900 m, and 67.23 + 39.96 MIm > d " at
the elevation of 3200 m, respectively.

We sampled needles and branches at the end of the
growing season in order to ensure that the formation of
xylem and phloem had ceased. Anatomical analyses
were performed on randomly selected samples (10
branches per elevation) collected from trees of similar
height at three different elevations (2600, 2900, and
3200 m) in September 2015. The accuracy of seedlings’
age was assessed from node counts in the field follow-
ing a standardized protocol (Hankin et al. 2018). Annual
nodes were identifiable by bud scars. The ages of leaves
and branches were determined by using marks from
over-wintering buds on the stem, stepwise changes in
needle anatomy, and by counting back the internodes
from the tip of the stems.

2.2 Seedling growth and sapwood area
measurements

Ten individuals aged between 5 and 7 years from each
altitude were selected for seedling growth measurements.
The height and root collar diameter of the same sample
seedlings were measured with a ruler and a digital ver-
nier caliper, respectively. Total height was measured
from the base to the terminal shoot apex to the nearest
I mm. The basal diameter was measured with a caliper
to the nearest 0.1 mm. Height increments were deter-
mined by measuring the distance from the apex to the
most recent resting bud scar, and growth rates are
expressed based on height increments. For each branch
of each seedling, all leaves were collected to determine
the total leaf area, leaf mass, and specific leaf areca (SLA,
the leaf area:leaf mass). The seedling was harvested.
Leaf area (cm?) was measured on 100 needles per tree
and 10 tree seedlings per altitude on images made using
a flatbed scanner. After all leaves were scanned for leaf
area measurements, they were oven-dried at 70 °C for
48 h in order to determine the specific leaf area. Total
leaf area per branch segment was calculated by dividing
dry weight through specific leaf area values. The cross-
sectional area of the sapwood was measured with digital
calipers and was assumed to be the total cross-section of
the main stem after the bark was removed. The
leaf:sapwood area was calculated by dividing the total
leaf area by the corresponding sapwood area.

2 s INRA

2.3 Phloem and xylem anatomical measurements

For the measurements of xylem and phloem tissue areas and
cellular dimensions, and for the further calculations on
xylem:leaf area and phloem:leaf area, we cut a branch section
of 10 cm length at a fixed 5-cm distance from the apex of each
tree seedling. At each elevation, 10 branches from 10 tree
seedlings were collected for anatomical analyses. To preserve
the structures of phloem and xylem for detailed microscopy
analysis, the branch samples were preserved in a 50% solution
of ethanol-water directly after sampling in the field. In the
laboratory, the samples (5-cm distance from the apex) were
then cut into smaller specimens, dehydrated, and embedded
into plastic resin blocks. Blocks were further cut into thin
sections, and directed for light microscopy analysis according
to the procedures described below.

The ethanol preserved branch samples were cut into small-
er specimens (8 x 3 x 3 mm, radial x tangential x longitu-
dinal), including either xylem with cambial zone, or cambial
zone with non-collapsed phloem, collapsed phloem, and outer
bark. These overlapping specimens covered one representa-
tive radius of each branch sample that was selected based on
visual observation, avoiding compression wood, opposite
wood, or other damages or abnormalities. The specimens were
then dehydrated in a graded series of ethanol and ethanol—
resin mixture (LR White Resin, medium grade, London
Resin Co., Ltd., London, UK), and then embedded into resin
blocks and transverse cross-sections (ca. 5—-8 pwm thick) were
cut with a rotary microtome (Leica RM2265, Leica
Microsystems, Wetzlar, Germany) using glass knives. The
sections were stained with an aqueous solution of toluidine
blue (AppliChem GmbH, Darmstadt, Germany), air dried, and
permanently mounted on objective slides using Ultrakitt
M540 mountant (TAAB, Reading, UK).

Images of the cross-sections of the branch specimens were
taken using a digital camera (MicroPublisher 3.3 RTV,
QImaging, Surrey, Canada) attached to a light microscope
(Olympus BX60, Olympus, Tokyo, Japan) at a 40X magnifi-
cation (resolution 0.085 pm pixel '). One image was used or
several overlapping images were joined to cover the whole
area of the tissues of interest. These images were analyzed
with IMAGE-PRO PLUS v.7.0. (Media Cybernetics Inc.,
Bethesda, MD, USA).

