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Abstract
Background  Plant economic profiles involve trade-offs between many functional traits of a plant that are often 
used as indicators to characterize major adaptive strategies, thus providing insights into plant distribution, ecosystem 
processes, and function. However, research on plant economic profiles in extreme habitats is limited, and most 
studies on economic profiles have focused on single organs, with fewer studies on economic profiles among 
aboveground (leaf and stem) organs.

Methods  Taking the desert area of Qaidam Basin as the research object, 8 leaf traits and 8 stem traits of 25 dominant 
woody plants accounting for more than 80% of biomass in 130 sample plots under different aridity gradients were 
quantitatively analyzed. The functional strategies and economic profiles of aboveground organs of desert plants 
adapted to arid environment were studied.

Results  Traits of leaves and stems represent distinct resource strategies. Leaf traits emphasize resource acquisition, 
while stem traits highlight conservation. The leaf economic spectrum (LES) and stem economic spectrum (SES) 
strategies showed an inverse pattern, with leaf traits shifting from opportunistic to conservative strategies and stem 
traits shifting from conservative to stabilizing strategies as aridity intensified, revealing an integrated aboveground 
economic spectrum of the plant along the aridity gradient. Moreover, there was a significant negative correlation 
between leaf and stem function strategies and reflected significant leaf-stem trade-offs.

Conclusion  The functional traits of plants can reflect plant responses to environmental changes, and the 
aboveground economics spectrum helps researchers understand the response of plants as a whole to environmental 
differences, thus deepening the knowledge of the economic spectrum of plants. The patterns of economic profiles 
embodied by plants in response to aridity were revealed in this study. The trade-off between the LES and SES 
demonstrated the existence of an aboveground economic spectrum, providing a scientific basis for understanding 
the survival mode and adaptive variation pattern of desert plants.
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Introduction
Plant functional traits are a set of plant attributes that 
are related to the structure, processes, and functions of 
the environment, and ecosystems [1–2]. It can reflect the 
important life activities of plants, such as carbon acquisi-
tion, water transfer, and nutrient cycling, as well as the 
physiological and phenological characteristics of plants 
[3]. Plants adapt to changing and complex habitat con-
ditions by changing their functional traits in response 
to external disturbances [4]. A range of changing func-
tional characteristics constitute the economic spectrum, 
representing a trade-off between adaptations that pro-
mote resource acquisition and adaptations that promote 
resource conservation [5–7]. The leaf is the main organ 
of a plant for photosynthesis and other important physi-
ological activities and is the organ most sensitive to the 
external environment [8]. Therefore, the leaf economic 
spectrum (LES) [8], is a broad spectrum of combinations 
of functional traits that trade off or synergize with each 
other [4], ranging from leaves that are cheap in terms of 
resources, have short lifespans, and employ a resource 
acquisition strategy (with a fast return on investment in 
carbon and nutrients) to those that are expensive in terms 
of resources, have long lifespans, and employ a resource 
conservation strategy (with a slow return on investment 
in carbon and nutrients) [9]. It can be used to quantify 
the trade-offs between plant resource access and resource 
conservation strategies [10–11]. The LES has been fully 
utilized in adaptive studies of plant functional strategies, 
providing a strong scientific basis for understanding the 
functions of trait combinations and the strategies repre-
sented by trade-offs or synergistic relationships between 
combinations of functional traits. Focusing on plant 
functional traits, whether at the species, community, or 
ecosystem scale, is a powerful method of addressing eco-
logical problems [4].

With the introduction of LES, many scholars have 
extended the resource economic spectrum at the spe-
cies level to the community level for leaves [12], stems 
[13–14], and roots [15–17]. LES has been extended to 
include properties of wood [18], and properties of plant 
organs other than leaves [17, 19]. Since the main func-
tion of leaves is to absorb aboveground resources, while 
the main function of roots is to obtain underground 
resources, the pattern of root economic spectrum (RES) 
is similar to that of LES [20]. In contrast to LES the stem 
economic spectrum (SES) (or wood economic spectrum) 
defines the trade-offs between water and nutrient trans-
port [17, 21–22] and mechanical support and defense 
against biological attack [1, 18, 23]. However, in the global 
plant economic spectrum system, woody organs do 
not occur in all life forms of plants (such as herbaceous 
plants), so among the three economically significant 
plant organs (leaves, stems, roots), the stem economic 

spectrum is rarely studied [8]. At the same time, Reich et 
al. argue that in addition to carbon and nutrients, water 
is also extremely important, so multifunctional traits also 
need to be supplemented [24]. Moreover, the connec-
tion between leaves and roots in terms of plant whole-
ness has been emphasized by scholars, but little is known 
about the connection between aboveground organs. Sec-
ond, stems, as aboveground organs, experience the same 
environmental stresses as leaves do, and the question of 
whether the same environmental selection causes leaves 
and stems to have similar adaptive variations or survival 
strategies should also be emphasized. Each plant organ 
contributes uniquely to ecological strategies and survival. 
The study of stems cannot be neglected if researchers 
want to construct a more complete economic spectrum 
of plants.

As resource acquisition becomes more difficult and 
given the environmental constraints on resource acqui-
sition (i.e., carbon, water, and nutrient uptake) [25], the 
main functions of the different organs above ground 
should be coupled within the same framework to form 
a plant aboveground spectrum or a complete plant 
economic spectrum [20, 26–27]. For example, as the 
degree of aridity increases, there is a negative correla-
tion between the place of physiological activity of the leaf 
(leaf area) and the mechanical support capacity of the 
stem (stem cross-sectional area) (Huber) [28]. Xu et al. 
also confirmed that Huber values decrease with increas-
ing degree of aridity through predictive modeling [29]. 
Theoretically, the close linkage of these functions should 
lead to robust coordination of functional traits between 
organs, through a series of trade-offs or synergistic rela-
tionships that form an adaptive strategy for the plant 
part or its entirety. However, environmental stresses may 
cause trait variation to deviate from coordination among 
organs and thus the economics of plant parts or the 
whole system to converge, which may lead to the decou-
pling of resource economic strategies among organs. 
Organs can respond to the same environmental stresses 
in different ways [30–31], allowing plants to be free from 
environmental pressures and choices [32–34]. For exam-
ple, leaves and stems show an inverse pattern of fast-slow 
economic spectra in the hyperarid environment of the 
Atacama Desert [12]; the leaf, stem, and root economic 
strategies of tropical trees are decoupled in water-logged 
environments in Amazonian forests [35–36]. Extreme 
environmental stress may be an important factor in the 
differences in the economic strategies of leaf and stem 
resources, implying that the influence of the environ-
ment on the overall strategy of a plant does not indicate 
that it has the same regularity for all organs. An in-depth 
exploration of the relationships that exist between func-
tional traits and strategies by which organs respond 
to environmental stresses is helpful for improving the 
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understanding of functional trait variation, plant adaptive 
variation, and functional strategy diversity.

As environmental conditions deteriorate and plant 
access to water and nutrients becomes more difficult, 
plants should shift toward a slow conservative resource 
strategy according to the LES concept of Wright et al. 
[8]. However, in hyperarid areas, where the ability of all 
species to access resources is limited, the environmen-
tal impact on desert plants may change from a limita-
tion on resources to a limitation on survival [37]. For 
the economic spectrum, the resource constraints of des-
ert plants may be more manifested in water constraints, 
which is also the necessity of increasing the resource of 
water to the overall economic spectrum of plants [24]. 
In terms of the adaptation mechanisms of desert plants 
to water, the adaptation strategies of plants are diverse. 
For example, leaves may improve aridity tolerance by 
reducing transpiration and increasing water retention by 
reducing size, increasing thickness, and degrading assim-
ilated branches [38]. The aridity tolerance characteris-
tics of stems depend more on vessel characteristics, and 
a comparative study of 328 Compositae species revealed 
that vessel size decreases and vessel density increases 
during the progression from moderate habitats through 
dry to desert habitats [39]. However, it is undeniable that 
the economic spectrum of strategies for single organs 
to cope with the environment is hardly representative 
of the plant as a whole. It is equally likely that there are 
higher dimensional trade-off strategies between organs 
to maintain plant growth and reproduction while surviv-
ing. Particularly in desert ecosystems, severe water stress 
may lead to to decouple between organs on the economic 
spectrum or move toward opposite strategies to the over-
all economic spectrum. Therefore, exploring the multi-
organ economic spectrum strategy of plants in desert 
ecosystems can help us further understand the overall 
economic spectrum characteristics of plants and deeply 
investigate the survival mechanism of desert plants. In 
contrast to semiarid steppe and grassland ecosystems, 
shrub species are considered the dominant plants in arid 
desert ecosystems [40–41]. Among the existing studies 
on the economic spectrum of plants, few have focused on 
hyperarid plants, which complicates the investigation of 
the main survival strategies of hyperarid plants through 
the traditional economic spectrum.

