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Abstract

Background Predicting relationships between plant functional traits and environmental effects in their habitats is a
central issue in terms of classic ecological theories. Yet, only weak correlation with functional trait composition of local
plant communities may occur, implying that some essential information might be ignored. In this study, to address
this uncertainty, the objective of the study is to test whether and how the consistency of trait relationships occurs

by analyzing broad variation in eight traits related to leaf morphological structure, nutrition status and physiological
activity, within a large number of plant species in two distinctive but comparable harsh habitats (high-cold alpine fir
forest vs. north-cold boreal coniferous forest).

Results The contrasting and/or consistent relationships between leaf functional traits in the two distinctive climate
regions were observed. Higher specific leaf area, photosynthetic rate, and photosynthetic nitrogen use efficiency
(PNUE) with lower N concentration occurred in north-cold boreal forest rather than in high-cold alpine forest,
indicating the acquisitive vs. conservative resource utilizing strategies in both habitats. The principal component
analysis illuminated the divergent distributions of herb and xylophyta groups at both sites. Herbs tend to have a
resource acquisition strategy, particularly in boreal forest. The structural equation modeling revealed that leaf density
had an indirect effect on PNUE, primarily mediated by leaf structure and photosynthesis. Most of the traits were
strongly correlated with each other, highlighting the coordination and/or trade-offs.

Conclusions We can conclude that the variations in leaf functional traits in north-cold boreal forest were largely
distributed in the resource-acquisitive strategy spectrum, a quick investment-return behavior; while those in the high-
cold alpine forest tended to be mainly placed at the resource-conservative strategy end. The habitat specificity for
the relationships between key functional traits could be a critical determinant of local plant communities. Therefore,
elucidating plant economic spectrum derived from variation in major functional traits can provide a fundamental
insight into how plants cope with ecological adaptation and evolutionary strategies under environmental changes,
particularly in these specific habitats.
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Background

Understanding the relationships between plants and
changing environment is essential in exploring ecosystem
functioning responses to climate change [1-4]. Plants
have evolved various intrinsic and extrinsic traits over
an extended period of evolution and development. These
traits are influenced by a combination of environmental
and genetic factors, and they play a crucial role in shap-
ing the behavior and function of plants [5, 6]. Actually,
these functional traits explain the acquisition of resources
in plants [7, 8] and reflect the trade-off between plant
growth rate, leaf photosynthesis and the resource acquisi-
tion for long-term adaptations to environmental changes
[9-11]. Therefore, analyzing leaf functional traits in dif-
ferent plants can help arrival at definitive mechanism
responding to climate change and human activity. Previ-
ous studies using functional traits have broadly focused
on testing plant defense synergy and antagonism [12, 13],
predictions of climate change [14], and succession and
composition of plant community [15], demonstrating
the breadth of applications of functional traits. Although
these studies include a number of plant species with mul-
tiple observations in many regions even globally [16, 17],
the number of observations available for any given habi-
tats is scant, especially with respect to the coverage in the
two distinct plant communities. Thus, what and how leaf
functional traits coordinate within a plant community,
especially for the comparison between high-cold alpine
vs. north-cold boreal forests, remains understudied.

Generally, the integrated whole-plant functional traits
are divided into leaf functional traits, stem functional
traits and root functional traits according to different
organs of plants [18, 19]. Leaves are the primary organs
for energy and material exchange in plants, and as a cen-
tral aspect of plant behavior and function, are highly
sensitive to environmental variations [20]. Therefore,
leaf functional traits play a particularly important role in
the relationships between plants and the environment,
mainly including three components: leaf structural prop-
erty, leaf nutrition status and leaf physiological activity
[16]. Moreover, the leaf traits are closely related to each
other and the relationship of traits can be expressed by
leaf economics spectrum (LES) [3, 16, 17], which pro-
vides a general framework for carbon economics and
nutrient use in leaves among all plant groups [16, 21].
However, there is still debate about whether LES can
occur within a plant community in these distinctive but
comparable harsh habitats [11, 22, 23].

Amongst leaf structural aspects, specific leaf area
(SLA), an above-ground trait that is indicative of plant
life history strategy along the fast-slow economics spec-
trum [19], represents the ability to utilize resources from
environment and preserve the obtained resources, closely
linking to plant survival strategies [24]. Leaf thickness
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(LT) and leaf tissue density (LD) have been considered
vital functional traits due to their close linkage to SLA
[25], reflecting the ability to acquire required resources
and defense mechanism [26]. LT, as the important leaf
shape component, can respond to the changes in light for
photosynthesis and affect the energy and matter transfor-
mation in photosynthesis and water storage and utiliza-
tion in leaves [27]. Study by Ryser [28] emphasizes that
LD, as a pivotal trait for the ecological behavior of a spe-
cies, was associated with plant growth rate, leaf life span
and nutritional utilization patterns [28, 29].

Amongst leaf nutritious aspects, nitrogen, as the main
components of enzymes in photosynthesis, is tightly
related to the maximum photosynthetic efficiency [30,
31]. It also has a certain relationship with nutrient stor-
age, which can reflect plant growth and physiological
mechanism [31]. Amongst leaf physiological aspects,
photosynthetic capacity, as the key plant traits deter-
mined by light harvesting and carboxylation reactions
[32], was influenced by environmental factors mainly
through the photosynthetic nitrogen use efficiency
(PNUE), rather than through leaf nitrogen content [32].
The significant correlation between PNUE and SLA
was also obtained; thus, PNUE has been regarded as an
important leaf trait for determining N use efficiency,
affecting the growth potential [33]. In addition, using
LD, LT and PNUE should enrich our understanding the
relationship between leaf structure and resource use
[25]. However, how to use the three key traits in terms
of LES remains under-studied, particularly under these
extremely harsh environmental conditions in situ.

