J. Mt. Sci. (2019) 16(7): 1546-1558
https://doi.org/10.1007/s11629-018-5344-0

e-mail: jms@imde.ac.cn

http://jms.imde.ac.cn

Age-related variations of needles and twigs in nutrient,

nonstructural carbon and

altitudinal gradients

TANG Duo-teng!
PENG Guo-quan?

ZHANG Sheng**

*Corresponding author

isotope composition along

https://orcid.org/0000-0002-0327-4379; e-mail: tangduoteng@imde.ac.cn

https://orcid.org/0000-0001-7645-6723; e-mail: 103963787@qq.com

https://orcid.org/0000-0001-5322-9704; 2 e-mail: shengzhang@scu.edu.cn

1 College of Life Science, Sichuan University, Chengdu 610065, China

2College of Chemistry and Life Sciences, Zhejiang Normal University, Jinhua 321004, China

Citation: Tang GT, Peng GQ, Zhang S (2019) Age-related variations of needles and twigs in nutrient, nonstructural carbon
and isotope composition along altitudinal gradients. Journal of Mountain Science 16(7). https://doi.org/10.1007/s11629-

018-5344-0

© Science Press, Institute of Mountain Hazards and Environment, CAS and Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract: The biochemical and physiological
properties of alpine woody plants responding to
elevation are associated with needles and twigs age.
However, the interactions with elevation were not
well studied. In this study, we investigated age-related
(current, one-year and two-year old) functional traits
of Abies faxoniana in needles and twigs with
elevation (2500 m, 2750 m, 3000 m, 3250 m, and
3500 m a.s.]) at the eastern edge of the Tibetan
Plateau. The macro-elements (C, N, P, K, Ca, and Mg),
nonstructural carbons (soluble sugar, sucrose, and
starch) and isotope composition (6:3C) were measured
in needles and twigs of adult A. faxoniana trees
(breast height diameter about 30 cm). There were
significant age, elevation and their interaction effects
on these traits (except for §13C). Compared with two-
year-old needles and twigs, the current and one-year-
old tissues possessed higher concentrations of P and
K, lower Ca concentrations, as well as a lower §3C
values and C: P and N: P ratios in needles. The
current-year twigs generally had higher sucrose
concentration and sucrose: starch ratio than the old
ones. This study suggested that more nutrients were
invested to young needles and twigs to cope with
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elevation for A. faxoniana than the old ones.

Keywords: Fir; Elevation; Nutrient; Age; Needle and
twig; Sub-alpine

Introduction

Needles and twigs are important tissues for
assimilation and transportation for conifers.
Lifespan of needles and twigs is a comprehensive
trait that reflects the adaptive strategy to the
environment for plants to achieve maximum
photosynthetic production and maintain efficient
nutrient utilization (Eckstein et al. 1999). It has
been reported that plant tissues show kinds of
physiological changes associated with age.
Comparing with juvenile needles, the mature
needles of Pinus koraiensis accumulated more
nonstructural carbon (NSC) due to a higher
photosynthetic capacity (Yan et al. 2012). However,
younger tissues possessed higher nutrient
concentrations than the old, e.g. nitrogen (N) and
phosphorus (P), particular for coniferous and
broad-leaved species (Escudero and Mediavilla



2003; Li et al. 2009a). Leaf age also had an impact
on 613C values. Previous study has found a higher
value of 6:3C in younger leaves than in older leaves
(Vitoria et al. 2016). These age-related variations of
plant functional traits may be a reflection of growth
adapting strategy to resources utilization
(Tegischer et al. 2002). Although these plant
functional traits associated with lifespan had been
found to show a similar tendency within or across
plant species, environmental variations will shift
their relationships (Day et al. 2001).

Declining temperature with an increasing
elevation in the alpine regions has dramatic and
multifactorial impacts on plant functional traits
(Fajardo et al. 2017). For example, the pool size of
NSC in plants, reflecting the balance between
carbon gain by photosynthesis and demand by
growth and metabolism, closely related to elevation
(Garcia Lino et al. 2017; Zhu et al. 2012). Foliar N
and P concentrations and 613C value generally
increased with elevation (Fajardo et al. 2017;
Hultine and Marshall 2000). Previous studies
figured out that lifespan have a pronounced effect
on the variation of plant functional traits along
elevation. The younger leaves of Rhododendron
agglutinatum showed more obvious changes than
the old ones (Wang et al. 2017). Moreover, Peng et
al. (2012) has reported that leaf characteristics
showed significant differences with elevation
between juvenile and mature trees of Abies
faxoniana. However, such scarce knowledge was
adverse to comprehend the plant functional traits
and their correlation across the lifespan along
elevation in subalpine regions (Li et al. 2009;
Wang et al. 2017; Huang et al. 2018).
Understanding these variations can reveal the
plant adaptive strategies to environmental
variation, and contribute to predict their responses
to future climate changes.