The Qaidam Basin is located in the northern part of the 
Qinghai–Tibetan Plateau in China and is characterized 
by high alpine, high salinity, strong winds, and rainfall 
less than evapotranspiration, with sparse vegetation, and 
the dominant species are basically all shrubs, which are 
typically hyperarid [42]. Aridity is a major factor affect-
ing species in the Qaidam Basin, and few studies on the 
economic spectrum of plants have been conducted in 
hyperarid areas. The Qaidam Basin is an ideal study 

area for those who want to gain a deeper understand-
ing of the economic spectrum of desert plants and their 
survival strategies. Moreover, much of the research on 
plant traits has focused on leaf traits and the interactions 
between leaf and root traits, whereas less research has 
focused on how aboveground organ (leaf and stem) traits 
interact with each other to adapt to the environment. 
In addition, scholars generally do not know whether 
the economic spectrum of aboveground organs is evi-
dent in extreme aridity habitats, nor is it clear how the 
economic spectrum of aboveground organs appears to 
change with increasing aridity severity and what relation-
ships exist between the LES and SES. On this basis, the 
present study was conducted in the Qaidam Basin of the 
Tibetan Plateau (the study area), which has the dominant 
species of shrubs. The functional traits (morphological, 
economic, chemical and hydraulic traits) of the leaves 
and stems of desert plants under different aridity gradi-
ents were investigated, and the effects of environmental 
changes on the functional strategies of leaves and stems 
under different aridity gradients, as well as the harmo-
nization between the LES and SES, were explored. This 
research proposes the following hypotheses: (1) there 
was a specific correlation between the functional traits of 
aboveground organs of desert plants, which could reflect 
their main functional strategies, and (2) there is a signifi-
cant “fast-slow” economic spectrum between the aboveg-
round organs of shrubs in the Qaidam Basin, which can 
well reflect the adaptability characteristics of plants in 
this area. This study aimed to elucidate the coordinated 
relationship of survival strategies among the aboveg-
round organs of arid plants. In this manner, researchers 
can deepen their understanding of the adaptive variation 
patterns of functional traits in desert plants and their 
adaptive strategies and provide a scientific basis for the 
research and conservation of desert ecosystems.

Materials and methods
Study sites
The Qaidam Basin is located in Haixi Mongol and 
Tibetan Autonomous Prefecture, Qinghai Province, 
and is a typical inland arid area of China between the 
mountains and the fault basin, one of the three major 
inland basins in China [43], showing an irregular trian-
gle spreading in a northwestern–southeastern direction, 
with the Qilian Mountains at the northern boundary, 
the Kunlun Mountains in the south, and the Arjinshan 
Mountains in the northwestern direction. The basin cov-
ers an area of approximately 250,000 km2, and the alti-
tude is between 2675 and 3350  m, with an average of 
2800 m. The study area is located in the undisturbed nat-
ural area of the entire Qaidam Basin, a latitude between 
35°00′ N and 39°20′ N, and a longitude between 90°16′ 
E and 99°16′ E [44]. The main climatic features of the 
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Qaidam Basin are arid and cold, and it has a temperate 
continental climate, with much less annual precipitation 
than evaporation [45]. In the study area, the mean annual 
relative humidity is between 30% and 40%, and the mini-
mum can be less than 5%. The mean annual temperature 
is less than 5  °C, with an absolute annual temperature 
difference of more than 60 °C, a daily temperature differ-
ence of approximately 30 °C, and the temperature during 
summer nights can drop below 0 °C [46]. The number of 
windy days above grade 8 can reach 25–75 days per year, 
and strong winds of 40  m/s can even occur. The study 
area is ecologically fragile and one of the regions most 
significantly affected by global climate change [47].

The topography of the Qaidam Basin slopes from 
northwest to southeast, with saline desert soils and gyp-
sum desert soils dominating the soil types, and the land-
scape types are mostly dominated by the Gobi Desert, 
wind-eroded residual mounds, salt lakes, salt crusts, 
deserts, and high mountains, which is a typical plateau 
desert ecosystem [48]. In terms of geomorphology, the 
vegetation type of the Qaidam Basin ranges from deserti-
fied grasslands and deserts in the east to extremely arid 
and bare areas, basically unvegetated desert areas in the 
west, with sparse vegetation, dominated by shrubs, semi-
shrubs, and herbs with a high degree of aridity resistance, 
and more saline plants, which have a unique composition 
of flora and vegetation characteristics. Field surveys were 
conducted from August 2019 to September 2023. In the 
undisturbed natural desert area within the Qaidam Basin, 
sample plots were set up by selecting areas with obvi-
ous differences in natural vegetation, with a distance of 

more than 10 km between adjacent sample plots. A total 
of 130 sample plots of 100 × 100 m were set up, and the 
dominant species of shrubs within the sample plots were 
investigated and sampled (Fig.  1). All plants and plant 
material are naturally inherited and obtained from dis-
turbed habitats, and there are no external sources such 
as anthropogenic cultivation. The biomass of the sample 
collection species within the 130 sample plots accounted 
for more than 80% of the community biomass, involving 
a total of 25 species (Table S1); the basic information is 
shown in Table S2. Thus, the community weighted means 
(CWMs) of the species traits within the sample plots can 
be used to represent the trait characteristics at the sam-
ple plot level [49]. The images of the acquired plants are 
detailed in Fig. S1. See Table S3 for details of the plots.

Sample collection and analysis
In each sample plot, good growth conditions for the 
established species were selected to set up sample plots. 
In each sample plot, all shrubs were surveyed and calcu-
lated biomass ratio, biomass ratio of more than 80% of all 
shrub species were surveyed and sampling, each selected 
three plants with good growth and consistent representa-
tive plants. Considering the fragility of the ecosystem in 
the region, we only collected aboveground samples, and 
aboveground biomass was also obtained by the calcula-
tion formula. Sampling disturbances were minimized to 
reduce the impact on the growth and survival of desert 
plants. The biomass calculation formula is [50]:

M = a + b×AC (1).
AC=Π×(L1×L2)/4 (2).

Fig. 1  Location of the Qaidam Basin and sampling sites (The map is open sourced from [45]). The base map shows the degree of aridity (1-AI) converted 
from the Aridity Index (AI)
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M is the aboveground biomass of plants on the Tibetan 
Plateau, a and b are model coefficients, a = 0.1375 and 
b = 0.2029, AC is the projected area of the canopy, L1 is 
the length of the long axis of the canopy, and L2 is the 
length of the short axis of the canopy. The biomass ratio 
is the proportion of biomass per species in the sample 
plot.