These leaf/plant functional traits closely linking to eco-
physiological processes and production could be driven
by biotic factors such as genetic variation (e.g., [10] ) and
metabolite biosynthesis [34, 35], and abiotic factors such
as soil nutrition [36—40] and soil pollution [41-43]. Leaf
functional traits are largely reshaped by the local climate
over millennia [4]. Therefore, quantifying the relation-
ship between leaf functional traits and climate is the key
to explaining what and how traits confer plants suitable
for the specific climatic region. Westoby and Wright
[44], based on global data, proved the urgent need for
the studies in different geographical groups to obtain the
precise patterns of leaf functional traits. However, the
comparisons between specific climatic regions remains
essentially unexamined. At present, climate change has
seriously affected natural ecosystems, in particular in the
high latitude and altitude of the northern hemisphere
[45, 46]. It is worth mentioning that the two sites have the
typical coniferous forest areas in China (i.e., the northern
coniferous forest and the alpine coniferous forest, respec-
tively), and have the cold temperature, but the causes of
low temperature are totally different.
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The Tibetan Plateau, is a unique geographical posi-
tion with the highest plateau on Earth, belonging to the
important ecological barrier of the Yellow River and
Yangtze River basins. It has an important role in regu-
lating the regional climate [47], and in maintaining the
stability of ecological environment in China and even
worldwide [47, 48]. Over recent decades, the Tibetan
Plateau has undergone climate change, aggravated by
human activities. For instance, the mean annual tem-
perature (MAT) has increased by about 0.4 °C per decade
since the 1970s which is twice that of the global average
[49]. These climate fluctuations will strongly affect the
Tibetan plateau ecosystem, changing the pattern, process
and function of the local ecosystems [47, 48]. Due to its
uniqueness and vulnerability of its geographical environ-
ment and ecosystems, the Tibet is an ideal place for the
studies of global climate change [50], but it is the most
underrepresented region in plant trait databases so far.
Meanwhile, the Greater Khingan Mountains (GKM) is
an important climate demarcation range in China, locat-
ing in the high latitude area of China. GKM has typi-
cal cold temperate vegetations, particularly the China’s
only primeval cold-temperature coniferous forest with
the largest area and best preservation. With the transi-
tional nature of the geographical conditions as well as the
effects of continental and marine monsoon, this region
also become one of the most sensitive areas to climatic
change [51]. MAT in this region will increase by 2.3-
5.0 °C and the mean annual precipitation (MAP) will
increase by 72—-164 mm at the end of the 21st century.

Under global warming, in some specific regions, espe-
cially in high latitude [52] and high altitude [53] areas,
rising temperatures were significantly higher than the
global average [52, 53]. While vegetation, as the most
active component of terrestrial ecosystems, responds
rapidly to climate change, and the pattern of leaf func-
tional traits in the particular environment largely reflects
the focal properties of the ecosystem [3, 17]. Previous
studies also showed that the relationships between leaf
functional traits have different response patterns and
trade-offs among climate types, suggesting that environ-
mental factors and genetic traits affect leaf trait relation-
ships in plants [54, 55]. It implies that LES may occur and
differ in both contrasting ecosystems: high-cold alpine
and north-cold boreal forests. Although the climate has
some similar features due to the lower temperature, it is
unknown whether the adaptive strategies differ in two
contrasting forests, high-cold alpine forest vs. north-
cold boreal forest. Plants may prosper under a moderate
warming condition [14, 56, 57] suggesting plant species
would place on the resource-acquisitive side in north-
cold boreal forest due to the higher temperature during
the peaks of the growing seasons (11.6°C in alpine forest
vs. 16.2°C in boreal forest) (Table S1).
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A body of research has comprehensively analyzed leaf
functional traits on different vegetation types and plant
functional types (PFTs) (e.g., [33, 58—60] ). It is indicated
that evergreen xylophyta are often more slow-growing
and resource-conservative, while herbs tend to be more
fast-growing and resource-acquisitive [61-63]. Thus, leaf
functional traits may markedly vary and the strategies
of plants adapting to environmental factors would differ
between PFTs (PFTs, e.g., [33, 62, 64] ). The relationships
among leaf functional traits might be divergent between
herb and xylophyta groups in both alpine vs. boreal
forests.

This study was designed to explore patterns of relation-
ships between leaf functional traits in the two geographi-
cal locations (both high-elevation and high-latitude) with
uniqueness and sensitivity to environments. From a plant
functional ecology perspective, these insights provide a
better understanding of the existing relationship between
plant functional traits in different climate types. Three
hypotheses were suggested: (1) LES can be tested in both
high-cold alpine and north-cold boreal forests, and the
strong but contrasting relationships between leaf func-
tional traits in the two distinctive climate regions could
occur; (2) Based on LES and resource acquisition—con-
servation theories, plant species would cluster on the
conservative side in high-cold alpine forest, whereas
plant species may cluster on the acquisitive side in north-
cold boreal forest; (3) Divergent relationships between
leaf functional traits between herb and xylophyta groups
may appear at each site. The major objects of the current
results are also to test whether and how the divergent
and/or convergence of leaf functional traits exists in the
both forests. This can inform the relevant classic ecologi-
cal theories in the two distinct plant communities—high-
cold alpine vs. north-cold boreal forests under the both
extremely harsh environmental conditions.