From the images, the total widths of xylem and bark, the
latest xylem annual ring, non-collapsed phloem, and collapsed
phloem were measured along with three radial locations in
each cross-section by using analysis software (IMAGE-PRO
PLUS v. 7.0., Media Cybernetics Inc., Bethesda, MD, USA).
Tissues were identified on the basis of their morphology and
color (see Jyske and Holttd 2015), i.e., the non-collapsed phlo-
em was identified as a narrow strip outside the cambium
consisting of un-collapsed, conducting (i.e., functional) sieve
cells. Sieve cells were slightly larger in size (both lumen and
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cell wall thickness in radial direction) as compared to the
cambial cells. Collapsed phloem was identified based on the
changed (collapsed) morphology of sieve cells after they had
lost the turgor and functionality in phloem transport. The cor-
responding tissue areas of the xylem and phloem were further
calculated by using geometry and assuming circular branch
cross-sections.

For the measurements of xylem and phloem cellular di-
mensions, the areas of the last-formed xylem ring and the
non-collapsed phloem were selected by a cropping tool
(Paint, Microsoft Windows, version 6.1). The whole tissue
area including all the cells within the tissue type in each
cross-section was selected for the cropped area, avoiding
any fractured cells and areas. The cropped image areas were
then analyzed for the average size of xylem and phloem cells
(i.e., cell lumen diameter, cell wall thickness) by using an
automated image analysis method (see Antikainen 2017 for
adetailed description of the analysis method) using the Matlab
Image Processing Toolbox.

2.4 Analyses of leaf water potential, carbon isotope
composition, tissue carbohydrates, and foliar
nitrogen

The measurements of leaf water potential, foliar carbon iso-
tope discrimination (613C) and N concentration, and non-
structural carbohydrate (NSC) were sampled at the same time
of the day (10:00-11:00) to avoid diurnal variation. All of the
dried leaf samples were ground into fine powder through a
mesh (pore diameter ca. 275 um) and then used to analyze the
needles N content, foliar signature of 513 C, the concentrations
of NSC in leaves and branches (current- and previous-year
separately), and roots. The midday leaf water potential was
determined using a WP4 Dewpoint Potentiometer (Decagon
Devices, Inc., Pullman, WA, USA). The concentrations of N
in leaves were determined by the semi-micro Kjeldahl method
(Mitchell 1998). The abundance of stable carbon isotopes in
the leaf samples was determined following Hubick et al.
(1986). Oven-dried samples were finely ground, and the rela-
tive abundance of '*C and '*C was determined with an isotope
ratio mass spectrometer (Finnegan MAT Delta-E). §'°C was
expressed relative to the PeeDee Belemnite standard (Craig
1957). The overall precision of the values was better than 0.1
%o, as determined by repetitive samples. Soluble sugar and
starch concentrations were extracted from c. 20 mg of fine
powder in 5 ml of 80% aqueous ethanol (v:v). The mixture
was boiled in a water bath at 80 °C for 30 min, and then
centrifuged at 5000 g for 10 min. The supernatant was used
for the determination of total soluble sugar content with a
spectrophotometer at 490 nm (model UV-PC01; Shimadzu
Corp., Kyoto, Japan). Starch in the residue was released by
boiling the residue from the ethanol extraction in 3% HCI (w/
w, 0.08 N) for 3 h. Starch concentration was calculated as the

sugar concentration multiplied by the conversion factor of 0.9
(Osaki et al. 1991). Glucose was used as a standard. NSC
concentration was defined as the sum of the starch and the
soluble sugars for each sample in this study.