Three to four whole branches per plant were col-
lected from the periphery of the canopy in the upper-
middle layer of the tree, which has uniform growth and 
is healthy and mature. A total of 25 species of represen-
tative woody perennials were collected (Table S2), and 
the distributional habitat information of the species was 
obtained from the Flora of China [51]. A total of 16 func-
tional traits, including eight leaf traits and eight stem 
traits, were selected for this study. Leaf traits included 
single leaf area (LA), leaf thickness (LT), specific leaf area 
(SLA), leaf dry matter content (LDMC), leaf carbon con-
tent (LCC), leaf nitrogen content (LNC), leaf phospho-
rus content (LPC), and the carbon nitrogen content ratio 
(LCN). The stem traits included stem cross-sectional 
area (SA), wood density (WD), specific stem area (SSA), 
stem dry matter content (SDMC), wood carbon content 
(WCC), wood nitrogen content (WNC), wood phos-
phorus content (WPC), and the carbon nitrogen content 
ratio (WCN). The specific descriptions of these param-
eters are shown in Table S4.

Leaf and stem traits were determined as follows. LT 
and SA were determined directly by vernier calipers. 
LA was scanned into images using a scanner (CanoScan 
LiDE 200, Canon, Inc., Japan). SD and SL were scanned 
into images using a scanning electron microscope. VD 
and VL were made into sections by a slicer (MTH-1, DL 
Nature Gene Life Science, Inc., Japan) and scanned into 
images using an optical microscope. All images were 
measured using ImageJ software (National Institutes of 
Health, NIH, USA) [52]. The leaf and stem carbon and 
nitrogen contents per unit mass (C and N mass, ‰) were 
determined via an element analyzer (VARIO EL III Ele-
ment Analyzer, Elementar). The leaf and stem phospho-
rus contents per unit mass (P mass, ‰) were measured 
via a continuous flow analyzer (San++, Skalar) after 
H2SO4-HClO4 (4:1, v: v) digestion. All other traits were 
obtained by the formula. Leaf and stem traits were mea-
sured following standard protocols (detailed in Table S5).

Environmental factor data
A total of 11 environmental factors were selected in the 
study area, including one aridity index, five soil indices, 
and five climate indicators (Table S6). The aridity index 
(AI) was derived from the Global Aridity Index and 
Potential Evapo-Transpiration (ET0) Climate Database 
v2 [53] and the climate indicators were obtained from 
the interpolated raster data of meteorological stations 

provided by the “National Geosystems Science Data 
Center” which include mean annual precipitation, mean 
annual evaporation, mean annual humidity, mean annual 
air temperature, and mean annual speed. Raster data 
acquisition was performed using ArcGIS 10.2 (Environ-
mental Systems Research Institute, Inc., USA) [54].

The soil data used for field measurements included the 
pH of the soil (pH), soil electrical conductivity (EC), soil 
moisture content (SM), soil bulk density (BD), and soil 
organic matter (SOM). The top 0–20 cm of the soil was 
sampled at three different locations within each large 
sample plot, and each soil sample was divided into two 
parts for experiments on the soil water content and soil 
physical and chemical properties. One of the soil samples 
was weighed immediately for fresh weight, after which it 
was returned to the laboratory for drying (105 °C, 24 h) 
and weighed for dry weight, and the SM was calculated. 
BD was determined via the ring knife method, and pH 
was measured via the potentiometric method [55–56]. 
The other soil samples were naturally air-dried. Each 
sample was air-dried and crushed using a 100-mesh sieve. 
The EC was expressed by measuring the soil conductivity 
via the conductivity method [57]. SOM was determined 
by dichromate oxidation [58].

Statistical analysis
The effects of environmental factors on plants in natu-
ral desert areas were integrated, and correlation analy-
ses were conducted between the AI and the full range 
of environmental factors, using AI instead of the overall 
environmental trend. The 1-AI was used to classify the 
aridity gradient across the Qaidam Basin via the follow-
ing criteria [59]: >0.95 (hyperarid), 0.80–0.95 (arid), and 
0.50–0.80 (semiarid). The CWMs were calculated to 
investigate the shifts and variations in fast-slow ecologi-
cal strategies at the community level. CWMs represent 
the total traits of plant traits, which reflect the metrics 
of the desired function in any group sample. Therefore, 
CWM values were used for both leaf and stem traits in 
each sample plot. The community trait CWM was calcu-
lated as follows:

	 CWM =
∑n

i=1
Pi × traiti i = 1, 2, 3... n� (3)

where Pi is the relative biomass of species i in the com-
munity, n is the total number of species in the commu-
nity, and trait is the trait value of species i [60]. The plant 
aboveground biomass was used in this study as a mea-
sure of the relative abundance of each species in each 
community.

The community-level plasticity index (PI) and coeffi-
cient of variation (CV) were calculated using the average 
value (AV), standard deviation (SD), maximum (MAX), 
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and minimum (MIN) of community traits at different 
aridity gradients to determine the possible strategies for 
determining the relative occurrence of plant traits in the 
study area. PI and CV were calculated to assess trait vari-
ability and adaptive strategies across aridity gradients. 
High plasticity and variability constitute the basis for the 
emergence of “fast-slow” strategies in the study area [4].

PI=(MAX-MIN)/MAX (4).
CV = SD/AV (5).
The PI can be used to measure the degree of response 

of plant functional traits, and the CV can be used to 
quantify the degree of variation in plant traits. See Table 
S7 for detailed information.

The trend of variation in leaf and stem functional traits 
with increasing degree of aridity was elucidated using lin-
ear fit analysis. Correlation analyses were performed for 
all traits to verify the existence of correlations or com-
posite relationships between traits in different organs, 
thereby advancing the understanding of the relationships 
between traits. Before correlation analysis we tested all 
traits for normality and log transformed all data to make 
them closer to normal distribution. In the end, 18 of the 
20 traits were transformed to conform to normal dis-
tribution, and the other two traits belonged to bimodal 
distribution, which could not be fully transformed into 
normally distributed traits, but the transformed values of 
the traits were closer to normal distribution. The corre-
lation analysis was performed using Pearson correlation 
analysis, and the data were analyzed using the normally 
transformed trait values. Strategic patterns of variation in 
leaves, stems, and aboveground parts were searched for 
at the community level via principal component analysis 
(PCA). Leaf PCA (PCA-Leaf ) analysis was performed via 
CWM values for eight leaf traits, stem PCA (PCA-Stem) 
analysis was performed using CWM values for eight stem 
traits, and above-ground PCA (PCA-Aboveground) anal-
ysis was performed using CWM values for all the traits. 
Due to the high coefficient of variation of CWM values 
for most traits, we defined the first principal axis as an 
arid zone economic spectrum strategy similar to the tra-
ditional economic spectrum characterization by the dis-
tribution of functional traits in PCA. For the scores of the 
first principal axis of the different principal component 
analyses, the relationship with aridity was assessed using 
linear fitting. All statistical tests were considered signifi-
cant at the P < 0.05 level. In terms of evaluating the orga-
nization of plant variation in response to aridity degree, 
linear fitting was used to explore the fitted relationships 
between leaf, stem, and aboveground first principal axis 
scores. This was to show more clearly the trade-offs 
between the different principal component scores. For 
the pattern of variation of individual traits on the AES, 
bivariate correlations of each trait with PCA axis 1 (PC1) 
and axis 2 (PC2) were assessed using Pearson correlation 

coefficient (r) to determine the relative contribution of 
each trait to PC1 and PC2. The most dominant and vari-
able functional traits were identified and key environ-
mental factors were explored through correlation analysis 
with various environmental factors.

For the analysis of the abovementioned data, PCA 
was performed using the ggbiplot package [61] and the 
factoextra package [62] of R 4.2.1 (GNU General Public 
License, version 2) [63]. Correlation analysis was per-
formed using the psych package [64] and ggplot2 pack-
age [65]. Linear fit analysis was performed using Origin 
(2023b, OriginLab, Inc., USA) [43].