Abies faxoniana Rehder & E.H, an evergreen
subalpine conifer, is widely distributed in the
eastern margin of Tibetan Plateau (Taylor and Qin
1988). It has been shown that the growth, spatial
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pattern and population structure of A. faxoniana
are closely related to elevation. Zhao et al. (2015)
has found that there is a unimodal pattern of plant
functional traits along elevation, including stomata
parameters, specific leaf area and C: N ratio of A.
faxoniana. However, we still do not know whether
there are age-related changes in A. faxoniana along
elevation or whether young tissues are more
sensitive to elevation. In this study, nutrient
concentrations, NSC concentrations, and 63C in
the needles and twigs of A. faxoniana were
measured to reveal the changes of age-related
functional traits from 2500 m to 3500 m a.s.l. We
will answer the following two questions: (1) are
there distinct differences in plant traits among age
cohorts? (2) do these age-related characters affect
by elevation?

1 Materials and Methods
1.1 Study site

This study was conducted in the Wanglang
Natural Reserve (32°49'-33°02'N, 103°55'-
104°10'E) at the eastern edge of the Tibetan
Plateau, Sichuan Province of China. The natural
elevation range of distribution of A. faxoniana was
from 2500 m to 3500 m in Wanglang Natural
Reserve. Five elevations were selected with an
interval of 250 m (2500 m, 2750 m, 3000 m, 3250
m, and 3500 m, respectively) for tree stands, as
shown in Table 1 and Figure 1. The mean annual air
temperature (MAT) was from 5.04°C to 1.52°C,
which measured by TP-2200usb loggers (digital
sensor of CMOSens, Beijing Anfu electronic
technique Co., China) from May of 2008 to
September of 2009. Both rainfall and tree growth
season was from April to October every year (Xu et
al. 2013). The forest soils of the study sites were
mountain brown soils. The main soil nutrients are
listed in Table 2.

1.2 Field sampling

Table 1 Description of the sample stands along an altitudinal gradient in Wanglang Natural Reserve

Sample stands E1
Elevation (m a.s.l.) 2500+50
Longitude 104°05'E
Latitude 32°58'N
Slope (°) 37

Mean annual temperature (°C) 5.04+0.36

E3 E4 E5
275050 3000+50 3250+50 3500+50
104°02' E 104°01' E 104°01' E 104°01' E
32°59'N 32°59'N 32°59'N 32°59'N

37 30 40
3.91+0.31 2.87+0.29 2.13£0.25 1.52+0.23
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Figure 1 Distribution of stands in Wanglang Natural Reserve and the
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transportation. To eliminate the effects
of irradiance and tissue temperature on
diurnal NSC concentrations, sample
collection was carried out between
10:00 and 14:00 (Li et al. 2008). All of
the plant samples were dried at 105°C
for 40 min and then at 75°C to constant
weight in a force-air stove. The selected
samples were ground into fine powder
for further analyses. At the downslope
direction of the sampled trees, forest

<l River soils were collected up to a depth of 20
A Road : on : :
3 Boundary cm using a soil-corer. Nine soil samples

were naturally dried at the room
temperature.

5 km

1.3 Chemical analysis

morphology of the current-year, one-year and two-year old needles

and twigs of A. faxoniana.

Fifteen stands were selected from 2500 m to
3500 m a.s.] (three sub-stands for each elevation).
For each elevation, nine A. faxoniana adult trees
with breast height diameter of 30.0+£2.00 cm were
selected for sample collection in early September,
2008. The three sub-stands of each elevation were
at least 200 m away and the sampled trees were
more than 25 m away from each other within a
sub-stand. The trees from each site were according
to the following criterions: (1) the A. faxoniana
forest coverage ranges from 70% to 90%, and the
tree height reaches 30 m within the study area; (2)
were away from the edge of the forest and there
was little evidence of human disturbance; (3) were
at a similar slope and aspect.