Results

Changes in leaf functional traits in two contrasting
ecosystems

The functional leaf traits at the two sites are shown in
Table S1. Overall, a broad of variation in eight leaf eco-
nomic traits was observed between plant functional
types (PFTs, i.e., herb vs. xylophyta) at the two distinc-
tive habitats (i.e., north-cold boreal forest vs. high-cold
alpine forest). Across PFTs, the variations of all leaf traits
between the two sites differed significantly, except LD,
A and A, (Fig. 1, Table S2). For herbs, the signifi-
cant differences in all traits between the two sites were
obtained except LD and SLA. For xylophyta, no signifi-
cant difference in N, between Huzhong and Linzhi
was found. Higher values of SLA, A, .. A, and PNUE
were obtained in Huzhong than in Linzhi (Fig. 1, Table
S2). When two PFTs were compared across the two



Sun et al. BMC Plant Biology (2023) 23:366

Page 4 of 16

2.07a 1.01Db c
500
L L
0.8
1.54 ] ; . 400{ .
o ! g | ; o ;
@ —_ Y ! o0 - "; ¥ b i
= 0.6 < 3001 ;
2 1.04 N i 8 ’ L & x+ b -
o0 * 4 4 + 4 2 _; - -i+ 4
| - o) 3 3 8
= / = 0.4 A AT ; 2004 N N
0.5 a4 - - i 4 . 3 R TE 5 4
_! { g q % iy i i ki l .;i i 1004 4 .g J % -
o al e i
V& i E E r ; 3 7
0.0 Ba Ab o il o Aa
Ba Aa a 001 Ab Aa  Ab  Aa b a Aa Ba Bb a b
T T T T T T T T T T |' |’
HH LH HX LX HZ 17 HH LH HX LX HZ 17 HH LH HX LX HZ Lz
501d 81e 0.67f
40+ : H 6 : e
o ; ~ 2 04
60 $ . ' o0
& 301 ! | 5 . . 3 A\ I
& . # & 1 { 5 EAN N
¢ 3 i Z ; ; % oA i - )\ 3
G 5 “ o ] s AN R N S - A
2 ; 3 K : 3 10 <3 ’
4 : 4 = ) i L N 3
104 2 . EA _ﬁ _ﬁ i i j m/ :
Aa 04 | - ]
Ab M Bb Ba Ab Aa b a 0.0 Bb Aa Aa Bb 5
T T T T T T T T T T T T
HH LH Lz HH LH HX LX HZ 1Lz HH LH HX LX HZ Lz
01g 301k
~
= @
n z - 2
o 204 i 7
E e E _20 ?
Q ] ll ] ) ]
= 4\ i = SN i
5 o o3 =04
g 10 4| 3 LU B0 4] ﬂ :
=~ ¢ .;; ¢ ‘f# Z ! 4 o 4
3 3 o~ 4 =) 4 LR
A - 4) 4
T o4 Y a4/ 4 4f " ]
04 v v v A N a
Bb Aa Aa Bb a a 01 Ba Al Aa b
T T T T T T T T T
HH LH HX LX HZ LZ HH LH HX LZ

Fig. 1 Changes in leaf functional traits at the two sites. Points and density curves represent data distribution of leaf functional traits in herbs at Huzhong
(HH) and Linzhi (LH), in xylophyta at Huzhong (HX) and Linzhi (LX), and across the two plant functional types at both Huzhong (HZ) and Linzhi (LZ) sites.
Leaf functional traits included leaf tissue density (LD, a), leaf thickness (LT, b), specific leaf area (SLA, ¢), leaf nitrogen concentration per unit mass (N, d),

leaf nitrogen concentration per unitarea (N, ,, €), light-saturated photosynthetic rate per unit mass (A

f), light-saturated photosynthetic rate per unit

mass’

area (A, 9), photosynthetic nitrogen use efficiency (PNUE, h). Black points denote means with SD bars. Different capital and lowercase letters indicate
significant differences among plant functional types and sites, respectively (p <0.05)

sites, herbs had higher SLA, lower LD, LT and N_,., than
xylophyta. Herbs in Huzhong were found to have lower
N,..s¢ PNUE and photosynthetic rates (in terms of A,,
and A ,.) than those in xylophyta, whereas the opposite
trend of these traits occurred in Linzhi—herbs had larger
values of the traits than xylophyta (p <0.05).