Results
Trends in adaptive variability of functional traits with 
aridity
Figure 1 shows a clear division of aridity gradients, with 
hyperarid, arid, and semiarid zones distributed across 
the Qaidam Basin. The results of the correlation analy-
sis between the 1-AI and all the environmental factors 
are shown in Fig. S2. The results of the linear fit analy-
sis between all functional traits and aridity are shown in 
Fig.  2. With increasing aridity, only LDMC, LCC, LCN 
and SL changed significantly in leaves, while no sig-
nificant relationship existed for all other traits. Among 
the traits for which significant relationship existed, 
SL increased significantly and the other three traits 
decreased significantly, with LCC having the highest 
degree of variability. Stem only WD and SSA showed 
insignificant degree of variation, all other traits showed 
significant relationship. Among them only WNC and 
WPC were significantly decreased and all other traits 
were significantly increased with WCC having the high-
est degree of variation.

Relationships between aboveground organ (leaf and stem) 
traits
The results of the correlation between functional traits 
are shown in Fig. 3. Significant relationships existed in 18 
groups of leaf trait combinations and 40 groups of stem 
trait combinations. The correlations between leaf traits 
were weaker than the correlations between stem traits. 
Among the significantly correlated leaf trait combina-
tions, there were 6 sets of positively correlated combina-
tions and 12 sets of negatively correlated combinations. 
Significant relationships existed between all types of 
leaf traits. Among the significantly correlated stem trait 
combinations, the positively correlated combinations22 
totaled 22 groups and the negatively correlated combina-
tions totaled 18 groups. Only 5 groups of stem traits were 
not significantly related to each other. There were mostly 
positive correlations between stem and C-related traits 
and other types of stem traits, and mostly negative corre-
lations between other types of traits. This was in contrast 
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to leaf traits, which were mostly positively correlated 
between C-related traits but mostly negatively correlated 
with other types of traits. The other types of traits were 
also mostly negatively correlated with each other.

The total number of trait combinations with significant 
relationship between leaf and stem traits was 37, of which 
14 combinations were positively correlated and 23 were 
negatively correlated. There were relatively few combina-
tions of traits with significant relationships between leaf 
and stem, with significant relationships between LDMC 
and LCC and all stem traits, and all combinations of 
traits were negatively correlated except for positive corre-
lations with SSA and stem nutritional traits. The relation-
ships between leaf stomatal traits and stem traits were 
also more significant, but there was no clear pattern.

PCA and principal component scores of leaves, stems and 
aboveground in relation to aridity
The results of the PCA are shown in Fig. 4. The first prin-
cipal axis of PCA-Leaf explained 26.22%, and the second 
principal axis explained 22.04%. The traits contributing 
more in the positive direction in the first major axis (Leaf ) 

were LCN, LDMC and LCC, whereas the traits contrib-
uting more in the negative direction were SLA, SL, LPC 
and LT. The first principal axis of PCA-Stem explained 
37.51%, and the second principal axis explained 15.43%. 
The traits that contributed more in the positive direction 
in the first major axis (Stem) were WD, SDMC, SA, VL, 
WCC, and WCN, and the traits that contributed more 
in the negative direction were WNC, WPC, and SSA. 
The first principal axis of PCA-Aboveground explained 
27.02%, and the second principal axis explained 13.94%. 
The traits that contributed more in the positive direction 
of the first major axis (Aboveground) were WCC, SDMC, 
VL, WCN and SA, and the traits that contributed more 
in the negative direction of the first major axis were LCN, 
WNC, LDMC and LCC. See Table S8-S10 for details such 
as the explanatory rate, eigenvalues, and principal com-
ponent dimensionality reduction values.

The results of the linear fit analysis of the first princi-
pal axis of PCA to aridity are shown in Fig. 5. All three 
linear fits showed significant relationships. Among them, 
leaf principal component scores decreased with increas-
ing aridity, stem principal component scores increased 

Fig. 2  Linear fitting relationship between functional traits and aridity. Combinations with significant relationships show a line of fit with a 95% confidence 
interval (red)
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with increasing aridity, and above-ground principal com-
ponent scores increased with increasing aridity. The lin-
ear fit between the three principal component scores is 
shown in Fig. S3. The full PCA dimensionality reduction 
results are shown in Table S11.

Relationships between the economic spectrum and the 
contribution of each trait to the economic spectrum
The results of the correlation analysis between the traits 
and the principal component scores are shown in Table 1. 
Significant correlations were found between all leaf traits 
and the first principal axis of leaf principal components 
except LNC, but the correlations were lower for LA 
and SD. no significant correlations were found between 

LDMC, LCC and the second long axis. All other leaf 
traits were significantly correlated with the second major 
axis. Significant correlations were found between all stem 
traits and the first principal axis of SES.VL, WCC, WPC 
were not significantly correlated with the second prin-
cipal axis. All other stem traits were significantly cor-
related with the second longest axis of stem. Among all 
the traits, there was no significant correlation between 
LA, LNC, LPC, SD and first long axis of aboveground; all 
other traits were significantly correlated with first main 
axis of aboveground.SLA, SA, WPC, WCN, VL were not 
significantly correlated with second main axis of aboveg-
round; all other traits were significantly correlated with 
second main axis of aboveground.

Fig. 3  Relationship between aboveground functional traits. The pie chart shows the combination of traits with significant relationships, and the number 
is the correlation coefficient with significant combinations. Red is a positive correlation, and blue is a negative correlation
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Discussion
Functional traits of aboveground organs and their 
relationships with functional strategies under aridity 
limitation
As the degree of aridity increased, functional traits in the 
above-ground parts of the plant showed some degree of 
adaptive variation, and these traits were closely related 
to each other with a series of relationships reflecting syn-
ergy or trade-offs. Overall, stem traits showed a higher 

degree of plastic variation and closer relationships among 
stem traits, which may explain the greater importance of 
stems than leaves in arid regions. In addition, the corre-
lations between aboveground organ traits were mainly 
in carbon sequestration, nutrients and water, which cor-
responds to the main resource exploration directions in 
the economic spectrum strategy [24]. Resource acquisi-
tion among organs showed significant trade-offs, which 
demonstrated that stems were more capable of sustain-
ing the plant under aridity conditions and inhibited leaf 

Fig. 4  Principal component analysis of leaves (a), stems (b), and aboveground (c) traits. Among them, the green points and areas are semi-arid, the blue 
points and areas are arid, and the red points and areas are hyper arid
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function. These results support our first hypothesis that 
aboveground parts of plants are closely related to each 
other in arid ecosystems and reflect some major func-
tional strategies.

As the degree of aridity increased, the carbon seques-
tration efficiency of leaves decreased significantly 
(LDMC and LCC decreased), but their physiological 
activity appeared to be enhanced (SL increased), imply-
ing that the security and water retention capacity of 
leaves decreased with the increase of aridity, which 
contradicts the results of most of the existing studies 
[66]. Micco & Aronne summarized the aridity-toler-
ance modes of leaves of desert plants as being mainly a 
combination of reduced transpirational water loss and 
increased water retention capacity [38]. However, under 

extreme aridity conditions, the leaf morphology takes the 
form of a smaller globular or encapsulated stem or even 
degenerates into assimilated branches to ensure its own 
survival and greater ability to retain water and to main-
tain a healthy diet. survival and greater ability to retain 
water and reduce evaporation [38]. The increase in LT 
and LPC further corroborates this speculation, as smaller 
and thicker leaves largely increase the security of this 
organ, and P, which plays a key role in plant physiology 
and biochemistry, ensures the supply of resources to the 
leaf, and overall improves its aridity tolerance. However, 
the reduction of leaf morphology increases the difficulty 
of leaf physiological activity (the reduction of single leaf 
area causes the lack of physiological activity sites), while 
the increase of SL may have played a role in improving 

Table 1  The relationship between the first two axes and traits in the economic spectrum of leaves, stems and aboveground of Woody 
plants in the Qaidam basin