2.5 Statistical analysis

Analyses of covariance (ANCOVA) were performed
with the software package SPSS 20.0 (SPSS Inc.,
Chicago, IL) to test the fixed effects of elevation using
the general linear model with growth rate as a covariate.
All traits were natural-log-transformed to meet the as-
sumptions of ANCOVA. The altitude effect persisted
after accounting for differences in growth rates, demon-
strating that the statistical effects of the elevational trend
in leaf morphological traits, anatomical traits, xylem and
phloem traits, and functional ratio traits observed in our
study are independent of growth rates. When elevation
has a significant effect on a variable, means were com-
pared for significant differences by Tukey’s multiple-
comparison method. Generalized linear regression anal-
ysis was calculated to provide supplementary informa-
tion on the relationship between functional areas of xy-
lem and phloem. A one-way ANCOVA was used to
detect differences among elevations in the relationships
between different variables. Principal-component analy-
sis (PCA) was done to evaluate how growth rate and
wood anatomy are associated with each other and to
characterize the variability among wood anatomy, func-
tional ratio traits, and plant growth among the three
elevation sites. The software package CANOCO 5.0
for Windows was used for the PCA analyses. The
growth data were log-transformed to have a standard
deviation of one and mean zero. The significance of
the ordination analysis was tested by using Monte
Carlo permutation tests (499 unrestricted permutations,
P < 0.05) (Ter Braak and Smilauer 2002).

3 Results

3.1 Leaf water potential, plant growth, functional
ratio, and leaf traits

Midday leaf water potential was significantly lower at higher
altitudes (P < 0.05, Fig. 2a). Leaf 5'3C (water use efficiency)
was significantly different among altitudes, with the greatest
and lowest values at 3200 m and 2900 m, respectively (Fig.
2b). Tree heights ranged from 44 to 59 cm, and the main stem
diameter varied from 11 to 13 mm (Fig. 2c, d). The main stem
diameter, height, xylem:leaf area, phloem:leaf area, and spe-
cific leaf area displayed large variations. The main stem diam-
eter was similar at 2600 m and 2900 m, but was significantly

INRAD & sorne
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higher at 3200 m (P < 0.05, Fig. 2¢). Xylem:leaf area and
phloem: leaf area significantly increased (P < 0.05, Fig. 2g, 1),
while height, leaf:sapwood area, and specific leaf area signif-
icantly decreased with increasing altitude (P < 0.05, Fig. 2d—
). The leaf N contents did not vary with altitude (P > 0.05,
Fig. 2h).
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3.2 Phloem and xylem anatomical characteristics

The xylem conduit diameter was similar at 2600 m and
2900 m, but was significantly lower at 3200 m (Fig. 3a).
Xylem area and last xylem ring area decreased while non-
collapsed phloem: xylem area and non-collapsed phloem: last
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xylem ring area increased significantly with increasing eleva-
tion (P < 0.05, Fig. 3b—f). The non-collapsed phloem area at
2900 m was higher (P < 0.05) than at 3200 m (Fig. 3c). In
contrast, phloem and xylem cell size and cell wall thickness
did not change significantly with elevation (P > 0.05,
Fig. 4a, b).

3.3 Correlations between functional areas of xylem
and phloem

Log—log bivariate regression analysis showed that non-
collapsed phloem area scaled with the xylem area in each ele-
vation tested (R* = 0.66 for 2600 m, R*> = 0.38 for 2900, R* =
0.71 for 3200 m, Fig. 5a). We also found significant positive
correlations between non-collapsed phloem area and last xylem

ring area (R* = 0.43 for 2600 m, R? = 0.48 for 2900, R? =
0.90 for 3200 m, Fig. 5b). When the log non-collapsed phloem
area was plotted against the log xylem area and the last xylem
ring area, there was no significant difference in the regression
line among elevations (Fig. 5a, b, ANOVA, P > 0.05).