For each individual tree, a one-meter long and
fully expanded twig was identified and cut by a
telescoping pole. The sun-exposed tissues (needles
and twigs) of current year, 1-year-old and 2-year-
old were collected, respectively (Figure 1).
Afterwards, the needles and twigs were bagged and
labeled, and then stored in a cooler for

1.3.1 Determination of nutrients
in plant and soil

Two hundred milligram of dry powder of
plants or soils was used for nutrient determination.
The carbon (C) concentration was determined
using a rapid dichromate oxidation technique
(Nelson and Sommers 1982). The concentrations of
N and P were determined by the semi-micro
Kjeldahl method and induced plasma emission
spectroscopy, following with Mitchell (1998),
Lotscher and Hay (1997), respectively. The
concentrations of calcium (Ca), potassium (K), and
magnesium (Mg) of plant needles and twigs were
analyzed by atomic absorption spectroscopy
(Agilent 710 ICP-OES) after HNO; digestion.

1.3.2 Non-structural carbohydrates (NSCs)

NSCs defined as the sum of soluble sugar and
starch in this study. The extraction process of NSC
was according to Hoch et al. (2003). The resolution
of total soluble sugar was detected colorimetrically
at 625 nm following the anthrone-sulfuric acid
method (Yemm and Willis 1954). The sucrose

Table 2 Soil nutrient concentrations of A. faxoniana along an altitudinal gradient

Stands (m) C (g-kg®) N (g-kg?) P(gkg?) K(gkg?) C:N C:P N: P

2500 87.92+7.64a  6.53+0.43ab 0.83+0.07b 15.23+0.68ab 13.32+0.38a 110.80+12.77a 8.25+0.85ab
2750 132.76+14.94a 9.17+0.82a  0.86+0.05b 10.58+0.76¢ 14.37+0.93a 151.82+11.90a 10.64+0.79a
3000 116.20+14.01a 8.03+0.82ab 1.14+0.08a 17.73+1.51a 14.33+0.33a 104.32+11.06a 7.20+0.66b
3250 109.24+17.18a 7.15+0.83ab 0.86+0.05b 13.91+0.77bc 14.86+0.61a 128.36+17.22a 8.43+0.88ab
3500 01.04+9.03a  6.13+0.39b  0.87+0.05b 15.93+0.54ab 14.66+0.73a 107.77+13.79a 7.19+0.63b
P:Fa 0.115 0.026 0.007 0.000 0.490 0.097 0.020

Note: P: Fa, altitude effect. Values followed by the different letters in the same column are significantly different at
the p<0.05 level according to Tukey’s test. Each value is the mean+SE (n=9).
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concentration was detected colorimetrically at 480
nm following the resorcinol method with little
modification (Murata et al. 1968). Residues left in
the tubes after extraction were used to starch
determination (Green et al. 2010).

1.3.3 Determination of carbon isotope
composition

The determination of 5:3C values in needle and
twig samples followed Hubick et al. (1986). The 3C:
12C ratio was analyzed by Isotope Ratio Mass
Spectrometer (DELTA V Advantage; Thermo
Fisher Scientific, Inc., USA). The 613C value was
expressed relative to the standard Pee Dee
Belemnite (PDB) and expressed as:

6136(%0) = [(Rsample/Rstandard) - 1] % 1000,

where Rsample is the 13C: 12C ratio of the samples and
Ristandard 1s that of the standard material.

1.4 Statistical analyses

To detect the difference within these
functional traits (the concentrations of C, N, P, K,
Ca and Mg and the ratios of C: N, C: P, and N: P)
and NSCs (the soluble sugar, sucrose, and starch)
concentrations and the ratio of sucrose: starch
among samples, two-factor ANOVA performed
with age and elevation as fixed factors. One-way
ANOVA was applied to analyze the variations in
soil nutrients along an altitudinal gradient. Further,
Tukey’s HSD tests were carried out as post hoc
tests to clarify the significances. Pearson’s
correlation coefficients were calculated to express
the relationships among variables. In addition, the
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relationships between elevations and plant traits
were investigated by regression analyses with
Origin 8.5. All statistical analyses were conducted
with SPSS 16.0 for windows statistical software
package (SPSS Inc., Chicago, IL, USA).

2 Results

2.1 Variation of nutrient concentrations in
soils

As shown in Table 2, the concentrations of soil
N, P, K, and N: P ratio showed significant
differences among elevations (p<0.05). There was
a higher N concentration and N: P ratio at 2750 m
than 3500 m, and a higher P concentration at 3000
m than that of at other elevations. Potassium
concentration showed a lowest value at 2750 m
(10.58 g-kg1). However, C, C: N ratio and C: P ratio
showed less variation among elevations.