According to the analyses on coefficient of variation,
generally, the traits in Linzhi were slightly more variable
than those in Huzhong (Table S2). N .. showed the least
variation under the climate of Linzhi (CV=33.68%). LD
was the greatest variable (CV=92.64%) in Linzhi, while it

proved the least variation in Huzhong (CV=34.83%). In
summary, LD, N,.., and PNUE were distinctly different
traits between the two sites, while both A,.., and A,
differed slightly.

area

Relationships between leaf functional traits

According to Spearman’s correlation coefficients, most
of the functional traits at two sites were significantly
correlated with each other (Fig. 2). In Huzhong, SLA,
N, rear Amass and PNUE were significantly correlated with

LD; meanwhile significant relationships of LT, SLA,
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Fig. 2 Correlations between leaf functional traits at Huzhong (a) and Linzhi (b) sites. *, p <0.05; **, p <0.01; ***, p < 0.001. For abbreviations, see Fig. 1

Niass Narewr Amass and PNUE with LD were observed in
Linzhi (Fig. 2). N,,., was positively correlated with A,
in Huzhong, but it negatively correlated with A, . and
PNUE in Linzhi. In addition, there were strong correla-
tions between LD and SLA, A, /Aea and N ., SLA
and PNUE in both climatic zones. LT has strong rela-
tionships with SLA, N, ..., Amas Aarea @and PNUE in
north-cold boreal forest; whereas it did not significantly
relate to any traits except LD in high-cold alpine forest.
The results displayed the contrasting and/or consistent
relationships between leaf functional traits in the two
distinctive climate regions (north-cold vs. high-cold habi-
tats), highlighting that the coordination and/or trade-off
may occur (Fig. 2, Table S2-S5).

The associations of leaf functional traits with SLA
are shown in Fig. 3. Linear negative relationships were
observed between SLA and LD and N,,,, while SLA was
significantly positively correlated with N ., A .. and
PNUE. The slopes of the linear relationships of SLA with
LD, N 260 Nareas Amass ad PNUE in Linzhi were signifi-
cantly steeper than those in Huzhong (Table S4), indicat-
ing that the LD, N, ..o Nareas Amass ad PNUE of alpine
vegetation were more sensitive to SLA. By contrast, the
slope between SLA and LT in the alpine climate was sig-
nificantly negative more than the slope in the cold tem-
perate climate.

When the regressions of LD against other traits at two
sites were tested (Fig. 4), N,,., significantly increased with
LD with a higher slope in Linzhi than Huzhong (Fig. 4c).
LD were significantly negative correlations with other
leaf functional traits at Linzhi site (i.e., high-cold alpine

area) except N, ., and A,,.,. However, positive significant

relationship between A,,., and LD occurred in the north-
cold boreal forest (Fig. 4e).

As shown in Fig. 5, there were different relationships
between leaf nitrogen content (both N, and N,,..,) and
photosynthetic-related traits (i.e., both A .. and A,.,).
With the regression analysis, N, ... showed a clear posi-
tive correlation with A ., and the slope was significantly
higher in Huzhong than in Linzhi. A, significantly lin-
early increased with N, ., in Huzhong but not in Linzhi.
Significant differences in the values of both slopes and
intercepts were found between high-cold alpine and
north-cold temperate vegetation in two climatic zones
(see Figs. 3, 4 and 5, Tables S4-S5). Furthermore, the
intercept values of relationships between leaf structural
traits (SLA, LD) and leaf nutrient traits (N concentrations
on both mass and area basis) were greater in Linzhi than
Huzhong; however, generally, there were greater inter-
cepts of relationships of SLA and LD with photosynthetic
rate (both A, and A, ) and PNUE in Huzhong than in
Linzhi (Table S4). It again highlighted the dependence on
ecological habitats when characterizing the relationships
between the functional traits.

Principal component analysis on functional traits

The loading plot from principal component analysis
(PCA) shows the pattern and relationships among leaf
traits according to life forms (PFTs). In the Huzhong
area, there was a distinct distribution of herb along PC1
(Fig. 6a), whereas xylophyte tended more towards the
PC2. However, the opposite distribution pattern was
observed in Linzhi (Fig. 6b). It again indicated the con-
trasting distribution difference between Huzhong and
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Linzhi sites. The loading variation of multiple traits along
the PCA axes revealed the resource utilization strategies
of vegetation at the two climate types (Fig. 6). At both
Huzhong and Linzhi sites, the first two principal com-
ponents accounted for 72.20% and 66.80% of total trait
variation, respectively (Fig. 6a and b). The first compo-
nent scores at two sites were significantly different (Table
S6). PCA demonstrated divergent patterns in some traits
at both Huzhong and Linzhi sites: A, was the main
contributor to the first component, followed by PNUE
and SLA in Huzhong (Fig. 6a). However, A, ., was the
major contributor to PC1, followed by PNUE and N,,., in
Linzhi. At both Huzhong and Linzhi sites, PC1 and PC2
explained 38.90% and 24.40% of variation of total traits,
respectively (Fig. 6¢). The first component ran from con-
servative traits (low SLA and high LD) to acquisitive
leaves (high SLA and low LD). This finding supported the
hypothesis 1 and 2, that is, high-cold alpine and north-
cold species could manifest divergent resource acquisi-
tion strategies.
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Structural equation modeling for the causal relationships
Based on the dominant functional traits, structural equa-
tion models (SEMs) were performed to further reveal the
regulatory mechanisms of the combined factors affect-
ing plant species in high-cold alpine forest (Linzhi) and
north-cold boreal forest (Huzhong) (Fig. 7). In both
Huzhong and Linzhi areas, LD and SLA were signifi-
cantly negatively correlated with a path coefficient of
-0.75 in Linzhi, and that of -0.56 in Huzhong, indicating
a stronger response of SLA to LD in Linzhi. LD had weak
direct relationships with A, and N, ... at the two sites.
Significant relationships between SLA and A, occurred
at both Huzhong and Linzhi sites (path coefficients of
0.23 and 0.53, respectively), with closer relationship in
Linzhi region. At Huzhong site, N, and A ... showed a
strong positive correlation (Fig. 7a); similarly, significant
correlation was observed in Linzhi (Fig. 7b). SLA directly
but slightly affected PNUE (0.08) in Huzhong, but no
link between them was found in Linzhi. For the relation-
ship among the photosynthetic traits, these significant
effects were also observed: PNUE was strongly positively
affected by A, but significantly negatively affected
by Ni.. They were more closely related to PNUE in
Huzhong than in Linzhi. LD indirectly affected PNUE via
mediating SLA, A, at both sites with high explanation
rates of 94.3% and 94.8% at Huzhong and Linzhi sites,
respectively (Fig. 7).