Leaf Stem Aboveground
PC1 PC2 PC1 PC2 PC1 PC2

LA 0.273** -0.411*** -0.023 -0.565***

LT -0.639*** 0.186* 0.315*** 0.427***

SLA -0.448*** -0.223* 0.291*** -0.050
LDMC 0.838*** 0.066 -0.797*** -0.344***

LCC 0.857*** 0.054 -0.821*** -0.339***

LNC 0.155 -0.828*** 0.020 -0.800***

LPC -0.296*** 0.504*** 0.013 0.516***

LCN 0.431*** 0.731*** -0.525*** 0.407***

SD 0.272** -0.294*** -0.121 -0.375***

SL -0.435*** 0.252** 0.334*** 0.259**

SA 0.647*** 0.199* 0.548*** -0.117
WD 0.457*** 0.573*** 0.335*** 0.206*

SSA -0.510*** -0.364*** -0.365*** -0.223*

SDMC 0.603*** 0.575*** 0.547*** 0.367***

WCC 0.804*** 0.077 0.786*** 0.382***

WNC -0.598*** 0.558*** -0.648*** 0.283***

WPC -0.529*** -0.104 -0.452*** 0.094
WCN 0.815*** -0.379*** 0.866*** -0.018
VD 0.566*** -0.202* 0.508*** 0.203*

VL 0.783*** 0.043 0.733*** 0.119

Fig. 5  Linear relationship between the dimensionality reduction value of leaves, stems and aboveground on the first principal axis of PCA and aridity
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leaf physiological activity. Overall, in the desert ecosys-
tem of the Qaidam Basin, shrub leaves responded to 
increased aridity mainly through the strategy of reducing 
morphology.

As an important woody organ, stems respond to 
increased aridity by enhancing their support capacity and 
water transport capacity, which is crucial for the survival 
of desert plants [67]. As the degree of aridity increased, 
the carbon sequestration efficiency of stems showed a 
trend of variation that was diametrically opposed to that 
of leaves, reflecting the increased mechanical support 
capacity and security of stems. While enhancing their 
security, stems prioritized the upward supply of more 
water (increase in VD and VL) and nutrients (decrease 
in WNC and WPC) to maintain the N balance in leaves 
(LNC was insignificant and contributed little in the first 
major axis of leaf PCA), and to maintain leaf survival as 
well as normal physiological activities [68]. Overall, stems 
enhanced aridity tolerance and supported leaf survival 
by increasing support capacity and improving resource 
transportation efficiency.

The results of the three analyses (linear relationship, 
correlation, and principal component analysis) responded 
to the functional strategies of above-ground single organs 
in adapting to the aridity environment. In comparison, 
leaves were prioritized lower than stems in the overall 
plant response to aridity habitats. Even in terms of the 
characterization of functional strategies, many of the 
functional strategies of leaves were dominated by stems, 
which indicates the important value of studying stem 
functional strategies in arid ecosystems. The significant 
trade-off between leaves and stems in water and nutrient 
utilization proves that there is a strong synergistic arid-
ity tolerance between above-ground organs in desert eco-
systems. Arid shrubs have highly adaptive aboveground 
characteristics that work together to enhance aridity 
tolerance. Leaf organs increase their security and aridity 
tolerance through morphological reduction and main-
tenance of nutrient uptake. Stem organs support aridity 
tolerance by providing mechanical strength and ensur-
ing efficient transportation of water and nutrients, which 
helps maintain the physiological activity of leaf organs. 
This cooperation between different organs enhances the 
plant’s ability to survive under aridity conditions.

Economic spectrum strategies for aboveground organs 
and the whole in arid areas
In this study, we explored the relationships among mul-
tiple plant traits using principal component analysis 
(PCA), and the traits reflected certain synergistic and 
trade-off relationships. Synergistic traits collectively 
indicate the plant’s functional strategy, while trade-off 
relationships reflect trade-offs between different strate-
gies. The trade-off relationships among traits shown by 

principal component analysis were similar to the tra-
ditional economic spectrum, revealing the economic 
spectrum strategies of leaves, stems and aboveground, 
and also reflecting their trends under different degrees 
of aridity, supporting the existence of a significant eco-
nomic spectrum of shrubs in the desert ecosystems of the 
Qaidam Basin, validating our second hypothesis.

Despite the arid ecosystem nature of the study area, the 
leaf functioning strategy of desert shrubs can be under-
stood through the high-resource acquisition capacity of 
exploitative species (high SLA and low LDMC) and the 
high-resource conservation capacity of conservative 
species (high LDMC and low SLA) [6, 8, 69]. However, 
contrary to the traditional economic spectrum, leaves 
are on the conservative strategy side in areas with a low 
degree of aridity, while extreme aridity areas are char-
acterized by an exploitative strategy. To be sure, this 
result does not mean that plant leaves in extreme arid 
zones carry out high resource acquisition strategies. In 
the discussion in the previous section, we have clarified 
that leaves in the extreme arid zone respond to severe 
habitats with reduced morphology strategies. In con-
trast, in the semi-arid zone, large and thin leaves are the 
main functional strategy as a way to maximize the use 
of resources in a resource-limited situation (increase in 
LDMC and LCC). The emergence of this strategy may be 
related to the more relaxed environmental and resource 
conditions in semi-arid regions, where plants are able to 
acquire more resources in a short period of time through 
normal physiological activities. On this basis again, sto-
mata limit excessive water dissipation from leaves due to 
physiological activities (SD increases and SL decreases) 
to maintain the overall water balance of the plant. During 
the increase in degree of aridity, we have been emphasiz-
ing the reduction of leaf morphology as the main way for 
leaves to cope with aridity, but LA did not show a signifi-
cant contribution on the economic spectrum axis. Com-
bined with the actual sampling situation (Fig. S1), we 
found that the number of leaves increased significantly 
as leaf morphology decreased, which may be the reason 
for the insignificant change in LA in the overall. Overall, 
as the degree of aridity increased, the trend of leaf func-
tional traits changed significantly, specifically from a low-
security, high-resource-acquisition, low-water-utilization 
strategy to a high-security, low-resource-acquisition, 
high-water-utilization one.

As important organs for support and resource trans-
portation [67], stems also form an economic spectrum 
with trade-offs. In regions with a relatively low degree 
of aridity (the positively oriented portion of PCA1), the 
nutrient levels of the stems were relatively high, and most 
of the nutrient elements were anchored by the stems to 
themselves rather than being transferred upwards. The 
researchers of this study believe that the reason for this 
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situation is twofold. First, at this time, the leaf is in the 
stage of maintaining normal physiological activities, the 
plant as a whole is not short of nutrients, the stem organs 
can experience normal growth, and more nutrient ele-
ments are needed, leading to this phenomenon. Second, 
the excessive physiological activities of the leaf may lead 
to excessive water loss from the plant, and the stem, as 
the main organ of resource transportation, reduces its 
own transport efficiency to inhibit excess water loss from 
leaves. A lower SA and WCC imply that stems reduce 
the area of water transportation channels. The underly-
ing mechanism was explained in this study. In contrast, 
in the hyperarid zone (the negatively oriented portion 
of PCA1), the area of water transport channels in the 
stem increased, increasing its own carbon sequestra-
tion efficiency and sequestration to maintain its secu-
rity and mechanical support capacity while increasing 
the efficiency of upward resource transport, leading to a 
decrease in its own nutritional value. This strategy cor-
responds to the conservation strategy of leaf organs in 
hyperarid zones to ensure their survival. Overall, stem 
organs in arid regions also present significant economic 
strategies and synergistic effects on leaf organs. As the 
degree of aridity increased, the stem economic spectrum 
shifted from a conservative strategy of limiting upward 
resource (water and nutrient) transport to prevent exces-
sive water dissipation to a stabilizing strategy of increas-
ing the capacity of upward resource (water and nutrient) 
transport to sustain leaf organ survival.