3.4 PCA analysis

PCA revealed that the first two components accounted for
86.2% of the total variation among the 12 variables (Fig. 6).
The first axis (Ax1) explained 67.6% of the variance, the
second axis (Ax2) explains 18.6% of the variation. The first
axis was mainly correlated with traits related to xylem area,
last xylem ring area, and xylem:phlom area. The second axis
was mainly associated with traits related to growth rate, 613C,
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Fig. 4 Cell wall thickness (a) and cell lumen diameter (b) of the xylem
conduits in A. fargesii seedlings at 2600 m, 2900 m, and 3200 m altitudes
(n = 10 branches per elevational site). Boxplots show the median
(horizontal bar), interquartile range (box), range (lines), and outliers
(points). Mean values are indicated by small square. P values and
significance levels (ANOVA): P,, altitude effect

and non-collapsed phloem area. The growth rate was positive-
ly correlated with non-collapsed phloem area (» = 0.674; P <
0.01), xylem area (» = 0.640; P < 0.01), and xylem:phloem
area (r = 0.547; P < 0.01) (Fig. 6).

3.5 Nonstructural carbohydrate (NSC)

All tissues had higher concentrations of starch than of low-
molecular-weight sugars. Concentrations of soluble sugars,
fructose, sucrose, total soluble sugar, and NSC in needles,
branches, and roots did not decrease with increasing altitude
(Fig.7). There were no significant trends in sugar, fructose,
sucrose, and starch concentrations in needle, branch, and root
tissues with increasing altitude (P > 0.05).

4 Discussion

In accordance with our hypothesis, A. fargesii seedlings at
high elevations had a lower SLA and higher xylem area per
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Fig. 5 The log—log scaling relationships between non-collapsed phloem
area and xylem area(a), and between non-collapsed phloem area and last
xylem ring area (b) of A. fargesii seedlings at 2600 m, 2900 m, and
3200 m altitudes (n = 10 branches per elevational site). Each point
represents one branch segment

unit leaf area than did trees at lower elevations. This confirms
that trees compensate for their less efficient water-conducting
system by producing more xylem for a given leaf area.
Furthermore, in the present study, the xylem area decreased
significantly while the non-collapsed phloem:xylem area and
the phloem:leaf area increased significantly with increasing
altitudes. This supports our hypotheses that increasing limita-
tions of tree growth are due to limitations of phloem transport
in high altitudes, and trees at high altitudes exhibit structural
adaptations to facilitate the export of photosynthates from the
leaves to the root system. In our study, the observed pattern
could not be explained by different light conditions or tree
height, as all our experimental trees were of similar size and
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Fig. 6 Principal component analysis on tree seedling growth rate and leaf
traits, anatomical traits, xylem and phloem traits, and functional ratio
traits of A. fargesii at 2600 m, 2900 m, and 3200 m altitudes. W, leaf
water potential; 53¢, leaf isotope discrimination; Pcld, Phloem cell
lumen diameter; Xcld, xylem cell lumen diameter; Xa, xylem area
fraction; Lxa, last xylem ring area fraction; Npa, non-collapsed phloem
area fraction; PL, phloem: leaf area; XL, xylem:leaf area; LS,
leaf:sapwood; XP, xylem:phloem area; GR, growth rate

were growing almost under the same light exposures.
Moreover, considering that there is only little genetic variation
among A. fargesii populations along an altitudinal gradient
(Cheng et al. 2016), it is reasonable to attribute the observed
altitudinal trends mainly to individual phenotypic plasticity.
More studies are required to draw firm conclusions on this.

4.1 Water relations, tissues non-structural carbohy-
drate, and morphological traits

We observed there was a decrease in midday leaf water po-
tential with increasing elevation, the midday leaf water poten-
tial at a high elevation site (3200 m, —3.70 £+ 0.20 MPa) was
significantly more negative than the midday leaf water poten-
tial obtained at a low elevation site (2600 m, —2.50 =+
0.10 MPa). The observed decline in leaf water potential was
consistent with what has been found in a previous study
(Gieger and Leuschner 2004). One possibility could be that
low soil temperature decreased the water uptake capacity of
roots (Wan et al. 2001). The result is reinforced by the fact that
leaf 5'°C (water use efficiency, Farquhar et al. 1989) was
significantly different among altitudes, with the greates values
at 3200 m, suggesting that plants show acclimation to drying
by freezing and low temperature at subalpine treelines in spite
of greater water availability (Li et al. 2004). Hikosaka et al.
(2021) showed that leaf N based on the area in Fagus crenata