2.2 Variation of nutrients, NSCs and 6:3C
among ages

As shown in Tables 3 and 4, the effects of age,
elevation and their interaction on C, N, P, K, Ca,
Mg, and NSCs concentrations were significant
(p<0.05) in both needles and twigs of A. faxoniana.
The 613C values were significantly affected by age
and elevation but not by their interaction either in
needles or in twigs (Figure 2). Compared among
three age cohorts, the current-year needles and
twigs had the  highest P and K

(b) -25

Twig 8"°C (%o)
&
-

N
-28 4 v

R’=0.287, p<0.001

2750 3000 3250 3500

Elevation (m a.s.l)

2500

Figure 2 Variations of §:3C in A. faxoniana needles (a) and twigs (b) along an altitudinal gradient. P: Fy, age effect;
P: Fa, altitude effect; P: Fyxa, age and altitude interaction effect. The lower cases indicates difference in needles or
twigs with the same age along an altitudinal gradient, capitals indicates difference in the same elevation among
different ages at the p <0.05 level according to Tukey’s test. Each value is the mean + SE (n=9).

1549



J. Mt. Sci. (2019) 16(7): 1546-1558

000°0

000°0

000°0
B8T'0FE96
9qLT°0¥5SP°g
9pLT 0F59°L
81090°0FSe L
P220°0F96°L
PI80°0F66°L
q80°0¥.8'8
8J80°0F68°9
J60°0FL0'9
8L0"0F1L9
8J92'0FLL9
JoE 0FIE L
YL1r0Fv6°S
42 0¥8S°S
1ST'0¥50°S

d N

000°0

000°0

000°0
BLT'OFIE ST
eb1T'0F1E ST
9q60°0FcO' b1
Poq8rOoFIL €L
9pIT'0F00°ET
9PILEOFIC CT
q80°0FEE V1
9pOE 0FLOET
apr¥oFer€r
9ST'0FLLTT
JoS 0FLS o1
y3jbc0¥L86
302°0F05'6
y62°0FcT 6
Sjor-0Fbr 01

d:N

000°0

000°0

000°0

QS C1¥g8gQ ctt
RIC CIFCE GEY
e¥6°'01¥69°0ch
v9€'L¥el 9t
BEO'CF9Q 611
q60°v¥88+€€
B96°1F05 6t
qor SFit-6¥€
qoS 3FL6TVE
q6€-€Fo19¥€
019°L1F0V S0€
Po€g] 6Fc0°88c
poLg 6F1E6T
periFigvie
ov€:9F59°G¢e

000°0

000°0

000°0
316°0FL6°SY
P299'0FES 1S
q€€'0F00°5S
BL6'OFLY QS
262°0F54'cS
yceco¥co1v
Jo6E 0Fch gl
P20€°0F69°0S
q€S0Fv€9S
PocS-0F6S 1S
866°0F01°SY
102 TFLE 6E
op9€-0FgE 6t
apr¥1F9e 6t
381Gz 0F0L 9

dD

000°0

000°0

000°0
eO1°GF6L9V9
qe6¥°"G¥68°9c9
200°EFSH QS
q€9'9F1E'819
pov9:SFeleoS
op6T 1TFT0'grS
9p90°L¥EQ GGG
W9 o1¥Lr 16V
9pS9°1TF99-€€S
ot ] €¥68°16S
ybte 9rFerory

J06°CIF0L S6E
L8 0IF96°cOV

Ut 8F6L68€
89z o1Fgy vy

dD

ND

000°0
200°0

000°0
poqitv-oFveeh
Jopge 0F¥¥6 0t
opooy 0¥L9Th
eGT OFIT G
qr€-oF6eTEh
JoporE 0FQr Y
3¢ 0FQ8L'8E
82T 0F65°LE
1005 0FL9°0F
opote -0FS9Th
86c°0F08°g€
18€°0F¥60°0F
9qc9'0FSy et
2qSg 0FrEct
qOS-0FLS €Y

ND

000°0
000°0
000°0
JTI0°0F00°T
apro-oFort
9pTcO'OFIT'T
Jr0'0¥86°0
qe€o'0FIET
JO10°'0FEO0'T
PO1O°OF6TT
BIO"OFSET
9q00°0F2TT'T

9qecO'0FLe'T

9pSo°0FerT
qeSo'0FIET

pcooFErT
q€0°0FSeT
po€o oFgr'T

000°0

000°0

000°0
II0°'0F15°0
mo'o¥vS-o
[SI910°0F49°0
y3J20'0¥59°'0
qe00’'0FLg 0
y3ro'0¥€9°0
Y3Jo10°0F69°0
qeIO'0FL80
94c0'0F¥08°0
BIO'0F06°0
yr0'0¥c9'0
3J9p90"0F0L 0
Jopc0 0¥Fcl0
apor0'0FSL 0
poro 0Fg8L0