Discussion

Patterns of leaf functional traits between PFTs

As introduced above, leaf functional traits and their rela-
tionships depend on vegetation types and functional
types [58, 60], Evergreen xylophyta plants often have
more slow-growing and resource-conservative strategies,
meanwhile herb species might be more fast-growing and

b [® Huzhong c

i ; i . i i
0 4 =5.0 =2:5 0.0 2.5
Diml (38.9%)

Fig.6 Principal component analysis (PCA) on plant functional traits for the two plant functional types (PFTs, i.e, herbs and xylophyta) at Huzhong (a) and
Linzhi (b) sites, and across the two sits (c). Dim 1 and 2 represent PC factor 1 and PC factor 2, respectively. For abbreviations, see Fig. 1
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resource-acquisitive [61-63]. These results proved the
marked differences in leaf functional traits and the strat-
egies of plants that adapt to the environmental changes
between plant functional types (PFTs) [33, 62, 64]. The
current results underline the coordinated changes in key
leaf functional traits in the north-cold boreal vs. high-
hold alpine habitats under the two distinctive extreme
harsh conditions.

Among the different PFTs presented in this study, we
found that herbs had smaller LD and LT than xylophyta.
Due to plant competition, the lower LD can maximize
the photosynthetic rates and benefit plants in cool, wet
or shaded environmental conditions [65]. The potential
physiological mechanisms involved may be: the leaves
with smaller LD and LT often have less numbers of meso-
phyll cell layers and lower cell mass densities [66]. They
could favor the spread of CO, in mesophyll cells, weak-
ening the resistance to gas exchanges and subsequently
increasing photosynthetic rates [29, 67]. Thus, the short
herbaceous plants can increase carbon investment by
reducing LT to obtain more light, water and nutrients to
improve photosynthetic capacity, finally promoting plant
growth [65]. Conversely, the xylophyta species with larger

LD may hinder the spread of CO, in mesophyll cells, con-
sequently increasing the resistance to gas exchanges [29].

SLA can be used as a reliable indicator of carbon acqui-
sition ecological strategies [3, 68]. In our study, SLA
tended to be larger in herbs than in xylophyta, consistent
with those previous reports [69, 70]. The marked differ-
ences of light conditions between the two plant groups
might explain this phenomenon [69, 71, 72]. Herbs are
often in lower layers in the whole community under less
light condition owing to the shading of upper leaves [71].
In order to adapt to this low light, plants increase SLA
to promote the absorption of light and ensure quickly
acquire resources and high growth rate [72]. Thus, the
ecological strategies employed by herb groups tend to be
resource-acquisitive (e.g., [68, 73] ). While in the upper
layers in the whole community, xylophyta is irradiated
by strong light, leading to a rapid water transpiration.
Xylophyta could tend to reduce SLA to minimize the
water loss and enhance the preservation of resources to
reduce the photosynthetic damage [74]. This makes more
nutrients to construct the leaf cytoderm and vascular
tissue, which help xylophyta adapt to the environmental
changes [75, 76].
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Previous results have indicated that high nutrient and
photosynthetic capacity as well as resource use efficient
(e.g, PNUE) often occur in herbaceous plants rather
than xylophyta group [16, 61]. The fast growth needs
more nutrients including N .., resulting in the higher
N in herbs than slow-growing and resource-conserva-
tive woody trees [61, 63]. Enhanced pant growth clearly
requires maximizing photosynthetic capacity at a given
leaf nitrogen content level [77]. Species such as herbs
in the shade partition could allocate more nitrogen into
photosynthetic apparatus such as the thylakoids [77,
78], leading to a higher PNUE. This process may relate
to plant species evolution or domestication [79]. On the
contrary, the xylophyta is especially required to be more
tolerant to adverse effects of high light than herbaceous
plants, thus the leaf N is mainly used to construct meso-
phyll cells, resulting in less nitrogen to photosynthetic
organs and weakening photosynthetic capacity (A,
A, and PNUE) [80]. Moreover, in the current study,
N,.ea Was higher in xylophyta than in herbs, this result
also is in line with a conventional report by Wright et
al. [16]. Xylophyta might reduce their SLA by increas-
ing dry mass of leaves per unit area, leading to larger
N, ea to resist to high light. However, these could be con-
firmed only at Linzhi rather than Huzhong by our results
(Fig. 1d-h). In the north-cold boreal forest, leaf N con-
centration, photosynthetic capacity and PNUE were sig-
nificantly higher in xylophyta than herb plants, which
may be due to the different solar radiation intensities in
both upper and bottom leaves in the both two distinctive
regions. All of these results indicated that the responses
of leaf functional traits to environmental conditions in
these extreme harsh regions, including extremely high
latitude and extremely high altitude areas, might be
closely associated with PFTs [64, 81]. This largely con-
firmed our third hypothesis. However, these physiologi-
cal processes and the underlying mechanisms on the
relationships between photosynthesis and resource use
for the different PFTs such as xylophyta and herb groups
need further to be explored (e.g., [78, 79, 82] ).