increases at higher altitudes, whereas leaf N did not change
with increasing altitude in the present study, indicating that N
limitation may not play a key role in the growth of A. fargesii
at treeline. In our study, main stem diameter showed an in-
creasing trend with increasing altitudes, but there was a reduc-
tion in tree height with increasing altitudes, which might be
due to the low temperature that suppressed meristematic
growth of primary meristems (Korner 2003). Similarly, previ-
ous studies have shown that a windy climate and snow cover
caused stunted tree stature at high altitudes (Kérner 2003;
Korner 2012). Stem growth reduction at the treeline may also
reduce transport distance and thus facilitate efficient water and
nutrient transport in plants. The decrease in temperature with
higher altitudes may contribute to the reduction in specific leaf
area. In addition, low specific leaf area contributes to water
storage (Ishii et al. 2014) and is often associated with lower
NSC concentration (Li et al. 2016). Possibly lower specific
leaf area values could allow more flexible storage of carbohy-
drates and enable trees to better compensate for temporal var-
iations in source and sink strengths because low specific leaf
area is linked to enhancement of leaf longevity and thus long-
term carbon assimilation (Mediavilla et al. 2008). Dumlao
et al. (2012) showed that winter active deciduous species
show increases of specific leaf area that go along with a higher
capacity for phloem loading when grown under low
temperatures.

There is evidence that labile carbohydrate concentrations
increase when approaching the treeline (Hoch and Koérner
2003), which has been interpreted as a proof of increased
growth limitation at high altitudes. However, Sveinbjornsson
(2000) pointed out that labile carbohydrates have multiple
functions in plants, and increases in labile carbohydrate
concentrations could also be an acclimation to higher risk of
late frost. Therefore, evidence of higher labile carbohydrate
concentrations at treeline presented by Hoch and Korner
(2003) is largely circumstantial. In our study, mean total sol-
uble sugar concentrations across all tissues remain either con-
stant or tended to increase with rising elevation. This indicates
that the decrease in height growth is not driven directly by a
lack of available carbohydrates. The concentrations of starch
in the seedling studied here were similar to results by Li et al.
(2013) in Populus yunnanensis, by Yu et al. (2016) in
C. lanceolata, and by Simard et al. (2013) in larch and spruce,
but were much higher than the results reported by Hoch and
Korner (2003). However, the direct comparison of the data by
Hoch and Kérner (2003) with the data of this study is ambig-
uous due to different sampling time and the differences in tree
age tested. We sampled leaves at the end of the growing
season, while Hoch and Kdorner (2003) sampled during the
growing season. Moreover, in our study, the measurement of
NSC was sampled from tree seedlings, while in the study by
Hoch and Koérner (2003) it was sampled from adult trees. It
has been reported that carbohydrate concentrations were
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generally higher in seedlings than those in adult trees (Weber
et al. 2018). For example, carbohydrate concentrations in the
branches of 2-year-old seedlings are approximately three to
four times of those in 100-year-old trees of the same species
(Weber et al. 2018). Alternatively, some research identified
the lipid concentrations of pines were quite high, which are the
prime carbon storage compounds in pines (Hoch et al. 2002;
Hoch and Koérner 2003). It is possible that the accumulated
lipids in the investigated pine species in the study of Hoch and
Korner (2003) is responsible for the low NSC concentrations
compared to those observed in our study. Additional research
would be needed to clarify and quantify this possible
explanation.

4.2 Functional areas of phloem and xylem as well as
transport conduit diameter

In this study, xylem area fraction declined with increasing
altitude, and therefore reduced stem hydraulic efficiency in