*(6=u) JSFueaw 9y} SI aNJeA [Yory 159} S AN ], 0} SUIPI0IJR [943] SO°0>d 91} I8 JUSISHIP

000°0
000°0

000°0
3€0°0F06°¢
JopLroFhi b
paro-oFgLt
2v0°'0F80°S
eG0'0F6T'L
SyporoFtr Y
3€0°0¥98°¢
JeSooFcE
opSo-0¥S9¥
qLO'0¥F19°9
Ig'0F00°¢
3L1T°0FV6°€
gjoroFert
ot oFve-€
Jopee oFbi b
313D

000°0
000°0
000°0
Y[80°0F66°S
1Z0°'0F799°9
(L0'0F0T'9
3€0°0FgS°L
NLO'0FSLS
I£0°0F64°9
810°0F9L L
Y60 °0FET'L
P8O OFIT 6
J90'0FcT'g
90T 0FSL'g
29T 0F61°6
9p6T'0FL8'8
q€T'0F59°1T
eEr 0¥V 31
39

000°0
000°0
000°0
prooFort
9TO OFLT'T
90" 0FO6T'T
9TO'OFLT'T
900°0FLI'T
prooF6t1
900°0FLI'T
pcooFeh 1
Pro’oFib
proo¥ect 1
080°0F0L'T
9qL0'0F8L'T
9qS0°0FIgQ'T
qbo'0FLg'T
BQO'OFEI'T
318 d

000°0
000°0

000°0
9ST°'0F95 01
pSo'0F16°6
JoLO'0F60°6
Sr1r'0FSh'g
JOT0°'0F82'6
q90°0F98°IT
JLO°0OFLE O
pSo-oF18°6
J60°0F68°8
9p90'0¥3S'6
qre-oF0S 11
eGE 0F50°€r
250°0FSL 01
08¢ 0F9t 01
03T 0F9L 0T
319 N

000°0

000°0

000°0
ot0'S¥€e S8t
QLT SF16°01S
996°0FS1°00S
Po9S 1¥€9 L6V
opcoHcFIv 68t
PogLeFEC L6V
29T IF¥66°T0S
Po60°TFLY L6V
080°TF¥80°10S
9p90°'cF66°061
qSy€FoL-g1S
q€ScFvL €S
eEScFv9 0€S
qogcFto-S1S
18 6F¥gt c0S

-848)0 (w) uonesdy o

Apueoyudis aIe UWN[OD (OB Ul SI9)IS] JUSIJJIP 9} AQ PIMO[[O] SON[BA ‘109]jo UONIRIAUI 9pNIII[e Pue afe ‘DxA]:d 1990 apnine ‘D :d 199jJ0 ade “Uf:d 910N

DxAy:d
DJ:d
O1:d
00S¢
0Sc¢
000¢
0Slz
00Sg
00S¢
0Sc¢
000¢
0S4z
00Sg
00S¢
0Sc¢
000¢
0S4z
00Sg

PlO-1B24-T

IedA-judlIny)  P[O-IBdA-T

o0

v

JusIpeId [eurpnit}[e ue SUOe DUDIUOXDS Y JO SSIM] UI SJUSLIINU JO UOLIRNUSOU0D oY, ¥ a[qe,

000°0
000°0
000°0
JE0'0FST'9
9t 0'0F10°L
280°0F¥€ 6
9L0°0F03T'L
B60°0FE0°ST
SoroFivS
160°0F¥88°S
PLO'OF19°L
950°0FS0°L
Q42 0F¥09°'01
Y90'0F6S°T
[SroF6T°€
yo6o-oFvrt
190°0F3L'€
ro'oF¥9Et

-343) e

000°0
000°0
000°0
3v0'0FLE Y
3vooF¥ge ¥
yto-o¥cS€
wooFiLt
JSoOFLL Y
ybro-o¥Set
JoO'0FEQ Y
Yg80'0¥99°€
pEo-0¥F9z'9
oo oFItS
OET'OFLI'L
2q6T°0Fg8Y "L
JOTT'OF6TL
89T 0FSH 6
qoT°0FeSL