Although confirming the existence of a significant eco-
nomic spectrum of strategies for all aboveground organs 
(leaves and stems), leaf and stem strategies are mutually 
inhibitory, trade-off relationships that jointly maintain 
the viability of desert plants. When the leaf water use is 
high, the stem lowers the water supply to maintain over-
all plant water security. When leaf water use is low, the 
water supply to the stem increases to maintain the physi-
ological security of the leaf for plant survival. Strategic 
trade-offs between organs demonstrate the existence of 
a holistic economic spectrum in the aboveground areas 
of extreme desert zones, and that this integrated eco-
nomic spectrum is better able to sustain the survival 
and growth of desert plants. However, it is undeniable 
that this relationship is more complete only between 
stems and aboveground, that the relationship between 
leaves and aboveground disappears in the hyper-arid 
zone, and that the economic spectrum of the relationship 
between leaves and stems exists only in the arid zone. 
The researchers of this study believe that this character-
istic occurs because the stem is the most important organ 
of the desert plant for its own survival; furthermore, 
given its “expensive” woody nature, it guarantees car-
bon sequestration and a slow response to changes in the 
external environment, increasing the stability of its own 

strategy. Although the leaf is the most sensitive organ 
of the plant to cope with the external environment, the 
harsh and diverse stress conditions in the desert region 
may lead to diverse characteristics of leaf organ mor-
phological features and nutrient partitioning [38], and 
although its main strategy presents the characteristics of 
the economic spectrum, the diversity of adaptive capacity 
of traits at the community level may lead to the destabi-
lization of the economic spectrum of strategies. The LES 
and SES strategies of dominant species under extreme 
aridity conditions, which are generally stable at regional 
scales, may be biased or even decoupled in the overall 
aboveground characterization of the strategic trade-offs 
between leaves and stems [9].

It should be emphasized that the trade-off relationship 
between above-ground organ economic spectra obtained 
in this study may be more applicable to arid ecosys-
tems. In studies in other habitats, this result may appear 
decoupled or even opposite. For example, Liu et al. found 
a positive correlation between leaf and stem economic 
spectra of Artemisia at large scales in China. This may be 
due to the special arid habitat of deserts. On this basis, 
species-level economic profiles emphasize more on the 
characteristics of intraspecific variation caused by the 
environment, whereas community-level economic pro-
files emphasize the characteristics and stability of eco-
systems or communities in which multiple plants exhibit 
common characteristics. We prefer to explore whether 
there is a stable system of overall plant functional strat-
egies in fragile desert ecosystems. Based on this, we 
obtained the aboveground economic spectrum strategy 
of shrubs in the desert ecosystem of the Qaidam Basin. 
With the increase of degree of aridity, leaves changed 
from low to high in security, from high to low in resource 
acquisition, from low to high in water utilization, and the 
overall traits showed a change from opportunistic to con-
servative strategies; stems changed from low to high in 
security, from high to low in resource utilization, from 
low to high in water transport efficiency, and the over-
all traits showed a change from conservative to stable 
strategies.

Conclusion
Adaptive variation in plant functional traits to adapt to 
the external environment results in different functional 
strategies, and the trade-offs between functional strate-
gies exhibit an economic spectrum model. The aboveg-
round organ traits are correlated and integrated, and 
the correlated traits characterize the most important 
functional strategies of leaves and stems in arid environ-
ments. In particular, the safety and aridity resistance of 
leaf organs can be improved by reducing their morphol-
ogy, increasing their number, and maintaining nutrient 
acquisition. Stem organs play an overall role in aridity 
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resistance by improving their mechanical support and 
safety and increasing the efficiency of the upward trans-
portation of resources (water and nutrients) to ensure 
normal physiological activities and the survival of leaf 
organs. As the degree of aridity increased, shifts in func-
tional strategies shaped economic spectrum patterns, 
with LES strategies shifting from opportunistic to con-
servative and SES strategies shifting from conservative 
to stable. The trade-offs presented by the LES and SES 
demonstrate the existence of a holistic economic spec-
trum strategy in the aboveground part of the plant, pro-
viding new insights into furthering the understanding of 
desert plant survival and aridity tolerance patterns. These 
findings can help researchers gain a deeper understand-
ing of the adaptive variation patterns of functional traits 
in desert plants and their adaptive strategies and provide 
a scientific basis for the study and protection of desert 
ecosystems.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​7​0​-​0​2​5​-​0​6​3​3​6​-​w.

Supplementary Material 1

Acknowledgements
We thank the team of Professor Yuqing Zhang of the School of Soil and Water 
Conservation of Beijing Forestry University for the project and technical 
support. We would like to thank Professor Yanhong Liu from the School 
of Ecology and Nature Conservation at Beijing Forestry University for his 
guidance. At the same time, I would like to thank Yiwen Kong and Yue Fan for 
her help in writing and data.

Author contributions
Siyu Liu and Yiwen Kong wrote the main manuscript text and prepared the 
main figures. Yue Fan put forward valuable suggestions for revision. All authors 
reviewed the manuscript.

Funding
This study was supported by the Second Tibetan Plateau Scientific Expedition 
and Research Program (2019QZKK0305).

Data availability
All trait data are collected and experimented by the authors, and there is no 
conflict of interest. All plant data are measured and publicly available and 
uploaded with attachments. Meteorological data from the global high-
resolution climate data-sharing platform “WorldClim” (http://worldclim.org) 
and the “National Earth System Science Data Center” (​h​t​t​p​:​​​/​​/​w​w​​w​.​g​​e​o​d​​a​t​​a​​.​​c​n​​/​
d​​a​​t​a​​/​i​n​​​d​e​x​​.​h​​​t​m​l​​?​p​u​​b​l​i​s​​h​e​​r​​G​u​i​d​=​1​2​6​7​4​4​2​8​7​4​9​5​9​3​1​%​2​6​;​c​a​t​e​g​o​r​y​I​d​=​4).

Declarations

Ethics approval and consent to participate
Our research does not contain any clinical trial content, and all experimental 
content and data are obtained in an ethical manner. All experiments in the 
study area were approved by the person in charge of the trial area, and there 
was no controversy. The investigation and sampling of plant material is carried 
out on the basis of “the Second Tibetan Plateau Scientific Expedition and 
Research Program (2019QZKK0305)”, which gives us permission to collect 
plants on public land without the need to submit additional documentation. 
Our research was based on field visits and all data were measured. During 
the work, there was no damage to plants and ecosystems, and no impact on 
local economic construction and life safety. We recognize that studies of shrub 

adaptation strategies and economic spectrum strategies in the Qaidam Basin 
of the Tibetan Plateau can provide a basis for research on survival responses of 
plants. We are planning to address these caveats in future research.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 20 November 2024 / Accepted: 3 March 2025

References
1.	 Cornelissen JHC, Lavorel S, Garnier E, Diaz S, Buchmann N, Gurvich DE, Reich 

PB, Ter Steege H, Morgan HD, Van Der Heijden MGA, Pausas JG, Poorter H. 
A handbook of protocols for standardised and easy measurement of plant 
functional traits worldwide. Aust J Bot. 2003;51(4):335–80.

2.	 McIntyre S, Lavorel S, Forbes J. Disturbance response in vegetation-towards a 
global perspective on functional traits. J Veg Sci. 1999;10:621–30.

3.	 Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, Hummel I, Garnier E. Let the 
concept of trait be functional! Oikos. 2007;116(5):882–92.

4.	 Zhou Y, Ma HB, Lu Q, Ma J, Shen Y, Wang G. Different responses of leaf and 
root economics spectrum to grazing time at the community level in desert 
steppe, China. The Science of the total environment. 2024; 168547.

5.	 Díaz S, Kattge J, Cornelissen JH, Wright IJ, Lavorel S, Dray S, Reu B, Kleyer M, 
Wirth C, Prentice IC, Garnier E, Bonisch G, Westoby M, Poorter H, Reich PB, 
Moles AT, Dickie J, Gillison AN, Zanne AE, Gorne LD. The global spectrum of 
plant form and function. Nature. 2016;529:167–71.