Correlations between key leaf function traits

Reich et al. [83] suggested that the similarity of coor-
dinated relationships in disparate habitats can reflect
convergent evolution. Our study indicated that most
of the leaf functional traits were closely related to each
other (Figs. 2, 3, 4 and 5). There were strong correla-
tions between leaf N (N, ..) and photosynthetic capac-
ity (A .. at both sites, but not between N,, and A4,,.,
at Linzhi site (Fig. 5). It is possible that N distribution in
a whole leaf and other limiting factors such as stomatal
features on photosynthesis affect their relationships [77,
78, 84]. In addition, the A ,-N .. relationships seemed
to show a climate-related tend, with a higher slope in the
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boreal climate than in the alpine climate, indicating the
high sensibility of photosynthetic activity to leaf N in
Huzhong relative to Linzhi (Fig. 5). In addition, this vari-
ation could also be distinguished by PNUE between both
the areas. This implies that the allocation of leaf nitrogen
into photosynthetic apparatus may strongly depend on
climate zones [77, 78, 85].

Similarly, along environmental gradients, leaf func-
tional trait relationships in different plant functional
groups can show a broad range of the variations in
their slope/intercept values, possibly reflecting different
resource allocation [86, 87]. In the current study, these
slope differences could show the diversity in survival
strategies between the two regions. For the relationships
of SLA against other traits, most of the slopes in alpine
regions were greater than those in boreal regions (Fig. 3),
indicating that other functional traits is more sensitive to
SLA in the alpine ecosystem. The intercepts were larger
in the relationships between SLA and leaf structure and
nitrogen concentration, but smaller in the relationships
with photosynthetic rates. It suggested that the asso-
ciation of leaf structure with N nutrient may be strongly
constrained by intrinsic factors such as the genetic back-
ground and elemental metabolism in plants to exhibit
functional convergence.

Based on PCA analysis, we found that these photosyn-
thetic traits were convergent more in north-cold boreal
forest than in high-cold alpine forest. It implies that the
former would exert a joint response to local environ-
mental change [88]. Additionally, the results from SEM
were partially inconsistent with those using linear regres-
sions in our study. It may be that the combined/interac-
tive effects of/between the multiple traits with SEM are
not same patterns from the effects of single factors each
other. Nevertheless, plant growth is jointly controlled
by physiological processes and environmental factors,
which closely related to their relationships among traits
and environmental variables. By natural selection, over
a long-term span, an optimal combination of plant func-
tional traits would be selected to adapt to external envi-
ronment, which also reflects the ecological strategies
adopted by plants in a distinctly given habitat [89, 90].

Resource acquisition strategies in high-cold alpine vs.
north-cold boreal forests

LES could link to the classical trade-off theory based on
relationships among leaf functional traits, allowing us
to understand the adaptive strategies of plants between
resource acquisition and conservation [16]. Our results
indicated that the leaf functional traits in north-cold
boreal forest were largely distributed in the resource-
acquisitive strategy spectrum, a quick investment-return
behavior; while those in the high-cold alpine forest
tended to be mainly placed at the resource-conservative
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strategy end, a slow investment-return phenomenon.
The largely confirmed our first and second hypotheses.
We found that the coordinated relationships among leaf
functional traits measured in two forest were ranged
within global LES patterns [16], also supporting the con-
vergent evolution hypothesis in terms of co-variation in
plant functional traits [19, 87, 91].

It is found that the most significant difference between
the two climate types was that LD, LT, N, ... and N,
were lower in boreal forest than in alpine forest (Fig. 1).
In addition, SLA and PNUE were higher in the north-
cold boreal forest than in high-cold alpine vegetation.
The low tissue density could be responsible for the quick
acquisition of resource in north-cold boreal forest [25,
28]. While in the alpine ecosystem, leaves may tend to be
higher LD [25], suggesting the low A, ., may be a result
of constraints made by tissue structure [92] (Fig. 1f).
Furthermore, increasing secondary metabolism activity
caused by higher light density may explain this phenome-
non [93]. The reduced LT in boreal ecosystem confirmed
here was probably due to decreased palisade develop-
ment [94]. Conversely, an increase in LT is often used to
improve the anti-interference ability and energy reserva-
tion to cope with extremely high light irradiance [25]. The
present results showed that leaf N concentrations were
higher in alpine vegetation than in boreal vegetation. This
may be due to the selection of the measured species. Pre-
vious studies have shown that evergreen plants usually
have lower leaf N [30, 95]. Most species measured in the
boreal forest are evergreen species. In addition, studies
on alpine plants have revealed that leaf N concentration
usually increases with increasing elevation [64, 96, 97].
Maire et al. [98] found that leaf N was more affected by
the joint effects of soil and climate, and the soil N content
was higher in alpine forest than in boreal forests [99].