319X

000°0
¥10°0

000°0
300°0F38'0
3jr0'0¥¥g8 0
Jopo0'0F06°0
8J910°0F¥98°0
9pP10'0FE6°0
PcO°0FL6°0
Pro°0¥46°0
920°0FLO'T
pPco°0Fg6°0
POO'0FL6°0
eG0'0F63CT

eb0'0FECT
eb0'0F62'T
BEO OFVET
Q€0 0F9T'T

-3918) d

000°0

000°0

000°0
opbr-o¥iS-er
poqSo-0F9g-er
9pogT'0F£9°TI
860°0F6LTT
8J60°0Fg0'aI
9qL0'0FE6TT
BLO'0F9Q°CT
BIT'OF66°€T
poqoroxtgcr
Jogr o¥ch el
BOT'0FC9°ST
qOT'0FQ0°ET
Jo0T 0FSe eI
JoScroFo€-er
SLT°OFILIT

313N

L00'0

000°0

000°0
2q66°TF61°8TS
PoqLy 1+65°98S
P2q09'c¥9€'98S
qeotc¥€91ES
aporT'T¥SL2es
qeer €¥99c€S
BOS VF09°LES
Poq80°1FLLSeS
apoLy 1Freees
99c°SF9E LIS
plefslols £ Afsrat)
9p2qL9 1¥85tes
9pIT TFQL 61S
9po0€TcFLE 08S
Jorv¥S1-019

8180

Dxf:d
D:d
Ag:d
00S¢
0Sc¢
000¢
0Slz
0053
00S¢
0Sc¢
000¢
0Slz
00Sg

00S¢

0Sc¢
000¢
0Slz
00Sg

(W) 58y
uoneAd[y

PIO-1B24-T

IedA-judlIny)  P[O-IBdA-T

JusIpeasd [eurpmiti[e ue SUo[e DUDILOXDS ' JO S[PIJU UI SJUSLIINU JO UOTIRIIUOU0D Y], § d[qelL

1550



concentrations but a lower Ca concentration than
other cohorts. The ratios of C: P and N: P in both
needles and twigs as well as 813C in needles were
lower in the current-year needles than that of in
other age cohorts. The starch concentrations in the
current-year needles and sucrose in the current-
year twigs were higher than other ages (Figures 3
and 4). The §3C values decreased significantly with
ages in needles, in which the current-year needles
showed significantly higher values than the one-
year and the two-year old needles.

180

—
[
C—

= P:Fy 0.000
‘sp) P:Fa  0.002
o 1501 p.pyxa  0.000
S’ a
= 120 ab bod ahcfi) dabcabcd_ ab ahed
gﬂ LS d__c ?acde e z abct:de
o 90
S
S 60
(]
= 30
b5
Z oLl : : : :
2500 2750 3000 3250 3500

© 60T 5/ oo
_ P:Fa  0.002
. P:Fyxa  0.000
2 451 n
=0 abe ab
o fpbede  bede cdeg dercdcf 1 tpqd
g 301 ¢ [ o FE B € der
B e
£ E
= 151
L]
Z

0775500 2750 3000 3250 3500
© 60T 5 goo0 .
- P:Fa  0.000 _ll_

P:Fyxa  0.000

gas1 T
@ T b
FH cd ] ;
g | A bed bed  od
g 3.0 bed : T g
P
3 1.5 2 2

0.0°

2500 2750 3000 3250 3500
Elevation (m a.s.l)

J. Mt. Sci. (2019) 16(7): 1546-1558

2.3 Variation of nutrients, NSCs and 8:3C
among elevations

The &1BC values showed an increasing
tendency with elevation in both needles and twigs
with a lowest value in 2750 m a.s.l. (Figure 2). The
concentration of C and N in needles as well as
sucrose in twigs increased with elevation
(Appendix 1). Moreover, the concentration of Mg in
needles and Ca in twigs decreased with increasing
elevation. The twig C: N ratio increased with
elevation below 2750 m a.sl., then declined
(Appendix 1). Both soluble sugar and sucrose in the

(b) 50 P:Fy  0.000
P:Fa 0.000
_I"“ 401 P:Fy=a 0.000
2 a )
2 301 T
e cde ch
£ 201 ed I
2L def ef,
E o deff 1.e;f fdef e _ def
ol ol o o
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(d) PR
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_ab ¢ abe 3bcbcabc a.b ab a;b 2?::lbch
c c -

Needle NSC (g'kg")
S
(=]