6.	 Grime JP, Thompson K, Hunt R, Hodgson JG, Cornelissen JHC, Rorison IH, 
Hendry GAF, Ashenden TW, Askew AP, Band SR, Booth RE, Bossard CC, Camp-
bell BD, Cooper JEL, Davison AW, Gupta PL, Hall W, Hand DW, Hannah MA, 
Whitehouse J. Integrated screening validates primary axes of specialisation in 
plants. Oikos. 1997;79:259–81.

7.	 Laughlin DC. The intrinsic dimensionality of plant traits and its relevance to 
community assembly. J Ecol. 2014;102(1):186–93.

8.	 Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, Cavender-
Bares JM, Chapin T, Cornelissen JH, Diemer MW, Flexas J, Garnier E, Groom 
PK, Gulías J, Hikosaka K, Lamont BB, Lee TD, Lee W, Lusk CH, Villar R. The 
worldwide leaf economics spectrum. Nature. 2004;428:821–7.

9.	 Liu R, Yang X, Gao R, Huang Z, Cornelissen JH. Coordination of econom-
ics spectra in leaf, stem and root within the genus Artemisia along a large 
environmental gradient in China. Glob Ecol Biogeogr. 2022; 32(2).

10.	 Funk JL, Cornwell WK. Leaf traits within communities: context May affect the 
mapping of traits to function. Ecology. 2013;9:1893–7.

11.	 Lavorel S, Grigulis K. How fundamental plant functional trait relation-
ships scale-up to trade-offs and synergies in ecosystem services. J Ecol. 
2012;100:128–40.

12.	 Carvajal DE, Loayza AP, Rios RS, Delpiano CA, Squeo FA. A hyper-arid environ-
ment shapes an inverse pattern of the fast-slow plant economics spectrum 
for above-, but not below-ground resource acquisition strategies. J Ecol. 
2019;107(3):1079–92.

13.	 Sakschewski B, von Bloh W, Boit A, Rammig A, Kattge J, Poorter L, Peñuelas 
J, Thonicke K. Leaf and stem economics spectra drive diversity of func-
tional plant traits in a dynamic global vegetation model. Glob Change Biol. 
2015;21(7):2711–25.

14.	 Zeballos SR, Giorgis MA, Cabido M, Gurvich DE. Unravelling the coordination 
between leaf and stem economics spectra through local and global scale 
approaches. Austral Ecol. 2017;42(4):394–403.

15.	 de la Riva EG, Tosto A, Pérez-Ramos IM, Navarro-Fernández CM, Olmo MP, 
Anten NP, Marañón T, Villar R. A plant economics spectrum in mediterranean 
forests along environmental gradients: is there coordination among leaf, 
stem and root traits? J Veg Sci. 2016;27:187–99.

16.	 de la Riva EG, Prieto I, Maranon T, Perez-Ramos IM, Olmo M, Villar R. Root eco-
nomics spectrum and construction costs in mediterranean Woody plants: the 
role of symbiotic associations and the environment. J Ecol. 2021;109:1873–85.

17.	 Roumet C, Birouste M, Picon-Cochard C, Ghestem M, Osman N, Vrignon-
Brenas S, Cao KF, Stokes A. Root structure-function relationships in 74 species: 
evidence of a root economics spectrum related to carbon economy. New 
Phytol. 2016;210(3):815–26.

https://doi.org/10.1186/s12870-025-06336-w
https://doi.org/10.1186/s12870-025-06336-w
http://worldclim.org
http://www.geodata.cn/data/index.html?publisherGuid=126744287495931%26;categoryId=4
http://www.geodata.cn/data/index.html?publisherGuid=126744287495931%26;categoryId=4


Page 14 of 15Liu et al. BMC Plant Biology          (2025) 25:330 

18.	 Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE. Towards a 
worldwide wood economics spectrum. Ecol Lett. 2009;12:351–66.

19.	 Kong D, Wang J, Kardol P, Wu H, Zeng H, Deng X, Deng Y. The root econom-
ics spectrum: divergence of absorptive root strategies with root diameter. 
Biogeosciences Discuss. 2015;12:13041–67.

20.	 Withington JM, Reich PB, Oleksyn J, Eissenstat DM. Comparisons of structure 
and life span in roots and leaves among temperate trees. Ecol Monogr. 
2006;76(3):381–97.

21.	 Méndez-Alonzo R, Paz H, Zuluaga RC, Rosell JA, Olson ME. Coordinated 
evolution of leaf and stem economics in tropical dry forest trees. Ecology. 
2012;93(11):2397–406.

22.	 Poorter L, McDonald I, Alarcón A, Fichtler E, Licona JC, PeñaClaros M, Sterck 
F, Villegas Z, Sass-Klaassen U. The importance of wood traits and hydraulic 
conductance for the performance and life history strategies of 42 rain forest 
tree species. New Phytol. 2010;185(2):481–92.

23.	 Tuo B, Yan E, Guo C, Ci H, Berg MP, Cornelissen JHC. Influences of the bark 
economics spectrum and positive termite feedback on bark and xylem 
decomposition. Ecology. 2021; 102(10), e03480.

24.	 Reich PB. The world-wide ‘fast–slow’ plant economics spectrum: a traits 
manifesto. J Ecol. 2014; 102.

25.	 Reich PB. The world-wide ‘fast-slow’ plant economics spectrum: A traits 
manifesto. J Ecol. 2014;102(2):275–301.

26.	 Mommer L, Weemstra M. The role of roots in the resource economics spec-
trum. New Phytol. 2012;195(4):725–7.

27.	 Tjoelker MG, Craine JM, Wedin D, Reich PB, Tilman D. Linking leaf and root 
trait syndromes among 39 grassland and Savannah species. New Phytol. 
2005;167(2):493–508.

28.	 Choat B, Sack L, Holbrook NM. Diversity of hydraulic traits in nine Cordia 
species growing in tropical forests with contrasting precipitation. New Phytol. 
2007;175(4):686–98.

29.	 Xu H, Wang H, Prentice IC, Harrison SP, Wang G, Sun X. Predictability of leaf 
traits with climate and elevation: a case study in Gongga mountain, China. 
Tree Physiol. 2021;41(8):1336–52.

30.	 Fortunel C, Fine PVA, Baraloto C. Leaf, stem and root tissue strategies across 
758 Neotropical tree species. Funct Ecol. 2012;26(5):1153–61.

31.	 Freschet G, Swart EM, Cornelissen JHC. Integrated plant phenotypic 
responses to contrasting above- and below-ground resources: key roles of 
specific leaf area and root mass fraction. New Phytol. 2015;206(4):1247–60.

32.	 Laughlin DC, Lusk CH, Bellingham PJ, Burslem DFRP, Simpson AH, Kramer-
Walter KR. Intraspecific trait variation can weaken interspecific trait cor-
relations when assessing the whole-plant economic spectrum. Ecol Evol. 
2017;7(21):8936–49.

33.	 Isaac ME, Martin AR, Virginio ED, Rapidel B, Roupsard O, Van den Meersche K. 
Intraspecific trait variation and coordination: root and leaf economics spectra 
in coffee across environmental gradients. Front Plant Sci. 2017;8:1196.

34.	 Medeiros JS, Burns JH, Nicholson J, Rogers L, Valverde-Barrantes O. Decou-
pled leaf and root carbon economics is a key component in the ecological 
diversity and evolutionary divergence of deciduous and evergreen lineages 
of genus Rhododendron. Am J Bot. 2017;104(6):803–16.

35.	 Vleminckx J, Fortunel C, Valverde-Barrantes O, Paine CET, Engel J, Petronelli 
P, Dourdain AK, Guevara J, Béroujon S, Baraloto C. Resolving whole-plant 
economics from leaf, stem and root traits of 1467 Amazonian tree species. 
Oikos. 2021;130(7):1193–208.

36.	 Baraloto C, Paine CET, Poorter L, Beauchene J, Bonal D, Domenach AM, 
Hérault B, Patiño S, Roggy J-C, Chave J. Decoupled leaf and stem economics 
in rain forest trees. Ecol Lett. 2010;13(11):1338–47.