At global scale, SLA varies significantly in differ-
ent regions [2]—it increases with latitude [100], but
decreases with elevation [101]. These results are consis-
tent with our findings in both boreal vs. alpine plant spe-
cies. The plants in north-cold boreal forest may enhance
photosynthetic capacity to adapt the relatively less light
by increasing SLA; meanwhile plants in high-cold alpine
forest might regulate stomata to constrain excessive
light energy by decreasing SLA [102]. All of these can
improve the tolerance to adverse habitats such as low
temperature and high radiation [103]. Moreover, species
with high SLA almost invariably have a high PNUE. It
may be explained mainly by the fact that high-SLA spe-
cies allocated more N to Rubisco [33]. Therefore, higher
PNUE was observed in north-cold boreal forest than in
high-cold alpine forest. While the lower PNUE in alpine
forest is because its unique geographical conditions that
is characterized by high altitude, low temperature and
high UV-B radiation [97, 104]. This also lead to lower
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photosynthetic rates [81](Fig. 1f-h). A report by Ali et al.
[32] also showed that species from higher latitude zones
tend to have high photosynthetic capacity. These again
reflects a resource acquisition—conservation economics
spectrum [19] in the alpine plant communities. These all
support the results presented in our study (Fig. 1).

In summary, based on coordination/balance among
leaf functional traits in the two extremely harsh habitats
and the relevant previous studies, we roughly depicted
the conceptual models related to classic ecological strat-
egy theories (Fig. 8). The key leaf functional traits were
selected to investigate their relationships, in which SLA is
a core of the traits (1). The two endpoints of leaf econom-
ics spectrum (LES) (2) could be placed with herbs (3) and
xylophyta (4), respectively. Herbs may tend to be placed
at R angle side in Grime’s competitive—stress tolerant—
ruderal (CSR) triangle [11, 105, 106] (5), and at r-end-
point in r- versus K-selection (r vs. K) [107] (6). Herbs
seemed to be with resource acquisition strategy [68, 73]
(7), particularly in boreal forest. Finally, plant survival/
growth might be regulated via the synergistic/trade-off
relationships between the traits (8). Together, they would
be distinguished by the two extreme harsh habitats (high-
cold alpine forest vs. north-cold boreal forest) (9).

Conclusions

In the study, we analyzed the direct and indirect rela-
tionships between the key eight leaf functional traits
related to leaf structure, nutrition status, and physiologi-
cal activity, within a large number of plant species in
both high-cold alpine forest vs. north-cold boreal forest.
Most of the leaf functional traits at two sites were sig-
nificantly correlated with each other, strongly corrobo-
rating their coordination and/or trade-offs in the two
contrasting habitats. This largely proves that LES could
appear in the two forests. The structural equation mod-
eling revealed that leaf density had an indirect effect on
PNUE, primarily mediated by leaf structure and photo-
synthesis. The resource acquisition strategy was observed
in herbs rather than xylophyta across the two habitats,
particularly in alpine forest. Finally, we found that the
variations in leaf functional traits in north-cold boreal
forest were largely distributed in the resource-acquisitive
strategy spectrum, a quick investment-return behavior;
while those in the high-cold alpine forest tended to be
mainly placed at the resource-conservative strategy end.
It implicates that the habitat specificity for the relation-
ships between key functional traits might be determinant
of local plant communities, which can roughly adhere to
several classic ecological strategy theories (i.e., LES, CSR
and r vs.. K). These findings can shed light on which and
how plants adopt adaptive and evolutionary strategies to
deal with long-term environmental factors, potentially
assist to assess and project vegetation composition and
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Fig. 8 A conceptual model related to classical ecological theories based on coordination/balance among leaf functional traits in the two extremely
harsh habitats. LES, leaf economics spectrum; PFG, plant functional group; CSR, Grime’s competitive—stress tolerant-ruderal triangle [105]; rvs. K, r - versus

K - selection [107]. For other abbreviations (e.g., SLA), see Fig. 1

functioning when facing climate change. Nevertheless, in
the current study, the more environmental factors were
not interacted with more functional traits in details such
as photosynthetic processes. From a future perspective, it
will be crucial to consider the photosynthetic pathway of
plants and the combined effects of multiple environmen-
tal factors to forecast how the plant economic strategies
deal with climate change in these contrasting plant com-
munities at larger spatial-temporal scales.

Methods

Site expressions

The first study site is located in Sygera Mountain, Nying-
chi (hereinafter referred to Linzhi) (29°39’ N-29°50" N,
94°42" E-94°44' E), Tibet, China, with an altitude range
from 3031 to 4300 m (Fig. 9). Records from the World-
Clim2.1 dataset, from 1960 to 2018, show a mean annual
precipitation (MAP) of 646 mm, of which 70.73% falls
during the monsoon season (June to September, the
major plant growth peaking period), and a mean annual
temperature (MAT) of 3.91°C (Table S8). The south
Asian monsoon results in abundant summer rainfall, and

the high altitude causes high-cold climate and intense
ultraviolet radiation, which provides unique climatic
characteristics [108]. The dominant vegetation in the
area is alpine fir forest, and the dominant species include
Abies georgei var. Smithii Cheng et L., Potentilla xizan-
gensis Yu et Li, and Quercus aquifolioides Rehd. et Wils
[108] (Table S9).