2500 2750 3000 3250 3500

-Currem-year 1-ycar-old 2-year-old

Figure 3 The concentrations of soluble sugar (a), starch (b), sucrose (c) and NSC (d) and the ratio of sucrose: starch
(e) in the current, one-year and two-year old of A. faxoniana needles along an altitudinal gradient. P: Fy, age effect;
P: Fa, altitude effect; P: Fyxa, age and altitude interaction effect. Values followed by different letters are significantly
different at the p<0.05 level according to Tukey’s test. Each value is the mean + SE (n=9).
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Figure 4 The concentrations of soluble sugar (a), starch (b), sucrose (c) and NSC (d) and the ratio of sucrose: starch
(e) in the current, one-year and two-year old of A. faxoniana twigs along an altitudinal gradient. P: Fy, age effect; P:
Fa, altitude effect; P: Fyxa, age and altitude interaction effect. Values followed by different letters are significantly
different at the p<0.05 level according to Tukey’s test. Each value is the mean + SE (n=9).

current-year twigs increased with elevation (Figure
4). The effects of elevation were generally more
profound in the current-year needles and twigs,
suggesting a growth rate variation among three
ages along elevation (Appendix 2).

2.4 The correlation among nutrients and
NSCs in needles and twigs

In this study, we found not only the effects of

age or/and elevation but also their interaction were
significant for all the plant traits except for 613C,
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indicating water may be not a growth limiting
factor in our study sites. To better understand the
relationship among these functional traits, partial
correlation analysis was performed (Tables 5 and
6). In needles, the &3C values showed a
significantly positive correlation (p<0.01) with the
concentrations of N, P, starch and NSCs but
significantly negative correlation with the
concentrations of Ca and Mg and the ratios of C: N
and sucrose: starch (p<0.01). Sucrose had a
significantly  positive correlation with the
concentrations of C, N, Ca and soluble sugar and



the ratios of C: P and N: P, but a significantly
negative correlation with the concentrations of P, K
and starch and C: N ratio. Additionally, C: N ratio
was strongly negative correlated (p<0.001) with N
concentration. In twigs (Table 6), §3C value was
positively  correlated (p<0.05) with  the
concentrations of N, sucrose and TNC and the
ratios of N: P and sucrose: starch, but was
negatively = correlated (p<0.01) with K
concentration and C: N ratio. Sucrose was
positively correlated (p<0.05) with C, N, P and
soluble sugar concentrations but negatively
correlated (p<0.01) with Ca concentration and the
ratios of C: N and C: P. Additionally, P had a
strongly positive correlation (p<0.001) with C and
N concentrations.

3 Discussion

3.1 Variation in nutrient concentration,
NSCs and 613C associated with age

The concentration and distribution of soil
nutrients have considerable effects on plant growth
and nutrient use efficiency (Vondrackova et al.
2014), and the limited soil nutrient availability may
translate into reduced leaf nutrient concentration
(Sullivan et al. 2016). The ratio of soil C: N and C: P
has been widely used to estimate the
mineralization capability and nutrient availability
(Dise et al. 1998; Sardans et al. 2012). In this study,
a constant ratio of C: N and C: P at each elevation
suggests less variation in the availability of soil C, N,
and P for tree growth.

Growth rate hypothesis suggests that
organisms adjust their C: N: P ratio to adapt to
growth rate variations (Main et al. 1997). Various
data indicate that rapidly growing organisms
commonly have low biomass C: P and N: P ratios
(Elser et al. 2003). In this study, the increasing
ratios of C: P and N: P with age (Tables 3 and 4)
may attribute to increased allocation to P rich
ribosomal RNA, as rapid protein synthesis by
ribosomes is required to support fast growth (Elser
et al. 2003). As known, the younger tissues
generally tend to be more active in relation to the
older. Moreover, it generally associates with higher
photosynthetic  rate, growth rate and
competitiveness for resources that more N and P in

J. Mt. Sci. (2019) 16(7): 1546-1558

leaves, while more foliar C suggests a strong
defense against environmental variations (Lourens
and Frans 2006; Wright et al. 2004). Hence, the
higher concentration of starch in current-year
needles may result from the accumulation of N, P
and the lower C: P ratio (Figure 3 and Table 3).
Moreover, the significant correlations between the
P, C: P, N: P and starch also confirm their intensive
relationship. It is commonly considered that N: P
ratio >16 indicates a P limitation while a value <14
indicates N limitation (Koerselman and Meuleman
1996). The mean N: P ratios in the current-year,
one-year and two-year needles were 9.86, 13.32
and 14.27, respectively. A similar foliar N
concentration of A. faxonana in Wolong Natural
Reserve (8.0~13.0 g-kg) and in Wanglang Natural
Reserve (8.0~13.6 g-kg!) have been reported
respectively (Peng et al. 2012; Zhao et al. 2015).
Considering the consistent N concentration along
elevation, we inferred that a greater demand for N
supply to the current-year needles than other
cohorts due to its active physiological activity. In
addition to the various demands for nutrients
among ages, the nutrient status is also probably
due to the resorption capacity from the senescent
needles (Sohrt et al. 2018). Foliar resorption allows
trees to reduce nutrient loss and to establish
nutrient storage pools, which contributes faster
shoot growth in spring and decreases the need for
competitive nutrient uptake (See et al. 2015).