37.	 Huo J, Li C, Zhao Y, Han G, Li X, Zhang Z. Hydraulic mechanism of limiting 
growth and maintaining survival of desert shrubs in arid habitats. Plant 
Physiol. 2024; kiae471.

38.	 Micco VD, Aronne G. Anatomy and lignin characterisation of twigs in the 
chaparral shrub Rhamnus Californica. Iawa J. 2012;33(2):151–62.

39.	 Carlquist S. Wood anatomy of compositae: a summary, with comments 
on factors controlling wood evolution. Aliso: J Syst Evolutionary Bot. 
1966;6(2):25–44.

40.	 Li XR, Tan HJ, He MZ, Wang XP, Li XJ. Patterns of shrub species richness and 
abundance in relation to environmental factors on the Alxa plateau: prereq-
uisites for conserving shrub diversity in extreme arid desert regions. Earth Sci. 
2009;52:669–80.

41.	 Lu Y, Zhang BR, Zhang M, Jie MY, Guo SQ, Wang YG. Relict plants are better 
able to adapt to climate change: evidence from desert shrub communities. 
Plants. 2023;12(23):4065.

42.	 Su NM, Jin ZK, Song Y, Gu JF, Chen Y, Zhang WD. Sedimentary characteristics 
and evolution of neogene in the Qaidam basin. J Cent South Univ (Science 
Technology). 2015;46:4155–64. (in Chinese).

43.	 Du Y, Liu B, He WG, Zhou JP. Temporal and Spatial Pattern Characteristics of 
Vegetation in Qaidam Basin and Its Response to Climate Change. Journal of 
Physics: Conference Series. 2020; 1575.

44.	 Wu TW, Li HJ, Yang ML. Recovery of wind-formed landforms and late 
holocene paleowind conditions in the Qaidam basin. Acta Scientiarum 
Naturalium Universitatis Pekinensis. 2018;54:1021–7. (in Chinese).

45.	 Zeng B, Yang TB. Natural vegetation responses to warming climates in 
Qaidam basin 1982–2003. Int J Remote Sens. 2009;30:5685–701.

46.	 Yang X, Anwar E, Zhou J, He D, Gao Y, Lv G, Cao Y. Higher association and inte-
gration among functional traits in small tree than shrub in resisting drought 
stress in an arid desert. Environ Exp Bot. 2022;201(1):104993.

47.	 Li SJ, Su PX, Zhang HN, Zhou ZJ, Shi R, Gou W. Hydraulic conductivity char-
acteristics of desert plant organs: coping with drought tolerance strategy. 
Water. 2018;10(8):1036.

48.	 Chen LZ, Sun H, Guo K. Floristic and vegetation geography of China. Beijing: 
Science; 2014. pp. 523–5. (in Chinese).

49.	 Qi W, Zhou X, Ma M, Knops JMH, Li W, Du G. Elevation, moisture and shade 
drive the functional and phylogenetic meadow communities’ assembly in 
the Northeastern Tibetan plateau. Community Ecol. 2015;16(1):66–75.

50.	 Xie ZQ. Handbook of biomass modeling of common shrubs in China. Long-
men Books; 2018. (in Chinese).

51.	 Chinese Flora Commission. Chinese academy of sciences. Flora of China: 
Amaranthaceae. Sci Press. 1979; 2(25). (in Chinese).

52.	 Schneider CA, Rasband WS, Eliceiri KW. NIH image to imageJ: 25 years of 
image analysis. Nat Methods. 2012;9(7):671–5.

53.	 Fick SE, Hijmans RJ. WorldClim 2: new 1-km Spatial resolution climate surfaces 
for global land areas. Int J Climatol. 2017;37(12):4302–15.

54.	 Yang F. ArcGIS in raster and vector data processing. Green Technol. 2021. (in 
Chinese).

55.	 Li HL. Determination of soil pH value—potentiometric method. Agricultural 
Sci Technol Inform Technol. 2011;13:47–8. (in Chinese).

56.	 Yuan JK, Zhou Y. The ring knife method was used to accurately determine soil 
bulk density and porosity. Chin Hortic Abstracts. 2014;30(3):2. (in Chinese).

57.	 Ye WW, Liu JD, Sui XP, Fan TX. Salt fractionation velocity measurement 
method in cotton field——Conductivity method for saturated pasty soil. 
China Cotton. 2000;27(6):32–32. (in Chinese).

58.	 NY/T 1121.6–2006. Soil testing. Part 6: Determination of soil organic matter. 
2006. (in Chinese).

59.	 Yan XY, Zhang Q, Yan XM, Wang S, Ren XY, Zhao FN. Progress in the study 
of distribution characteristics and causal mechanisms of global arid zones. 
Progress Earth Sci. 2019; Issue(8). (in Chinese).

60.	 Zhang J, Zuo XA. Response mechanism of plant functional traits in sandy 
grassland to grazing, water increase, nitrogen addition and their coupling 
effects. Acta Ecol Sinica. 2021;41(18):7153–67. (in Chinese).

61.	 López-Bautista EA, Gónzalez-Ramírez BH. Aplicación de rutinas En Lenguaje 
R Para análisis de componentes principales. Ciencia Tecnología Y Salud. 
2017;4(2):255.

62.	 Kassambara A, Mundt F. Extract and Visualize the Results of Multivariate Data 
Analyses [R package factoextra version 1.0.7]. 2020.

63.	 R Core Team. R: a language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL. 2023.

64.	 Beaumont R. An introduction to Principal Component Analysis & Factor 
Analysis Using SPSS 19 and R (psych package). 2012.

65.	 Valero-Mora PM. ggplot2: elegant graphics for data analysis. J Stat Softw. 
2010;35:1–3.

66.	 Lin H, Chen YJ, Zhang HL, Fu PL, Fan ZX. Stronger cooling effects of transpira-
tion and leaf physical traits of plants from a hot dry habitat than from a hot 
wet habitat. Funct Ecol. 2017; 31(12).

67.	 Zhang PF, Dong CM, Ni DX, Wang Q. Effects of light quality on organogenesis 
and growth of five different life forms of plants. Plant Sci J. 1989;7(4):339–44. 
(in Chinese).

68.	 Tang Z, Xu W, Zhou G, Bai Y, Li J, Tang X, Chen D, Liu Q, Ma W, Xiong G, He 
H, He N, Guo Y, Guo Q, Zhu J, Han W, Hu H, Fang J, Xie Z. Patterns of plant 
carbon, nitrogen, and phosphorus concentration in relation to productivity 
in China’s terrestrial ecosystems. Proc Natl Acad Sci USA. 2018;115(16):4033–8.

69.	 Diaz S, Hodgson JG, Thompson K, Cabido M, Cornelissen JHC, Jalili A, 
Montserrat-Marti G, Grime JP, Zarrinkamar F, Asri Y, Band SR, Basconcelo S, 
Castro-Diez P, Funes G, Hamzehee B, Khoshnevi M, Perez-Harguindeguy N, 



Page 15 of 15Liu et al. BMC Plant Biology          (2025) 25:330 

Perez-Rontome MC, Shirvany FA, Zak MR. The plant traits that drive ecosys-
tems: evidence from three continents. J Veg Sci. 2004;15:295–304.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Response of aboveground organs of Woody plants in the Qaidam Basin in China to aridity via functional economic spectra
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study sites
	﻿Sample collection and analysis
	﻿Environmental factor data
	﻿Statistical analysis

	﻿Results
	﻿Trends in adaptive variability of functional traits with aridity
	﻿Relationships between aboveground organ (leaf and stem) traits
	﻿PCA and principal component scores of leaves, stems and aboveground in relation to aridity
	﻿Relationships between the economic spectrum and the contribution of each trait to the economic spectrum

	﻿Discussion
	﻿Functional traits of aboveground organs and their relationships with functional strategies under aridity limitation
	﻿Economic spectrum strategies for aboveground organs and the whole in arid areas

	﻿Conclusion
	﻿References