The second study site is located in Greater Khingan
Range, Huzhong National Nature Reserve (hereinafter
referred to Huzhong) (51°46’ N, 123°0" E, 773 m a.s.l),
Heilongjiang, Northeast China. The regional climate is
represented by MAP of 537 mm and MAT of -4.57 °C
over last 30 years (1960-2018). Around 80% of total
annual precipitation occurs in plant growing season
(June-September). July (mean temperature of 16.2°C)
and January (-27.2°C) are the warmest and the coldest
months of year, respectively (Table S1). The low tempera-
ture caused by high latitude is the characteristic in this
area. The dominant vegetation is boreal coniferous for-
ests (Fig. 9). The dominant species include Larix gmeli-
nii Rupr., Betula platyphylla Suk., Rhododendron simsii
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Planch., and Rhododendron tomentosum Harmaja [99]
(Table S9).

Plot selection and sampling

From late July to later August in 2017 (Huzhong) and
2021 (Linzhi), when plants reached peak growth, we
ensure the rigor of the research by collecting almost all
species in undisturbed areas with minimal anthropogenic
activities for visual inspection of the vegetation at both
sites, and more than 3 mature individuals were randomly
chosen. In this study, the selected species broadly are
sorted into two contrasting climate types, i.e., high-cold
alpine and north-cold temperate climates, respectively.
Totally, 42 species belonging to 21 families and 37 genera
were used to examine their leaf functional traits (Table
S9). Of the total 42 species, 23 species were herbs and 19
were xylophyta (Table S9).

These leaf traits in 42 species in the two contrasting cli-
mate zones were measured (Table S1). As noted above,
these traits selected might underlie differences in their
growing environments and would have significant associ-
ations with the resource conservation/acquisition trade-
off axis [16, 21, 33].

Plant structural traits
A vernier caliper was used to measure the leaf thick-
ness (LT) of each undamaged mature green leaf at its

widest part to avoid the midrib [26]. Leaf samples were
then scanned and calculated to leaf area using the Image]
software [109]. Following these measurements, all leaf
samples were then dried at 65 °C for at least 72 h to a
constant weight, and weighed to determine dry matter
weight. SLA was calculated as leaf area/leaf dry weight
[110]. Leaf tissue density (LD) was calculated by the fol-
lowing equation:

LD = Leaf dry mass/ (Leaf area x LT) (1)

Leaf nitrogen content and photosynthetic rate

Dried samples from each plant were ground using a ball
mill. Leaf nitrogen concentration per unit mass (N,
was determined with 8—9 mg of homogenously material
for each sample using an elemental analyzer (Vario EL III,
Elementar Analysensysteme Comp., Hanau, Germany).
We obtained leaf nitrogen concentration per unit area
(N,ea) using the following equation [111]:

Narea = Nmass/SLA x 10 (2)

Leaf gas exchange parameters were measured using a
CIRAS-2 portable photosynthesis system (PP Systems,
Hertfordshire, UK) on clear sky mornings (9:00-11:00
a.m.) with less than gentle wind. The reference CO,
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concentration in the leaf chamber was kept at 360—400
umol CO, mol ™, with a relative air humidity of 50-70%,
and saturating photosynthetic photon flux density was
set at 1500 umol-m~%s~!. The fully expanded young-
est leaves per plant per species in each plot were placed
into the cuvette, and at least three measurements were
made for each species in each plot [88]. The maximum
net photosynthetic rate per unit area (4,,.,) was directly
obtained, and the maximum net photosynthetic rate per

unit mass (4,,,) was then calculated by the equation:

Apass = Aarea X SLA/lOOOO (3)

Finally, we calculated the photosynthetic nitrogen use
efficiency (PNUE) using the formula [69]:

PNUE = Auen/Narea (4)

Statistical analyses
All analyses were conducted with R version R-4.1.2 (R
Development Core Team, 2021). First, the means and
standard deviations (meanZSD) for each trait were
estimated to display contrasting values of the traits.
Coefficient of variation (CV) by variance analysis was
performed to test the differences in each trait between
the plant functional types and climate types. We also esti-
mated the associations between leaf functional traits by
using the Spearman’s correlation analyses, which could
reflect the proportion of variation in one variable that
was accounted for by the variation in the other variable.
Regressions were performed to test the relationships
between leaf nutrient (i.e., leaf N concentration), pho-
tosynthetic traits (i.e., net photosynthetic rate) and the
leaf structural trait (i.e., SLA, LD) under each climate
type. In detail, we tested the differences in the slopes and
intercepts of regression lines at the two sites. A princi-
pal component analysis (PCA) was performed to visual-
ize the distribution of two PFTs in the same climate type
and test the difference in resource utilization strategies
between alpine fir forest and boreal coniferous forest.
Finally, a structural equation modeling (SEM) was used
to test the direct and indirect effects between key leaf
functional traits at the two sites. The indicators, such as
the chi-squared test (Chisq>0.05), goodness-of-fit index
(GFI>0.90) and root mean square error of approximation
(RMSEA <0.05), were used to test the models [112].

List of Abbreviations

LD Leaf tissue density

LT Leaf thickness

SLA Specific leaf area

Niass Leaf nitrogen concentration per unit mass

Narea Leaf nitrogen concentration per unit area

Aass Light-saturated photosynthetic rate per unit mass
Asrea Light-saturated photosynthetic rate per unit area
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PNUE  Photosynthetic nitrogen use efficiency
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