3.2 Variation in nutrient, NSC and 6:3C
associated with elevation

Plants growing at high elevations have higher
613C values than that at low elevations (Korner et al.
1988). It has documented that the 813C values of
plants increased with elevation both on a global
scale and locally in humid climates, usually with an
average of 1.2%o0 km- (Korner et al. 1991). High
carboxylation capacity in relation to the stomatal
conductance of plants and reduction of CO,
diffusivity due to the low temperature may be
accounted for the increase of 613C at the high
elevations. Interestingly, in this study, the &3C
value decreased with elevation below 2750 m, then
increased from 2750 to 3500 m. Similar results
have been found in Quercus aquifolioides (Li et al.
2009a) and A. faxoniana (Zhao et al. 2015) at this
region. This inflection point was interpreted
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as the optimum distribution zone for tree
population, which resulting from the higher
nitrogen use efficiency (NUE, derived from C: N
ratio) at the expense of decreasing WUE. In this
case, 613C was negatively correlated with C: N ratio
in both needles and twigs along elevation (Tables 5
and 6), which follows the theory of trade-off
between WUE and NUE (Iii et al. 1990). Therefore,
the trade-off between NUE and WUE along
elevation may contribute to understand the
altitudinal distribution of A. faxoniana in relation
to moisture and nutrient availability. Moreover, the
variation of C: N ratio in twig also supported this
point (Appendix 1). In addition, the a sampling bias
may be another explanation for this inflection point,
a humidity inhibit in the valley near to a river is in
favor of tree growth and will show relative low
water use efficiency.

The size and variation of NSC pool could
mirror the balance between the demand for carbon
and its supply for plants (Fajardo et al. 2012; Yan
et al. 2012). Compared with other studies, our
results indicate that A. faxoniana needles and
twigs possessed high NSC concentration at the end
of growing season (Xu et al. 2013; Yan et al. 2012).
An abundant NSC suggests no carbon limitation
under present CO, status, which is consistent with
previous study (Li et al. 2009b; Shi et al. 2006).
Moreover, carbon investment in storage (higher
NSC) is an advantageous strategy in habitats with
frequent stress or disturbance (Poorter and
Kitajima 2007). Generally, high elevation are
associated with low temperature, in which a
decrease in the assimilation of photosynthetic
carbon and starch turnover, as well as an increase
in the accumulation of soluble sugars, such as
sucrose and glucose (Dubey and Singh 1999; Klotke
et al. 2004). The higher sucrose concentration may
be a physiological adaptive strategy to high
elevation for A. faxoniana (Wang et al. 2018; Xu et
al. 2013). The concentrations of C and N in needles
and 813C in needles increased in A. faxoniana with
elevation (Figure 2 and Appendix 1). However, the
photosynthetic rate along elevation showed distinct
difference among three age cohorts, which could
indicate the sensitivity differences for three ages.
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Both current-year needles and twigs displayed a
greater increase in both C: N ratio and &3C along
elevation (Appendix 2), indicating the current-year
tissues have a trade-off between NUE and WUE,
and then lead to in a higher photosynthesis for
carbon fixation. Therefore, the younger tissues may
be able to better cope with changes such as global
warming or extreme chilling.

4 Conclusion

The results of this study suggest that, both
intrinsic and environmental factor are responsible
for the variations in the plant traits of A. faxoniana
in the Wanglang Natural Reserve. The age,
elevation, and their interaction have profound
effects on the physiological ecology of trees. The
young tissues generally possessed higher
concentrations of P, K and 613C (only in needles),
but lower Ca concentrations and ratios of C: P and
N: P than the older ones. The current-year needles
and twigs generally had the highest sucrose
concentrations and sucrose: starch ratio among
those of one-year and two-year old tissues. Our
results suggested that A. faxoniana may employ
more nutrient but not water to young tissues with

elevation. Therefore, there are age-related
variations in needles and twigs of A. faxoniana in
nutrient, nonstructural carbon and isotope

composition and the younger tissues are more
sensitive to elevation than the older.
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