@ Springer I N RA@
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2600 2900 3200
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2600 2900 3200
Root
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comparison with those of tree seedlings at low altitude. This
reduced hydraulic efficiency reflects that A. fargesii seedlings
modify its xylem hydraulic system in response to limited wa-
ter conditions due to the freeze-induced water shortage
(Vaganov et al. 1999) or due to water loss by wind (Mayr
et al. 2002). Although the xylem area fraction decreased at
high altitude, no corresponding effect on the cell wall thick-
ness was observed, indicating tree seedlings from high eleva-
tion have sufficient safety margins and are capable of embo-
lism resistance to cold stresses (Mayr et al. 2003). Previous
studies showed an increase in cell wall thickness with eleva-
tion, which is probably related to increased mechanical stress
from wind and snow loads (Mayr et al. 2006). In our study, the
absence of differences in cell wall thickness across elevations
indicates that long-term adaptation responses to harsh micro-
climatic conditions already occur at relative low elevation
2600 m, and that the cell wall thickness may not increase
linearly with increasing altitudes as a thick cell wall would
require high carbon costs. Moreover, the observed similar



Annals of Forest Science (2021) 78: 85

Page 110f 14 85

lumen diameter was in contrast with other studies showing
that xylem cell size decreased with rising altitudes (Gindl
et al. 2001; Zimowski et al. 2014; Rossi et al. 2015;
Cocozza et al. 2016) because trees from high elevation are
expected to be in a more demanding environment (Mayr
et al. 2019). Narrow tracheids are presumed to be more resis-
tant to freeze—thaw embolism (Davis et al. 1999). It is estimat-
ed that conifers with a mean tracheid lumen diameter wider
than 30 um are vulnerable to freeze—thaw embolism
(Pittermann and Sperry 2003). In our study, the main tracheid
lumen diameter is within the safe range of tracheid lumen
diameter (6—18 pwm). Furthermore, a decline in the
leaf:sapwood area observed in our study implies trees may
adjust the leaf:sapwood area to prevent cavitations rather than
by changing the lumen diameter (Martinez-Vilalta et al.
2009).

Our results are largely consistent with our hypothesis that,
compared with the low elevation tree seedlings, high elevation
seedlings require higher phloem:leaf area because the trans-
port of sugar in the phloem is likely to be slower with increas-
ing altitude. It is well known that the viscosity of sugar solu-
tions increases at low temperatures (Migliori et al. 2007). A
four-degree difference in the growing season temperature be-
tween the 2600 and 3200 m altitude corresponds approximate-
ly to a 15% higher viscosity of a sucrose solution at the same
concentration (~20 w/w) as the phloem sap (Telis et al. 2007).
This would translate into 15% more phloem needed at 3200 m
in comparison to 2600 m altitude, if all other issues
concerning phloem transport (e.g., conductance per tube, the
pressure difference between sources and sinks) would remain
equal. Moreover, in our study, tree seedlings show a decline in
height growth, while the phloem:xylem area increases with
rising altitude, which may be explained by greater needs for
the transport of sugars under cold environments. Similarly,
under drought stress environmental conditions, for declining
trees, phloem formation has priority over xylem formation for
the long-term survival of a tree (Gricar et al. 2009). Our results
here support earlier findings that the ratio of annually pro-
duced phloem to xylem cell number was related and
phloem:xylem area is larger for smaller trees than for larger
trees (e.g., Mencuccini et al. 201 1; Jyske and Holttd 2015). In
addition, PCA analysis showed that a large xylem area was
associated with a high growth rate. This may be due to the fact
that the xylem area has a direct association with stem hydrau-
lic conductivity, which supports high gas exchange and hence
high growth rates (Meinzer et al. 2010). The non-collapsed
phloem area also correlated positively with growth rate, which
indicates that an efficient sugar transport may avoid non-
structural carbohydrate accumulation and thus permit high
gas exchange rates. Interestingly, there were strong relation-
ships between annual growth rate and xylem:phloem area
(Fig. 6). This was consistent with the idea that the xylem—
phloem ratio is a good indicator of tree vitality (Gricar 2012).

5 Conclusion

Our results demonstrated that the adjustment of the
A. fargesii seedlings transport system to elevation oc-
curred primarily through reductions in leaf:sapwood ar-
ea, and enhancement in xylem:leaf area and
phloem:xylem area, but not through differences in ves-
sel lumen diameter or in the sensitivity of leaf physiol-
ogy to altitude. We suggest that the allocation between
leaf area (carbon gain), xylem (water transport), and
phloem (carbon transport) could be important indicators
in understanding the adaptation of trees at the treeline.
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